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a b s t r a c t 

Diabetes is one of the most prevalent diseases in the world with high-mortality and complex 

complications including diabetic foot ulcer (DFU). It has been reported that the difficulties 

in repairing the wound related to DFU has much relationship with the wound infection, 

change of inflammatory responses, lack of extracellular matrix (ECM), and the failure of 

angiogenesis. Following the development of medical materials and pharmaceutical tech- 

nology, nanofibers has been developed by electrospinning with huge porosity, excellent hu- 

midity absorption, a better oxygen exchange rate, and some antibacterial activities. That 

is to say, as a potential material, nanofibers must be a wonderful candidate for the DFU 

treatment with so many benefits. Careful selection of polymers from natural resource and 

synthetic resource can widen the nanofibrous application. Popular methods applied for the 

nanofibrous fabrication consist of uniaxial electrospinning and coaxial electrospinning. Fur- 

thermore, nanofibers loading chemical, biochemical active pharmaceutical ingredient (API) 

or even stem cells can be wonderful dosage forms for the treatment of DFU. This review 

summarizes the present techniques applied in the fabrication of nanofibrous dressing (ND) 

that utilizes a variety of materials and active agents to offer a better health care for the 

patients suffering from DFU. 

© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

ccording to statistics, it is estimated that there were 366 mil- 
ion people worldwide with diabetes in 2013, and the number 
ill be increased to almost 552 million by 2030 [1] . Diabetes is a
ind of disease that relates to the dysfunction of glucose con- 
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rol, the destroyed management on the protein metabolism 

nd lipid metabolism [2] . Following the deterioration of dia- 
etes, a portion of diabetic patients will suffer from diabetic 
oot ulcer (DFU), one of the complications of diabetes, which 

ossesses the characteristics of long term process of wound 

losure and has the tendency to hospitalization and even am- 
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putation in the future. Unfortunately, apart from the physical
and mental impairment on diabetic patients, the cost for DFU
treatment may be another heavy load. To solve this problem,
we need to have a clear idea of the reason why it is so difficult
to heal the wound and we need to figure out what has pro-
longed the healing process. Peripheral neuropathy, deformity,
and macrovascular disease can be the main factors that cause
the failure of DFU healing process [3] . Additionally, new find-
ings can be the supplements to the factors [3] , which includ-
ing lacking resistance to infection, changing on microcircula-
tion function, and damaging to growth factors (GF) expression
and activity. Furthermore, another study is conducted to find
out whether the peripheral arterial disease has a correlation
with DFU, and the results indicate that there is some corre-
lation between them, and DFU can be classified to two dis-
ease states according to whether there exists the peripheral
arterial disease [4] . Other factors, which have significant con-
tributions to DFU including low proliferative capacity of the
fibroblasts, downregulation of receptors, and the absence of a
suitable protein matrix in the dermis [5] . In brief, the mech-
anism of this issue is relatively complex, and there still has
a big room for pharmaceutists to participate in DFU treat-
ment. The methods of DFU treatment varies from individ-
ual symptoms and the disease stages. Several therapeutic ap-
proaches have been reported, glycemic regulation, such as ad-
equate insulin administration, is essential. Debridement, skin
graft and tissue replacement has relevantly high-efficiency of
wound closure [3] . Other approaches such as vascular recon-
struction, hyperbaric oxygen therapy, and granulocyte-colony
stimulating factor are also options to treat DFU. In most cases,
the wound dressing is of use to create a beneficial environ-
ment for the open wound to achieve a better and faster wound
closure [6] . Unfortunately, conventional wound dressings like
gauze possess limited basic function for their defective ma-
terial properties. What is more, different phases of the dia-
betic wound healing have different pathology features so that
multifunctional wound dressing with specific material is un-
der the urgency. Currently, advanced dressing technology like
Fig. 1 – (A) PLA fibers electrospun by portable electrospinning dev
(C) removing the ND with a tweezer from skin (Reproduced with
Chemistry. 
nanofibrous dressing (ND) that can employ specific materials
to fit specific need for DFU treatment is harvesting large in-
terests and attention. ND is the collection of nanofibers rang-
ing from nanometers to micrometers, as shown in Fig. 1 , ND
is easy to be removed [7] . The technique of nanofibers fab-
rication has a long history, and it was firstly reported since
1900 [8] . Nanofibers as a promising matrix have lots of advan-
tages such as small diameter, narrow diameter distribution,
and high-specific surface area. Various polymers have been
studied and developed into fabricate nanofibers for textiles,
electrical and optical component, sensors, and filtration de-
vices [9,10] . The products manufactured through this technol-
ogy are very soft and highly flexible, lacking of sharp corners
and vulnerable to turn to sheets, tubes, and coatings [11] . ND
employed by pharmaceutics shows great benefits and an in-
creased prevalence in the drug delivery system. It utilizes the
excipients or accessories to deliver the therapeutic agents to
the site with high-efficiency, and low-adverse effects. For the
DFU treatment, it is necessary to put emphasis upon the vas-
cularization, collagen accumulation and normal physiological
functions to control the deterioration process and even cure
the wound [12] . Kinds of active pharmaceutical agents like
molecules and cells play the key roles in this process; how-
ever, the matrix loaded them can also be a fundamental stage
for their functional realization. Basically, it has crucial activi-
ties of the absorption of exudation and the exchange of oxy-
gen, water, and nutrient [13] . Additionally, nanofibers with the
similar diameter to the extracellular matrix (ECM) have been
proven to accelerate the process of cell adhesion and prolifer-
ation. 1D–3D nanofibers production also has been investigated
in biomaterials field [14] . 

In this article, we try to discuss the common polymers used
in the fabrication of ND, especially for the DFU treatment. Ac-
cording to the resources, polymers are classed into two cate-
gories, natural and synthetic polymers. Biological and physic-
ochemical properties are also discussed. The next attention
will be paid to the fabrication approaches including uniaxial
and coaxial electrospinning. Attempt to introduce the device
ice on hand; (B) the final appearance of a homogenous ND; 
 permission from [7] .). Copyright 2015, The Royal Society of 
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Table 1 – Synthetic polymers and natural polymers used in ND fabrication and the relevant parameters set in the studies. 

Polymer Polymer resource Solvent Drug Feed rate 
( μl/min) 

Voltage 
supply 

(kV) 

Collector 
distance 

(cm) 

Reference 

PLGA Synthetic Acetone Amoxicillin 300 14 12 15 
PLGA Synthetic Dichloromethane/DMF Dopamine/bFGF 600 12 15 16 
PCL Synthetic Dichloromethane /DMF Curcumin 13 8.5 16 19 
PVA Synthetic Formic acid Recombinant spider silk 

protein 
50–167 80–100 18–22 28 

Chitosan/PLA Synthetic/natural Acetic acid – 2 15 10 32 
Alginate/PEO/triton 
x-100 

Synthetic/natural Deionized water – 8.3 6–12 15 34 

Gelatin/hyaluronic 
acid 

Natural Distilled water and 
ethanol 

– 60 22 15 38 
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onfiguration and the process in the nanofibers formation has 
een conducted. In the meantime, underlying factors influ- 
ncing nanofibers fabrication are listed in detail. An overview 

f the application of ND in treating DFU will be given in the 
nd. 

. Polymers for nanofibers 

here is no universal standard for the selection of the poly- 
ers applied for individual nanofibers, and the choice relies 

n the desirable function of the nanofibers. Different poly- 
ers with different molecules and sources will lead to notable 

ifferences on properties such as spinning solution viscos- 
ty, nanofibers morphology, mechanical strength, biocompati- 
ility and physicochemical characteristics. A large number of 
olymers have been developed in the study of nanofibers uti- 

ized for DFU healing. They may be broadly classified into two 
ategories: synthetic and natural polymers. In general, natural 
olymers have a better biocompatibility such as degradation 

nd lower immune resistance, whereas the synthetic poly- 
ers possess an easier electrospinning with excellent me- 

hanical strength such as flexibility and stiffness. To get the 
aximum benefits from those materials, taking the blending 

trategy is advisable. For example, chitosan and alginate with 

he addition of polyethylene oxide (PEO) or polyvinyl alcohol 
PVA) has been fabricated into nanofibers [15] . Table 1 shows 
arious polymers and corresponding parameters applied in 

he ND fabrication. 

.1. Synthetic polymers 

oly (lactic-co-glycolic acid) (PLGA) is a biodegradable and bio- 
ompatible polymer synthesized by two monomers: lactic acid 

nd glycolic acid. Some articles [15–18] have shown that PLGA 

s an applicable polymer for the nanofibrous fabrication with 

xcellent mechanical strength and flexibility. The ratio of lac- 
ic acid to glycolic acid, molecular weight, crystallinity and the 

edium pH have some certain influences on the degradation 

ate of PLGA. The degradation rate can be slowed by the re- 
uction of glycolic acid and the improvement of the molec- 
lar weight [16] . However, organic solvents are often used to 
issolve PLGA for its water-insolubility that can cause cell tox- 
city preventing the DFU healing. Thus, modification on PLGA 

s favorable for its application in ND. Study presented by Zhou 

t al. [19] indicates that N-carboxyethyl PLGA synthesized by 
ichael addition reaction of acrylic acid has a better water 

olubility. Even though PLGA exhibits poor solubility in water,
anofibers with PLGA also has been successfully developed 

nto hybrid scaffolds in the diabetic wound treatment [20] . In 

heir study, the addition of chitosan and recombinant human 

latelet-derived GF increases the hydrophilic characteristics,
nd water contact angle of the nanofibers made of the two ma- 
erials compared with the pure PLGA material proves it. The 
rea of simulative diabetic wound dramatically decreases in 

he in vivo test. Polymers like PEO and PVA are recommended 

o apply for reducing the viscosity of PLGA solution due to 
ts chain entanglements or promoting the conductivity of N- 
arboxyethyl PLGA aqueous solution [19,21] . 

Poly (lactic acid) (PLA) is the thermoplastic aliphatic 
olyester derived from natural resources, and it has been 

idely used in pharmaceutics and medical medicine, for ex- 
mple, drug delivery system, sutures, and stents. PLA also 
ossesses some activities of biocompatibility and mechanical 
trength, despite the approval from FDA, there still exists the 
act that poor compatibility can be observed when it contacts 
he blood [22] . However, it does not mean that PLA is not wor-
hy in the DFU treatment, because blending with other poly- 

ers like chitosan derivatives can modulate the blood com- 
atibility [23] . Accordingly, as a platform, it can promote the 
ell attachment and proliferation [24] . 

Poly ( ɛ -caprolactone) (PCL) is a biodegradable and biocom- 
atible polymer with a functional ester bond that can be de- 
raded into nontoxic fractions under the physiological envi- 
onment. Even though PCL mimics the ECM, its capacity of 
ell attachment and proliferation has been limited for the hy- 
rophobic properties [25] . As reported in the texture, high- 
orosity on the surface of the PCL nanofibers can overcome 
his drawback, co-utilization with other hydrophilic polymers 
uch as gelatin, collagen, or chitosan is another good choice 
21] . For instance, PCL with gelatin can be electrospun into 
anofibers in two forms, alignment and random [14,26] , and 

hese topologies do affect the fibroblasts behavior. The es- 
ential point in this research is that fibroblasts can produce 
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more actin attaching the align nanofibers. In other words, the
alignment of nanofibers with PCL and gelatin must has some
specific relationship with DFU wound recovery. Further study
about the alignment of PCL nanofibers with scanning elec-
tronic microscope (SEM) and differential scanning calorimetry
(DSC) finds that a single aligned nanofiber consists of several
nanofibrils and each nanofibril includes the crystalline and
the amorphous region [27] . 

Polyvinyl alcohol (PVA) is aqueous soluble, nontoxic, and no
carcinogenic with excellent mechanical properties, and chem-
ical resistance. Besides, PVA has a fair flexibility and swelling
capacity. One defection of PVA is that it turns to be unstable in
aqueous medium, so in many researches, grafting, crosslink-
ing, and copolymerization have been done with other poly-
mers like polyvinyl pyrrolidone (PVP), and sterculia [28] . Blend-
ing PVA, pluronic, and polyethyleneimine (PEI) can obtain a
better stable nanofibers employed in the antibacterial wound
dressing [29] . Silver or AgNO 3 incorporated in nanofibers made
by PVA has the ability of anti-bacteria [15] . A research by Zhao
et al. [30] developed an electrospinning membrane employing
PVA blending with a protein named pnsr16 to cure Sprague
Dawley rat skin burns, the formation of granulosa tissue and
the contraction of wound in test group are better than the neg-
ative groups. 

Poly (ethylene oxide) (PEO) has been widely used as an
ideal hydrophilic carrier for active ingredients in nanoscales
[31–34] . For reasons like water interaction and steric exclu-
sion, the introduction of PEO has little interference on plates
and plasma protein [35,36] . This could provide a relatively fa-
vorable environment for the DFU healing. The addition of PEO
to other materials like cyclodextrin and chitosan with poor
electrospinning properties has been reported to be useful in
the long and bead free fibers fabrication [37,38] . Meanwhile,
for fragile biomaterials incorporated in the core shell of coax-
ial nanofibers, mixing with aqueous PEO solution also per-
formed well to stable them [39] . In another investigation, it can
be seen obviously that with the ratio of PEO increased, better
morphology of nanofibers was found under the SEM images
[40] . Molecular chain orientation and crystallinity of PEO were
believed to have some relationship with its excellent perfor-
mance, furthermore, other underlying factors like constrained
annealing and solvents also contributed to it [41] . 

2.2. Natural polymers 

Chitosan is a biodegradable polysaccharide which can be ob-
tained through chitin deacetylation. It has the same compo-
nent glycosaminoglycans as in the ECM. Apart from the bio-
compatibility, biodegradability, and hemostasis ability, the ac-
tivity of anti-bacteria and anti-fungi is the special property of
chitosan [42] . This advantage does add assistance to the accel-
eration of DFU recovery. However, chitosan with poor mechan-
ical properties limits its application in the DFU treatment, and
crosslinking with other natural polymers like gelatin and col-
lagen can improve the mechanical properties [43] . The com-
posite of chitosan and dextran synthesized by Michael addi-
tion reaction also has the ability to move away from DFU with-
out cellular adhesion compared with the traditional wound
dressing materials [44] . It is a time-saving and cost-saving ap-
proach to utilize chitosan in ND fabrication. However, there
are indeed some difficulties to fabricate uniform ultrafine
nanofibers as the strong molecular interaction of chitosan [45] .
In their research, blending strategy with PVA shows an ideal
way to ease the use of chitosan. On the other hand, chitosan
has the effect of loosening the tight junctions between cells
[46] . It may be unbeneficial for the DFU wound closure, but
drugs incorporated in the ND aiming at the deeper tissue need
it. 

Alginate is also a biodegradable polysaccharide extracted
from seaweed. Similar to chitosan, it also has the gly-
cosaminoglycan which is the major component of ECM. The
properties of bleeding and exudate absorption make alginate
an excellent wound dressing material. Nevertheless, similar
to most biopolymers, electrospinning processibility of aque-
ous alginate is still a challenge. To solve this problem [47] , uti-
lizing a cosolvent glycerol added to the aqueous solution can
disrupt the H-bonds between inter and intra-molecule, conse-
quently, new H-bonds establish between glycerol and sodium
alginate. Rheological characterization shows that the viscos-
ity of the sodium alginate increases to a good level and the
flexibility of the ND exhibits the same effect. In most cases,
researchers prefer to use alginate with PEO [48,49] , PEO in the
suitable molecular such as 2000 kDa can provide the entangle-
ment effect for the alginate to be electrospun into nanofibers
[49] . 

Collagen is a critical component which can be found in the
ECM with the structure of fibrill and three-dimensional net-
works. As the biochemical activity of collagen, it is reported
to stimulate the migration of the fibroblasts and modulate
the metabolism of the granulation tissue [50] . It is beneficial
for the cell attachment and proliferation during the DFU re-
covery. However, it is better to use other polymers like PCL
together due to the instability of collagen under the high-
voltage in the nanofibers fabrication process. Additionally,
similar to PLGA, collagen cannot be electrospun without the
use of toxic organic solvents and zein from natural sources
co-electrospun with collagen can ease the fabrication pro-
cess. Gelatin is a high-biodegradable polymer denaturalized
from collagens with the identical functional groups as colla-
gen. It is believed that gelatin also cannot be electrospun to
nanofibers with aqueous solution. However, a research by Li
et al. [51] aiming at finding the potential factors that influ-
encing the electrospinning processibility of aqueous gelatin
indicates that controlling the spinning solution temperature
at which the gelling behavior is suppressed can increase the
electrospinning processibility to get a desirable ND. 

3. Methods for nanofiber fabrication 

Currently, the setup for nanofibers fabrication is relatively
simple consisting of several components, such as micro pump,
syringe, spinneret, voltage supply, electrode metal collector
and polymer solution [52] . Two cartons representing the typi-
cal facilities used for the fabrication of nanofibers are shown
as in the below, Fig. 2 A exhibits the apparatus used for uniax-
ial electrospinning and Fig. 2 B the coaxial electrospinning. The
material attributes and process parameters, for example, the
drug to polymer ratio, the solution viscosity, and the solution
feed rate are crucial to the final function of the nanofibrous
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Fig. 2 – (A) Schematic apparatus used for the uniaxial electrospinning and (B) the coaxial electrospinning. 
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roducts. Each way of drug incorporation using respective 
olymers and nozzles needs individual material attributes 
nd process parameters for a desired drug release profile in- 
luding immediate release and controlled release [53] . 

.1. Uniaxial electrospinning 

ne of the most distinguished features of uniaxial electro- 
pinning about the setup is the nozzle configuration. That is to 
ay, it just has one nozzle layer contrast to the coaxial electro- 
pinning setup with two concentric nozzle layers. The process 
f uniaxial electrospinning and the consideration on the pa- 
ameters are relatively less than the coaxial electrospinning.
irstly, the polymer solution should be prepared with desired 

rug–polymer ratio to obtain an ideal viscosity or conductiv- 
ty. Then, the solution can be extruded from the syringe tube 
ith a suitable force on the syringe. The critical technique ap- 
lied for this process is the Tylor cone which refers to a cone 

ike extrusive solution instead of a traditional cylinder like so- 
ution under the voltage supply on the nozzle. The voltage is 
xtremely high to even 27 kV [54] . As the reason why it be- 
omes a cone like solution, a study [55] claims that the Tylor 
one appears with the charge repulsion force exceeding the 
urface tension of the solution so that a desired nanofibers 
ith extremely thin, elongated features can be observed. Fol- 

owing the solution going forward with the predefined rate,
olvents will be volatilized or evaporated immediately and 

he nanofibers appears on the metal collector that is station- 
ry as a foil or rotating as a column. In the end, a ND with
housands of nanofibers can be seen. Typical features of uni- 
xial nanofibers taken by Field-emission Electron Microscope 
hows in Fig. 3 [56] . 

Actually, much attention has been paid to the approach of 
rug loading. As we know, the interaction between two sub- 
tances can be chemical or physical. In the same way, the ac- 
ive ingredients also can be loaded chemically or physically 
n the polymer matrix. A nanofibrous drug delivery system 

ontains therapeutic agents of ciprofloxacin conjugated to the 
olymer matrix of PLA with diameters ranging from 150 nm to 
00 nm and pore size from 62 to 102 nm are developed, the re-
ease study shows that the release kinetic can be modulated 

hrough drug content changing [54] . This is an excellent ex- 
mple of the chemical link between drug and polymer matrix 
sed in nanofibers. The other way to load drugs is physical 

ncorporation, simple mixture between drug and polymer is 
n ideal choice. Zhang et al. [57] applied the electrospinning 
echnology to fabricate the vancomycin ND that is collected on 

he aluminum foil. Consequently, the in vivo and in vitro stud- 
es indicate a satisfactory antibacterial property. Following the 
areful selection of the drug loading method, considerations 
f variables on the uniaxial nanofibrous properties come to 
he next. Firstly, it is necessary to pay attention to the various 
orces underlying the formation of nanofibers. The forces ap- 
lied in the process come from gravity, pump driving, surface 
trength, and electrical field. It is also obvious that the pump 

riving and electrical field are the positive factors that can be 
elpful to the fibrous formation and elongation. The electrical 
eld induced by voltage supply is the dominant factor for a 
table and continuous fibrous formation [58,59] . The primary 
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Fig. 3 – Field-emission electron micrographs of uniaxial nanofibers made by PCL-gelatin at (A) 50 μm and (B) 20 μm. 
Reproduced with permission from [56] . Copyright 2007, Elsevier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

features of nanofibers including fiber size distribution, mor-
phology, porosity, and drug release profile are the crucial ele-
ments influencing the nanofibrous function. With respect to
the fiber size and size distribution, the feed rate can be one of
the main factors that affect them. The fibrous diameter rang-
ing from nanometers to some millimeters is positively pro-
portional to the solution deliver rate under a rational electri-
cal field. However, the charge strength from the electrical field
also has a huge influence on the fibrous diameter; the fibrous
diameter will be thinner as the charge strength improves with
a medium solution deliver rate. There is a mass balance un-
derlying the combined action between the deliver rate of the
jet solution to the nozzle and the rate at which the solution
is forced to be elongated by the electric field [60] . Apart from
the forces burdened on the solution, the characters of the so-
lution itself also determine the nanofibrous diameter and the
diameter distribution. Especially, the conductivity of it is just
the thing; the solution with high-conductivity will lead to wide
size distribution [61] . When it comes to nanofibrous morphol-
ogy, the bead structure is the common phenomenon produced
by inconsistent forces between the syringe pump and the elec-
trical field. For example, the beaded structure can be observed
with the deliver rate by the syringe pump extremely surpass-
ing the rate at which the solution is forced to be elongated by
the electric field. Additionally, the excessively poor conduc-
tivity of the solution and the relatively high-electrical field
can be another unfavorable factor to form the homogenous
nanofibers, and the charge prefers accumulating on the sur-
face of the jet wire and migrate on the collector with short
distance between nozzle and collector to form the bead struc-
ture. Porosity is another property that plays a key role in the
drug release profile and exudation absorption. The porosity
 

can be increased when the so called thermally induced phase
separation grows up. It refers to a process that the non-solvent
rich phase separates from the non-solvent poor phase. The
site of the pore is located at the non-solvent poor phase [62] .
Humidity is also another element that influences the form-
ing of porosity in the principle of vapor-induced separation or
breathe figures with non-water solvent evaporation. The drug
release kinetics is not only influenced by the primary proper-
ties discussed above but also the interaction between the drug
and the polymer matrix. In a study, caffeine is loaded into the
polymer PCL and the drug crystallization induced by the inter-
action between them has caused the decreased release com-
pared with the non-crystallization group [63] . Another poten-
tial factor can be the ionization state of incorporated drugs;
high-ionic strength of the drug will lead the drug to locate to
the surface of the fibers [53] . What is more, surface location
behavior can also result in burst release in some cases. 

3.2. Coaxial electrospinning 

As previous discussion, the typical structure of coaxial electro-
spinning nozzle comprises two concentric and separate spin-
neret to form a core–shell architecture nanofibers. Two differ-
ent jet solutions will be prepared and each is transported to
the relevant spinneret layers forming the core or shell layer,
respectively. The process of this technology is basically sim-
ilar to the uniaxial electrospinning. The images of a coaxial
nanofibers taken by transmission electron microscope (TEM)
shown in Fig. 4 [64] . 

No matter how the drug is loaded into the nanofibers, the
fundamental principle of this way is equal to uniaxial electro-
spinning: physical and chemical linkage. Even though drugs



136 Asian Journal of Pharmaceutical Sciences 14 (2019) 130–143 

Fig. 4 – TEM images of coaxial nanofibers made by PEO and chitosan. (A) Concentric and (B) eccentric core and shell 
structures (Reproduced with permission from [64] .). Copyright 2012, American Chemical Society. 
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pplied in this method can be dissolved or suspended in the 
ore or shell polymer solution, most nanofibers prefer putting 
he active ingredient in the inner layer to keep it from neg- 
tive factors such as moisture and oxygen. A study [59] has 
abricated nanofibers containing fish oil and zine in the core 
ayer, the shell layer made by PVP is the protectant. A further 
nvestigation on the oxidative stability compared with uniax- 
al nanofibers has shown that coaxial method was an efficient 
ncapsulation way to protect the active agent fish oil against 
xidation. Another benefit is controlling the release characters 
f it as immediate release model or sustained release model.
an et al. [65] develop a stimuli-responsive ND with coaxial 
lectrospinning technology, out of the core layer which com- 
rises encapsulated active molecules is the smart shell layer.

t consists of the stimuli-responsive polymers, and once the 
hell layer recognizes the stimulating signals, the depolymer- 
zation of the polymers occurs with the active molecules re- 
eased from the core layer. The further study on the triggered 

elease shows there is no release action without the stimu- 
ating signals. However, once the signal is provided, the en- 
apsulated active agents are released swiftly. Additionally, no 
atter whether there exists drug or not in the nanofibers,

ne layer of the two can be a functional structure that as- 
ists the other [66] . For instance, the electrospinnable poly- 
er solution used in one layer can be fabricated as a spin- 

ing aid for the inelectrospinnable in the other layer. In the 
ame way, having a clear idea of the effect of variables can 

e beneficial to obtain a desirable coaxial nanofibers. In fact,
he variables discussed here are partially similar to the uniax- 
al. For example, the effect of jet rate, electrical field strength,
olution conductivity and concentration on the diameter, di- 
meter distribution, and morphology is parallel. However, the 
ntegrity with the interaction between the two jet parts can 

e one of the greatest challenges to form a homogeneous 
anofibers. Sometimes, the two layers will separate from each 

ther and the integrity disappears. To some extent [66] , the 
nterfacial strength plays a key role in the affinity of the two 
ayers. So it is recommended to dissolve or suspend the poly- 

er with similar or even the same solvent and prepare a 
armony concentration to obtain a relatively low-interfacial 
trength. The interfacial strength refers to the compatibil- 
t
ty among the ingredients including the active agents, poly- 
ers, and solvents. The secondary bonds such as electro- 

tatic and hydrophobic interactions have the improving effect 
n compatibilities of the components used for nanofibrous 
abrication [59] . 

. Characterization of nanofibers 

arious analytical instruments with different mechanisms 
ave applied for the characterization of the nanofibers. Op- 

ical microscope is a favorable choice for the primary ex- 
mination on the production with high-resolution. First im- 
ression with optical microscope to observe the outline of 
he product is necessary, that is to say, beads and non-fibers 
an be checked. Another common measure technique is the 
EM. To have a better knowledge of the drug distribution,
SC usually provides a method with the peak shift and the 
ndothermic or exothermic fluctuation [19] . Another impor- 
ant characterization item of nanofibers is water contact an- 
les, as for the cell proliferation during the DFU occlusion 

eeds hydrophilic matric to support it. When drugs are in- 
orporated in the nanofibers, their existence, morphology, es- 
ecially crystallinity, and distribution can also be described 

hrough Fourier transform infrared spectroscopy (FTIR) [16] ,
nd X-ray photoelectron spectroscope [17] . The final func- 
ional test model of the nanofibers includes cell model and an- 
mal model. The cell model is relatively simple and inexpen- 
ive. In the cell model, cells such as human dermal fibroblasts 
r mouse fibroblasts (L929) are cultured with the nanofibers 
or several days, then the cytotoxicity, cell attachment, and 

ell proliferation are investigated through a cell counting ma- 
hine. The animal model utilizes rabbit or mouse to directly 
valuate the wound healing efficiency of ND on DFU. After the 
nesthetization, a specific number of simulated DFU wound 

ith designed dimension are created on the local skin of the 
nimals under the sterile conditions. To supply a better wound 

ed for the functional exhibition of the ND, the epidermis, der- 
is, and perichondrium should be removed. The data about 

he closure effect collected from them can be analyzed with 

he statistical approach. 
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5. Application of ND for DUF 

5.1. Benefits of ND for DFU wound healing 

Prior to discussing the nanofibrous application, it is necessary
to have a deep insight into the process of DFU wound healing.
Normal skin comprises epidermis, dermis, and the subcuta-
neous tissue from the out layer to the deep layer. Keratinocytes
located in the epidermis and fibroblasts embedded in the der-
mis, they are both incorporated with the three-dimensional
matrix consisting of fibers such as collagen, fibrinogen and
elastin. ECM is just the three-dimemsional matrix. Obviously,
vein and lymph distribute among them offering required nu-
trition and immune activity. One of the most important roles
of the skin is providing a natural barrier preventing the harm-
ful damage like mechanical impacts and microbial infection.
Considering the DFU wound with chronic recovery, it needs
more realization about the mechanism of wound healing. Fur-
thermore, reforming on the wound dressing consistent with
the mechanism is imperative. As we know, once the DFU in-
jury develops into the dermis or even the subcutaneous tis-
sue, many procedures may occur in the wound recovery. In
the inflammatory phase, there are some specific biological
changes as the fluid leaks from blood or lymph, especially
with the aggregation of platelets and the next clots by it. Ker-
atinocytes may release GF or cytokines under the stimulating
signals from platelets. Then, immune cells like macrophages
migrate to the wound bed to fight against the germs and fun-
gus, simultaneously, new blood and lymph vessels are recon-
structed. The next phase is proliferation. Re-epithelialization
occurs flowing the proliferation of keratinocytes and myofi-
broblasts that are critical for the generation of granulation tis-
sue and ECM. In the final maturation phase, the rearrange-
ment of collagen and the form of elastin enhance the normal
properties of the renewal skin. Unfortunately, studies have in-
dicated that severe disorders of the healing phase usually hap-
pen in DFU patients [67] . Obviously, the healing of the DFU
wound is so complex that the applied wound dressing with
high-performance capacities is evitable. Firstly, hemostasis of
the wound dressing must be helpful for the clot formation [18] ,
ND with marvelous specific surface area just fits this require-
ment, and the exudate absorption capacity is also excellent.
The oxygen exchange ability is also needed for the blood ves-
sel renewal and cell proliferation, in addition, abundant oxy-
gen has the effect of decreasing the risk to infection [6] . As
discussed previously, ND is the perfect candidate for its huge
porosity to oxygen penetration. Secondly, providing a suitable
stage for the renewal cells like fibroblasts and keratinocytes to
adhere and spread may sharply increase the DFU wound oc-
clusion, fortunately, ND has been proven to enhance the cells
growth as a good stage [8] . Effect of ND for diabetic wound clo-
sure shows in Fig. 5 as below [68] . Another capability of sub-
stitutability of antimicrobial agents is also profitable for the
performance of the wound dressing, using chitosan is advis-
able for its activity of inhibiting the growth of fungi and bacte-
ria [69] . In addition, superior active pharmaceutical ingredient
(API) entrapment of wound dressing can ease the modification
of the release kinetic, for example, the sustained release and
the controlled release, as in the coaxial electrospinning chap-
 

ter, nanofibers with a controlled out layer may realize these
release profile. 

5.2. Active agents in the nanofibrous dressing for diabetic
foot ulcer 

5.2.1. Small molecules 
Wound infection is a common progressive spreading symp-
tom. With the dysfunction of glucose metabolism in DFU pa-
tients, immunological response is disrupted so that the DFU
wound becomes more and more susceptible to infection [70] .
In most conditions, infection deterioration may lead to am-
putation. Compared with the wound in non-diabetic York-
shire pigs, the diabetic Yorkshire pigs show wound healing
delay and secondary infection by endogenous bacteria [71] .
Corynebacterium spp is the dominant bacterial genus asso-
ciated with DFU [72] . Other bacterial communities includ-
ing Streptococcus , Serratia , Staphylococcus and Enterococcus spp
are also responsible for the DFU infection [71,73] . In 2004,
IDSA (the Infectious Diseases Society of America) has pointed
out that the infection should be identified by the biologi-
cal findings instead of the clinical criteria avoiding antibi-
otic abuse [74] . Once the severity of the infection and the
types of the bacterial are identified, corresponding antibi-
otics can be administrated in the ND forms for DFU treat-
ment assisting the systemic administration. For example, flu-
oroquinolones such as ciprofloxacin, levofloxacin and clin-
damycin are recommended in non-severe or severe phase of
DFU infection [75] . Several antibiotics have been successfully
developed into ND forms with proper synthetic or natural
polymers. Gentamycin as an anti- Staphylococcus is entrapped
in the Eudragit RS/RL 100 to fabricate ND [76] . SEM micrograph
indicate that smooth surface without bead and excellent size
distribution presents the ND feasibility of gentamycin. Further
thermal analysis with DSC and TGA validates the increased
thermal stability of gentamycin loaded in the polymers. In vivo
study demonstrates that the fabricated ND has the bioactivity
of inhibiting the bacterial growth. Another practical antibiotic
incorporated in ND for DFU is tetracycline hydrochloride (TCH)
which possesses broad spectrum [77] . To obtain a sustained
release profile, attempt of emulsion electrospinning has been
made. With respect to the emulsion, TCH dissolved in water as
water phase and diblock polymer PEG-PLA dissolved in chlo-
roform as oil phase. API with fluorescent substance incorpo-
rated in the core of the nanofibers can be seen from the image
taken by confocal microscope (CM). Under this bilayer struc-
ture, the bioactivity of the TCH and the sustained release char-
acter has been observed in the antibacterial test. Additionally,
there are also many other antibiotics under the way to be de-
veloped into ND. Ciprofloxacin is an efficient antibiotics with
the potential to be loaded in nanofibers, and it has been suc-
cessfully applied in the cure of S. Aureus infection [78] . 

In the inflammatory phase of the DFU recovery, side ef-
fects induced by free radical, cell debris, and cytotoxic en-
zyme can disturb and prolong the recovery span [79] . As dis-
cussed above, a series of signal cascades and large num-
ber of cells including platelets, neutrophils, keratinocytes and
macrophages participate in the DUF recovery. Despite of the
unclear mechanism of anti-inflammatory agents, some chem-
ical entities have been proven to be efficient as an API used
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Fig. 5 – Photographs of the wound closure of diabetic rats on days 0, 3, 7, 14, (A) collagen/PLGA with glucophage-loaded 

group, (B) pure collagen/PLGA group, (C) gauze sponge group (Reproduced with permission from [68] .). Copyright 2015, 
Elsevier. 
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n the ND for DFU. Bixin, a pigment extracted form Bixa Orel- 
ana L. Seed, shows a great bioactivity of anti-inflammatory,
nti-oxidant, and healing properties [80] . In a study [79] , un- 
er the uniaxial electrospinning technology, bixin with PCL is 
abricated into an ideal ND. Apart from the routinely physi- 
al detection, cell proliferation assay and in vivo study indi- 
ates that the Bixin-loaded PCL nanofibers decrease the time 
f wound closure more than virgin PCL nanofibers. Another 
atural compound curcumin derived from turmeric has lots 
f biological activities, for example, anti-tumor, anti-oxidant,
nd anti-inflammatory has been proven [81–83] . Allowing for 
he poor solubility and low-bioavailability of curcumin, re- 
earchers select the PCL as a matrix for the sustained re- 
ease ND fabrication. To elevate the anti-inflammatory effect,
L-6 (interleukin-6), a representative member of inflamma- 
ory factor released from monocyte-macrophages, is quanti- 
ed. In the anti-inflammatory experiment, the inflammatory- 

nduced J774A1 cells with curcumin-PCL nanofibers express 
ow IL-6. Consequent diabetic mouse wound closure exam- 
nation exhibits decreased time for diabetic wound closure 
o be done. Another anti-inflammatory agent is quercetin. It 
s a flavonoid that has been shown anti-oxidative and anti- 
nflammatory activities [84,85] . Additional cell adhesion, an- 
iogenesis also has been reported [86] .Incorporated quercetin 

y zein following the uniaxial electrospinning technique 
hows great benefits for neuropathy in diabetic wound. Re- 
earchers [87] prepare the quercetin spinning solutions in a 
radient concentration to determine the best quercetin zein 

atio, a set of fabrication parameters like 16 kV voltage sup- 
ly, 0.2 ml/h feed rate, 15 cm collection distance are investi- 
ated. Diabetic rats are divided into several groups according 
o the gradient quercetin concentration. Morphology analysis 
emonstrates that the increased ratio of quercetin to zein has 
o significant influence on the diameters. Good API distribu- 

ion and potential hydrogen bonding between drug and vehi- 
le are detected by FTIR and XRD (X-ray diffraction). The de- 
ection of quercetin release is conducted in the acetate buffer 
nd shows an increased rate from low to high-concentration 

f API. A further investigation on the motor function of the 
ciatic nerve reveals the favorable effect of quercetin for neu- 
opathy in diabetic wound. Additionally, quercetin is also 
reated as an anti-carcinogenic chemical [88] , no matter how 

road application it possesses, the fundamental mechanism 

or DFU treatment may be relevant to its potent antioxidant 
nd ant-inflammatory capacities [89,90] . 

Metformin is a common first-line clinical drug for hyper- 
lycemia, developed with PLGA under the uniaxial electro- 
pinning technology metformin suggests a massive potential 
n the application of DFU treatment [91,92] . Metformin is a hy- 
rophilic agent, in order to get the aim of prolonged release 
haracter, hydrophobic and biodegradable PLGA is the very 
andidate to be tested. Simultaneously, the addition of met- 
ormin to PLGA solution decreases the viscosity of the solu- 
ion and increases the feasibility of nanofibers fabrication. The 
elease profile analysis indicates that first outburst of met- 
ormin may be relevant to the API located on the surface of 
anofibers, the sustained release following the slowly degra- 
ation of PLGA [91] . Study has confirmed that metformin not 
nly regulates the hepatic glucose output, but also improves 
he insulin sensitivity [93,94] . In fact, metformin released from 

anofibers just acts as a topical drug delivery system with lim- 
ted absorption to systemic body. The explanations for the ef- 
ectiveness of the metformin on wound include enhanced en- 
othelial precursor cells circulating, improved angiogenesis,
nd balanced collagen from the inhibiting MMP (matrix met- 
lloproteinases) [68,95] . 

As discussed in the DFU recovery phase, normal vessel re- 
onstruction and refunction are critical for the wound clo- 
ure. Angiogenesis is one strategy in dealing with this is- 
ue, relevant biological agents intervened in practical are 
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hypoxia-inducible factor 1 α (HIF- α), neuropeptide Y (NPY), and
angiopoietin-1 [96–98] . In the field of ND for DFU treatment,
dimethyloxalylglycine (DMOG)-embedded PCL ND has proved
to be feasible for the diabetic wound treatment [99] . With
the bioactivity of inhibiting oxygen-dependent degradation
of HIF- α, DMOG exhibits the angiogenesis function in wound
repairment [100] . In the study present by Zhang et al. [99] ,
DMOG and PCL are dissolved in the dichloromethane (DM) and
dimethylformamide (DMF), the final ratio of DMOG to PCL in
nanofibers is controlled in 0.1 mmol/g. The electric potential
and collector distance are about 8 kV and 9 cm respectively.
After the uniaxial electrospinning, the ND is cut into equal di-
mension of square. Organic solvent evaporation is completed
by vacuum chamber and air dryer. Fiber diameter and surface
roughness are evaluated by SEM and CM, respectively. The di-
ameter is about 300 nm and the surface roughness 2.13 μm;
moreover, there is no significant difference between virgin PCL
and drug-loaded PCL. Homogeneous API distribution in PCL
also has been demonstrated by fluorescent probe molecule
Rhodamine 6 G. Compared with the controls or the virgin PCL
groups, DMOG-loaded PCL ND shows accelerated wound clo-
sure. Increased CD-31 (cluster-differentiation 31) positive cells
observed in the immunostained analysis indicates that angio-
genesis is significant statistically. Another promising “drug”
applied in ND for the DFU recovery is the silicate-based bioce-
ramics (NAGEL, Ca7Si2P2O16), the original intention of NAGEL
application is to be an alternative to metallic materials for its
higher biocompatibility [101] . Currently, NAGEL has been in-
tensively used in the tissue engineering to promote cell at-
tachment, growth and new tissue formation [102] .With re-
spect to wound healing effect, relevant report also can be seen
[12] , in view of modulating the degradation time of the poly-
mers applied in nanofibers, PCL blending with gelatin is pre-
pared to vehicle solution. Coaxial electrospinning technology
is utilized with NAGEL embedded in the PCL/gelatin tube. A
gradient ratio of NAGEL to PCL/gelatin is designed to elevate
various physical and biological index, other parameters such
as feed rate, voltage supply, and collector distance are set to
be 0.025 ml/min, 10 kV, and 12 cm. The crosslink for the pri-
mary nanofibers is completed by glutaraldehyde/ethyl alcohol
disposition. The proliferation test of the HUVECS (human um-
bilical vein endothelial cells) seeded on the ND with different
NAGEL concentration reveals NAGEL’s no apoptosis. But the
cell adhesion analysis shows that drug-loaded nanofibers is
more effective than the pure nanofibers. Direct quantification
and assessment of the number of neovascular in the wound
bed is conducted by the digital camera photos, images taken
from it confirm that NAGEL does have the capacity to improve
the vessel especially the capillary formation compared with
the control and virgin group. The higher level of CD31 is also
a specific proof. 

5.2.2. Macromolecules 
Potential macromolecules for DFU healing mainly refer to cy-
tokine or GF. It consists of diverse groups of polypeptides
and most groups have their own different family members
[103] . Platelet-derived growth factor (PDGF) [104] , basic fibrob-
last growth factors (BFGF), vascular endothelial growth fac-
tors (VEGF) and epidermal growth factors (EGF) are relevant
GF [105,106] . PDGF was firstly identified as a disulfide-linked
dimer of two peptides [107] ; it is beneficial for the growth of
specific cells [108] , the formation of blood vessel, and the early
hematopoiesis. GF deficiency in DFU wound bed is one of the
most inducers for the prolonged wound healing [109] , recom-
binant human PDGF (RHPDGF-BB) has been successfully de-
veloped to ND for the initial phase of diabetic wound treat-
ment [110] , PLGA as a biodegradable polymer is selected to
load the active RHPDGF-BB, 17 kV voltage power and 12 cm
collector distance are set for the fabrication attributes. The
concentration of the two materials is 0.28 g/ml and 0.005 g/ml
respectively in the solvent hexafluoroisopropyl alcohol. SEM
images of the final ND show that the drug-loaded PLGA has
a thinner fibers than the virgin PLGA. Even though the ten-
sile strength of the drug-loaded ND is larger than the pure,
the result of the elongation at break is just the opposite. Con-
tact angles of water indicate that the addition of RHPDGF-BB
is helpful for the increased hydrophilicity of the PLGA. Con-
sequent wound repair and histology test also demonstrate
that RHPDGF-BB possesses the features of accelerating the
diabetic wound healing and enhancing the density of stra-
tum corneum. These results suggest a substantial potential
of PDGF for the DFU treatment. Other GF like recombinant
human EGF (RHEGF) has been used for the DFU with the
form of intralesional administration, the clinical profile of this
method exhibits enormous benefits [111] , in the same way,
RHEGF may be a proper candidate loaded in ND for the DFU
recovery. 

5.2.3. Stem cells 
Considering the full-thickness wound, just as the deteriora-
tion of DFU, conventional strategies discussed above may not
be efficient [112] . As an advanced wound treatment modal-
ity, stem cells therapy has become more and more prevalent
in dealing with the complicated wound [113] . Common stem
cells are usually divided into embryonic and adult stem cells.
Various resources from bone marrow, peripheral blood, and
hair follicles contain the adult stem cells. With the ability of
prolonging self-renewal and differentiation into targeted tis-
sues like skin, stem cells has been broadly investigated for the
chronic skin wound treatment [114–117] . As for the mecha-
nism of the adult stem cells applied for the skin wound recov-
ery, two aspects are reported, one is repopulating the lost or
injured tissue with the differentiated cells and the other is re-
cruiting inflammatory cells or tissue progenitor cells through
signal molecule release [118] . In order to obtain the selec-
tion of endothelial precursor cells (EPCs) enrichment and the
efficiency of EPCs delivery. Mononuclear cells derived from
murine bone marrow are seeded into the nanofibers made of
PCL/gelatin [119] . Regular physical parameters of nanofibers
are determined by SEM and TEM; mononuclear cells are ex-
tracted from the femurs of the mice, and primary cellular
suspension is centrifuged and washed to obtain the pure
mononuclear cells. After seeded in the PCL/gelatin matrix, the
cell starts to differentiate to EPCs incubated in specific condi-
tions, and the characterization of EPCs shows that PCL/gelatin
matrix is a suitable stage for EPCs growth. Further EPCs adhe-
sion, colony formation, and proliferation are investigated, and
the results indicate the positive effect of PCL/gelatin matrix for
EPCs. In vivo test on diabetic mice wound reveals that the EPCs-
loaded PCL/gelatin not only accelerates the wound closure but
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lso improves the quality. Despite of unspecific application for 
FU, other cells like mesenchymal stem cells [120,121] and 

pidermal stem cells [122–124] are broadly utilized for full- 
hickness wound treatment seeded in proper nanofibrous ma- 
rix. 

. Further perspectives 

FU imposes risks of amputation and economic lost on dia- 
etic patients. Wound dressing is necessary in protecting and 

ccelerating the wound closure. ND is an advanced technique 
ith characters of thin diameters ranging from nanometers 

o micrometers, consequent capacities of oxygen penetration 

nd ECM reconstruction are obtained. Furthermore, utilization 

f various polymers from natural and synthetic sources ren- 
ers ND a better selection for diabetic wound closure com- 
ared with conventional dressing types. Additionally, bioac- 
ive small molecules, macromolecules, and cells can be loaded 

n the nanofibers to optimize the DFU recovery process. Proper 
election of polymers and process parameters will fabricate 
esirable ND for DFU treatment. However, the rheological 
ehavior that influences the physicochemical properties of 
anofibers and the mathematical model for it in pharmaceu- 

ical cycle still has a big room for researchers to study and es- 
ablish. 
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