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The two major topics concerning the development of nanomedicine are drug delivery and tissue engineering. With the advance in
nanotechnology, scientists and engineers now have the ability to fabricate functional drug carriers and/or biomaterials that deliver
and release drugs locally as well as promote tissue regeneration. In this short review, we address the use of nanotechnology in
the fabrication of biomaterials (i.e., nanoparticles and nanofibers) and their therapeutic function in wound healing as dressing
materials. Furthermore, we discuss the use of surface nanofeatures to regulate cell adhesion, migration, proliferation, and
differentiation, which is a crucial step in wound healing associated with tissue regeneration. Given that nanotechnology-based
biomaterials exhibit superior pharmaceutical performance as compared to the traditional medicine, this short review provides
current status and future directions of how nanotechnology is and will be used in biomedical field, especially in wound healing.

1. Introduction

Recent development in nanotechnology facilitates the ad-
vance of biomaterials in their structure-property-function re-
lationships. Functional biomaterials have outstanding phar-
maceutical performance in drug delivery and tissue engi-
neering. For example, nanoparticles have been used for
drug delivery vehicles in many disease states. These one-
dimensional biomaterials are often made from natural or
synthetic polymers that are biodegradable so that the encap-
sulated drug can be programmed for a particular release
rate. Another form of drug carriers utilizing nanotechnology
is electrospun naonofibers. Fibers are considered as two-
dimensional biomaterials where the high surface area and
the porous structure provide excellent therapeutic efficacy in
drug release. These nanotechnology-based biomaterials have
the potential in promoting cell interaction with the drug
carrier and therefore making them ideal candidates in drug
delivery applications.

In parallel to drug delivery, nanotechnology-based bio-
materials are often used in stimulating cellular responses
either by the released agents or by the surface texture alone.
In the latter case, research typically addresses cell cultivation
to preserve its gene expression so that its differentiation
can be maintained for tissue regeneration purpose. Surface
features and/or surface properties of a biomaterial (e.g., films
or substrates) have a significant influence on cell adhesion,
migration, proliferation, and differentiation. Having the abil-
ity of using nanotechnology to control the surface features
and/or properties is an important topic in the field of tissue
engineering.

In this short review, we discuss nanotechnology-based
biomaterials in the form of nanoparticles, nanofibers, and
surface nanofeatures on the impact of wound healing.
Aspects of drug delivery from nanoparticles and nanofibers
are mentioned with the additional discussion of tissue regen-
eration using surface features. This brief review provides
insights in current status of nanotechnology in the fabrication
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of biomaterials, how these functional materials promotes
wound healing, and future directions of using nanotechnol-
ogy in fabrication of biomaterials to achieve desire therapeu-
tic functions.

2. Nanotechnology-Based Biomaterials

Nanotechnology, which is the manipulation of matter at
the nanoscale related to atoms and molecules, has been
used in many areas related to medicine, engineering, and
electronics [1, 2].The importance of the relationship between
nanotechnology and biomaterial comes out of three factors:
biomaterial, nanotopography, and the relationship between
the nanotechnology and the health care.

“Biomaterial” term has been designed for the human
body in nanodimensions. Nanomaterials originally come
from natural polysaccharides includingmany nanostructures
such as nanoparticles, nanofibers, nanopin, nanosheet, nano-
brush, and nanoclusters [3]. It has been proved that nano-
fibers materials have a superior motivation than other mate-
rials due to the huge surface area to the volume ratio [4].

Although these nanomaterials have been derived from
bulk materials, they have different properties [5] such as pore
morphology, porosity, and grain size [6].

The nanoparticle’s size should not exceed 200 nm (i.e., the
width of microcapillaries) since the human tissue is limited
for large particles [7]. Depending on the way of preparation,
a drug is mixed, absorbed, and/or attached into a nanoma-
trix by using different nanodevices [8]. These nanoparticles
have advantages over the regular particles for drug delivery
because of continued lifetime, the enhanced solubility, and
the controlled rate of delivery [9]. Many scientists did many
researches by using these features to develop the nanoparti-
cles for drug releasing and tissue engineering [10].

Nanofibers can be processed by using different techniques
like template synthesis, phase separation, electrospinning,
and so forth [4]. However, the electrospinning process, which
is a significant way to get a nanofiber material from all kinds
of polymers [11], is the most suitable method to fabricate
nanofibers.When nanofibers are formed by using elecrospin-
ning, the surface area of fiber mesh is increased enormously.
There are two methods to form porous nanofibers: the first
one is when using more volatile compounds and the other
one is when two different polymers are spun together [12].
Electrospun nanofibers are quite versatile and have many
properties including the electron transportation, high density
and thermal diffusivity, low cost, better control over fiber
dimensions and structure, and high production rate and
flexibility. Also, the fiber patterns and assemblies can be easily
modified and controlled. In electrospinning, a repulsive force
is created by applying a high voltage instead of extrusion force
which is usually created by using air or mechanical devices
[4, 12–14].

The importance of the biomaterial and nanotechnology
should match not only the nanomaterial and its mechan-
ical properties but also its topography. Actually, surface
topography and fibers have many applications including fuel
cells, absorption, and solar cells batteries [11]. But the most
important, as recent studies show, are those that deal with the

biomaterial or/and biomedical devices and their applications
such as cellular engineering and tissue repairing [15]. Actu-
ally, it had beenmentioned in previous researches that surface
topography has a significant impact on the cell proliferation,
adhesion, and differentiation [16]. A general way to control
the cell reactions is the first step towards surface topography
ranges in the micrometric or in the nanometric scale [17].
Recent studies show that these reactions happen more in the
nanometric scale and have the importance of tissue engineer-
ing in general [18]. This finding introduces us to the “Nano/
Microtopography” term, which is the behavior of the cells
having interactions with the biomaterial surfaces.The surface
area of the fibers could be increased by the absorptive struc-
ture by removing a component from the fibers or using the
phase separation [19, 20]. For example, nanotopography pro-
vides more conclusive and porous sites for drug loading [11].
There are two categories of nanotopographies, which can be
applied on materials.The first category is the unordered nan-
otopographies that occur during the process randomly (e.g.,
chemical etching and polymer demixing). The unordered
nanotopographies are characterized by the low cost and
simple use. The second category is the ordered topographies,
which can be applied by using different techniques such as
electron beam lithography and photolithography [21].

It has been recognized in recent years that the medical
care depends essentially on treatment efficacy. However,
finding the right cure before the disease appeared may be the
future of themedicine [12].The ability to predict diseases and
identify the location of the potential diseased tissue highlights
the importance of the relationship between nanotechnology
and the healthcare. Nanotechnology has been influencing
the quality of life through the development invention of
new technologies [22, 23]. By combining these factors with
electrospinning, new medical care forms and patients will
be present with a new and a more cost-effective choice for
treatment. For example, nanofibers with different modules
had been produced by electrospinning from synthetic and
natural polymers with different dimensions in nanometer
[14]. These fibers have the applications in tissue engineering,
repairing, regeneration, drug delivery, healing treatments,
cosmetics, and so forth [12, 13]. One of the future researches is
the fabrication of electrospun nanofiber of the blood vessels,
nerves, bone, and skin [13].

3. Current Status of Nanotechnology-Based
Biomaterials in Soft Tissue
Repair and Regeneration

The two major functions of biomaterials are to carry small
molecule drugs or large biological agents for local delivery
and to stimulate, replace, and regenerate the lost function of
tissue. With a wide variety of biomaterials being developed
every year due to the improvement of nanotechnology, they
all require meeting the criteria of biocompatibility to local
tissue or cells. While metals and ceramics are widely used
in engineering biomaterials, polymers have drawn many
attentions in the application of biomaterials for a disease
state owning to the advance in nanotechnology-assisted
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Figure 1: Schematics of current available nanotechnology-based dressing (e.g., nanoparticles and nanofibers) using in different stages of
wound healing from an animal model [24, 25] (figure obtained from an open access article distributed under the Creative Commons
Attribution License).

manufacturing methods. Nowadays, polymer-based bioma-
terials are being heavily studied for their structure-property-
function correlations in order to provide information on their
applications. Given that polymers provide sufficient strength
to soft tissues, they can serve as a structural support or a
guided template for cell and tissue to grow. Another impor-
tant advantage in using polymers as the base materials for a
biomaterial is that it provides a degradation profile that can
limit the extra surgical procedures to remove the biomaterial
as an implant after tissue regeneration. The space available
after polymer degradation allows cells and tissue to fill in.
In addition, degradation of polymers plays a crucial role in
temporal control of drug release when serving as a drug
carrier. Since degradation of the polymer-based biomateri-
als dictates the function of themselves, the toxicity of the
by-products and responses to host tissue remain a necessary
topic for the application of nanotechnology-based biomate-
rials. Therefore, recent studies typically focus on the devel-
opment of fully resorbable biomaterials. These resorbable
materials are particularly useful to provide a temporary phys-
ical structure that stimulate and encourage tissue restoration
and promote cell adhesion, migration, proliferation, and
differentiation. Others focus on delivery of drugs and other
molecules using the same principle.

The fabrication and design of degradable/resorbable are
relatively easy using current available nanotechnologies. The
difficulty for a particular biomaterial is how to meet the
required treatment efficacy at levels and severity of the disease
states under the restrictions of nearly the same intrinsic

polymer degradation rate. In the following sections, as shown
in Figure 1 [24, 25], we use different types of nanotechnology-
based biomaterials, namely, nanoparticles/micelles/lipids,
nanofibers, and nanofeatures from substrate materials to
show the effectiveness of these biomaterials as dressings in
chronicle and/or nonhealing wounds.

3.1. Nanoparticles/Micelles/Lipids. A variety of nanoparticle-
based biomaterials such as metal nanoparticles, polymeric
nanoparticles, silica nanoparticles, solid lipid nanoparti-
cles, nanostructured lipid carriers, nanoemulsions, nanocap-
sules, micelles, liposomes, and nanosuspensions are being
developed for controlled drug release aimed at wound
healing applications. Due to their specific characteristics,
nanoparticles such as nanocapsules, polymersomes, solid
lipid nanoparticles, and polymeric nanocomplexes are ideal
vehicles to improve the effect of drugs (antibiotics, growth
factors, etc.) aimed at wound healing [28].

Metal nanoparticles such as gold and silver are emerging
as attractive biomaterials for targeting soft tissues [27]. Silver,
gold, and copper nanoparticles, as well as titanium and zinc
oxide nanoparticles, have shown potential therapeutic effects
on wound healing [28]. Silver nanoparticles have exhibited
good anti-inflammatory properties. Results demonstrated
promotion of wound healing by silver through reduction
of cytokine-modulated inflammation [29]. Others showed
that silver nanoparticles impregnated in guar gum alky-
lamine yielded a faster wound-closing rate compared to other
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Figure 2: (a) Effect of wound closure on silver alginate guar gum alkylamine nanoparticles and other positive controls, (b) histological
examination of control (without treatment) tissue, and (c) histological examination of tissue treated with silver alginate guar gum alkylamine
nanoparticles [26] (figure obtained from an open access article distributed under the Creative Commons Attribution License).

(a) (b)

Figure 3: (a) Histological examination of wound tissue after applying gold/polypropylene/poly(ethylene glycol)2000 nanoparticles where
arrows indicate inflammatory cells and newly formed blood vessels. C refers to capsule formation after applying the dressing. (b) Histological
examination of wound tissue after applying gold/polypropylene/poly(ethylene glycol)4000 nanoparticles where thick arrow indicates
neovascularization and thin arrow indicates giant cell accumulation [27] (figure obtained from an open access article distributed under
the Creative Commons Attribution License).

positive controls, while histological examination revealed
well-organized granulation tissue and epithelialization (Fig-
ure 2) [26]. Gold-nanoparticles-embedded biodegradable
PEG polymers have been found to possess favorable soft
tissue response causing less inflammation as the number
of PEG side chain increases (Figure 3) [27]. Nitric oxide
nanoparticles have also demonstrated a broad spectrum

of antibacterial properties against both Gram-positive and
Gram-negative bacteria [30]. Nitric oxide nanoparticles have
also been shown to exert beneficial secondary effects on the
healing process by modulating inflammation, angiogenesis,
and tissue remodeling [31]. Since wounds are known to
be deficient in nitric oxide, application of nitric oxide-
releasing silica nanoparticlesmay accelerate healing by killing
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bacteria and overcoming the general nitric oxide deficiency
[32].

Gong et al. [33] have shown that when curcumin was
loaded onto the lipophilic core of a polymeric micelle dis-
persed in a hydrogel, this formulation exhibited adequate tis-
sue adhesiveness and could release curcumin in an extended
time period. Studies carried out by Jeschke et al. [34] and
Pereira et al. [35] have focused on the liposomal deliv-
ery of keratinocyte growth factor (KGF) which stimulates
epithelial cell differentiation and proliferation, processes of
major importance in wound healing. This liposomal formu-
lation constructed as a nonviral KGF cDNA gene complex
extensively improved epidermal regeneration and improved
epidermal cell net balance by increasing skin cell proliferation
and decreasing skin cell apoptosis.The fabrication of a fusion
protein comprising of elastin-like peptides andKGF resulting
into a self-assembled nanoparticle (chimeric nanoparticle)
enhanced the reepithelialization and granulation, two cru-
cial processes in wound healing [36]. To overcome bac-
terial antibiotic resistance, Geilich et al. developed silver
nanoparticles-embedded polymersomes [37]. This polymer-
some formulation constructed from a biodegradable diblock
copolymer carrying silver nanoparticles embedded in the
hydrophobic compartment and ampicillin in the hydrophilic
compartment inhibited the growth of ampicillin-resistant
Escherichia coli. Formulated nanoemulsions have been used
to evaluate the mechanism of action associated with mem-
brane damage. The skin irritation activity and wound heal-
ing results of the formulated nanoemulsion indicated the
nonirritant nature of the formulation and higher wound
contraction rate when compared to the free drug counterpart
[38]. Solid lipid nanoparticles have been evaluated for their
potential to prolong opioids release for pain reduction in
severe skin wounds [39]. Recombinant human epidermal
growth factor- (rhEGF-) loaded nanostructured lipid carriers
can present an important alternative in the treatment of
chronic wounds since this formulation has been reported to
improve the wound healing quality expressed in terms of
number of arranged microvasculature, fibroblast migration
and proliferation, collagen deposition, and evolution of the
inflammatory response [40].

Poly(lactic-co-glycolic acid) (PLGA) has been widely
investigated for the fabrication of polymeric nanoparticles
due to its advantages including biodegradability, biocompat-
ibility, nontoxicity, and approval from regulatory agencies
[28]. Studies on the delivery of the peptide LL37 (an endoge-
nous peptide controlling wound healing and angiogenesis)
from PLGA nanoparticles hypothesized that a combination
of sustained release of lactate (to induce angiogenesis) and
LL37 would promote wound closure [41].

To evaluate the role of nanosized recombinant human
erythropoietin (rhEPO) in wound healing, the effects of
subcutaneous injections of EPO on skin regeneration after
deep second-degree scalding injuries were investigated [42].
Results indicated that nanosized rhEPO increased the rate of
reepithelialization of the scalding injury and reduced the time
to final wound closure. Silver-containingwound dressings are
an integral part of wound therapy due to the antimicrobial
effect of silver [43]. When nanocrystalline silver wound

dressing was applied on major full-thickness scald in male
rats, higher silver levels was measured in various organs and
tissues than the controls. Silica or iron oxide nanoparticles
by nanobridging (i.e., adhesion by aqueous nanoparticle
solutions) have been reported to achieve rapid and strong
closure and healing of deep wounds in skin and liver [44].
Bleeding control and tissue repair by nanobridging have
been evaluated on liver which could eventually be utilized
to test on spleen, kidney, heart, and lung surgeries. For skin
wounds, remarkably aesthetic healing was obtained. When
tight sealing is needed, nanobridging could complement
anastomosis and classical suturing procedures [44].

Magnetic-based systems utilizing superparamagnetic
nanoparticles have been tested for enhancing tissue regenera-
tion [45]. Formagnetic nanoparticles localization, soft tissues
are significantly more complex than biological fluids. The
magnetic force andmagnetic nanoparticle characteristics will
dictate the magnetic nanoparticle transport mechanism and
distribution in soft tissues. Therefore, it is vital to determine
these parameters in order to efficiently transport and localize
magnetic nanoparticles in soft tissues and achieve the most
therapeutically desirable magnetic nanoparticles distribution
in the target area.

Nanoparticles can stick together cells that are inherently
nonadhesive, thereby assembling dispersed single cells into
large cohesive aggregates called nanostickers. In a study,
authors have shown that 20 nm carboxylated polystyrene
nanoparticles were more efficient nanostickers than 20 nm
silica nanoparticles which were reported to induce fast
wound healing and to glue soft tissues [46]. As metastasis
is often related to a decrease of cell-cell adhesion, nanos-
tickers will have the potential to reduce the escape of cells
from tumors. They will also slow down the spreading of
tumors which would result from a competition between cell-
substrate and cell-cell adhesion. By increasing the cohesion
of tissues and organs, nanostickers may have important
applications in tissue engineering and cancer treatment.

Hydroxyapatite is being extensively used as bone sub-
stitute materials for reconstructive surgery of the skeleton.
The similarity of its chemical composition to the natu-
ral bone apatite is believed to be the reason for its very
good biocompatibility and a direct, chemical bonding of
bone tissue forming a biological and mechanical stable
interface. The use of powders with small grain size could
overcome the disadvantages of solid implants and lead to
resorbable biomaterials for temporary substitution of skeletal
defects. In one study, by using nanocrystalline hydroxya-
patite suspension implant, a direct bone contact as well
as inclusion into soft tissue along with partial resorption
of the nanocrystalline hydroxyapatite was observed. In situ
the nanocrystalline material mostly formed densely packed
agglomerates which were preserved once included in bone
or connective tissue [47]. In another study, the bone tissue
response after the application of an oily calcium hydrox-
ide suspension into defects created in the tibial bone was
evaluated. The application of this oily suspension into tibial
defects was inferior to venous blood alone but showed
biocompatibility, decent resorption, and new bone formation
[48].
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3.2. Nanofibers. Electrospun nanofibers have become a
widely utilized technique to produce nonwoven fiber mesh
consisted of continuous fibers with diameters in the range of
several nanometers to micrometers. Shortly after the devel-
opment of using electrostatic forces to produce fibers in the
1930s [49], fibers being drawn from an external electric field
are adopted in many engineering fields including filtration
[50], protective fabrics [51], sensors [52], and energy-related
applications [53]. Due to its popularity, the process conditions
and solution variables used in electrospinning have been
extensively reviewed by others on their roles in fiber diame-
ters, morphologies, architectures, and mechanical properties
[54–56]. Recently, the mechanical and biological cues from
electrospun nanofibers provide potential applications in the
biomedical field. In particular, there have been several com-
prehensive reviews on electrospinning and their applications
in tissue engineering and drug delivery, especially for wound
healing applications [57–61]. In this section, we narrow our
discussion on drug delivery using electrospun materials and
review the effect of release kinetics in promotion of soft tissue
repair in wound healing. Specifically, we address several
advantages and key aspects of using electrospun nanofibers
as dressing materials in wound healing from processing,
structure, and property relationships of the fiber materials.

Electrospinning is a fairly simple process that utilizes
rapid solvent evaporation during fiber formation. Fibers
can be collected on a stationary collector for nonwoven
fiber structure or on a rotating mandrel for aligned fiber
structure [62]. Fibers can be produced by a coaxial or even
triaxial nozzle to enable the core-shell structure [63, 64].
Others demonstrated the possibility of pharmaceutical scale-
up during the production of fiber mesh [65]. Since electro-
spinning accepts a broad range of polymer solutions and
small molecules, design and manufacturing of blend fibers
or natural fibers that incorporate various small molecules or
bioactive agents become possible. For example, blend fibers
of poly(𝜀-caprolactone)(PCL) and gum tragacanth (GT) were
loaded with curcumin (Cur) (up to 24wt%) as a dressing
material to provide antioxidant, antitumurogenic, and anti-
inflammatory ability [66, 67]. At 3wt% curcumin loading,
results showed that PCL/GT/Cur nanofibers released 65%
of the drug after 20 days, whereas wound closure rates
in a mouse model significantly improved with the use
of PCL/GT/Cur dressings, including those preseeded with
mesenchymal stem cells on the nanofibers. In another study,
collagen nanofibers were electrospun from tilapia skin for
wound healing materials [68]. According to the in vitro
results, nanofiber mesh was biocompatible with human
keratinocytes while cell proliferation increased when using
collagen nanofibers as compared to control groups (borosili-
cate glass). In addition, collagen fibers appeared to increase
wound closure rate significantly even when comparing to
those subjected to commercially available dressing materials,
Kaltostat. Furthermore, studies showed the immobilization of
the peptide motif (Cys-KR12) on silk fibroin nanofibers and
suggested a strong antimicrobial effect to several pathogenic
bacterial strains [69]. Moreover, chitosan and poly(ethylene
oxide) (PEO) blend solutions were electrospun into fibers to
incorporate vascular endothelial growth factor (VEGF) while

platelet-derived growth factor-BB (PDGF-BB) was encapsu-
lated in poly(lactic-co-glycolic acid) (PLGA) nanoparticles
and further loaded in nanofibers during electrospinning
process [70]. Results suggested that VEGF achieved near
100% release in 24 h due to the presence of water soluble
PEO in the polymer matrix, whereas PDGF-BB released only
40% from the PLGA nanoparticles after 168 h. According to
the authors, programmable release of dual growth factors
received an improved wound closure rate over 4 weeks on a
rat model as compared to a pharmaceutical dressing mate-
rial, Hydrofera Blue. In another study, PLGA/CuO hybrid
nanofiberswere electrospun into fibrous scaffolds for antibac-
terial properties (Figure 4(a)) [71]. With the addition of CuO
in the fibers, inhibition of Escherichia coli and Staphylococcus
aureus decreased significantly (Figure 4(b)). Results sug-
gested that release of the Cu2+ ions attributed to the antibac-
terial performance (Figure 4(c)). The PLGA/CuO fibers pro-
moted NIH3T3 cells proliferation (Figure 4(d)) and did not
suggest high level of cytotoxicity effect. These examples
demonstrate the feasibility and advantages in using elec-
trospun nanofibers as dressing materials for wound healing
applications while the diversity of choices in polymer and
drug/bioactive agent combinations is endless.

In addition to the ease of production, the structure of
electrospun fiber mesh is ideal for wound dressing materials
due to high surface area to volume ratio. This advantage
was illustrated in a study suggesting that the rate and the
extent of blood coagulation depended on the surface area
available for blood to react on before forming clot [73].
Specifically, according to the authors, a 60 × 60 × 0.7mm
nanofibrous mesh with an average fiber diameter of 700 nm
had a surface area of around 3300 cm2, which was about
40–50-fold higher than a solid film of the same dimension.
The high surface area of the fiber mesh also provides high
water absorption ability. For example, comparing to a typical
film dressing, water absorption ability of nanofiber mesh
increased 10–100-fold, depending on the polymer employed
[74]. Furthermore, the porous structure of the nanofiber
mesh provides oxygen permeability and flow of the nutrients
for cell respiration and proliferationwhile separating bacteria
from outside environment. The control of the fluid flow
allows the hydration and cleanliness of the wound. Finally,
the porous structure of the nanofiber mesh provides an
idea environment to stimulate cellular response due to its
structure similarity to extracellular matrix. As a result, cells
can be physically supported by the nanofibermeshwhile their
attachment, migration, proliferation, and differentiation are
upregulated in wound healing process [75]. Therefore, the
structure of nanofiber mesh is advantageous as a dressing
material for wound healing.

Perhaps the most important factor that the nanofiber
mesh can provide is their excellent properties, such as con-
formability, mechanical properties, and functional abilities.
Considering this factor, gel dressings provide some degree
of conformability without any mechanical support to cells
and tissues. By contrast, film dressings provide some level
of mechanical support to the tissues at wound site but
have very limited conformability. Therefore, current trends
in dressing materials have been focused on electrospun
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Figure 4: (a) CuO nanoparticles embedded in electrospun PLGA fibers, (b) inhibition of E. coli and S. aureus from PLGA and PLGA/CuO
fibers, (c) release profiles of Cu2+ ion in water, and (d) fibroblast cell viability study from PLGA and PLGA/CuO fibers [71] (figure obtained
from an open access article distributed under the Creative Commons Attribution License).

nanofibers due to excellent conformability while provid-
ing mechanical support to cells/tissues resulting in a bet-
ter coverage at locations with complex 3D contours and
improved protection of the wounds during body movement.
For example, development of artificial skins requires high
degree of conformability, and this was done by using two
interlocking elastic patterned nanofibrous membranes [76].
In terms of mechanical properties, again depending on the
choice of based polymer, nanofiber mesh can achieve a
broad range of elastic stiffness, tensile strength, and elon-
gation to failure. In one particular review, nanofibers with
high stiffness (>1 GPa) and high strength (>0.1 GPa) fibers
were discussed [77]. Others have reported the mechanical
properties of polyester nanofibers before and after drug

loading as well as the mechanical performance of the fibers
during drug release and degradation phases [78]. In another
study, electrospun blend chitosan/PEO nanofibers showed
excellent properties in the inhibition of Staphylococcus aureus
[72]. According to the authors, increasing chitosan content
in the chitosan/PEO fibers increased mechanical properties
(Table 1).While a 60%weight remaining of the chitosan/PEO
(1/1) fibers was observed (Figure 5(a)), only the chitosan/PEO
(2/1) fibers exhibited the best antibacterial properties (Fig-
ure 5(b)). All fiber formulations promoted L292 fibroblasts
proliferation (Figure 5(c)), suggesting a good biomaterials to
enhance wound healing. With respect to functional ability,
not only do electrospun nanofibers have the ability to carry
small molecule drugs [79, 80], biological active components
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Table 1: Mechanical properties of chitosan/PEO blend fibers at various rations.

Mass ratio Young’s modulus Tensile strength Strain at break
(MPa) (MPa) (%)

2 : 1 24.6 ± 6.5 2.8 ± 1.0 14.7 ± 2.5

1 : 1 14.0 ± 3.5
∗

1.1 ± 0.5
#

10.7 ± 4.6

1 : 2 9.1 ± 4.2
∗

0.9 ± 0.4
#

11.7 ± 3.6

∗
𝑃 < 0.05, Young’s modulus comparisons made to 2 : 1 mass ratio scaffolds. #𝑃 < 0.05, tensile strength comparisons made to 2 : 1 mass ratio scaffolds.
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Figure 5: (a) Fiber degradation profile, (b) antibacterial properties of the fibers expressed in fold increase of bacteria, and (c) fibroblast
proliferation rate on blend fibers [72] (figure obtained from an open access article distributed under the Creative Commons Attribution
License). ∗ indicates statistically significant differences (∗𝑃 < 0.05).

(e.g., growth factors [81], proteins and enzymes [82], and
genes [83]), and even cells, but also their surface can be func-
tionalized with signaling molecules to promote cell activities
[84]. This makes electrospun nanofibers a multifunctional
drug delivery system. Given that one of the goals in wound
healing is to achieve scar free, electrospun nanofibers possess
the ability to achieve this functional ability. For example, by
promoting the skin to grow immediately while giving cells
a better road map for self-repair, it is possible to achieve scar

free in wound healing [85]. Therefore, electrospun nano-
fibers, utilizing modern nanotechnology, are able to provide
solutions to chronic wounds and/or nonhealing wounds.

3.3. Surface Nanofeatures. Topographic patterns of a biopoly-
mer substrate are known to affect cellular responses such as
adhesion, migration, proliferation, and differentiation. Many
studies have discussed the optimal topographical feature
and/or surface properties to instruct cell faith. In particular,
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biological tissues display a wide variety of behaviors due to
varying topographical features such as fibrils, pits, pillars,
fiber bundles, and protrusions in dimensions of tens of
nanometers up to micrometers [86–88]. These reported
surface topographies are crucial in guiding the cellular
behaviors such as spreading, migration, and adhesion [87,
89]. Given that topographic signal presentation is one of
the paths that the nature uses to give cells specific orders,
current status in this area of work typically focuses on
using nanotechnology to produce engineered surface features
from biopolymer films so that these substrates can further
control cellular behaviors. Many studies have already shown
that patterned substrates strongly influence cell migration,
adhesion, proliferation, and differentiation, indicating that
the presence of topographic signals can be a powerful tool to
promote tissue regeneration [89–93].

Getting to know the fundamental mechanisms of cellular
response as a result to the topographical features and/or
surface properties will improve the understanding in how to
regulate cellular functions. The way to understand biological
functions from cells is to analyze their responses over dif-
ferent topographical aspects. In a study, micropatterned sub-
strates exhibiting convex and concave architectures were used
to investigate the behaviors and functions of human epithelial
cells [94]. Results showed that cell densities and distribution
significantly increased at the transitions of the convex and
concave features when comparing to a flat unpatterned sub-
strate. In addition, time-lapse observations suggested convex
and concave patterns promoted variations in cell migration
due to different mechanisms. According to the study, cells
migrated towards the sidewall of a convex substrate while
sidewalls and bottom migration were observed on concave
substrate. Furthermore, the study reported the expression of
E-cadherin on cell adhesion to the micropatterned substrates
after 144 h. Results suggested that cells expressed E-cadherin
on the engineered film substrate with nanofeatures similar
to the surface with no pattern. In addition, cells displayed a
more spread pattern such as monolayers which displayed low
levels of E-cadherin, suggesting that the surface nanofeatures
of biopolymer films were able to regulate gene expression of
human epithelial cells. In general, surface nanofeatures of a
substrate promote cellular spatial growth with an increased
cell density and homogeneous distribution suitable for tissue
regeneration.

In wound healing, the regenerative response in the initial
stage from cells is the most important event associated with
wound-closing rate. Wound healing involves a series of phys-
iological process generated from cells, where the nature of
complexity in wound healing makes it potentially difficult to
control the occurrence ofmany abnormalities. Such complex-
ity involves cellular interactions, biochemical responses to
the dressingmaterials, and several active enzymatic pathways
that govern the healing process of the tissue [95]. Natural
and synthetic polymeric materials like gels, films/substrates,
composites, and othermicro/nanocomposites have been used
in tissue regeneration for wound healing. While nanofibrous
materials contain high surface area, which is also a great
candidate to serve as carriers for biological agents in wound
healing, researches have shown that films/substrates promote

wound healing in tissue regeneration process. Current status
in biopolymer film dressings focuses on providing optimal
healing conditions considering all the healing mechanisms
[96].

In some studies, natural polymerswere used for treatment
of different ailments. For example, chitosan and gelatin
films have been used in wound dressing materials with
excellent wound healing properties [96–98]. These compos-
ite films were made with increased gelatin concentration
and were examined for thickness, folding endurance, water
absorption capacity, tensile strength, and other biological
properties such as antimicrobial activity. Results showed
that increasing gelatin concentration in the composite films
increased folding endurance, thickness, tensile strength, and
water absorption capabilities. Wound closure rate was also
improved comparatively due to the presence of gelatin.
Percentage of wound contraction was significantly enhanced
when using chitosan/gelatin composite films. Others showed
that chitosan-hydrogel coated grafts, on the UV light irradi-
ation linkage, exhibited a resistance against Escherichia coli
in vitro and in vivo. The chitosan-hydrogel acted directly
as an antibacterial biomaterial on a Dacon graft and was
able to inhibit the infection [99]. In another study, sponges
made from chitosan glutamate and sericin were used for
the development in treatment of chronic skin ulcers. The
sericin content in the dressing exerts a protective effect on
human fibroblasts against oxidative damage. Furthermore,
the optimized dressing is also able to improve the fibroblast
proliferation and improve wound healing [100].

Studies showed that the US military has put in great
effort to develop rapid acting haemostatic agents [102]. The
core agent was a Zeolite based composite that can be used
to stabilize the bleeding of the wound of the victim. This
material has an interesting character, which has a high
affinity with water so it absorbs all the water content in the
blood of the victim. However, the issue with the composite
dressing in this case is that its high affinity towards water
released high energy causing the burn out of surrounding
tissues. As a result form this study, current efforts have been
focused on developing new biocompatible materials which
has an ability to induce hemostasis and improving tissue
regeneration. Bioactive glass has been identified as a quick
acting haemostatic agent, which helps in clotting blood along
with reducing the burning the healthy tissues.

In some research works, silk fibroin films were used as
wound dressing materials [103–105]. They are of particular
biomaterials, which have wide range of applications in oph-
thalmic diseases due to their transparent nature, mechanical
properties, and least possible inflammatory response upon
implantation. Freestanding silk films having parallel line
and concentric ring topographies were created for in vitro
characterization of human corneal limbal-epithelial (HCLE)
cell response upon the varying geometric surfaces. These
topographical patterns from silk fibroin films affected the ini-
tial HCLE culture substrate attachment, cellular alignment,
actin cytoskeleton alignment, and focal adhesion localization.
In addition there is distant localization of focal adhesion
formation on the edges for all the silk pattern topographies.
Most importantly, surface features and topographies from
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Figure 6: (a)–(d) Cell attachment of control, uncross-linked blend films of chitosan/pEGF (80/20) and cross-linked blend films of
chitosan/pEGF (80/20) at 10 wt%, 20wt%, and 40wt% of NVP cross-linker, respectively. Viability study of the mouse fibroblasts on the
corresponding substrates [101] (figure obtained from an open access article distributed under the Creative Commons Attribution License).
∗ indicates statistically significant differences (∗𝑃 < 0.05).

silk fibroin films seemed to help direct corneal epithelial cell
response and actin cytoskeleton alignment, with respect to
the focal adhesion distribution in vitro.

Others showed the preparation of polymer blends with
synthetic resins and natural biopolymers for wound dressing
purposes. The general requirements for the main use in soft
tissues are their biocompatibility, nontoxicity, and being not
causing secondary trauma to the wound. To attain all these
properties, the use of a polymer blend is better due to the
contribution of properties from both polymers [101]. Results
showed that chitosan had excellent intrinsic properties, and it
exhibited biocompatibility, biodegradability, nonantigenicity,
and nontoxicity. Therefore, chitosan is a very popular based
material for wound dressing. However, chitosan requires a
few modifications due to its inferior mechanical properties.
Hence, the study suggested the preparation of blend chi-
tosan/polyethylene glycol fumarate as a potential candidate
for wound dressing material. Due to its unsaturated feature,
the composite films contain excellent biocompatibility and
biodegradability while being photocured with visible light
irradiation. In similar studies, chitosan and precursor epi-
dermal growth factor (pEGF) were prepared through pho-
tocuring with analyses of the film properties for wound
dressing applications [106–108].The cross-linking of pEGF in
chitosan matrix resulted in semi-interpenetrating network of
hydrogels. The effect of N-vinyl pyrrolidone (NVP) (10, 20,
and 40wt% relative to PEGF) as diluent and cross-linking
agent had a significant effect on degree of conversion, which
further affected the attachment of mouse fibroblast cells
(L929) and their viability (Figure 6) [101]. With the increase
in NVP concentration in feed from 10 to 20wt%, percentage

of degree of conversion increased; while adding more NVP
(up to 40wt%), it decreased. Films that were cross-linked
provided a suitable 3D environment allowing cells to anchor,
grow, and proliferate due to the increase of proper sites. Cells
were viable after 24 h of the culture. This may serve as an
alternative strategy towards in vitro culture of the cells that
can be further grafted onto the wound site.

4. Future Directions

Biomaterials play an important role in the treatment efficacy
and outcomes of various disease states. As a carrier material,
drug loading and drug release mechanisms are critical deter-
minants in providing suitable health care to chronicle or non-
healing wound patients. With the improvement in nanotech-
nology, biomaterials as drug carriers have made a significant
improvement in medicine. Currently, nanotechnology-based
biomaterials have started to emerge as the main stream in
wound dressings with the benefits to significantly decrease
the issue in frequent changing of the dressing materials.
Ultimately, provided the nanotechnology has the ease in fab-
rication and is readily available for customization, the future
of wound dressing using nanotechnology-based biomaterials
will focus on personalization using a particular prescribed
treatment plan. To be able to achieve this goal, there are
still numerous challenges in research that require attention.
For example, one particular research question is to address
on the encapsulation large macromolecules using the cur-
rent known nanotechnologies [109]. These macromolecules
provide additional treatment benefits along with the small
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molecule drug, providing dual-function treatment mecha-
nism. Furthermore, modulating small molecule drug release
with the addition of large macromolecules has not been fully
studied yet, which is a promising area that may require the
combination of two different nanotechnologies (e.g., nano-
particles/liposome and nanofibers) together to provide pro-
grammable treatment plan. In 2014, a proof of concept of
using micelles incorporated nanofibers had been shown ef-
fectively in promotion of skin tissue regeneration while exhi-
biting a good biocompatibility to support adipose-derived
stem cells proliferation [110].While other similar publications
are rare, the next generation of wound dressing materials
requires integration of two or more nanotechnology-based
biomaterials.

Another specific area that may benefit from nanotech-
nology is gene therapy. In particular, nanotechnology-based
biomaterials have the potential to deliver and repair gene in a
way that the current modern clinical procedures experience
limitations. To be able to interact and communicate with cells
and tissues to perform gene delivery or repair, themechanical
stability and biocompatibility of the biomaterials require a
new level of design and manufacturing. This is where nano-
technology will come in handy, as such adjustments are
fairly flexible with different manufacturing methods. Hence,
the future trend of biomaterials (e.g., metals, ceramics, and
polymers) will have a much superior mechanical properties
and the excellent biocompatibility and biofunctionality to
achieve the most desirable pharmaceutical performance of
the implants.

Nanotechnology is a multidisciplinary field where sci-
entists and engineers will need to work together for a
particular design and manufacturing of the biomaterial. This
collaborative work involves the understanding of molecu-
lar biology, biochemistry, genetics, physics, materials sci-
ence, and other areas of sciences and engineering depart-
ments for application that will integrate the design and
manufacturing of multifunction biomaterials for wound
healing.

5. Conclusions

In summary, this brief review provides current status on
the involvement of nanotechnology in the fabrication and
applications of biomaterials. In particular, biomaterials in
the forms of nanoparticles/micelles/lipids, nanofibers, and
films/substrates with surface nanofeatures were discussed
with respect to wound healing. The understanding of release
mechanism of small molecule drugs and large macro-
molecules from these nanotechnology-based biomaterials
has significantly improved the healing conditions for chroni-
cle and nonhealing wound patients. In addition, interactions
between cells and biomaterials enable the regeneration of
tissues. Given that nanotechnology plays an important role in
the development of novel biomaterials, the next generation of
the wound dressing materials will further utilize nanotech-
nology to improve the properties of the dressing materials
as well as enhance the healing process. Overall, this review
emphasizes the contribution of nanotechnology in modern
functionalized biomaterials.
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