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Ali Khademhosseini, cdefg Adnan Memic*a and Sahraoui Chaieb ‡*bh

Electrospun scaffolds of poly(glycerol sebacate)/poly(3-caprolactone) (PGS/PCL) have been used for

engineered tissues due to their desirable thermal and mechanical properties as well as their tunable

degradability. In this paper, we fabricated micro-fibrous scaffolds from a composite of PGS/PCL using

a standard electrospinning method and coated them with silver (Ag). The low temperature coating

method prevented substrate melting and the Ag coating decreases the pore size and increases the

diameter of fibers which resulted in enhanced thermal and mechanical properties. We further compared

the mechanical properties of the composite fibrous scaffolds with different thicknesses of Ag coated

scaffolds. The composite fibrous scaffold with a 275 nm Ag coating showed higher tensile modulus (E)

and ultimate tensile strength (UTS) without any post-processing treatment. Lastly, potential controlled

release of the Ag coating from the composite fibrous scaffolds could present interesting biomedical

applications.
Introduction

Chronic wounds and burns are increasingly becoming one of
the major public health concerns. Furthermore, there has been
a steady rise in nancial burden related to wound healing in
both developing and developed countries.1,2 Currently, it is
estimated that more than 6 million patients are affected by
chronic wounds and burns in the USA alone.1,3–5 Skin, the
largest organ in humans, functions as a protective barrier
against environmental pathogens, which when breached
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increases the chances of bacterial infection.6,7 Bacterial infec-
tion not only hinders wound healing and treatment, but also
may ultimately lead to sepsis and death in severe cases. One
promising strategy for wound management against bacterial
infection is through the use of wound-dressings and materials
with antibacterial activity.

Previously, many natural polymers such as gelatin, collagen,
alginate, and their composites have been proposed for
biomedical applications including development of wound
healing scaffolds. A composite of gelatin containing silver
nanoparticles was proposed as an efficient wound dressing
material with antimicrobial activity.8 It was found that this
composite gel has an antibacterial effect on a wide range of
pathogens such as S. typhimurium, L. monocytogenes, E. coli, S.
aureus, and B. cereus. These pathogens were signicantly
inhibited in a dose-dependent manner where the Gram-
negative pathogens were more inhibited than the Gram-
positive. TiO2, ZnO, CuO, and MgO as well as carbon nano-
tubes were also used as additive compounds to wound dressing
to inhibit bacterial activity but they were less efficient than silver
nanoparticle- based composites.9,10

Such scaffolds, albeit having a high degree of biocompati-
bility, are oen plagued by a low shear modulus. They cannot
withstand any tension or shearing without spreading due to
their shear-thinning property (gelatin)11 or low mechanical
strength (collagen12 or alginate13). Synthetic polymers however
oen offer higher mechanical properties than natural hydro-
gels. Scaffolds of such polymers fabricated using electro-
spinning also possess morphological features similar to native
RSC Adv., 2017, 7, 34331–34338 | 34331
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extracellular matrix, which has made them excellent candidates
for tissue engineering applications. Previously, poly(glycerol
sebacate) (PGS) has been shown to be a promising polymer in
the development of scaffold materials for so tissue engi-
neering applications due to its unique blend of mechanical and
biological properties.14–16 The precursors of PGS (glycerol and
sebacic acid) have also been approved by the FDA.16,17 PGS
elastomeric polymer has attracted signicant attention because
of its easy synthesis, bio-degradability,18–20 biocompatibility,21

and has emerged as a promising material for tissue engineering
application.14–17,22–26 Furthermore, recent studies have shown
that PGS-based scaffolds have remarkable cellular responses in
several biocompatibility tests.17,27

Previous reports have, however, shown that pure PGS poly-
mer, especially at low molecular weights cannot be used in
electrospinning process. The formation of PGS nanobers
could however be achieved by an addition of an electro-
spinnable polymer such as gelatin or poly(3-caprolactone)
(PCL).28–31 PCL is an FDA-approved, semi-crystalline biode-
gradable hydrophobic polymer that has exhibited a poor cell
attachment due to its hydrophobicity.27–32 Since PGS and PCL
possess different physical properties, their blend offers inter-
esting novel characteristics.

Scaffolds used in wound healing applications should have
antibacterial activity to inhibit bacterial colonization. Thus, the
fabrication of a brous scaffold with antibacterial coatings and
superior mechanical properties is of great importance. Previ-
ously, coatings of antibacterial materials such as metal nano-
particles,33,34 medicaments,35–37 antibiotics38 on the composite
of brous scaffold have been shown to have the potential to
minimize the risk of microbial infections but their burst release
and safety concerns, due to their possible toxicity, have
hindered their use.

In the present study, we fabricated PGS/PCL composite
scaffolds by using the electro-spinning method. The composite
brous scaffolds were stable without any post processing, such
as thermal annealing39–41 etc. When the brous scaffolds were
made by PGS/PCL blending we observed an improvement in the
mechanical properties of scaffolds when compared to other
combinations.17,42 Next, a thin layer of Ag with tunable thick-
nesses was coated on the bers. The effects of Ag coating on the
thermal, mechanical, compositional, and antibacterial activity
of the brous scaffolds were measured. Ultimately, an optimal
Ag coating layer enhanced signicantly the mechanical, and
viscoelastic properties as well as its thermal stability. It can also
act as a desirable antibacterial agent for possible clinical
applications.
Fig. 1 FTIR spectra of the fibrous scaffold of PGS/PCL compared to Ag
coating scaffold. Individual polymers were as previously reported in
literature.44 Fig. S2 in the ESI† shows the spectra of the individual
polymers.
Results

In this study, we used the electrospinning method to fabricate
brous scaffolds of PGS/PCL with a ratio 1 : 1 that was then
coated with different thickness of silver (Ag) in a controlled
manner by using a RF sputtering method (Fig. S1†). The elec-
trospinning method is excellent to develop composite scaffolds
and does not require any post-processing. In this study, we
34332 | RSC Adv., 2017, 7, 34331–34338
mainly focused on thermal and mechanical properties of Ag-
coated composite scaffold of PGS/PCL.

To probe the chemical compositions of the composite scaf-
folds, we used FTIR analysis (Fig. 1). All of the functional bands
of PGS are overlapped with PCL bands. There were two primary
band detected at 1723 cm�1 stretching vibration of carboxyl
(C]O) and 1167 cm�1 stretching vibration of an ether group
(C–O) in the spectrum.24 There were other stretching bands
observed such as symmetric C–H stretching at 2926 cm�1, C–O,
and C–C stretching vibrations at 1295 cm�1. Stretching bands of
methylene groups43 can be seen at 1360, 2930, 2860 cm�1 and
the ester band C–O vibration at 1166, 1723, 930 and 1287 cm�1.
This indicated the formation of composite nanobers made up
of both PGS and PCL polymers. Fig. S2† shows the various FTIR
of the polymers and their blends as well as the blend sputtered
with Ag.

The surface morphology of brous composite scaffolds with
different Ag coatings is shown in Fig. 2A. The diameter and pore
size distribution of pristine scaffold were measured using an
SEM. The average diameter of electrospun bers and pore size
of the pristine scaffold, which were found to be approximately
400 nm and 600 nm respectively, were measured by statistical
analysis of a normal distribution based on SEM images (Fig. 2Bi
and ii).

The mechanical characterization was carried out on the
brous scaffold with different Ag surface coatings. We varied
the Ag coating from 50� 6 to 275� 6 nm (Fig. S1†). This process
is easily reproducible by controlling the RF sputtering param-
eters such as deposition time, gas pressure and power intensity.
The brous scaffold used for all mechanical measurements
were rectangular in shape with an average thickness of 100–200
mm. We did not use dogbone-shaped samples because their
width to length ratio are large and the stress is fairly uniform
along these samples. Fig. 3A shows the linear region of the
stress–strain curve for all scaffolds in the rst 10–15% strain
range. The mechanical properties of scaffolds particularly
depend on several microstructure parameters such as the ber
diameter, the pore diameter, the outer metal coating, the ratio
and spatial distribution of constituent bers in the scaffold. The
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (A) Representative SEM images of the pristine fibrous PGS/PCL
scaffold and various Ag-coated fibrous scaffolds (i), PGS/PCL; (ii)
50 nm, and (iii) 275 nm Ag-coated fibrous scaffold. (B) Pristine fibrous
scaffold distribution of diameter (i) and pore size (ii).

Fig. 4 (A) The ultimate tensile strength (UTS) of the Ag-coated fibrous
scaffold also increased with Ag coating. (B) The tensile strain of the Ag-
coated scaffold fibers did not show substantial increase with Ag-
coating.
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distribution of diameters and pore sizes for brous Ag-coated
scaffolds is shown in Fig. 2B. The tensile modulus of
uncoated PGS/PCL (1 : 1) scaffolds was found to be around
3.3 MPa. The mechanical properties of the Ag-coated scaffolds
were increased several fold. The tensile modulus of the brous
scaffold coated with a 275 nm Ag lm increased by 250%
(Fig. 3B). The ultimate tensile strength of brous scaffold
increased monotonously as a function of Ag coating (Fig. 4A).

The ultimate tensile strength of the scaffold with 275 nm Ag
lm was approximately 1.8 (180%) times that of the pristine
scaffold. Interestingly, the tensile strain (elongation) increased
about 300% at 50 nm Ag-coated scaffold and then decreased to
about 175% (lower than the pristine scaffold) for higher Ag
coating (Fig. 4B). The higher Ag coating may lead to more brittle
scaffold due to the stronger interfacial interaction between Ag
and the scaffold bers. The brous scaffold with 275 nm coating
showed higher modulus (E), higher UTS, and higher stiffness
Fig. 3 Mechanical properties of the fibrous scaffold of PGS/PCL. (A)
The tensile stress (s) versus tensile strain (E) curves of the fibrous
scaffold (PCL/PGS-1 : 1) and Ag-coated fibrous scaffold. (B) The tensile
modulus (E) of the Ag-coated scaffolds increased by about 250% with
the Ag-coating.

This journal is © The Royal Society of Chemistry 2017
compared to the pristine brous scaffold due to more tightly
packed bers' morphology and higher diameter with a low pore
size (Fig. 2). It could also be speculated that the reduction in
pore size leads to more friction between the bers, which leads
to higher tensile strength. The morphology of the brous scaf-
fold aer mechanical testing is shown in Fig. 5. The Ag coating
is slightly detached aer a mechanical stretching of around
200–300%. The pristine scaffold bers showed twisting and
stretching behaviour aer the mechanical stretching whereas
Ag-coated scaffold appeared to show less twisting and more
stretching behaviour probably due to a strong Ag-ber interac-
tion where part of the strain was transferred to the coating
(Fig. 5). Alternatively, themechanical locking of the junctions by
the Ag coating can potentially prevent easy slide of the bers on
each other.
Fig. 5 SEM images of the pristine fibrous PGS/PCL scaffold and Ag-
coated scaffolds after mechanical testing: (i), (ii) are for pristine PGS/
PCL and (iii), (iv) are for Ag-coated fibrous composites (275 nm).

RSC Adv., 2017, 7, 34331–34338 | 34333
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The origin of mechanical enhancement of these brous
scaffolds and Ag-coated scaffolds might also originate from an
improved structure, which can be probed using thermal
stability measurements using the differential scanning calo-
rimetry (DSC) analysis and dynamicmechanical analysis (DMA).
For the pristine scaffold, the DSC curve on heating showed
a sharp melting peak45 at 58.16 �C (Fig. 6A). The melting
temperature for 275 nm Ag-coated scaffolds was reduced to
56.55 �C. The change in enthalpy (absorbed heat as the area
under the DSC peak) was found to be 19.5 J g�1. The endo-
thermic transition temperature (Tm) is decreased by about 2 �C
at 275 nm Ag coating on the brous scaffold (Fig. S3†), but the
transition enthalpy remained constant at 19.5� 0.5 J g�1 within
experimental errors (Fig. S3†). The intensity of the endothermic
peak slightly increased for the Ag-coated brous scaffolds,
which might be due to the heat transfer between the bers and
the silver coating.
Fig. 6 Thermo-mechanical characteristics of the pristine fibrous
scaffold of PGS/PCL and Ag-coated fibrous scaffold. (A) Differential
scanning calorimetry measurements of pristine fibrous scaffold of
PGS/PCL as well as Ag-coated coated ones. The coated scaffold
showed enhancement of crystallization with increasing Ag coating. (B)
damping ratio (tan d) versus temperature which shows an enhance-
ment in melting transition temperature of the fibrous scaffold. (C) The
storagemoduli versus temperaturemeasurements showed that the Ag
coating extended mechanical integrity of fibrous scaffold well beyond
the fiber melting temperature.

34334 | RSC Adv., 2017, 7, 34331–34338
We examined the melting transition temperature of brous
and Ag coated scaffolds from the viscoelastic properties
measured by DMA (Fig. 6B). The melting temperature of the
pristine brous scaffolds decreased by almost 5 degrees, when
Ag-coated. Similarly, the amplitude of the melting transition
temperature also increased for Ag-coated composite scaffolds
(Fig. 6A). Further, the storage modulus (E0) of Ag-coated
composite brous scaffolds increased compared to the pris-
tine scaffold (Fig. 6C) and this is probably due to the heat
transfer between the bers and the silver coating.

We also assessed the scaffolds' thermal stability using ther-
mogravimetric analyses (TGA) shown in Fig. 7A. The mass-loss
of bers in Ag-coated brous scaffold is reduced when the
thickness reaches 275 nm. Furthermore, it also showed that the
degradation temperature of the composites shied to a higher
temperature with the Ag coating (Fig. 7A). The thermal stability
improved by 100C for Ag-coated (275 nm) brous scaffold
however. The sample coated with a 130 nm lm of Ag behaved
like the pristine samples probably because the Ag coating
evaporated too fast. The pristine and the one coated with
a 136 nm lm of Ag decomposed the same way. A slowmass loss
observed until 400 �C and then a sheer drop.

The release of Ag ions or nanoparticles are a potential
candidate for wound related antibacterial activity.33,34 The
concentration of Ag ions released from the scaffold also needed
Fig. 7 Thermal stability of the pristine fibrous scaffold of PGS/PCL and
Ag-coated fibrous scaffold. (A) Thermogravimetric analysis (TGA) of
PGS/PCL scaffold, and Ag-coated fibers under a nitrogen atmosphere.
The mass loss in fibers associated with burning fibrous scaffold off
reduced in the presence of the Ag coating. (B) Examination of the rate
of mass loss showed that decomposition of fibrous scaffold signifi-
cantly shifted to higher temperature with the Ag coating.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Cumulative release of Ag+ ion concentration of different Ag-
coated fibrous PGS/PCL scaffolds in DI water as a function of time
using ICP-OES. The relation between the Ag ions release and the
thickness is surprisingly non-linear.
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to be identied. To investigate the potential antibacterial
activity by controlled release of Ag+ ions from ber mats, we
used total immersion method in DI water. We soaked Ag-coated
Fig. 9 Antimicrobial effect of loaded polymer against E. coli bacteria.
In comparison with non-loaded side of material (A) zone of inhibition
appears clearly around the material loaded (B–D). (E) The diameter of
the zone of inhibition is reported in the table for a duplicate experi-
ment (n ¼ 2). This shows a clear antimicrobial effect of the coated
composite.

This journal is © The Royal Society of Chemistry 2017
scaffold mats in DI water (2 mL) for several days and measured
Ag+ ions concentration by ICP-OES (Fig. 8). The release prole of
silver ions followed similar trends for the different Ag-coated
scaffolds (Fig. 8). The amount of silver released was about 5–
10% even aer 3 days. The slow and controlled release of Ag
from the engineered scaffolds prevents any possible toxicity,
while maintaining the antibacterial activity of the scaffolds. To
address these potential biomedical applications, we tested the
antibacterial effect of the Ag coatings on the PGS/PCL scaffold.
We observed that the zone of inhibition against E. coli exists in
all cases even with the minimal 50 nm Ag coating (Fig. 9A–D). In
addition, as the coating level was increased so did the zone of
inhibition (Fig. 9E). Thus, the engineered scaffolds hold a great
promise in many clinical applications such as surgical meshes,
wound dressings, and antibacterial sutures.

Discussion

The Ag lms can be deposited using various methods however
Ag being a nobel metal sometimes exhibits poor adhesion to
substrates. By utilizing a RF coating method we were successful
in providing a uniform lm on the surface of the bers of the
electrospun blend of PGS/PCL polymers (Fig. S1†). Through the
adjustment of RF sputtering parameters such as argon gas ow,
gas pressure, power intensity and deposition time we could
generate a high enough kinetic energy for the sputtered Ag that
can enhance their interaction with the polymer substrate
surface leading to better adhesion without causing thermal
damage and defect to the nanobrous substrates. FTIR,
revealed that the polymer characteristics were not entirely lost
although they were greatly reduced (Fig. 1 and S2†). This indi-
cates that the lm is thin enough that the chemical character-
istics of the polymer can still be surface-active. The mechanical
properties were enhanced greatly probably because the friction
between the bers was enhanced by the coating. We speculate
that the reason for signicant variation in the mechanical
properties of the substrate by addition of such a thin coating
might be due to interlocking of bers and avoiding the slippage
and increasing the friction between adjacent bers on top of
each other. This theory is well in agreement with our data
showing a direct relationship between the ultimate stress as and
the coating thickness without any signicant variation in the
ultimate strain. The mass loss of these bers was improved
when the thickness is beyond 200 nm probably because the heat
transfer of the lm improves the degradation of the lm. When
the Ag lm is relatively thin, the lm mass loss follows two
regimes; a slow regime followed by a faster loss. This was
probably due to the degradation of the two polymers that phase
separate before they degrade totally. When the lm is thicker,
the mass loss occurs at a higher temperature—higher by 12 �C
than the degradation temperature of the pristine polymer
blend. The absence of the slow slope of the mass loss is prob-
ably due to the heat stored in the lm and released into the ber
causing the whole polymer blend to degrade. We used this
coating to test the possibility of using this polymer for potential
controlled release systems and we found that the release of Ag
ions is steady in time and does not commensurate with the
RSC Adv., 2017, 7, 34331–34338 | 34335
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nanolm thickness. For a thickness that was >4 times thicker,
the release was not >4 times higher, the release prole of the Ag
ions from lm is comparable between the samples. Antibacte-
rial testing of the composite sheets showed promising results
for biomedical applications such as surgical meshes or
bandages. This could therefore provide a stepping stone to
a controlled release system for possible antibacterial applica-
tions in wound dressings.
Experimental
Materials

The chemicals and solvents were purchased from Sigma-
Aldrich. PGS pre polymer was synthesized based on the previ-
ously reported method.18,46 Briey, glycerol and sebacic acid
with 1 : 1 molar ratio were placed at 120 �C under high vacuum
to make pre-polymer. Then the PGS and PCL blends were dis-
solved with 1 : 1 in anhydrous chloroform : ethanol (9 : 1)
solution with oral polymer concentration of 20% (w/v). To get
a homogeneous mixture, the solutions were allowed to mix well
overnight at room temperature prior to electrospinning process.
Main paragraph text follows directly on here.
Electrospinning

The PGS and PCL were dissolved at the ratio of 1 : 1 in anhy-
drous chloroform : ethanol (9 : 1) mixture. An electrical eld of
19.5 kV over a distance of 15 cmwas applied. The ow rate of the
prepolymer composite was set to 1.5 mL h�1 and a 27 G needle
was used during electrospinning process. The electrospun sheet
was then dried under the electrospinning system fan overnight
at airow of 12 m3 h�1 to remove any remaining solvent prior to
further use.
Scanning electron microscopy (SEM)

The SEM images of the coated sheets were acquired using
a JEOL JSM 7600F (10 kV) to determine the structural features of
the fabricated electrospun sheets. Dried electrospun samples
were mounted on copper stubs using conductive carbon adhe-
sive tape and used for SEM analysis.
Fiber coatings

Patterns were fabricated from Ag using a radio frequency (RF)
magnetron sputtering (DC/RF Magnetron Sputter System,
Syskey Technologies, Taiwan) technique. High purity target
(99.999%) of Ag (3 � 0.6 inch) was used. To prepare nano-
crystalline Ag thin lms, the plasma was generated inside the
chamber using argon gas with ow rate 20 sccm at RF power of
100 watt while the base pressure and operating pressure, were
adjusted at 1 � 10�6 and 5 � 10�3 Torr. The substrate rotation,
target–substrate distance and deposition time were 15 rpm,
14 cm and 1000 s respectively. Thickness measurement of the
samples were assessed using Dektak XT, Bruker, surface proler
with a stylus of 12.5 micrometer and stylus force 3 mg. The
thickness of the lm could be controlled by increasing or
decreasing the deposition time.
34336 | RSC Adv., 2017, 7, 34331–34338
Mechanical characterization

The tensile stress (s) was measured as a function of tensile
strain (3) at a rate of 1 mm s�1 at room temperature with a 5 N
load cell using DMA 800 system (TA Instruments). For the
tensile measurements, we followed the ASTM standard ASTM D
882 including the testing of plastic sheets with the thickness
less than 0.25 mm.
Thermal analyses

Differential scanning calorimetry (DSC) measurements were
carried out with a DSC-204 F1 (Netzsch) at a heating rate of
50 �C min�1. Thermogravimetric analysis (TGA) was carried out
under atmospheric N2 over a temperature range of 25 to 800 �C
using a TG-209F (Netzsch) at a heating rate of 5 �C min�1.
Fourier transforms infrared spectroscopy (FTIR)

The chemical compositions of composite brous scaffold were
collected by using a Fourier transform infrared spectroscopy
(FTIR-6700 Smart FTIR spectrometer ranging from 4000 cm�1 to
400 cm�1).
Inductively coupled plasma optical emission spectrometry
(ICP-OES)

The cumulative Ag+ ions activity in deionized water (DI) was
calculated by a Varian inductively coupled plasma optical
emission spectrometer (ICP-OES).
Antibacterial testing

To test the antimicrobial effect of the scaffolds, one isolated
colony of the Top 10 E. coli strain (Invitrogen) transformed with
pUC18 plasmid giving an ampicillin resistance was put in
culture in LB media containing ampicillin (100 mg mL�1) at
37 �C overnight. 100 mL of this culture were spread on the
surface of LB-agar plates containing ampicillin (100 mg mL�1) to
get a mat of bacteria. Disks of non-loaded polymer and loaded
polymer (50, 136 and 275 nm) were placed on the surface of the
plates in duplicates and incubated at 37 �C overnight.
Conclusions

We used a RF-assisted technique to coat a nanolm of silver on
electrospun scaffolds of PGS/PCL for controlled release of Ag to
render them antibacterial for biomedical applications. We
found that the coated scaffolds were stable and possessed
suitable mechanical properties. The Ag coating was both ther-
mally and mechanically strong and the Ag ions release were
gradual and controlled. These characteristics minimize the
safety concerns regarding the potential toxicity of these
constructs. Pathogenic antibacterial testing revealed that these
composites are good candidates for biomedical applications
such as bandages and wound dressings. The sheets produced in
this study have superior mechanical and thermal properties as
well promising biomedical applications.
This journal is © The Royal Society of Chemistry 2017
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