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Abstract
Bone, skin and soft tissue chronic wounds emanating from burns or bacterial infections which persist due to prolonged 
tissue inflammation contribute to a delay in wound healing. Electrospun biomimetic scaffolds produced from biode-
gradable polymers have proven to be a better alternative due to their large surface area to volume ratio and ability to 
release the drug directly to the wound surface allowing fast and sustained absorbance over the affected wound area. 
In this study, poly lactic acid (PLA) (20% w/v) and collagen-based (PLA/C) fibrous scaffolds (electrospun at a voltage of 
22 kV, flow rate of 0.1 mL/min) containing varying concentrations of silver sulphadiazine (1% w/w, 0.75% w/w) (Ag+S) 
and Aspalathus linearis (AL) fermented extract (0.025%, 0.1% and 0.5% w/w), were designed and fabricated to increase 
antimicrobial penetration and cellular biocompatibility. The elastic modulus of samples revealed that incorporating 1% 
Ag+S and A. linearis extract to PLA solution culminates in a fiber with the superlative stiffness of 2.1.1 GPa. The antimicro-
bial effect of the scaffolds was evaluated against S. aureus, P. aeruginosa, MRSA and E. coli. PLA/C–Ag+S/AL scaffolds and 
showed antibacterial activity against both gram +ve and gram −ve bacteria. They were nontoxic to the cells and provided 
favorable substrates for the neonatal epidermal keratinocytes cells to undergo cell attachment and proliferation. PLA/C–
Ag+S/AL scaffolds have a great potential for use in chronic wounds as well as in tissue and bioengineering applications.
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1 � Background

Chronic wounds occur as a result of continuous stimula-
tion of the immune system leading to prolonged tissue 
inflammation, hence contributing to a delay in wound 
healing [1, 2]. Chronic wounds have been treated with 
topical antiseptic agents [3], anti-microbial therapy, sys-
temic antibiotics [2, 4], surgical debridement [5], and 
granulocyte-colony stimulating factors. However, these 
treatments do have their limitation such as diagnostic 
uncertainty, reoccurrence of the wound and inability to 
deliver the drug directly to its site of action and sometimes 
poor absorption [6]. Some of these treatment options 
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expose patients to serious risks. Although advances have 
been made in multidisciplinary wound care and have 
resulted in improved clinical outcomes [7], the economic 
and social impact of non-healing chronic wounds con-
tinue to grow [1, 8]. As a result of increasing growth in 
populations prone to dysfunctional wound healing, there 
is therefore an urgent and unmet need for novel strate-
gies or techniques which can both prevent and treat these 
complications resulting from chronic wounds. Tissue engi-
neering therefore offers the promising potential to create 
functional skin. The synergistic and combined efforts of 
biomedical engineers, molecular and cell biologists, mate-
rial and pharmaceutical scientists, have yielded promising 
therapies essentially for non-healing wounds otherwise 
called chronic wounds [9].

Silver based products exhibit broad-spectrum antibac-
terial activity against a wide range of micro-organisms at 
concentrations as low as 0.1% w/w [10–12] and have been 
seen to be effective against immunogenic bacteria when 
incorporated into a composite [13]. Heo et al. developed 
a multilayered co-electrospun scaffold containing silver 
sulfadiazine as a prophylactic against osteomyelitis which 
was seen to have great potential in management of bone 
infections [14].

Currently, antioxidants are being introduced into the 
treatment of chronic wounds. Antioxidant vitamins, plant 
products such as carotenoids and polyphenolic flavonoids 
are potent antioxidant and wound healing substances 
in nature [15]. These free radical scavengers, flavonoids 
inhibit lipid peroxidation and promote vascular relaxation 
to prevent or delay the occurrence pathological changes 
associated with oxidative stress. Rooibos is endemic only 
to South Africa and it is one of the 278 species of the 
Aspalathus genus. Aspalathus linearis is rich in polyphe-
nols which have antioxidant properties [16]. Lee and Bae 
evaluated the anti-inflammatory effects of aspalathin and 
nothofagin from Rooibos (A. linearis) in vitro and in vivo 
suggesting potential wound healing activity [17]. Pringle 
et al. [18] showed that the pro-inflammatory nature of fer-
mented rooibos may have therapeutic value for wounds 
characterized with a delayed initial inflammatory phase, 
as seen in chronic wounds.

Wound dressings materials were originally produced 
from natural materials such as plant fibers and animal fats 
to cover the wound area [19]. This has greatly evolved in 
the modern day wherein artificial dressing materials can 
be produced by various advanced technologies to create 
multifunctional wound dressings [19, 20]. The two essen-
tial requirements of suitable modern wound dressings 
include rapid hemostasis and good antibacterial property. 
Electro-spun wound dressings have advantages over the 
present wound dressing because of their large surface 

area to volume ratio which allows for cell proliferation and 
attachment [21].

Chronic wounds usually exhibit an elevated level of 
matrix metalloproteinases (MMPs) [22], fibroblasts in 
chronic wound are unable to secrete tissue inhibitors of 
MMPs thus preventing extracellular matrix (ECM) and 
granulation tissue formation. Collagen based wound 
dressings are uniquely suited to address the issue of ele-
vated levels of MMPs by acting as a ‘sacrificial substrate’ 
in the wound [22]. This study therefore seeks to fabricate 
nano-fibrous scaffolds from biodegradable polymers [23], 
incorporate a rooibois extract which has been postulated 
to have an inherent antibacterial and wound healing activ-
ity [18]. In this study polylactic acid (PLA) and collagen-
based (PLA/C) nano-fibrous scaffolds containing varying 
concentrations of silver sulphadiazine (Ag+S) and A. linearis 
(AL) fermented extract (PLA/C–Ag+S/AL), were designed 
and fabricated to increase antimicrobial penetration and 
cellular biocompatibility.

2 � Methods

2.1 � Materials

Poly Lactic acid (PLA 250,000 g/mol is ~ 20 wt%) (Merck 
KGaA, Darmstadt, Germany), Collagen (Fish Collagen 
type 1 Shanghai Macklin Biochemical Co. Ltd, China), 
Silver sulfadiazine (Xi’an Shunyi Biochemical Technol-
ogy Co., Ltd, China.) 1,1,1,3,3,3 hexafluoro-2-propanolol 
(HFIP) (Shanghai Macklin Biochemical Co. Ltd, Pudong 
China), Phosphate buffered saline (Quality biological, 
USA), Trypsin (Amresco Inc., Ohio, USA), Dulbesco Modi-
fied Eagle Medium (Merck KGaA, Darmstadt, Germany), 
Fetal Bovine serum (Merck KGaA, Darmstadt, Germany), 
Disodium hydrogen phosphate, potassium dihydrogen 
phosphate (Merck KGaA, Darmstadt, Germany), Dialysis 
membranes (white gridded 47 mm, Merck KGaA, Darm-
stadt, Germany), Water used in all the tests was Milli-Q 
water (Millipore, USA). Bacterial strains Pseudomonas aer-
uginosa 1546 (P. aeruginosa), Staphylococcus aureus 1706 
(S. aureus) and Methicillin-resistant Staphylococcus aureus 

Table 1   Varying constituents of the PLA/C–Ag+S/AL electrospun 
fibrous scaffolds containing varying concentrations of silver sulfadi-
azine (Ag+S) and A. linearis (AL) fermented extract

Samples PLA (% w/v) Collagen 
(% w/v)

Ag+ SD (%) AL (% w/w)

EF 1 20 4 1 0.025
EF 2 20 4 0.75 0.05
EF 3 20 4 – 0.1
EF 4 20 – – –
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1615 (MRSA) and Escherichia coli 1808 were obtained 
from wound swabs of patients with diabetic foot ulcers. 
All other chemical reagents and solvents were of analyti-
cal grade and were used for this research without further 
purification.

Plant material: Fermented rooibos A. linearis was pro-
cured from Rooibos Ltd (Clanwilliam, South Africa). Iden-
tification of the plant was carried out at Plant Bioactives 
Group, Post-Harvest and Agro-Processing Technologies, 
Agricultural Research Council (Infruitec-Nietvoorbij), Pri-
vate Bag X5026, Stellenbosch 7599, South Africa and this 
research was carried out in accordance with local legis-
lation and permission from the Agricultural Research 
Council of South Africa. The plant material (100 g) was 
extracted in a 1:10 plant material-to-water ratio for 30 min 
with hot water (93 °C) according to Muller et al. [24] with 
yield of 18.5%. The extracts were filtered through What-
man No. 4 filter paper, cooled and freeze-dried. Retention 
samples of fermented rooibos extract was coded ALI_
L0091_1028B1_1604. A voucher specimen of this mate-
rial has been deposited in a publicly available Agricultural 
Research Council of South Africa.

2.2 � Electrospun PLA/C–Ag+S/AL scaffolds design 
and fabrication

Four different solutions of 20% w/v PLA polymer were 
dissolved separately in HFIP in four different containers 
respectively, at 25 °C. Collagen (4% w/v) was dissolved 
in the same solvent and each PLA solution was added to 
each collagen solution. Two concentrations of silver sul-
fadiazine powder were added directly to each PLA solution 
at concentrations of 0.75, and 1% w/w. The mixture was 
stirred vigorously at 80 °C for about 4 h until a clear and 
transparent solution was obtained, then 25 mg, 50 mg and 
100 mg of powdered of AL was added to EF1, EF2 and EF3 
and kept stirred until the new solution became very clear 
and homogeneous (Table 1). The final solution obtained 
was then allowed to cool at room temperature. The fourth 
solution contained only the unreinforced PLA which had 
the dissolved PLA only without the addition of collagen, 
AL and silver sulfadiazine for comparison purposes.

The morphology of the fibrous scaffolds is usually influ-
enced by various factors ranging from viscosity, flow rate, 
concentration, conductivity as well as the surface tension 
of the polymer solution which is electrospun. 20% w/v 
polymer solutions of PLA were prepared. Both PLA and 
collagen were all dissolved using absolute dichlorometh-
ane respectively. All mixtures were stirred vigorously for 
about 4 h until a clear solution was obtained upon dis-
solution of all the components. Electro-spinning of the 
prepared solution as shown in Table 1 was carried out 

using 20 mL plastic syringes equipped with 21 G gauge 
needles. The loaded syringe was then placed in a syringe 
pump and operated at a flow rate of 0.1 mL/min. The solu-
tion was electrospun at a voltage of 25 kV onto a static 
collector wrapped with aluminum foil paper. The distance 
between the tip of the gauge needle to the collector was 
set at 22 cm.

The fabricated nanofibrous scaffolds were cross-linked 
using 20% v/v glutaraldehyde vapor for 5 h and 0.05% 
N-(3-dimethylaminopropyl)-N′-ethyl carbodiimide hydro-
chloride in order to enhance their mechanical properties 
using the method of Maleki et al. [25]. The scaffolds were 
compressed on a compression machine (Model MP-15; 
Technosearch Instruments, Mumbai, India) under a pres-
sure of 10  kg, at room temperature to improve their 
mechanical properties, uniformity and to minimize the 
void contents between nanofibers. The samples were 
then washed with 0.1 M glycine-water, three times, peri-
odically at intervals of 30 min to remove the excess of 
glutaraldehyde.

2.3 � Morphological characterization

2.3.1 � Scanning electron microscopy

In order to determine the surface morphology of the fabri-
cated scaffolds, scanning electron microscopy (SEM) (Phe-
nom ProX, by Phenom world Eindhoven, Netherlands) was 
used at an accelerating voltage of 15 kV. The scaffolds were 
cut into small pieces of 5 mm × 5 mm. The samples were 
sputter coated with gold for 20 s. The 5 mm by 5 mm cut 
samples were then mounted over the studs using a carbon 
tape and analyzed at 15 kV as stated above to perform the 
experiment. All the samples were analyzed in triplicate.

2.3.2 � Determination of the porosity of the electrospun 
scaffolds

The porosity of the scaffolds was determined using the 
‘liquid displacement method’ [26] with ethanol used as 
the displacement liquid. The weight of the scaffold used 
was noted as ‘w’. The scaffold was then immersed in 5 mL 
of ethanol and volume of ethanol used was noted as V1. 
It was allowed to stand for 5 min. After 5 min, the volume 
of ethanol present in the ethanol-impregnated scaffold 
was noted as V2. The remaining volume of ethanol after 
removal of the ethanol-impregnated scaffold was noted as 
V3. The volume was measured using a calibrated cylindri-
cal vial (Smith Scientific glassware Edenbridge, Kent UK). 
The experiment was performed in triplicate and the aver-
age porosity of the scaffolds calculated using Eq. 1.
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2.4 � Mechanical characterization

Tensile strength was measured using a Universal Testing 
Machine (Instron-series 3369, USA), fitted with a 50 kN load 
cell. The cross-linked scaffolds were cut into sections of 
dimensions 50 mm x 10 mm and tested in ambient tem-
perature of 20 °C and humidity of 60%. The rectangular 
sections were cut out and then tapered using a template 
to control the failure location. The resulting scaffolds were 
then mounted between two clamps and stretched at a 
rate of 50 mm/min with an applied load range of about 
50 N and gauge length of 50 mm. The tensile strength was 
recorded in triplicate at room temperature and average 
value was calculated.

2.5 � Chemical characterization

2.5.1 � Differential scanning calorimetry

Analysis of any possible polymer interaction and the ther-
mal transitions was recorded using Differential Scanning 
calorimetry (DSC: Mettler Toledo, USA). A fixed amount of 
the sample scaffold (5 mg of the scaffolds) was used dur-
ing the analysis. The weighed scaffolds were taken into alu-
minum pans and were then hermetically sealed. An empty 
pan was used as reference. The scans were recorded from 
37 to 450 °C, at heating rate of 10 °C/min, under nitrogen.

2.5.2 � Attenuated total reflectance Fourier transform 
infrared spectroscopy

The spectra were recorded in the range of wave numbers 
between 500 and 4000 cm−1 to characterize the absorption 
bands of the nano fibers EF1, EF2, EF3 and EF4. Samples of 
nanofibrous scaffolds were dehydrated by vacuum drying 
(45 °C) and later placed over the diamond crystal for the 
FTIR analysis. Twenty scans were recorded for each spec-
trum. Smoothing was done where necessary to reduce the 
noise, without loss of any peak. The absorptions peaks/
bands were studied to know if there was any chemical 
interaction occurring as a result of the co-formulation.

2.5.3 � Measurement of Ag+ release

A modification of the method by Heo et al. [14] was uti-
lized. The amount of the Ag+ ion released periodically from 
the electrospun scaffolds was detected using MS (mass 
Spectrometry). The electrospun scaffolds, loaded with 
varying concentrations (0.75 and 1 g) of silver Sulfadiazine 

(1)Porosity of the fiber =
V1 − V3

V2 − V3

(Ag+S), were cut into a circular shape with a diameter of 
10 mm. Each prepared specimen scaffold was then put in 
a glass vial with 10 mL of pH 7.4 PBS (Phosphate buffered 
saline). These specimens were then placed in an incubator 
and agitated at 120 rpm at a temperature of 37 °C ± 0.5 for 
5 days. 1 mL of the supernatant from each of the samples 
was extracted and diluted with 9 mL using a mixture of 
nitric acid and hydrochloric acid, optimally in a molar ratio 
of 1:3 for mass spectrometry analysis (ICP-MS Agilent 7900 
series CA, USA).

2.6 � Biological characterization

2.6.1 � Antibacterial activity assessment

Typed Clinical isolates of Pseudomonas aeruginosa 1546 
(P. aeruginosa), Staphylococcus aureus 1706 (S. aureus) and 
Methicillin-resistant Staphylococcus aureus 1615 (MRSA) 
and Escherichia coli 1808 obtained from wound swabs of 
patients managing chronic wounds were utilized for this 
study. In vitro antibacterial activity of the PLA/C–Ag+S/AL 
electrospun nano-fibrous scaffold against each bacterial 
strain was determined via disc diffusion test [27, 28] using 
150-mm-diameter Mueller–Hinton (Carolina Biological 
Supply Co. Burlington, NC) agar plates. Utilizing turbid-
ity consistent with a McFarland standard of 0.5, the agar 
plates were inoculated via organism spread in saline sus-
pension. PLA/C–Ag+S/AL electrospun scaffolds were cut 
into 10 mm diameter circles and placed on the inoculated 
test organisms and then observed for any zone of inhibi-
tion around the scaffolds. An antibiotic disc of Gentamicin 
was placed at the center of the plates to serve as a control. 
The plates were incubated at 35 °C for 24 h. Clear inhibi-
tion zones around the PLA/C–Ag+S/AL electrospun nano-
fibrous discs indicate that the scaffolds possess antimicro-
bial activity. Each assay was performed in triplicate.

2.6.2 � Cytotoxicity assessment

An MTT assay was used to test for cytotoxicity property of 
the PLA/C–Ag+S/AL electrospun scaffolds. Cells cultured 
on wells without a scaffold were used as the control. After 
obtaining ethical clearance (Ethical Approval No. CMUL/
HREC/10/18/451) and verbal parental consent, the fore-
skin of a 21-day old baby was obtained from the parents. 
The fore skin was collected after circumcision in a private 
hospital (it should be noted that the fore skins are usually 
discarded as medical waste after circumcision) and was 
kept in bottles containing PBS (Quality biological, USA) 
which contains 0.5 µg/mL amphotericin B, 100 IU/mL of 
gentamicin and 100 µg/mL of Streptomycin. Keratino-
cytes were prepared in the culture room. Utilizing double 
enzymatic digestion, isolation of keratinocytes was carried 
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out [28, 29]. The cell pellets was placed in a flask and then 
divided into 2 groups, the first with no feeder and the sec-
ond group into a type 1 collagen scaffold (Shanghai Mack-
lin Biochemical Co. Ltd, China). The number of cells seeded 
on the sampled scaffolds in the 24-well plates were deter-
mined by optimizing the number of cells on the 24-Well 
Plate. The keratinocytes distribution and confluence were 
viewed using a Microscope (Omax, China) and the suitable 
number of cells for 5 days of culture was then determined. 
The cells were then prepared for MTT assay as per method 
by Lee et al. [30].

2.6.3 � Antioxidant activity of the of the electrospun 
scaffolds using DPPH assay

Free radical scavenging activity of the electrospun scaf-
fold was assessed to determine the antioxidant activ-
ity of the A. linearis incorporated into the scaffolds. The 
scaffolds were assayed spectrophotometrically using a 
modification of a method described by Ilomuanya et al. 
[31]. Using ascorbic acid as the standard and ethanol as a 
control, radical scavenging activity of the scaffolds against 
1,1 diphenyl1-1-picryl-1-hydrazyl (DPPH) radical via UV–Vis 
absorbance at 517 nm was determined. Here, ascorbic acid 
was used as a standard. A commercial antioxidant (Citrix® 

Topix Pharmaceuticals, Inc. NY, USA) was also evaluated 
and compared with the fabricated scaffolds.

2.7 � Statistical analysis

Statistical analysis was done using SPSS, Inc. ver-
sion 11 (Chicago, IL). All the values were expressed as 
mean ± standard deviations, and differences with p values 
(*p < 0.05) were considered statistically significant.

3 � Results

3.1 � Morphological characterization

SEM images of the electrospun scaffolds as shown in 
Fig. 1a showed the unreinforced nanofiber EF4 had the 
highest average fiber diameter of 22.7 µm. Reinforced 
PLA functionalized with the ECM component collagen, 
silver sulphadiazine and A. linearis extract (C–Ag+S/AL) 
comprising EF1, EF2 and EF3 had smaller average fiber 
diameter 15.5, 15.4 and 12.8 µm respectively (Fig. 1b). 
The fiber diameters of the scaffolds are greater than 
the native ECM, however the pliability of the scaffolds 
would still enable infiltrating cells to undergo cellular 

Fig. 1   a SEM images present the morphology of electrospun PLA nanofibers containing different concentrations of Ag+S and A. linearis 
extract EF1, EF2 EF3 and EF4; b average diameter of EF1, EF2 EF3 and EF4 in nm, c Porosity (%) of EF1, EF2 EF3 and EF4 (p < 0.05; n = 5)
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attachment and facilitate wound healing. The fibers have 
smaller diameters than the conventional wound dressing 
PolyMem silver dressing®. Polylactide solution has good 
electrical conductivity compared to its composites. In the 
absence of Ag+S (EF3 and EF4), reduced conductivity is 
expected when compared to EF1 and EF2 which contain 
silver ions that increase the conductivity in solution. This 
conductivity engenders the stretching of the solution 
and produces PLA fibers of smaller diameter [32]. Low 
conductivity reduced the charge in the electrospinning 
jet with bead formation in EF 1, EF2 and EF3. Beads and 
junctions observed in the composites could be attributed 

to agglomeration and random dispersion of hydrophilic 
constituents.

3.2 � Mechanical characterization

The mechanical behavior of the scaffolds is strongly corre-
lated to the material composition during electrospinning. 
Tensile testing was performed to assess the mechanical 
properties of each type of electrospun nanofiber scaffolds. 
The ductility of the unreinforced PLA nanofiber sample EF4 
was 20.5% (Fig. 2a), which was lower than the ductility of 
EF1 to EF3. Addition of 0.75 g Ag+S and 0.05% w/w A. lin-
earis impaired the elastic properties of PLA nanofibers. 

Fig. 2   a Ductility, b ultimate 
tensile strength, c elastic 
modulus of electrospun PLA 
nanofibers containing different 
concentrations of Ag+S and 
A. linearis extract EF1, EF2 EF3 
and EF4 respectively (p < 0.05; * 
represents statistical significant 
difference in varying param-
eters of EF4 from EF1, EF2 and 
EF3)
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The addition of 1 g Ag+S collagen and 0.025% w/w AL (EF 
1) improved PLA’s ductility to a maximum magnitude of 
39.8%, hence showing that reinforcements had improved 

interfacial adhesion at the matrix interface. This restricts 
easy glide of the filler particles over the matrix giving rise 
to higher ductility [33].

Fig. 3   a–d FT-IR spectra of electrospun PLA nanofibers containing 
different concentrations of Ag+S and A. linearis extract EF1, EF2 EF3 
and EF4 respectively, e–h DSC spectra of electrospun PLA nanofib-

ers containing different concentrations of Ag+S and AL extract EF1, 
EF2 EF3 and EF4 respectively
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3.3 � Chemical characterization

The DSC results of samples displayed in Fig. 3e–h showed 
endothermic peaks. The chemical structure of the fab-
ricated PLA/C–Ag+S/AL scaffolds were measured by 
FTIR. The characteristics spectrum of sample EF 4 PLA 
unreinforced (Fig. 3d) showed peaks corresponding to 
C=O stretching at 1748 cm−1, C–O (ester) stretching at 
1125 cm−1 and C–O–C group at 1080 cm−1. EF1 nanofiber 
peaks were found at 1751 cm−1, 1125 cm−1 and 1080 cm−1 
(Fig.  3a) while EF2 peaks were found at 1752  cm−1, 
1129 cm−1 and 1084 cm−1 (Fig. 3b) and EF3 nanofiber 
peaks were found at 1748 cm−1, 1181 cm−1 and 1080 cm−1 
(Fig. 3c) respectively. Distinct peaks of polyphenols where 
observed in this spectra. The distinct peak at 3224 cm is 

characteristic of the stretching vibration of phenolic –OH 
groups. Also peak at 2922 cm is attributed to stretching 
vibration of CH2 and CH3. The scaffolds absorption bands 
were noted to be very similar without the presence of new 
peaks. This therefore showed that there were no chemical 
changes in the nanofibers as a result of co-formulation or 
the addition of components such as collagen, AgSD and 
A. linearis to the PLA polymer. These results also further 
prove that the components were well incorporated into 
the nanofiber which did not impede the release of Ag+S 
from the scaffolds. The total quantitative values released 
Ag+S obtained from the nanofiber containing 0.75 and 1% 
Ag+S were 58 and 141 parts per billion (ppb) respectively 
(Fig. 4). 

3.4 � Biological characterization

3.4.1 � Cell viability/proliferation

Cell viability/proliferation behavior on EF1, to EF4 was 
assessed using MTT assay (Fig. 5). Keratinocyte cells cul-
tured on the plate without any scaffold were used as 
control.

These results indicated that the scaffolds were nontoxic 
to the cells. EF3 showed similar percentage of cell prolif-
eration with control, all the scaffolds showed statistically 
significant difference compared to percentage cell prolif-
eration after 24 h. EFI and EF2 had lower cell proliferation 
when compared to other scaffolds EF3 and EF4 that did 
not contain Ag+S, however percentage cell infiltration was 
significantly higher than control. The optimized concentra-
tion of Ag+S in EF2 adequately supported cell growth and 
hence was deemed nontoxic to the cells.

Fig. 4   Total amount of silver ions (ppb) released from PLA/C–Ag+S/
AL electrospun nanofibrous scaffolds containing varying concen-
trations of Ag+ over a period of 5 days from the scaffolds (EF1 and 
EF2) loaded with varying concentration of silver (*p < 0.05) using 
ICP-MS. PLA/C-/AL and PLA representing EF3 and EF4 were utilized 
as control (ND not detected)

Fig. 5   The measurement of 
keratinocytes cell proliferation 
after day 1 and day 7 from EF1 
[PLA/C–Ag+S (1%)/AL (25 mg)]; 
EF2 [PLA/C–Ag+S (0.75%)/
AL (50 mg)]; EF3 [PLA/C-/AL 
(100 mg)]; EF4 [PLA] electro-
spun nanofibrous scaffolds 
(*p < 0.05) (β represents 
statistical significant difference 
compared to cell proliferation 
after 24 h)
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3.4.2 � Antibacterial activity

Figure 6 shows the antibacterial activity of the electrospun 
scaffolds against both gram +ve and gram −ve bacteria. 
Silver agents are known to have broad spectrum activity 
against both gram negative and positive bacteria and are 
useful for controlling bacterial growth. The antimicrobial 
activity of EF1 and 2 scaffolds loaded with 1 and 0.75% 
Ag+S respectively; EF3 containing no Ag+S, and EF4 were 
evaluated against Staphylococcus aureus, Pseudomnas 
aeruginosa, Methicillin resistant Staphylococcus aureus and 
Escherichia coli. These organisms were chosen based on 
their clinical importance and their roles in chronic wounds 
[36]. EF4 did not show any zone of inhibition and thus elic-
ited no activity against the microorganisms utilized. EF1 

and EF2 showed comparable zones of inhibition to Poly-
Mem silver dressing® and gentamicin control disc.

3.4.3 � Antioxidant activity

The wound-healing property and antioxidant activity 
co-exist in many plant species from a variety of families 
[18] hence the incorporation of A. linearis extract in the 
scaffold fabrication. There was an increase in DPPH free 
radical scavenging with increasing scaffold concentra-
tion of A. linearis extract. EF3 scaffolds showed the high-
est DPPH radical scavenging activity with EF4 showing no 
antioxidant activity at all as a result of the absence of the A. 
linearis extract (Fig. 7). EF2 and EF3 exhibited antioxidant 
activity (64.73 and 68.9%, respectively), at 15 mg/mL, in 
comparison with commercially available silver dressing, 

Fig. 6   Antibacterial activity of EF1 [PLA/C–Ag+S (1%)/AL (25  mg)]; 
EF2 [PLA/C–Ag+S (0.75%)/AL (50  mg)]; EF3 [PLA/C-/AL (100  mg)]; 
EF4 [PLA] electrospun nanofibrous scaffolds and control discs and 

wound dressings showing zones of inhibition. (p < 0.05; # repre-
sents statistically significant difference compared to PolyMem silver 
dressing® control) n = 7

Fig. 7   Scavenging of DPPH 
activity of the A. linearis in the 
electrospun scaffolds utilizing 
ascorbic acid as the antioxi-
dant (n = 3 ± SD)
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PolyMem silver dressing®. It was a better antioxidant scaf-
fold and would be useful in the wound healing cascade. 
The DPPH scavenging activity of the scaffolds also showed 
that the electrospinning activity of the polymer would not 
adversely affect the antioxidant activity of the scaffold 
when utilized as a wound dressing material.

4 � Discussion

Electrospun scaffolds utilized in bioengineering have 
been fabricated with various polymers to ensure their 
biomimetic composition which facilitates cell adhesion 
and optimal recovery from cellular injury. Electro spin-
ning utilizing only polymers and pharmaco-therapeutic 
agents have been seen to achieve positive results, how-
ever functionalization of these polymers via addition 
of components present in the extracellular matrix and 
plant antioxidant materials to enhance the wound heal-
ing properties of this polymers will increase the intrinsic 
value of the biomaterial. To this end we have developed 
PLA/C–Ag+S/AL electrospun scaffolds containing collagen 
(an ECM component), A. linearis extract (an antioxidant) 
and Silver sulfadiazine (an antibacterial) for management 
of wounds. The ultimate tensile strength (UTS) of electro-
spun nanofibres, expresses the maximum strength that 
can be withstood prior to fracture under tension. The good 
strength exhibited by composites could be attributed to 
improved crystallinity, their good dispersion and adhesion 
to the PLA fibre (Fig. 2b). The poor strength exhibited by 
unreinforced PLA could be attributed to poor interfacial 
bonding caused by the presence of non-cellulose and 
impurity [33]. The Elastic modulus of scaffolds revealed 
that incorporating 0.75 g Ag+S and 0.05% w/w A. linearis 
(EF2) to PLA solution culminated in a nanofiber with the 
superlative stiffness of 2.11 GPa, highest compared to all 
fabricated nanofibers (Fig. 2c). This stiffness allows ease of 
utilization as a wound dressing application.

The addition of collagen, Ag+S and A. linearis extract 
to PLA solution prior to electrospinning elevated the 
hydrophilic nature of PLA which in turn improved its 
biocompatibility features. The thermogram behaviour of 
EF 1 and 3 were similar but the intensity of peaks were 
different (wider in EF 1). The first thermal event showed 
peaks at 111 °C, 89 °C and 112 °C (Fig. 3e–h): this could 
be attributed to dehydration (loss of water). Polylactide 
is a highly hydrophobic polymer in solid state [35] and in 
order to improve its biocompatibility, its structure needs 
to be modified to enhance its hydrophilic nature. Their 
associated enthalpies were calculated to give 81.8 J/g, 
25.8 J/g and 165.3 J/g for EF 1, 2 and 3 (Fig. 3e–g), indicat-
ing obvious differences in composites’ macromolecules 
in relation to their water holding capacity and strength 

of water–polymer interaction. The hydrophobic nature of 
PLA could be responsible for the absence of water loss 
region in the thermo gram of PLA electrospun nano fibre 
(Fig. 3h). Keratinocytes grew and proliferated excellently 
on EF1, 2 and 3 scaffolds. All the scaffolds provided favora-
ble substrates for the keratinocytes. The fabricated scaf-
folds play a role like that of extracellular matrix simulated 
by providing a high surface area to volume ratio critical for 
cell attachment and proliferation. Biochemical interaction 
between cells and collagen resulted from the binding of 
collagen I to receptors on the cell membrane, mediated by 
fibronectin, an ECM glycoprotein [30]. The enhanced inter-
action between the keratinocytes and the scaffolds thus 
would invariably facilitate wound healing via fibronectin 
mediation especially in situations where the healing pro-
cess had been impaired. The electrospinning process was 
not affected by the incorporation of the Ag+S into the scaf-
folds. Since Ag+S was well permeated into the electrospun 
scaffolds, it had no impact on the electrical charge during 
electrospinning. The release of silver ions from the scaf-
folds is an important parameter which ensures elicitation 
of antibacterial activity. The amount of silver released is 
proportional to its antimicrobial efficacy hence nanofiber 
with 1% Ag+S had a larger zone of inhibition than others 
during the antimicrobial study.

The presence of silver ions however led to a decrease in 
percentage of cell proliferation, which was not statistically 
significant (Fig. 5). Stereo regularities have a great impact 
on the physical and chemical properties of PLA such as its 
mechanical and thermal properties [34].

To evaluate if the loaded scaffolds had the expected 
antibacterial activity, gentamicin impregnated antibiotic 
disc was used as control and placed at the center of the 
agar plates. No zones of inhibition were observed around 
the PLA only nanofiber. This confirmed that PLA had no 
antibacterial activity. Zones of inhibition were however 
seen around the antibiotic disc and around EF1 and EF2 
due to the incorporation of silver sulfadiazine, this activity 
was comparable with the control PolyMem silver dressing®. 
EF3 showed activity as a result of the incorporation of A. 
linearis but not comparable with that of the control disc 
and PolyMem silver dressing®. EF 1 nanofibrous scaffolds 
had the higher zone of inhibition compared to EF 2 and 
this was further confirmed from the mass spectrometry 
Ag+ ion release studies where the amount of silver ion 
released form sample was far above that released from 
EF 2 and this also matched previous research by Heo et al. 
[14]. EF1 scaffolds showed larger inhibition against the 
microorganisms than EF 2. From previous reports, Ag+ 
has well known activity against bacteria [14], though the 
mechanisms of action at which Ag+ works is unclear but it 
is postulated that it works by damage to the intracellular 
protein of the organism, hence causing killing the bacteria 
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[10]. It has also been postulated that Ag+ penetrates the 
bacterial cell body and denatures its biological compo-
nents (DNA) leading to cell death and prevents the growth 
of bacteria [10, 14]. Previous research has also confirmed 
that silver sulfadiazine has been clinically useful in the bio-
medical field and has higher activity against methicillin 
resistant S. aureus. Hence, larger zones of inhibition were 
observed around the scaffolds on the MRSA than others 
and this is very similar to a report by Heo et al. [14]. Overall, 
it can be inferred that EF1 and 2 have good antibacterial 
activity against all the organisms. A. linearis (Rooibos tea) 
has been reported to have an antibacterial activity and this 
was evident from the present study as zones of inhibition 
were noticed around EF 3 which contained no Ag+S. How-
ever, the zone of inhibition noted was lower than that of 
EF 1 and EF 2 which had larger zones of inhibition. In the 
present study, however it can be confirmed that addition 
of AgSD to A. linearis will help improve its antibacterial 
activity as evident from the antimicrobial study carried out 
making these scaffolds a good potential for application in 
wound healing.

5 � Conclusion

PLA/C–Ag+S/AL electrospun scaffolds containing col-
lagen (an ECM component) and A. linearis extract which 
was incorporated into a PLA scaffold containing Ag+S a 
known antibacterial has been developed for wound heal-
ing applications. The antimicrobial activity of the scaffolds 
loaded were evaluated against S. aureus, P. aeruginosa, 
MRSA and E. coli. PLA/C–Ag+S/AL scaffolds showed anti-
bacterial activity against both gram +ve and gram −ve 
bacteria, they were nontoxic to the cells, and provided 
favorable substrates for the neonatal epidermal keratino-
cytes cells to undergo cell attachment and proliferation. 
PLA/C–Ag+/AL scaffolds have a great potential for use in 
chronic wounds as well as in tissue and bio-engineering 
applications.
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