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ABSTRACT: The objective of this work is the fabrication of poly(L-lactide-co-glycolide) or PLGA (with LA/GA ratios of 50/50 and

75/25) nanofibers containing silver nanoparticles (AgNPs) by the method of electrospinning. The incorporation of AgNPs in PLGA

was carried out in three different concentrations (1, 3, 6 w/w %).The electrospun nanofibers were evaluated for their morphology by

scanning electron microscopy and their fiber diameters ranged between 487 and 781 nm. Integration of AgNPs within the fibers was

verified by spectroscopy studies, while the mechanical properties of the developed fibers were found comparable to the mechanical

properties of the human skin. Proliferation of human dermal fibroblasts (HDF) demonstrated minimal cytotoxicity on fibers contain-

ing 1 wt % and 3 wt % of AgNPs, while 6 wt % of AgNPs inhibited cell proliferation. Antimicrobial activity was studied using three

different strains of Gram-positive and Gram-negative bacteria. Results of the HDF proliferation and antimicrobial studies showed

that the electrospun PLGA75/25 containing 3 wt % AgNP can function as a suitable substrate for wound dressing, compared to the

other scaffolds of this study. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42686.
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INTRODUCTION

Polymeric nanofibrous scaffolds can function as a tissue engineered

skin graft for the treatment of wounds, burns, or post-surgical

scars. Regenerative medicine using bioengineered grafts are widely

investigated with the aim of bringing new solutions for current

issues in medical care. At the same time, microbial infections are

the most common complications associated with medical surgeries

and wound management regimen. The presence of antibacterial

and bioactive materials such as the antibiotics,1,2 metal particles,3,4

or medicaments,5–7 within the polymeric nanofibrous scaffolds

could minimize the risk of microbial infections as well as support

the cell recruitment and growth.8 Surgical site infections (SSI)

which occurs in 0.5–15% of all hospitalized patients, depend on the

type of operation carried out, and affect around 1.4 million people

annually world wide.9 In the early stages of wound healing, neutro-

phils accumulate inside the wound to prevent bacterial film crea-

tion, nevertheless this process is often “in efficient” and biofilm

formation prevents re-epithelialization of the tissue. Resistance to

neutrophils developed by bacterial biofilm transforms the relatively

harmless acute wound into dangerously chronic wound.10 Various

polymeric systems have been investigated in the field of skin tissue

engineering. Natural polymers like collagen, gelatin, or fibrin11,12

showed good biological properties but they lack sufficient mechani-

cal properties to support the regeneration of the skin tissue. Syn-

thetic polymeric materials investigated in this field, include

polypropylene, polyvinyl alcohol, or polyethylene glycol,13–15 pro-

vide sufficient mechanical strength but without any natural anti-

bacterial properties. Nanofibrous scaffolds shows extraordinary

mechanical resistance with very high surface energy and morphol-

ogy similar to the natural extracellular matrix of human skin.16

Materials in fibrous architecture create a unique mesh of micro or

sub-micro pores which allow the cells to attach, communicate, and

support the exchange of nutrients and metabolites. After implanta-

tion, the scaffolds slowly degrade with time, such that the natural

tissue gets sufficient amount of time to replace the synthetic poly-

meric mesh and recreate the tissue, while disintegrating to neutral

compounds which are naturally processed by the human body.17

Poly(lactide-co-glycolide) (PLGA) is one of the aliphatic biode-

gradable polymers widely investigated in the field of healthcare

and regenerative medicine.18 PLGA degrades safely within the
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biological system through hydrolytic degradation and the rate

of degradation can be controlled by the ratio of their mono-

mers, namely the lactide and the glycolide.19,20 In recent years,

polymers incorporated with metal nanoparticles gained much

attention, thanks to surface modification techniques and better

understanding of its biological, magnetic, and electric proper-

ties.21,22 Silver nanoparticles (AgNPs) incorporated in polymeric

foams showed antibacterial properties against Gram-negative

and Gram-positive bacteria23,24 while high concentrations of

AgNPs in the matrix have even been demonstrated to show

anti-cancer properties.3 The mechanism of antibacterial proper-

ties of AgNPs is still not fully understood, however, it was

hypothesized, that it causes cell lysis or inhibit cell transduc-

tion.25 Combining the nanofibrous biodegradable matrix with

antibacterial properties of AgNPs is a novel approach toward

the fabrication of functionalized scaffold matrix for skin tissue

engineering or as implantable wound dressings, to solve the

problem of increasing number of SSI. In this study, we investi-

gated two polymeric systems as potential materials for wound

healing. PLGA with lactide : glycolide ratio of 50 : 50 and 75 :

25 was individually incorporated with AgNPs to obtain nanofi-

brous composites by electrospinning technique. The optimiza-

tion of the electrospinning process was carried out, and the

evaluation of mechanical and structural properties of the devel-

oped fibers along with their cellular biocompatibility was inves-

tigated during this study. Further, the antibacterial properties of

the scaffolds against the Gram-positive and Gram-negative bac-

terial strains: Staphylococcus saprophyticus, Klebsiella pneumoniae,

Pseudomonas aeruginosa, and Escherichia coli were conducted to

investigate the potential of utilizing these nanofibrous scaffolds

as novel wound dressings.

MATERIALS AND METHODS

Materials

Poly(L-lactide-co-glycolide) with L : G ratio of 50 : 50 (B6010-2,

PLGA 50/50) and 75 : 25 (B6007-1, PLGA 75/25) both with an

inherent viscosity of 0.55–0.75, were purchased from LACTEL

Absorbable Polymers (Durect, Birmingham, AL). Dimethylforma-

mide (DMF), chloroform, phosphate buffer saline (PBS), AgNPs

(TEM confirmed size< 100 nm, no.658804), Dulbecco’s Modified

Eagle’s Medium (DMEM), and penicillin-streptomycin antibiotic

solution were purchased form Sigma-Aldrich (St. Louis, MO). Fetal

bovine serum (FBS) and Trypsin (103) were purchased from

Gibco (Life Technologies, United Kingdom) and AlamarBlue

BUF012B Cell Viability Assay reagent was purchased from AbDSer-

otec (Kidlington, United Kingdom). Human dermal fibroblasts

(HDFs) were purchased from ATCC (Manassas, VA) and used for

the biocompatibility studies. Bacterial strains used for the experi-

ments were purchased from ATCC (Manassas, VA). Four Gram-

positive strains: S. saprophyticus (strain codes: 15305, BAA-750,

49907, 49453) and four Gram-negative strains: K. pneumoniae

(DM4299), E. coli (16027R), P. aeruginosa (23155 and 4299) were

used for the antibacterial evaluation.

Electrospinning of PLGA-Based Nanofibrous Scaffolds

Electrospinning of PLGA 50 : 50, PLGA 75 : 25, and AgNPs

incorporated PLGA nanofibers were carried out during this

study. The polymers were individually dissolved in a mixture of

chloroform and DMF (3 : 1) at a concentration of 25% (wt/v)

for PLGA 50/50 and 20% (wt/v) for PLGA 75/25, respectively.

For preparation of the composite nanofibers, first the nanopar-

ticles were added to the above solvent mixture at concentrations

of 1, 3, and 6% (wt/v) with respect to the concentration of

PLGA, and stirred for 24 h by magnetic stirrer followed by

ultrasound stirring (FB505, Fisher Scientific, Hampton, NH)

for 20 min in 30 s intervals. Further, the polymer (either PLGA

50 : 50 or PLGA 75 : 25) was added and the whole mixture was

stirred for 12 h period. Custom made electrospinning equip-

ment used for this study consists of a high voltage power supply

(Gamma High Voltage Research, FL), syringe pump (KDS100,

KD Scientific, Holliston, MA), and a flat lab jack as the collec-

tor. Polymer solution was loaded into 5 mL syringe and

attached with a 25 G (0.51 mm) blunt needle (Dickinson and

Company, NJ), which was further connected to high voltage

power supply. The distance between the needle tip and collector

was maintained at 12 cm. The flow rate of the solutions ranged

from 0.5 to 1.5 mL/h, while the applied electric potential ranged

from 10 to 18 kV. Nanofibers were collected on aluminum foil

covered jack, and dried in vacuum for 24 h prior to characteri-

zation. For cytotoxicity and antibacterial studies, the scaffolds

were sterilized under UV lamp for 30 min.

Surface, Chemical, and Mechanical Characterization

of the Fibers

Electrospun fibers were examined under the scanning electron

microscope (SEM; JEOL JSM-6010LV, Tokyo, Japan) after sput-

ter coating with gold (JEOL JFC-1200 coater, Tokyo, Japan).

Fiber diameter was measured from the SEM images by applica-

tion of the ImageJ software (National Institutes of Health,

USA),26 and around 80–100 measurements per sample was per-

formed. The best optimized parameters for electrospinning was

identified upon obtaining uniform, beadless, and random fibers.

Atomic Force Microscope (Nanowizard 3, JPK, Germany) was

used to measure the surface roughness of the scaffolds. Cantile-

ver of nominal stiffness of 5 N/m (TAP-150G, Budget Sensors,

Bulgaria) was used for imaging in tapping mode. AFM image

measurements were done at three areas of size 20 3 20 lm

with resolution of 1024 3 1024 pixels which means that every

average values for single image was based on 1024 roughness

profiles. Three areas per sample were measured and the average

roughness values were calculated.

Hydrophobicity/hydrophilicity properties of the electrospun

nanofibers was measured by Water Contact Angle system (VCA

Optima Surface Analysis, AST Products, Billerica, MA), averaged

from 10 individual measurements per sample. Each measurement

was done by using 10 lL of ultrapure water. Camera pictures

were taken within 10 s after the water drop touched the scaffolds,

and the contact angle measurement was carried out. Fourier

transform infrared spectroscopy (FTIR) measurements were done

using Avatar 380 FTIR Spectrometer (Thermo Nicolet, Waltham,

MA) over a range of 400–4000 cm21 at a resolution of 2 cm21.

Mechanical properties of the scaffolds were determined using a

Universal Tensile Machine (Instron 5943, USA). The electrospun

mats were cut into rectangular shapes (10 3 20 mm) and

placed in UTM load cell with a maximum load of 250 N.
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Thickness of each specimen was measured using digital micro-

meter (Multitoyo, Japan) and ranged between 80 and 100 lm.

Samples were stretched at a rate of 10 mm/min until they com-

plete break. Tensile strength and Young’s modulus (YM) were

obtained from the stress-strain curve drawn for each scaffold.

Concentration of AgNPs within the electrospun scaffolds was

tested by UV-VIS spectrophotometer (UV-3600, Shimadzu,

Japan). In order to do this, 2 mg of nanofibrous sheets were

individually dissolved in a mixture of chloroform and DMF at

appropriate ratios, such that an amount of 1 mg per mL of

solution was obtained. After complete dissolution of the poly-

mer and NPs, the mixture was stirred for 10 s with ultrasound

mixer to break possible agglomerates of AgNPs and used for

UV-Vis measurements. Mixture of chloroform and DMF at a

ratio of 3 : 1 served as the reference during the UV-Vis study.

Culture of Human Dermal Fibroblast and Cytotoxicity Test

HDF was cultured in complete medium that contained DMEM

with 10% FBS and 1% antibiotic mixture and grown in a

75 cm2 culture flask. Cells were incubated for 6 days in incuba-

tor under humidified atmosphere at 378C and 5% CO2. Culture

media was changed once every 3 days. Once the cells reached

confluency, they were trypsinized, counted by hemocytometer,

and used for the assays.

To study the cell proliferation, the nanofiber spun on cover slips

(diameter of 15 mm) were placed in 24 well plate and metal

ring was placed on top of the scaffold. Scaffolds, rings, and well

plates were pre-sterilized under UV light before using them.

The scaffolds placed in 24 well plates were washed thrice with

phosphate-buffered saline (13 PBS) and incubated overnight

with complete culture medium in 378C. Approximately 10,000

cells/well were seeded on the each scaffold for cell viability test.

In order to establish the calibration curve for cell viability assay,

cells were also seeded in separate wells at a count of 10,000,

20,000, 40,000, 80,000, 160,000, and 320,000 cells/well.

The proliferation of cells on the scaffolds were evaluated by

AlamarBlue
VR

assay. The assay is commonly utilized to measure

the proliferation of various human and animal cell lines, bacte-

ria, or fungi, quantitatively. The cell viability assays were per-

formed at four different time points (2, 4, 6, and 8 days). On

designated time periods, a 10% solution of AlamarBlue
VR

in

complete media was used to replace the media in culture well

plates and kept for incubation for 4 h at 378C. After incubation,

100 lL of the media containing AlamarBlue
VR

was transferred

into 96 well plates and the measurement was performed using a

spectrophotometric plate reader (Varioscan Flash, Thermo Sci-

entific, Fisher Scientific, Hampton) with excitation and emission

wavelength of 545 nm and 590 nm, respectively. In this test, cells

viability is based on resazurin, a non-toxic, cell permeable com-

pound which is being reduced by living cells to resorufin, which

is fluorescent red in color. Blank wells without cells but with

AlamarBlue
VR

solution was also used to minimize error. Calibra-

tion curve was drawn by measuring the intensity of emission

for 10,000, 20,000, 40,000, 80,000, and 120,000 cells seeded and

incubated for 12 h at 378C. The curve linear fit to obtain a

straight line and was later used to calculate the cell viability on

each scaffold.

Antibacterial Properties of the Scaffolds

The antibacterial activity of the developed scaffolds was tested

against four Gram-negative K. pneumonia (DM4299), E. coli

(16027R), and P. aeruginosa (23155 and 4299) and four Gram-

positive strains of S. saprophyticus (15305, BAA-750, 49907, 49453).

The bacterial cultures were grown overnight in Tryptic Soy Agar at

378C. A few colonies were inoculated to a turbidity of 0.5 McFarland

standard and swabbed uniformly across a Mueller-Hinton agar

(MHA) plate which contains 30.0% beef infusion, 1.75% casein

hydrolysate, 0.15% starch, and 1.7% agar with pH adjusted to neu-

tral at 258C. The scaffolds (size: 0.5 3 0.5 cm2) were placed on the

surface of the MHA plate. In order to determine the antibacterial

property of AgNPs (positive control), 2 mg of the AgNPs was dis-

persed in 1 mL of water for injection and 100 lL was added on the

surface of the MHA plate. All the culture plates were placed in 378C

incubator and the zone of clearance was measured after 24 h with

photos taken, and the experiments were performed in duplicates.

RESULTS AND DISCUSSION

Optimization of the Electrospinning Process and SEM

Analysis

Optimization of the electrospinning process was carried out to

obtain continuous and uniform nanofibers. PLGA50/50-NP0 was

electrospun under a high electric potential of 15 kV and the flow

rate was maintained at 0.5 mL/h. PLGA50/50 incorporated with

AgNPs (1 wt %, PLGA50/50-NP1; 3 wt %, PLGA50/50-NP3; 6 wt

%, PLGA50/50-NP6) were produced under 12 kV of electric poten-

tial at a flow rate of 1 mL/h. PLGA75/25-NP0 mats were electro-

spun at an electric potential of 15 kV and 1 mL/h, while 10 kV with

1 mL/h flow rate was used for electrospinning the nanoparticle

containing PLGA75/25 fibers (PLGA75/25-NP1, PLGA75/25-NP3,

PLGA75/25-NP6). SEM images showed bead-less nanofibers in the

nanoscale range with uniform distribution of fiber diameters. The

fiber diameter of PLGA75/25-NP0 was found higher than the fiber

diameter of PLGA50/50-NP0. Incorporating AgNPs into the poly-

mer matrix greatly increase the electrical conductivity of the poly-

mer solution, thus influencing the minimal potential required to

create a Taylor cone and overcome the surface tension of the liq-

uid,27 which results in decreased fiber diameter for the AgNPs

incorporated PLGA50/50 and PLGA75/25 scaffolds (Figure 1).The

fiber diameter of PLGA50/50-NP0 decreased from 612 6 144 nm

to 487 6 67 nm when a maximum amount (6 wt %) of AgNPs was

added. For the PLGA75/25-NP0 composites, the fiber diameter

reduced from 781 6 130 nm for PLGA75/25-NP0 to 538 6 72 nm

for PLGA75/25-NP6 scaffolds. The increase in the electrical con-

ductivity of polymer solution with incorporation of salts or par-

ticles were previously demonstrated by Angammana et al.,28 where

they found that the fiber diameter decreased from 250 to 150 nm

with incorporation of NaCl to aqueous polyethylene oxide solution.

This might have also occurred during our studies, such that the

fiber diameter of AgNP incorporated PLGA scaffolds was lower

than their respective pure PLGA scaffolds. However, an increase in

the concentration of AgNPs did not cause further reduction in the

fiber diameter of the scaffolds.

Atomic Force Microscopy

Atomic force microscopy measurements revealed the nanofi-

brous three-dimensional structure of the scaffold (Figure 2) and
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the images were used to calculate the surface roughness of the

scaffolds. Roughness of the scaffolds were calculated based on the

average values for every scanning line in the area and two differ-

ent values of roughness have been presented (Figure 3). Average

Roughness (Ra) is defined as the average value of roughness pro-

file, while Root Mean Square Roughness (Rq) is defined as the

root mean square average of the roughness profile. Compared to

PLGA50/50-NP0, the average surface roughness (Ra) of PLGA50/

50-NP6 scaffolds, decreased from 854 6 15 nm to 510 6 69 nm.

RMS roughness (Rq) for PLGA50/50-NP6 was obtained as

634 6 59 nm, while those of PLGA50/50-NP0 was measured as

1055 6 14 nm. For PLGA75/25 scaffolds, the decrease in rough-

ness was gradual from a value of 841 6 21 nm (Ra) and

1038 6 22 nm (Rq) for PLGA75/25-NP0, leading to 322 6 51 nm

(Ra) and 423 6 47 nm (Rq), respectively, for PLGA75/25-NP6.

Similar to the results of our SEM analysis, the roughness of the

fibers reduced with the decrease in the fiber diameter, such that

they became smoother with the increase in the amount of nano-

particles incorporated within the PLGA matrix.

Wettability

Wettability test was carried out for all the scaffolds prepared dur-

ing this study. Every sample was tested 5–8 times with a drop

water volume of 10 lL. The PLGA50/50-NP0 and PLGA75/25-

NP0 scaffolds showed hydrophobic surface with a contact angle

of around 1308. Addition of nanoparticles changed the hydropho-

bicity of the composite scaffolds to 126 6 28, 125 6 38, and

124 6 18, respectively, for PLGA50/50-NP1, PLGA50/50-NP3,

and PLGA50/50-NP6. A similar trend was also observed for the

AgNPs containing PLGA75/25 scaffolds. Figure 4 shows the trend

in contact angle values for the different scaffolds of this study.

No significant differences in the contact angle between the scaf-

folds were observed, suggesting that the AgNPs did not influence

the hydrophobicity of the scaffold.

Fourier Transform Infrared Spectroscopy

The obtained spectra suggests that the addition of nanoparticles

into the polymer matrix did not lead to significant changes in

the chemical composition of the composite scaffolds. Intensities

Figure 1. SEM images of electrospun fibers with their diameters: (A) PLGA50/50-NP0, (B) PLGA50/50-NP1, (C) PLGA50/50-NP3, (D) PLGA50/50-NP6,

(E) PLGA75/25-NP0, (F) PLGA75/25-NP1, (G) PLGA75/25-NP3, and (H) PLGA75/25-NP6.

Figure 2. AFM pictures of the developed nanofibrous scaffolds (A) PLGA50/50-NP0, (B) PLGA50/50-NP1, (C) PLGA50/50-NP3, (D) PLGA50/50-NP6,

(E) PLGA75/25-NP0, (F) PLGA75/25-NP1, (G) PLGA75/25-NP3, and (H) PLGA75/25-NP6. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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and localization of peaks did not change drastically with

increased amount of AgNPs.29 Peaks around 1470 cm21 showed

sharper decrease of transmittance for polymeric systems with

AgNPs. Bands observed in the region around 1753 cm21 are

due to the stretching of carbonyl groups from PLGA, while

peaks between 2944 and 2995 cm21 shows the stretching vibra-

tions of ACH, ACH2, ACH3 groups of PLGA. Also the peaks

observed between 1250 and 1500 cm21 (1268, 1382, and

1452 cm21) represent the deformation vibrations of the same

groups. The peaks in the range of 1300–1150 cm21 represents

ester (CAO)stretching vibrations as well as wagging vibrations

of ACH2 and ACH (1270 and 1184 cm21).30 No significant dif-

ferences between the infrared spectral images of PLGA50/50 and

PLGA75/25 was observed, and such details were also reported

by Taheri et al.,29 nevertheless higher lactide content might be

distinguished by the sharper peak observed at around 750 cm21

along with a high intensity peak at around 1145 cm21. Absence

of peaks in the range of 3600–3400 cm21 suggests the lack of

hydroxyl groups, demonstrating that the polymer remained

anhydrous (Figure 5).

UV-VIS Spectroscopy

With different concentrations of AgNPs incorporated in differ-

ent scaffolds, an evaluation on the amount of NPs that actually

got incorporated within the scaffold was determined qualita-

tively. According to Beer-Lambert law, the absorbance of a solu-

tion is directly proportional to the concentration of the

absorbing compound and hence this method can be used to

analyze the concentration of compound in solution at a fixed

path length. Increased absorbance with increasing amount of

nanoparticles suggests increasing amounts of nanoparticles

within the polymer matrix. Peaks in the range of 390–420 nm

Figure 3. Average roughness (Ra) and Root Mean Square Roughness (Rq) of the electrospun nanofibrous scaffolds as determined by AFM analysis.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. (A) Change in contact angle of the scaffolds in response to the increased incorporation of AgNPs; and a comparative representation of the

contact angle values for (B) PLGA50/50-NP0, (C) PLGA50/50-NP6, (D) PGLA75/25-NP0, and (E) PLGA75/25-NP6. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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are characteristic of AgNPs.31–33 An increase in the intensity of

the peaks was observed with increasing incorporation of AgNPs,

with the highest peak intensity was observed for PLGA compo-

sites incorporated with 6 wt % of particles (Figure 6).

Mechanical Properties of the Electrospun Scaffolds

Figure 7 shows the stress-strain curves of the different scaffolds

obtained during this study. Maximum tensile strength of

4.83 6 0.27 MPa was measured for pure PLGA75/25-NP0 scaffolds

and it decreased to 2.55 6 0.95 MPa for PLGA75/25-NP6. On the

other hand, PLGA50/50-NP0 showed lower ultimate tensile

strength of 1.65 6 0.11 MPa and it decreased to 0.71 6 0.11 MPa

for PLGA50/50-NP6. YM was calculated from the slope of the lin-

ear part of the initial strain by the method previously reported.34,35

YM was found highest for PLGA75/25-NP0, and lowest for

PLGA75/25-NP6 scaffold. Details of the ultimate tensile stress, ulti-

mate tensile strain, and YM of the different scaffolds are presented

in Table I. The differences in the molecular weight of PLGA75/

25-NP0 and PLGA50/50-NP0 might be attributed to the significant

decrease in YM of these scaffolds, measured, respectively, as

191.29 6 14.85 and 58.00 6 8.31 MPa (Figure 7). Introduction of

AgNPs decreased the stiffness of PLGA75/25-NP6 scaffold by 41%

compared to pure PLGA75/25-NP0, while 62% reduction in stiff-

ness was observed for the PLGA50/50 counterparts.

Proliferation of HDF on the Electrospun Scaffolds

HDF proliferation on the scaffolds was determined by Alamar-

BlueTM assay during day 2, 4, 6, and 8. Calibration curve was

obtained after seeding a known amount of cells in 24-well plate

and the measurement was taken approximately 12 h post-

seeding. Linear fitting of the calibration curve was performed

and this was used to estimate the number of cells present on

the scaffolds. TCP served as the control during the cell prolifer-

ation study. The number of cells was found to increase during

Figure 5. FTIR spectra of the developed electrospun scaffolds (A) PLGA50/50-NP0, (B) PLGA50/50-NP1, (C) PLGA50/50-NP3, (D) PLGA50/50-NP6,

(E) PLGA75/25-NP0, (F) PLGA75/25-NP1, (G) PLGA75/25-NP3, and (H) PLGA75/25-NP6. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. UV-VIS absorption spectra of PLGA-AgNPs nanofibers after dissolution in CHCl3/DMF. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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the cultivation time on all scaffolds. On day 8, cells grown on

TCP showed higher proliferation rate of approximately 11.6%

and 16.5% higher than PLGA75/25-NP0 and PLGA50/50-NP0,

respectively (Figure 8). Our cell proliferation studies showed

that an incorporation of 1 wt % of AgNPs did not cause any

negative cell response and the proliferation rate was similar to

that of the pure polymer matrix. Further increase in the con-

centration of the nanoparticles caused an increase in the cell

proliferation on PLGA75/25-NP3 and PLGA50/50-NP3 scaf-

folds. On day 8, the increase in cell proliferation was 36.8% and

27.8% higher on PLGA50/50-NP3 and PLGA75/25-NP3 scaf-

folds compared to the cell growth on respective scaffolds on day

6. However, the incorporation of 6 wt % of nanoparticle was

found toxic to fibroblast cells, and it hindered the cell growth

on both PLGA75/25-NP6 and PLGA50/50-NP6 scaffolds.

Antibacterial Activity of PLGA-NPs

Antibacterial activity was measured against four types of bacte-

ria: K. pneumoniae, E. coli, P. aeruginosa, and S. saprophyticus.

Three different strains of S. saprophyticus and two different

strains of P. aeruginosa were also used for this study. Bacteria

free area was measured as the zone of inhibition for both

Gram-positive and Gram-negative bacteria, in order to deter-

mine the potential of antibacterial activity of the scaffolds. Pure

PLGA nanofibrous mat was used as the negative control, while

1 mg of AgNPs itself served as the positive control. No antibac-

terial activity was observed for PLGA50/50-NP0 and PLGA75/

25-NP0 nanofibers, while higher concentration of AgNPs within

the composite scaffolds enhanced the antibacterial properties of

the scaffolds (Figure 9).

Due to the presence of higher concentrations of the antibacterial

agent (AgNPs), the positive control showed significantly larger

bacteria free circles in all cases from 0.8 cm for E. coli (16027R)

and P. aeruginosa (PA23155); and up to 2.3 cm for S. saprophy-

ticus (SS49907). For the PLGA50/50, the antimicrobial activity

ranged from 0.4 cm (PLGA50/50-NP1) and went up to 1.2 cm

(PLGA50/50-NP6) for Gram-positive S. saprophyticus (SS15305

and SS49907). For Gram-negative bacteria, this ranged from

0.5 cm (PLGA50/50-NP1) for K. pneumoniae (DM4299) and P.

aeruginosa (PA23376) and up to 1.1 cm for PLGA50/50-NP6

using the same strains. Lowest activity for PLGA 50/50-NP6 was

observed for E. coli (16027R Gram-negative) and S. saprophyti-

cus (SS49453 Gram-positive) with values of 0.9 and 0.6 cm,

respectively. For PLGA75/25-NP1, the lowest values of 0.3 cm

was observed for Gram-positive S. saprophyticus (SS49907) and

0.2 cm for Gram-negative E. coli (16027R). Both the PLGA

polymers with 1 wt % AgNPs showed no antimicrobial activity

for following strains: S. saprophyticus (SSBAA750 and SS49453),

E. coli (16027R), and P. aeruginosa (PA23155). Scaffolds that

contained 3 wt % of AgNPs or more, showed equal antibacterial

properties for some strains when compared to free AgNPs

(Table II). It is important to keep maximal antimicrobial activ-

ity with possible minimal concentration of AgNPs inside the

polymeric matrix and an incorporation of 3 wt % of AgNPs

was also compatible with fibroblasts, while they showed high

antibacterial properties. Moreover, PLGA75/25 polymer with

Figure 7. Stress-strain curves obtained for (A) PLGA50/50 and (B) PLGA75/25 related scaffolds; (C) trend in YM of the developed scaffolds with respect

to the amount of AgNPs incorporated. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. YM, Ultimate Tensile Strength, and Ultimate Tensile Strain of Different Nanofibrous Scaffolds

Scaffold YM (MPa) Ultimate tensile strength (MPa) Ultimate tensile strain (%)

PLGA50/50 58.00 6 8.31 1.65 6 0.11 24.08 6 3.36

PLGA50/50-NP1 37.27 6 5.99 1.26 6 0.20 15.34 6 1.91

PLGA50/50-NP3 34.01 6 10.90 1.73 6 0.05 14.29 6 0.81

PLGA50/50-NP6 21.79 6 11.58 0.71 6 0.11 11.19 6 1.50

PLGA75/25 191.29 6 14.85 4.83 6 0.27 50.91 6 6.63

PLGA75/25-NP1 149.94 6 15.29 4.59 6 0.42 62.98 6 6.82

PLGA75/25-NP3 135.44 6 11.61 2.91 6 0.08 12.84 6 1.21

PLGA75/25-NP6 112.83 6 4.34 2.55 6 0.95 23.50 6 3.14
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3 wt % of AgNPs showed sufficient mechanical properties simi-

lar to native skin, and are more suitable compared to other

scaffolds of this study, to apply as a wound graft for regenera-

tion of the skin.

DISCUSSION

AgNPs provide large surface area and are a good source of silver

ions, such that they can act like growth-inhibitors against the

microorganisms. Recent discoveries showed direct anti-

inflammatory properties of AgNPs with ability to enhance the

healing process of living tissues.36 Use of AgNPs in wound heal-

ing have also been demonstrated with better collagen alignment

along the treated wound compared to the control group.3,37,38

Electrospinning technique allows for the fabrication of nanofi-

brous structures from a variety of polymers and allow for the

incorporation of AgNPs within the scaffold. Additionally, syn-

thetic aliphatic block polymers like PLGA introduces biodegrad-

ability which is essential for the treatment of wounds without the

need of multiple surgeries. Nanofibrous morphology of the scaf-

folds are especially interesting in the field of skin tissue engineer-

ing due to its ability to mimic the natural ECM. Random

alignment of fibers, high porosity, and extraordinary surface-to-

volume ratio induces cells to proliferate and assist in tissue regen-

eration. The biodegradability of matrix polymer allows for its

replacement by natural ECM during the wound healing process.

Analysis of the morphology of the prepared scaffolds by AFM,

showed correlation between surface roughness and wettability.

Addition of AgNPs into the polymer solution might have

increased the electrical conductivity of the solution, which influ-

enced the electrospinning process resulting in the decrease of

fiber diameters. Fiber diameters changed drastically after addi-

tion of even smaller amounts of AgNPs, though the differences

in fiber diameter was not significant among the different PLGA-

NPs scaffolds. Lower porosity of densely packed fibrous mesh

reduced the roughness of the scaffold, and our results of wett-

ability was in agreement to the results of the AFM studies.39,40

Mechanical property evaluations of the prepared scaffolds

showed that the ultimate tensile stress of PLGA75/25-NP3 was

similar to those of the ultimate tensile stress values of the

human skin tissue. Human abdomen and thorax were reported

to have a UTS of 2–15 MPa41 while forehead and arm are sug-

gested to have a UTS of 5.7–12.6 MPa.42 The nanocomposites

prepared during this study had UTS values of approximately of

1–5 MPa, and are suggested for wound dressing applications.

YM of the scaffolds decreased with the addition of AgNPs, but

it was still comparable to the YM of natural skin tissue.42,43

Decrease in the stiffness of the scaffolds is due to the presence

of AgNPs which act as a lubricant within the polymeric matrix,

mobilizing the fibers to move between each other. At the same

time, the ratio of lactide : glycolide is known to influence the

Table II. Antibacterial Zone of Inhibition of Different Electrospun Scaffolds Compared to AgNPs Itself

Zone of inhibition (cm)

K. pneumoniae E. coli P. aeruginosa S. saprophyticus

Material/scaffold DM4299 16027R PA23155 PA23376 SS49907 SS15305 SSBAA750 SS49453

(2) (2) (2) (2) (1) (1) (1) (1)

Silver NPs 1.8–1.9 0.8 0.8 2.1 2.3 1.6 1.1–2.4 1.4–1.5

PLGA50/50-NP0 0 0 0 0 0 0 0 0

PLGA50/50-NP1 0.5 0 0 0.5 0.5 0.4 0 0

PLGA50/50-NP3 0.5 0.8 0.8–0.9 0.4–0.5 0.5 0.4–0.5 0.7–0.9 0.3–0.4

PLGA50/50-NP6 1–1.1 0.9 1.0 1–1.1 1.1–1.2 1–1.1 0.9–1.1 0.6–0.7

PLGA75/25-NP0 0 0 0 0 0 0 0 0

PLGA75/25-NP1 0.4–0.5 0 0 0.5 0.3 0.3–0.4 0 0

PLGA75/25-NP3 0.5–0.7 0.2–0.4 0.4 0.3–0.6 0.4 0.4 0.5 0.3–0.4

PLGA75/25-NP6 0.7 0.3–0.6 0.4 0.6–0.9 0.4–0.5 0.4–0.5 1–1.1 0.3–0.4

All values are measured with regard to clean areas around the specimen.

Figure 8. Proliferation of HDF determined by AlamarBlue test (* Sig-

nificant against cell proliferation on PLGA50/50-NP6 scaffold at

P� 0.05; # Significant against cell proliferation on PLGA75/25-NP6

scaffold at P� 0.05). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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ultimate stress, since the amorphous glycolide impart lower

mechanical properties to the scaffold.44 In fact, the incorpora-

tion of AgNPs to the polymer matrix, did not help to

strengthen the scaffold, and a mere integration of the polymer

with the metallic particles might have occurred and it act like

breaking points within the polymer chains. Increase in the

amount of AgNPs within the polymer matrix, increased the

chances of fiber breakages when mechanical stress was applied

and this was confirmed from the reduced values of ultimate

tensile stress and strain obtained for 6 wt % AgNPs containing

PLGA scaffolds.

Spectroscopic measurements showed the interaction between

polymer matrix and AgNPs, with increased absorbance values

was obtained with increased incorporation of AgNPs. No

changes in matrix properties have been measured which sug-

gests no specific bonding between the components and this

allows the silver to be present in its ionic form. Dispersed

AgNPs inside the polymeric matrix release the silver cations and

introduced antibacterial activity against the Gram-negative and

Gram-positive bacterial strains (S. saprophyticus, K. pneumoniae,

P. aeruginosa, and E. coli) used in this study. Since the amount

of silver ions released is proportional to the concentration of

the AgNPs incorporated within the polymer matrix, the antimi-

crobial activity also increased, and this was highly observed for

the PLGA-NP6 scaffolds.

Antibacterial activity of the electrospun nanofibers incorporated

with AgNPs was also compared with the antibacterial activity of

pure AgNP powder, used as the positive control. The antimicro-

bial properties of AgNPs are still not fully understood, neverthe-

less a number of researchers have investigated the interactions

between bacteria or fungus with AgNPs or Ag ions. Antimicro-

bial mechanism of AgNPs is complex and it involves multi-site

reaction involving cell membrane as well as organelles. AgNPs

anchor itself to cell membrane and infiltrate causing changes in

its permeability eventually resulting in cell death. AgNPs are

also known to have a tendency to agglomerate onto the mem-

brane of the bacteria.25,45 Other group of researchers focused on

the creation of free radicals by AgNPs and its interaction with

cell organelles was suggested. Electron spin resonance spectros-

copy studies revealed that the AgNPs released free radicals when

in contact with bacteria further leading to the infiltration of cell

membrane, making it porous and finally cell death occurred.

Silver ions released from AgNPs interact with thiol groups of

bacteria cells, causing the inactivation of vital enzymes thus

inhibiting the cell metabolism rate.46,47 The differences in the

antibacterial activity between the pure AgNPs powder and the

scaffold, is mainly related to the mode of existence of Ag,

whereby the silver was dispersed within the nanoscale fibrous

material for the electrospun scaffolds, while the concentrated

AgNPs powder itself functioned as the positive controls. About

1 mg of Ag powder was used to test on all strains simultane-

ously with the prepared scaffolds. Free AgNPs at a concentra-

tion of 1 mg, showed better antibacterial properties than the

AgNP containing scaffolds. However, lesser amounts of AgNPs

could introduce less toxicity to cells, and we observed 3 wt %

AgNPs within PLGA as the optimal scaffold with good antibac-

terial properties, most likely due to the uniform distribution of

AgNPs within the polymer matrix. At the same time, PLGA

composites containing 6 wt % of AgNPs had similar antibacte-

rial activity as 1 mg of pure agglomerated AgNP powder itself.

Nevertheless, the cell proliferation on scaffolds containing 6 wt

% of AgNPs is minimal suggesting some toxicity of AgNPs at

higher concentrations. The presence of 3 wt % of AgNPs in

Figure 9. Antibacterial activity of the different electrospun scaffolds against P. aeruginosa. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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PLGA matrix showed higher biocompatibility with HDF, with

positive attribute towards antibacterial properties. This results

are in accordance with the results demonstrated by Rinaldi

et al.48 where they combined AgNPs with PLGA shells in the

form of composite nanocapsules. The presence of 3 wt %

AgNPs inside the nanospheres showed high antimicrobial prop-

erties. However, the isolation of antimicrobial agents within the

nanospheres limits the ability of such system as wound dress-

ings. Mohiti-Asli et al.49 showed decrease in the viability of

HDF and human epidermal keratinocytes on poly(L-lactic acid)

scaffolds, when the release of silver ion exceeded some typical

value and it was specific for each type of cells. Similarly, Chau-

bey et al.4 revealed that an increase in the level of AgNPs above

certain levels decreased the viability of Hela (cervical cancer

cells) and MCF-7 (breast cancer cells). Though the toxicity of

AgNPs have been investigated previously, there is still no con-

clusion regarding the mechanism of the metabolism process

occurring inside the human cells. Few research groups suggest

that the size and concentration of silver particles are the main

factors involved in this process.50 Our results shows that an

optimal amount of 3 wt % of AgNPs was sufficient to produce

biodegradable PLGA composite scaffolds with suitable mechani-

cal, antibacterial, and cytotoxic properties to functional as a

bioengineered skin graft for regeneration of wounds.

CONCLUSIONS

Various biodegradable and non-biodegradable materials have

been tested as carriers for AgNPs or silver ions, thus improving

the antibacterial properties of the developed scaffolds. The inte-

gration of AgNPs within the PLGA matrix was carried out dur-

ing this study creating nanofibrous scaffolds with mechanical

properties comparable to various skin tissues. The antibacterial

activity of the scaffolds were evaluated against P. aeruginosa, K.

pneumoniae, S. saprophyticus, and E. coli, and the scaffolds were

found to inhibit the bacterial growth, which was also dependent

on the concentration of AgNPs incorporated within the scaffold.

However, high concentrations of AgNPs inside the polymeric

matrix showed toxicity against HDF lead us to the conclusion

that the antibacterial activity must be compromised with the

cytotoxicity of biodegradable antibacterial nanofibrous materials

and the concentration of AgNPs must be adjusted to the level

which preserves the antibacterial activity with minimal toxicity

to cells. The electrospun PLGA75/25 incorporated with 3 wt %

AgNPs had sufficient mechanical properties, induced cell prolif-

eration and have sufficient antibacterial activity to be used as

wound dressing for treatment of skin injuries, burns or chronic

wounds.
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