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ABSTRACT: The poor mechanical and antibacterial performance has become a big hurdle for extending the application of polyelectro-

lyte complex (PEC) nanofibers in various fields. In this study, chitosan/gelatin (CG) composite nanofiber system was used for por-

traying the synergistic enhancement of mechanical and antibacterial properties of PEC nanofiber membranes by inclusion of

graphene oxide-silver (GO-Ag) nanofillers. In particular, the introduction of 1.5 wt % GO-Ag has raised the elastic modulus and ten-

sile strength of CG nanofiber membrane by 105% and 488%, respectively, which are partially attributed to the alleviated restacking of

graphene sheets by the anchored AgNPs. Meanwhile, the diameters of inhibition zone against Escherichia coli and Staphylococcus

aureus on LB-agar plates induced by GO-Ag/CG nanofiber membranes are increased by 80.5% and 50.1%, respectively, compared to

that by CG membrane. The synergistic improvement of antimicrobial performance of GO-Ag/CG may be related to the accumulation

of microorganisms induced by GO. In summary, the incorporation of GO-Ag composite nanofillers has emerged as an effective strat-

egy for engineering PEC nanofiber membranes for potential applications in nanomedicine and tissue engineering. VC 2018 Wiley Periodi-

cals, Inc. J. Appl. Polym. Sci. 2018, 135, 46238.
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INTRODUCTION

Polyelectrolyte complex (PEC) represents a novel class of macro-

molecular materials formed by the association of polycation and

polyanion.1 The formation of PEC is mainly driven by the electro-

static attraction although other intra- or inter-molecular forces

including hydrogen bonding and van der Waals forces may also

play minor roles in the complexation.1 Because PEC generally con-

tains two distinctive polyelectrolytes, PEC offers competitive advan-

tages in its physicochemical properties over either one of its

constituent polyelectrolytes. When PEC was fabricated into one-

dimensional (1D) or two-dimensional (2D) nanostructures, that is,

nanofibers, such type of PEC system possessed superior properties

including high specific area and porosity compared to its counter-

parts in other forms.2–4 Recently, PEC nanofibers have been

exploited for potential applications in various fields including

nanomedicine, environmental technology and drug delivery.2 For

instance, Jiang et al. fabricated chitosan/sodium alginate PEC nano-

fiber membranes as biomaterial scaffolds for potential tissue engi-

neering applications.5 In addition, Meng et al. specifically designed

poly(diallyldimethylammonium chloride)/poly(4-styrenesulfonic

acid) PEC nanofiber membranes for the use in water purification.6

In the areas of regeneration medicine and food packaging, anti-

bacterial property which is generally absent in conventionally

designed PEC nanofibers is highly desirable for combating

pathogens and contaminants.7–9 For instance, wound dressing

made of PEC nanofiber membranes should possess excellent

antibacterial activity to target pathogenic bacteria and to pre-

vent wound infection, leading to the achievement of practical

wound healing.10 The limited antibacterial ability of PEC has

become a major hurdle for the realization of PEC-based tech-

nology in biomedicine. Thus, the design and development of

various classes of PEC membranes with enhanced antibacterial

properties have attracted the increasing attentions.11–14 In addi-

tion, mechanical properties play a vital role in the durability

and compliance of PEC nanofiber membranes/scaffolds for

long-term biomedical applications in vivo.15 As such, satisfac-

tory mechanical performance of nanofiber based biomaterial

scaffolds are indispensable to the success of tissue regeneration

by providing an favorable microenvironment for cell adhesion,

proliferation, migration and differentiation.3 Due to high poros-

ity and weak inter-fiber cohesion, PEC nanofiber membranes

usually do not meet the basic requirements in the mechanical

properties for in vivo implementation.16 For instance, Young’s
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modulus CS/GE nanofiber membranes is capped at 37.9 MPa

even after extensive optimization of the fabrication procedures,

which is significantly lower than that of human skin (83

MPa).17 Based on the aforementioned factors, both antibacterial

and mechanical properties of conventional PEC nanofiber mem-

brane are posed for serious reengineering in order to warrant

the applications of PEC nanofibers in biomedicine.

The introduction of reinforcement agents is a popular way to

enhance the mechanical properties of polymeric nanofibers. Differ-

ent types of nanofillers such as graphene oxide (GO),17 nanodia-

monds,18 carbon nanotube,19 and halloysite nanotube,20 have been

used to fabricate composite nanofibers. Particularly, GO demon-

strated the outstanding performance for reinforcing chitosan/gela-

tin (CS/GE) PEC nanofiber system. Attributed to the effective

filler-matrix interaction, the addition of only 1.5 wt % of GO filler

has led to 358% elevation in the tensile strength.17 Furthermore, a

number of antibacterial compounds, antibiotics and nanofillers

can be incorporated into PEC nanofiber membranes for rendering

the material with antibacterial activity.9,21,22 For example, silver

nanoparticles (AgNPs) are well known for their excellent antibacte-

rial activity and are incorporated in a number of commercial prod-

ucts.23–25 Although the presence of antibacterial activity in GO is

still under active debate,26,27 GO-Ag nanocomposites, synthesized

by the growth of AgNPs on GO surface, have been reported to

demonstrate significant enhancement on antibacterial activity

compared with the simple mixture of individual GO and AgNPs.28

At the same time, the decoration GO with AgNPs effectively inhib-

its the restacking of graphene sheets,29 which is beneficial for the

improvement of mechanical performance of polymeric composite

materials.30 In light of the outstanding mechanical properties of

GO and antibacterial properties of AgNPs, the incorporation of

GO-Ag nanocomposites may simultaneously enhance the critical

engineering performances including antibacterial activity and

mechanical strength of PEC nanofiber membranes.

Currently, limited research has been focused on the formulation

of new strategies to improve mechanical and antibacterial prop-

erties of PEC nanofibers. This work aims to explore the feasibil-

ity of improving the mechanical and antibacterial properties of

PEC nanofiber membranes with the incorporation of GO-Ag

nanocomposites during the fabrication process. Firstly, CG PEC

which has been thoroughly characterized was chosen as the

model PEC system for our study herein. GO-Ag nanocompo-

sites were synthesized by in situ reduction of Ag1 on the surface

of GO sheets. Then the GO-Ag/CG nanofiber membranes were

produced from GO-Ag/CG mixture in 90 wt % acetic acid

through electrospinning technique. Secondly, transmission elec-

tron microscopy (TEM), ultraviolet–visible (UV–vis) spectra, X-

ray diffraction (XRD), energy-dispersive X-ray spectroscopy

(EDS), Fourier transform infrared (FTIR) spectroscopy were

employed to verify the deposition of AgNPs on the surface of

GO. The morphology and structure of the electrospun nanofiber

membranes were examined by scanning electron microscopy

(SEM), TEM, and FTIR. Moreover, the mechanical properties of

GO-Ag/CG nanofiber membranes were evaluated by standard

tensile tests. Lastly, the antibacterial properties of GO-Ag/CG

nanofiber membranes were investigated with agar disc diffusion

method by using Gram-negative Escherichia coli and Gram-

positive Staphylococcus aureus as two model microorganisms.

Overall, this study shed light on the promising effect of GO-Ag

nanofillers on the improvement of mechanical and antibacterial

properties of PEC nanofiber membranes.

EXPERIMENTAL

Materials

Chitosan (Mw 5 100 kDa, degree of deacetylation 5 90%, Mw/

Mn 5 1.8, purity 98%) was obtained from Zhejiang Golden-shell

Biochemical, China. Gelatin, acetic acid, sodium citrate, and sil-

ver nitrate were purchased from Sinopharm Chemical Reagent,

China. GO was synthesized by oxidizing pristine graphite pow-

der following a modified Hummers’ method.31 All chemicals are

analytical grade and used without further purification.

Preparation of AgNPs and GO-Ag Nanocomposites

GO-Ag nanocomposites were synthesized by using sodium cit-

rate as the reducing agent. The schematic procedure was show

in Scheme 1. In brief, 6 mg mL21 of GO suspension mixed

with 3 mg mL21 of AgNO3 (the weight ratio of GO/Ag1 ion-

s 5 1:1). The solution was heated at 90 8C, and then sodium cit-

rate solution (0.1 wt %) was added dropwise to the reaction

mixture which was kept at 90 8C for 1.5 h. The product was col-

lected by centrifugation and then washed five times with deion-

ized water. AgNPs were prepared with similar approach by

using the same weight of AgNO3 as precursor in the absence of

GO. All products were freeze-dried to remove water for subse-

quent electrospinning and characterization.

Fabrication of Electrospun CG-Based Nanofiber Membranes

GO-Ag/CG nanofiber membranes with 1.5 wt % GO-Ag loading

were prepared by electrospinning, as illustrated in Scheme 1. In

brief, GO-Ag dispersion (1 mg mL21, aqueous solution) and CS

solution (20 mg mL21, 2 wt % acetic acid) were mixed in equal

volume and stirred for 24 h at room temperature. Subsequently,

the GO-Ag functionalized with CS was collected by centrifuga-

tion. Acetic acid solution (90 wt %) were continuously supplied

to dissolve the sediment remained after centrifugation followed

by ultrasonication for obtaining CS functionalized GO-Ag sus-

pension. Afterwards, CS and GE powders were dissolved in the

GO-Ag suspension by stirring of 1 h for preparing 15 and 20

wt % solutions, respectively. The electrospinning precursor solu-

tion for 1.5 wt % GO-Ag/CG nanofibers was finally obtained by

mixing the CS and GE solutions containing GO-Ag mentioned

above homogeneously at CS:GE weight ratio of 1:1. Afterwards,

the electrospinning process was conducted by an apparatus

comprised of the following parts: a syringe pump, a high volt-

age DC power supply, and a vertical metal plate for collecting

nanofibers. A 10 mL syringe with electrospun precursor solu-

tion was linked to a stainless needle. The needle tip was set up

horizontally. The electrospinning parameters were adjusted as

follows: DC voltage, 24 kV; collecting distance between needle

tip and the collector, 10 cm; feeding rate, 0.7 mL h21; relatively

humidity, 30%–40%; temperature, 25 8C. Following electrospin-

ning process, all nanofiber membranes were peeled off from the

aluminum foil and dried under vacuum in order to remove the

solvent residues for further characterization. As the weight frac-

tion of GO and Ag in GO-Ag is 51% and 49% (determined by

EDS analysis in Morphological and Structural Properties of
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GO-Ag Nanocomposites section), the control samples of nano-

fiber membranes, GO/CG composite nanofibers with 0.765 wt

% GO loading, AgNPs/CG with 0.735 wt % AgNPs loading,

GO 1Ag/CG with 0.765 wt % GO and 0.735 wt % AgNPs load-

ing, were prepared using the similar procedure describe above.

The concentration of CG in electrospinning solution for all CG-

based nanofibers is kept to be 17.14 wt %.

Characterization

Morphology, crystal phase, and structure of GO-Ag nanocom-

posites were examined by TEM (JEOL JEM-2100), XRD (Bruker

D8 Advance) and FTIR spectroscopy (Perkin Elmer Spectrum

Two). UV–vis (Shimadzu UV-1650PC) spectrometer and EDS

(JEOL JSM-5510LV) were used to investigate the composition

of GO-Ag nanocomposites. The morphology of CG-based nano-

fibers and the dispersion of incorporated fillers were examined

by SEM (Hitachi TM3030) and TEM, respectively. Chemical

structure, the crystal structure, and thermal property of CG-

based nanofibers were characterized by FTIR, and XRD and dif-

ferential scanning calorimetry (DSC, Seiko Instruments, DSC

6220), respectively.

Mechanical Testing

The mechanical behaviors of CG-based nanofiber membranes

were investigated according to ASTM D882–09 by a tensile test-

ing machine (MTS systems, CMT8202) equipped with a 200 N

load cell. The thickness of nanofiber membrane was measured

with micrometer. All CG-based nanofiber membranes were cut

into 60 mm 3 5 mm of strips and then pulled at a speed of 10

mm min21 with a 40 mm original gauge length. Each sample

was tested for at least five times to obtain the mean value.

Antibacterial Activities

The antibacterial activity of CG-based nanofiber membranes

were evaluated by the agar disc diffusion method. E. coli (ATCC

25922) and S. aureus (ATCC 25923) were used as model

microorganisms herein. Bacteria were cultured overnight at

37 8C in Luria-Bertani (LB) broth under orbital shaker under

150 rpm. After incubation, the bacteria were diluted to a con-

centration of 106 CFU mL21 and spread onto LB-agar plates.

CG-based nanofiber membranes were sterilized and punched to

obtain circular discs with the diameter of 6 mm, and are then

gently laid on selected region of the inoculated plates. After the

incubation at 37 8C for 24 h, inhibitory zones were determined

by measuring the clear area formed around each circular sam-

ple. All the experiments were carried out in triplicate to obtain

the mean value.

To investigate the influence of CG-based nanofiber membranes

on the growth kinetics of E. coli and S. aureus, colorimetric

method was used. The bacterial suspension (concentration of

108 CFU mL21) was inoculated in 10 mL of LB broth contain-

ing different CG-based nanofiber membranes with dimensions

of 1 cm 3 3 cm. After incubation at 37 8C under continuous

shaking at 200 rpm, bacterial growth kinetics was evaluated by

measuring the optical density (OD) at 600 nm every 30 min.

All the experiments were carried out in triplicate and the mean

values were obtained.

Statistical Analysis

All the data were shown as a mean 6 standard deviation. A one-

way analysis of variance (ANOVA) was performed to compare

the mean values among different groups. Statistical significance

was tested at P < 0.05.

RESULTS AND DISCUSSION

Morphological and Structural Properties of GO-Ag

Nanocomposites

The morphology of AgNPs and GO-Ag nanocomposites were

first examined by TEM. As shown in Figure 1(a), AgNPs have

the typical spherical morphology. For GO-Ag, the circular

AgNPs are uniformly scattered throughout the GO sheets

Scheme 1. Schematic illustration of the fabrication of electrospun GO-Ag/CG nanofiber membranes. [Color figure can be viewed at wileyonlinelibrary.com]
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[Figure 1(b)]. The pristine AgNPs were prepared through the

reduction of Ag1 with the aid of sodium citrate as the reduc-

tant and stabilizer. The synthesis of GO-Ag nanocomposites is

relied on the binding of Ag1 ions to the oxygen-containing

groups of the GO sheets, which provides nucleation sites for the

anchoring and growth of AgNPs. By analyzing the TEM images

of the two samples, the averaged diameter of AgNPs on the GO

sheets was 8.0 6 0.8 nm, which is obviously lower than that of

pristine AgNPs (25.2 6 0.7 nm). When GO sheets rather than

pristine AgNPs act as supporting material during the synthesis

of GO-Ag, the presence of GO nucleation sites inhibits the

aggregation of anchored AgNPs and eventually leads to the

reduction in size of AgNPs immobilized on GO sheets.32

The chemical properties of GO, AgNPs, and GO-Ag nanocom-

posites were also characterized by UV–vis spectra. As shown in

Figure 2(a), GO exhibited a strong absorption band at approxi-

mately 230 nm corresponding to p-p* aromatic transitions of

C 5 C bonds, and a shoulder band at 300 nm due to p-p*

Figure 1. TEM images of (a) AgNPs and (b) GO-Ag nanocomposites. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 2. (a) UV–vis spectrum of GO, AgNPs and GO-Ag nanocomposites, (b) XRD patterns of GO and GO-Ag nanocomposites, (c) EDS spectrum of

GO-Ag nanocomposites, and (d) FTIR spectra of GO and GO-Ag nanocomposites. [Color figure can be viewed at wileyonlinelibrary.com]
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electronic transitions of C@O bonds. AgNPs showed a strong

adsorption band at �400 nm, corresponding to the Ag plasmon

resonance.33 This distinctive Ag plasmon resonance band was

also observed at �410 nm in the adsorption spectrum of GO-

Ag, indicating AgNPs were successfully deposited on the GO

sheets. It is reported that the redshift in plasmon resonance

band may be ascribed to the shrinkage of AgNPs,34 which is in

agreement with the TEM results mentioned above.

The crystal structure of GO and GO-Ag was examined by XRD.

In Figure 2(b), GO displayed a sharp (001) diffraction peak at

2u 5 10.58, in accordance with the previous report.35 For GO-

Ag, the characteristic peak of GO at 2u 5 10.58 still existed but

its intensity was significantly reduced. It is because GO crystal

face is likely masked by the facile formation of AgNPs.36 In

addition, the GO-Ag displayed additional diffraction peaks at

2u 5 38.38, 44.28, 64.68, and 77.58, which were assigned to the

(111), (200), (220), and (311) crystalline planes of face-centered

cubic silver (JCPDS file no. 07–0783),29 confirming the exis-

tence of Ag in GO-Ag nanocomposites. From EDS analysis of

GO-Ag [Figure 2(c)], the synthesized GO-Ag nanocomposites

contained about 48.97 wt % silver element, 13.93 wt % oxygen

element, and 37.10 wt % carbon element. The result as men-

tioned above strongly validated the distinctive chemical compo-

sition of GO-Ag compared to GO.

FTIR spectra of GO and GO-Ag nanocomposites were shown in

Figure 2(d). GO displays the characteristic peaks located at

1733, 1628, 1230, and 1065 cm21, corresponding to C@O

stretching vibrations, C@C skeletal vibration of the graphene

sheets, CAOH stretching vibrations and CAO stretching vibra-

tions of alkoxy groups, respectively.37,38 Following the immobili-

zation of AgNPs, the peak at 1733 cm21 vanished and the peak

ascribed to the skeletal vibration of the graphene sheets shifted

from 1628 to 1582 cm21, which was likely induced by the inter-

actions between AgNPs and GO sheets.39 Moreover, the

intensity of the peak at 1380 cm21 ascribed to OAH (carboxyl)

deformation vibration for GO-Ag was significantly higher than

that for GO, which is likely to stem from surface-bound sodium

citrate. This finding clearly confirms that the sodium citrate

moieties are attached to the surface of GO-Ag, which stabilizes

GO-Ag in solution during synthesis process.40

Morphological and Structural Properties of CG-Based

Nanofiber Membranes

The morphology of CG-based nanofiber membranes were charac-

terized by SEM. As shown in Figure 3(a–e), the surface of all types

of CG-based nanofibers was rather smooth without visible beaded

structure. However, as illustrated in Figure 3(f), the CG-based

nanofibers possessed different diameters, which were 353 6 40 nm

for CG, 345 6 35 nm for AgNPs/CG, 271 6 31 nm for GO/CG,

238 6 29 nm for GO 1Ag/CG and 205 6 24 nm for GO-Ag/CG.

Therefore, the addition of nanofillers induced the shrinkage of

CG nanofibers. It is reported that the low viscosity and high elec-

trical conductivity of electrospun solution is beneficial for the for-

mation of thinner nanofibers.41 As listed in Table I, electrical

conductivity and viscosity of electrospinning solutions showed

increasing trend against the addition of different fillers (from

185 6 3 mPa s and 2.88 6 0.07 mS cm21 for pristine CG to

265 6 2 mPa s and 6.97 6 0.13 mS cm21 for GO-Ag/CG). The

Figure 3. SEM images of (a) CG, (b) AgNPs/CG, (c) GO/CG, (d) GO 1Ag/CG, (e) GO-Ag/CG nanofiber membranes, and (f) the mean diameter of

CG-based nanofibers. [Color figure can be viewed at wileyonlinelibrary.com]

Table I. Electrical Conductivity (r) and Viscosity (m) of CG-Based Elec-

trospinning Solution

Sample r (mS/cm) m (mPa s)

CG 2.88 6 0.07 185 6 3

AgNPs/CG 2.91 6 0.05 186 6 2

GO/CG 5.58 6 0.09 248 6 2

GO 1 Ag/CG 6.64 6 0.11 260 6 3

GO-Ag/CG 6.97 6 0.13 265 6 2
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trend mentioned above demonstrated that the larger extend due

to the increase of electrical conductivity of CG upon GO-Ag addi-

tion played a more important role in determining the final size of

electrospun CG-based nanofibers. Similar shrinkage of nanofibers

following the addition of nanofillers have also been reported in

nanodiamond/poly(vinyl alcohol) (PVA), montmorillonite/CS/

PVA, and GO/PVA/CS systems.42–44

FTIR measurement was performed to study the interactions

between the nanofillers and composite matrix. As shown in Fig-

ure 4(a), characteristic peaks of CG nanofiber membranes dis-

played at 1640, 1540, and 1065 cm21, which were attributed to

the stretching vibration of AC@O, bending vibration of NAH

and stretching vibration of ACAOACA groups, respectively.45

As the formation of CG PEC is mainly driven by electrostatic

attraction between NH1
3 of chitosan and COO– of gelatin, the

intensity ratio of the two peaks at 1640 and 1540 cm21 can par-

tially reflect the degree of polyelectrolyte complexation for CG

PEC.15 The intensity ratio of the CG-based nanofibers incorpo-

rated with different nanofillers were almost maintained at the

same value (1.472 6 0.008), implying no discernable disruption

of the intermolecular interaction between CS and GE was

detected upon the addition of fillers.

To examine the influence of different nanofillers on the crystal-

line structure of CG composites, XRD was performed. As shown

in Figure 4(b), all XRD patterns of CG-based composites were

similar among all samples and just a single band was identified

at 2u 5 19.58, indicating their low crystallinity. In addition,

there was only slight change in the scale and intensity of the

diffraction band for CG-based composites, suggesting that the

incorporation of low content of nanofillers did not produce the

change of crystallinity of CG composite matrix. Moreover,

nearly negligible effect of fillers on the crystallinity of compo-

sites has been found on GO/CS/GE and graphene/AgNPs/poly-

pyrrole nanofibers.17,46

Thermal Properties of CG-Based Nanofiber Membranes

Thermal properties may be affected by the added nanofillers,

which can be monitored by DSC. As illustrated in Figure 5,

each DSC curve exhibits a characteristic endothermic peak

which is ascribed to the evaporation of loosely bonded water

and termed to be dehydration temperature (TD).47–49 No sec-

ondary peaks were observed in any CG-based nanofibers, indi-

cating good miscibility of all samples and absence of phase

separation despite of the presence of CS, GE, and different

nanofillers. The elevation of TD following the introduction of

nanofillers indicated the improvement of thermal stability in

the composite nanofiber. Moreover, GO-Ag/CG possessed the

highest TD at 111.5 8C among the five specimens, which was

even 9.3 8C larger than that of GO 1Ag/CG (102.2 8C). It is

known that the improvement of thermal stability of polymer is

tightly correlated to good dispersion state of nanofillers.18 More

significant improvement on CG by GO-Ag nanocomposites

than by the mixture of nonassociated GO and AgNPs suggests

the decoration of AgNPs can promote the exfoliation and dis-

persion of GO sheets in the composite matrix.

Mechanical Properties of CG-Based Nanofiber Membranes

The mechanical properties of the electrospun composite nano-

fiber membranes were investigated by the tensile stress–strain

testing method. Representative stress–strain curves of the CG-

based nanofiber membranes are presented in Figure 6(a). More-

over, the elastic modulus and tensile strength of all samples are

Figure 4. (a) FTIR spectra and (b) XRD patterns of CG-based nanofiber membranes. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 5. DSC curves of CG-based nanofiber membranes. [Color figure

can be viewed at wileyonlinelibrary.com]
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presented in Figure 6(b). It was obvious that the addition of

nanofillers improved elastic modulus and tensile strength. For

CG samples, the elastic modulus and tensile strength are 49.7

and 0.52 MPa, respectively. With the incorporation of AgNPs to

CG nanofiber membranes, the elastic modulus and tensile

strength ascend to 75.6 and 1.62 MPa, indicating 52% and

211% increase, respectively. The addition of GO induces the

respective 68% and 329% increase in the elastic modulus and

tensile strength of CG composites matrix, respectively. Interest-

ingly, the addition of both GO and AgNPs produces elastic

modulus of 89.6 MPa and tensile strength of 2.58 MPa, mean-

ing the respective 80% and 396% augment on GO 1Ag/CG.

Therefore, the addition of dual nanofillers (GO and AgNPs) can

lead to better mechanical enhancement on CG than the addi-

tion of a single type of nanofillers (GO or AgNPs). It is interest-

ing that the mechanical reinforcement effects of GO 1Ag and

GO-Ag on CG are different. The elastic modulus and tensile

strength of GO-Ag/CG are even higher than those of GO 1 Ag/

CG [Figure 6(b)], suggesting the GO decorated with AgNPs

enhances mechanical properties of CG more effectively than

GO 1Ag (simple mixture of GO and AgNPs). Thus, the struc-

ture of nanofillers also tunes the mechanical properties of

composites.

It is known that nanoparticles (i.e., silica, hydroxyapatite, metal,

metal oxides, and other inorganic particles), tubular materials

(i.e., carbon nanotube and halloysite nanotubes) and layered

materials (i.e., graphene derivatives and layered silicate) can

improve the mechanical strength of electrospun nanofiber mem-

branes.50–53 The effective mechanical enhancement does not

work without efficient stress transfer from PEC nanofiber to

nanofillers, which highly hinges on good dispersion and strong

interactions between nanofillers and composite matrix.44,54

However, nanofillers agglomerate can accelerate crack initiation,

impairing mechanical performance of composite nanofibers.

Thus, all nanofillers used in this study were treated by chitosan

to improve their dispersion in 90 wt % acetic acid during the

preparation of electrospinning solution. In fact, the incorpora-

tion of any of the four nanofillers (GO, AgNPs, GO 1 Ag, and

GO-Ag) induced substantial improvement on the mechanical

properties, supporting the effectiveness of this pretreatment step

as mentioned above. As two dimensional sheets comprised of

sp2 carbon atoms, GO bears rich oxygen-containing functional

groups such as hydroxyl and carboxyl. Thus, strong molecular

interactions likely existed between GO and CG within the com-

posites matrix. For example, GO can interact with chitosan

through hydrogen bonding. Furthermore, electrostatic attraction

occurs between deprotonated carboxylic groups of GO and pro-

tonated -NH2 group of chitosan. In addition, the sheet-like

form of GO endows high specific area to interact with CG com-

posites matrix. Thus, high specific area and rich oxygen-

containing functional groups contribute to the more conspicu-

ous mechanical enforcement of CG composites matrix by GO

than by AgNPs, as illustrated in Figure 6(b). When GO 1Ag

fillers (simple mixture of GO and AgNPs) was used to reinforce

the mechanical properties of CG, better mechanical perfor-

mance was demonstrated on GO 1Ag/CG composites than that

on either GO/CG or AgNPs/CG, demonstrating either GO or

AgNPs played an important roles in improving the mechanical

properties of CG nanofibers. If GO-Ag composite nanofillers

with the same GO/Ag weight ratio as GO 1 Ag were employed,

further mechanical enhancement on CG nanofibers was

achieved. The elastic modulus and tensile strength of GO-Ag/

CG nanofiber membranes are 102.0 and 3.06 MPa, achieving

13% and 19% increase compared with GO 1Ag/CG, and 105%

and 488% improvement compared with CG, respectively. It has

been reported that the incorporation of two or more nanofillers

together may synergistically enhance the mechanical properties

of composites.52 For PEC made of sodium carboxymethyl cellu-

lose (CMC) and poly(2-methacryloyloxy ethyl trimethylammo-

nium chloride) (PDMC), the tensile strength of 2 wt % GO-

carbon nanotube (CNT)/PEC (1:1 in GO/CNT weight ratio) is

2.3, 1.6, and 4.8 times as high as those of CNT/PEC, GO/PEC,

and pristine PEC membranes, respectively, which may be attrib-

uted to the formation of 3D network of GO nanosheets bridged

by CNT.55 In our study, the synergistical effect was also pro-

duced with the change of structure of added nanofillers.

Although the exact mechanism responsible for this collective

effect of multiple nanofillers on the mechanical enhancement of

GO-Ag is not clear, it is believed that the AgNPs anchored on

GO surface play a vital role. The decorated AgNPs on GO can

act as molecular spacers to alleviate the restacking of graphene

sheets and promote the effective dispersion of graphene sheets.29

Figure 6. (a) The representative stress–strain curves and (b) tensile properties of CG-based nanofiber membranes. [Color figure can be viewed at

wileyonlinelibrary.com]
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As shown in Figure 7, no particle aggregations can be identified

in GO-Ag nanocomposites by TEM observation. The well dis-

persed GO provides a larger surface area to interact with com-

posite matrix, which is conducive to stress transfer from PEC

matrix to GO-Ag fillers. Thus, GO-Ag hybrid nanofillers

induced better improvement on the mechanical performance of

CG nanofibers than simple mixture of GO and AgNPs fillers. In

fact, similar synergistical effect of hybrid fillers on mechanical

properties of polymer was also witnessed on GO-ZnO/poly(lac-

tic acid) and GO-Ag/PVA composites.56,57 Thus, GO-Ag is

excellent candidate for improving the mechanical properties of

PEC nanofibers for more demanding biomedical applications.

Antibacterial Properties of CG-Based Nanofiber Membranes

The antibacterial activities of the CG-based nanofiber mem-

branes were evaluated by using agar disc diffusion method. As

illustrated in Figure 8(a), the inhibitory zones against E. coli

and S. aureus which clearly appeared on the region with the

deposited CG nanofiber membranes, had a diameter of

8.34 mm and 8.02 mm, respectively. The pronounced antimi-

crobial ability of CG nanofibers is imparted by chitosan.58 Chi-

tosan can bind to the negatively charged surface of bacteria,

which likely induces the leakage of intracellular constituents and

inhibits the synthesis of RNA.59 Correspondingly, the growth of

bacteria was impeded. With the addition of GO, no apparent

change in the diameter of inhibition zone are identified [Figure

8(b)], implying that the incorporation of GO into CG compo-

sites matrix did not induce the substantial improvement on its

antibacterial performance. Despite the existence of toxicity of

GO to bacteria reported in previous work,26,60,61 limited or lack

of antibacterial activity of GO was also observed,62–64 which was

in accordance with our results. In contrast to GO/CG, AgNPs/

CG and GO 1Ag/CG nanofiber membranes demonstrated

enhanced antibacterial activities [Figure 8(c,d)], which were

resulted from AgNPs. Although the antibacterial mechanisms of

AgNPs are not fully elucidated, it is accepted that the damage

of bacterial membrane induced by the direct contact of AgNPs

and the generation of reactive oxygen species resulted from

eluted Ag1 are responsible for the killing of bacteria.65

It is worth noting that the diameters of inhibitory zones against

E. coli and S. aureus acquire their maximum values on GO-Ag/

CG among five CG-based membranes, which are 80.5% and

50.1% larger than those of CG nanofiber membranes, respec-

tively. Particularly, the inhibitory zones against E. coli and S.

aureus of GO-Ag/CG nanofiber membranes are even larger than

the respective one of GO 1Ag/CG nanofiber membranes,

despite the same chemical composition. This result implied that

the remarkably enhanced antibacterial activities of GO-Ag nano-

composites were not simply the additive effects of the two

Figure 7. TEM images of GO-Ag/CG nanofiber. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 8. Bacteria (E. coli and S. aureus) inhibition zone of CG-based nanofiber membranes on LB-agar plates: (a) CG, (b) GO/CG, (c) AgNPs/CG, (d)

GO 1Ag/CG, and (e) GO-Ag/CG, and the diameter of inhibitory zone of CG-based nanofiber membranes. [Color figure can be viewed at wileyonlineli-

brary.com]
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components of nanofiller, GO and AgNPs, when they function

independently. It is known that strong interactions can form

between GO sheets and lipid bilayer of cell membranes due to

hydrophobic property of sp2 carbon of GO.66 Therefore, GO

surface can attract bacteria strongly. The bacteria accumulated

by GO are just in the vicinity of AgNPs anchored on GO sheets.

As a result, direct contact to AgNPs or exposure to high con-

centration of Ag1 occurs easily, producing elevated antibacterial

activity. In contrast, GO or AgNPs only exerted antibacterial

activity independently in GO 1 Ag/CG, producing no synergisti-

cal effect. Because of the negligible antibacterial activity of GO

in this study, it can be deduced that GO 1Ag/CG possess the

almost equivalent antibacterial ability to AgNPs/CG, which was

verified by Figure 8(c,d). Thus, antibacterial properties of CG

nanofiber membranes was enhanced more effectively by GO-Ag

than GO 1Ag (simple mixture of GO and AgNPs) due to the

synergistical activity of GO and the decorated AgNPs in GO-Ag.

It is interesting that the diameter of inhibition zone against E.

coli is a little bigger than that of S. aureus for all the tested

membranes although these results were not statistically different.

The different responses of Gram-negative E. coli and Gram-

positive S. aureus toward CG-based membranes are believed to

be correlated to the different structures and chemical composi-

tions of cell membranes.67,68

To further evaluate the effect of incorporated nanofillers on anti-

bacterial performance, the growth kinetics of bacteria was moni-

tored in 10 mL LB broth supplemented with different CG-based

nanofiber membranes. As shown in Figure 9(a), the growth

curves for all other samples except GO/CG can be divided into

three phases: lag phase, exponential phase and stationary phase.

For E. coli, the lag time of the lag phases is 3 h (control), 4.5 h

(CG), 4.5 h (GO/CG), 7.5 h (AgNPs/CG), and 8 h (GO 1Ag),

respectively. In addition, the optical densities (OD, as an indicator

of cell number) in stationary phase are in the following sequence:

control<CG<GO/CG<AgNPs/CG<GO 1 Ag/CG. The longer

lag time and lower OD value indicates better antibacterial perfor-

mance. Thus, all CG-based membranes can effectively impede the

growth of E. coli and the antibacterial properties of CG can be

enhanced by the incorporation of GO or/and AgNPs. Further-

more, OD of E. coli maintains a low and constant value during

24 h of culture for GO-Ag/CG, indicating the bacteria growth was

strongly inhibited. Thus, the best antibacterial performance

against E. coli was found on GO-Ag/CG. The growth curves of S.

aureus were displayed in Figure 9(b). After comparing the lag

time and OD values of stabilization phase as shown in Figure

9(a,b), similar sequence on antibacterial performance of CG-

based nanofiber membranes was determined. GO-Ag/CG still

possessed the optimum antibacterial ability against S. aureus. It

should be pointed out that the monophase of growth curve for

GO-Ag/CG is transformed to the regular three phases when E.

coli are substituted by S. aureus, confirming that E. coli are more

sensitive than S. aureus to CG-based membranes. All results of

bacterial growth kinetics are highly consistent with the data of

agar disc diffusion.

CONCLUSIONS

In this work, the potential improvement in the mechanical and

antibacterial properties of CG nanofiber membranes with the

incorporation of GO-Ag composite fillers was thoroughly

exploited. First of all, the successful synthesis of GO-Ag by in

situ reduction of Ag1 on the surface of GO sheets was con-

firmed by TEM, UV–vis, XRD, EDS, and FTIR analysis. The

incorporation of GO-Ag nanocomposites can synergistically

enhance both mechanical and antibacterial properties of CG

composites matrix. The introduction of GO-Ag induces 105%

enhancement of the elastic modulus and 488% augment of ten-

sile strength on CG nanofiber membranes. The synergistically

enhancement in the mechanical properties on of GO-Ag/CG are

partially resulted from the alleviated restacking of graphene

sheets by the anchored AgNPs, which is supported by TEM and

DSC results. Meanwhile, owing to excellent antibacterial ability

of GO-Ag, the diameters of inhibition zone of GO-Ag/CG

nanofiber membranes against E. coli and S. aureus are enlarged

by 80.5% and 50.1% on top of that of CG, respectively. The

synergistical improvement on antibacterial ability of GO-Ag/CG

may involve the accumulation of microorganisms to the vicinity

of AgNPs by GO. The incorporation of GO-Ag possesses

great potential for simultaneously improving mechanical and

antibacterial performance of PEC nanofibers in biomedical

applications.

Figure 9. The growth curve of (a) E. coli and (b) S. aureus treated with CG-based nanofiber membranes. [Color figure can be viewed at wileyonlineli-

brary.com]
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