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ABSTRACT: Lysozyme (LY) exfoliated rectorite (REC) based electrospun nanofibrous membranes with enhanced bacterial inhibition

ability and thermostability were fabricated via electrospinning. All the obtained membranes exhibited better fiber shape and three-

dimensional structure, which could be observed by scanning electron microscopy. Energy-dispersive X-ray analysis, X-ray photoelec-

tron spectroscopy, and Fourier transform infrared (FTIR) spectrum denoted the existence of LY and REC in the composite mem-

branes. Besides, the FTIR results suggested that there were interactions between REC and polyvinyl alcohol (PVA)/LY chains. Small

angle X-ray diffraction indicated that REC was exfoliated by PVA and LY chains. In addition, the exfoliation of REC was directly con-

firmed by transmission electron microscopy. According to Brunauer-Emmett-Teller surface area test results, PVA/LY/REC membranes

had higher surface area than that of PVA/LY membranes. The performance tests showed that both the thermal stability and antibacte-

rial activity of the composite membranes were enhanced after adding REC. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132,

41496.
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INTRODUCTION

In 2011, European Food Safety Authority (EFSA) pointed out

that bentonite (dioctahedral montmorillonite, a kind of layered

silicate) had no obvious toxicity when it used as a feed additive

for the reduction of milk aflatoxin.1 Besides, it was also envi-

ronment friendly because it was a natural soil component ubiq-

uitous in the environment.1 Rectorite (REC), with the structure

and chemical components similar to other layered silicates, has

been reported with larger interlayer distance, easier intercalation

and exfoliation process,2 better separable layer thickness and

layer aspect ratio than montmorillonite.3 It can be selected as

an ideal candidate for biomedical applications and food packag-

ing in future.

Till now, REC has a variety of applications comprising cataly-

sis,4,5 gene delivery, drug controlled release, adsorption5,6 and

bacteria inhibition.3 Interestingly, REC itself had no antibacte-

rial ability,7 but when it was blended with antibacterial cationic

polymers, such as chitosan (CS), the obtained composites

showed enhanced antimicrobial activity.8 The main reason was

that the polymer chains could be intercalated into the interlayer

of REC,6,9,10 and the polymer/REC composites exhibited

obvious capability of adsorbing bacteria and inhibiting their

growth.3,7,11,12 This phenomenon was called the synergetic bac-

teria inhibition.7,11,12 On the basis of this consideration, lyso-

zyme (LY), as a kind of antibacterial protein, was selected to

cooperate with REC to fabricate protein-layered silicate compo-

sites. And the composites were tested to investigate whether

they had better antimicrobial activity or not.

As we know, LY is an important component of the innate

immune system of the hosts.13 It owns significant antibacterial

activity against a broad spectrum of bacterial, fungal, and viral

pathogens.14 Additionally, LY shows a wide range of bacterio-

static activity, including both Gram-positive bacteria and part

of Gram-negative bacteria,15 because it can make bacteria sensi-

tive to osmotic lysis by degrading peptidoglycan.16 Moreover,

the excellent characteristics of LY, including the high stability,

wide suitable pH range, and significant resistance to heat and

cold, make it outstanding among numerous natural antibacterial

substances.14 Furthermore, immobilized LY, compared with free
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LY, apparently exhibits improved reusability and stability to

environmental changes.

Various methods applied to immobilize LY include protein

adsorption onto nanoparticles,17–19 layer-by-layer assembly tech-

nique,20,21 surface grafting modification22 and the embedding

methods,23 and so on. Considering the weakness of those meth-

ods, such as the craft complicacy, the technical difficulties and

the toxicity of raw materials, more efforts have been made to

explore new methods of immobilizing LY.

Electrospinning, as a simple and effective technology, can pro-

duce continuous and uniform nanofibers with diameters rang-

ing from micrometers to nanometers.24 Thus, it can be applied

to immobilizing LY and REC into nanofibrous membranes. The

LY-REC based composite fibers are expected to be endowed

with the characteristics of nanofibers including ultrafine diame-

ter, high surface area-to-volume ratio, three-dimensional (3D)

nanofibrous structure and excellent thermal stability,12 and so

on. Because of the poor electrospinnability of LY-REC solutions,

polyvinyl alcohol (PVA) was added into the solutions to assist

fiber formation.

In this study, a series of PVA/LY/REC composite nanofibrous

membranes with different composition ratio were fabricated via

electrospinning. The morphology, structure, thermal stability,

and antibacterial activity of the nanofibrous membranes were

examined.

EXPERIMENTAL

Materials

Poly(vinyl alcohol) (PVA, Mw 5 9 3 104) was provided by Sigma

Aldrich Chemical Reagent Co. Calcium rectorite (Ca21-REC)

refined from the clay minerals was provided by Hubei Mingliu

Co. (Wuhan, China). Lysozyme (LY, activity 25,000 U mg21)

was obtained from Amresco Co. Other chemicals of analytical

grade were used as received without any further purification.

Escherichia coli and Staphylococcus aureus were obtained from

State Key Laboratory of Agricultural Microbiology of Huazhong

Agricultural University (Wuhan, China), and nutrient agar and

nutrient broth were supplied by Qingdao Rishui Biological

Technology Co. (Qingdao, China). All aqueous solutions were

prepared using purified water with a resistance of 18.2 MX cm.

Preparation of PVA/LY and PVA/LY/REC Blend Solutions

A 10% PVA solution was prepared by dissolving PVA powder

into purified water with gentle magnetic stirring for 4 h under

60�C water bath. A 5% LY solution was prepared by adding LY

powder into purified water. PVA/LY mixed solutions were

obtained by mixing 10% PVA and 5% LY together to achieve

PVA/LY mixture at 80/20, 70/30, and 60/40 mass ratios, respec-

tively. Then 1 wt % REC was added into each as-prepared

PVA/LY solution to get PVA/LY/REC solution. Finally, the mix-

tures were kept stirring for 48 h at room temperature.

The concentrations of all above solutions were expressed in

wt/wt %.

Fabrication of Nanofibrous Membranes

The electrospinning solution was fed into a plastic syringe

pump equipped with a needle having an internal diameter of

0.8 mm. The positive electrode of a high voltage power supply

(DW-P303-1ACD8, Tianjin Dongwen Co., China) was clamped

to the metal needle tip of the syringe. The constant flow rates

were modulated at 1 mL/h using by a syringe pump (LSP02-1B,

Baoding Longer Precision Pump Co., China). The tip-to-

collector distance was 15 cm with the applied voltage of 15 kV.

The as-spun fibers were collected by a grounded collector cov-

ered with aluminum foil. The ambient temperature and relative

humidity were kept at 25�C and 45%, respectively. The prepared

samples were dried in vacuum at room temperature for 24 h to

remove the trace solvent.

Characterization

Field emission scanning electron microscopies (FE-SEM) and

energy-dispersive X-ray (EDX) spectroscopy images were

obtained by Hitachi S-4800 (S-4800, Hitachi, Japan). Field

emission transmission electron microscopies (FE-TEM) were

obtained by JEM-2100 (HR, JEOL, Japan). The nanofibrous

membranes (3 3 3 mm2) for SEM examination were sputter

coated with gold beforehand and for TEM were prepared by

electrospinning the blending solutions onto copper grids

directly. X-ray photoelectron spectroscopy (XPS) was recorded

on an axis ultra DLD apparatus (Kratos, UK) to detect the sur-

face elements of nanofibrous membrane samples (5 3 5 mm2).

The nanofibrous membranes were sheared, pestled, and tableted

to prepare disks (diameter 5 1 cm) for Fourier transform infra-

red (FTIR) detection, and FTIR spectra were identified by

Nicolet170-SX (Thermo Nicolet) in the wavenumber range of

4000–400 cm21. The X-ray diffraction (XRD) was carried out

using a diffractometer type D/max-rA (Rigaku Co., Japan) with

Cu target and Ka radiation (k 5 0.154 nm). The nanofibrous

membranes were cut into square samples (1 3 1 cm2) for XRD

determination. The scanning rate for the wide-angle X-ray dif-

fraction (WAXRD) was 1�/min and the scanning scope of 2h
was 6–60�. For small-angle X-ray diffraction (SAXRD), the

scanning rate was 1�/min and the scanning scope of 2h was

between 2� and 9�. The thermal stability of nanofibrous mem-

branes (100 mg) was determined by differential scanning calo-

rimetry (DSC204 F1, Zetzsch, Germany) which were heated up

twice from 50 to 500�C with a heating rate of 10 �C/min under

nitrogen flow (20 mL/min) to remove the heat history and

thermo-gravimetric analysis (TGA, Pyris 1 TGA, PerkinElmer)

with a temperature range of 20–500�C. The Brunauer-Emmett-

Teller (BET) surface area and pore volume (BJH method) of the

nanofibrous membranes were characterized by nitrogen adsorp-

tion using a surface area and pore size analyzer (Quantachrome

NOVA 4200e) at 77K and a relative pressure (P/Po) range of

0.005–0.99.

Microbial Inhibition Assay

Inhibition rate of the nanofibrous membranes against bacteria

was measured as our previous literature.3 Disk-diffusion test

was conducted to investigate the inhibitory effect of the mem-

branes. Gram-negative bacteria Escherichia coli (E. coli) and

Gram-positive bacteria Staphylococcus aureus (S. aureus) were

selected as the representative bacteria. A total of 50 lL of

diluted bacterial suspension with the concentration of 5.0–

10.0 3 105 CFU/mL was inoculated into the meat-peptone broth

and then coated uniformly. The nanofibrous membranes were
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cut into disks with aluminum foil (diameter 5 6 mm) and steri-

lized under an ultraviolet radiation lamp for 30 min. After that,

the disks were placed on the surface of meat-peptone broth and

cultured at 37�C for 24 h. The inhibition zones diameters were

measured with a tolerance of 1 mm. Each sample was repeated

three times.

RESULT AND DISCUSSION

Morphology of the Nanofibrous Membranes

Figure 1 shows the FE-SEM images of nanofibrous membranes

fabricated from different solutions. It is well known that the

uniformity of electrospun nanofibers is markedly influenced by

the polymer solution properties and the electrospinning proc-

essing parameters.25 Thus, nanofibrous membranes fabricated

from a 10% PVA solution were chosen as control [Figure 1(a)].

Obviously, due to the outstanding film-forming and spinnability

of PVA, the pure PVA nanofibrous membrane mainly consisted

of thin cylindrical nanofibers with uniform shape and extraordi-

nary 3D structure.

It was reported that the addition of cationic and anionic polye-

lectrolytes could increase the conductivity of polymer solutions

and resulted in a thinner fiber diameter.26 Below the isoelectric

point, LY is a cationic protein over a wide pH range. Therefore,

the morphology and diameter of electrospun fibers were

expected to be affected by the weight ratio of PVA/LY. Figure

1(b–d) show the images of nanofibrous membranes electrospun

from PVA/LY solutions at different mass ratios, and a few

spindle-like beads are observed among them, which may be

caused when the solution viscosity has decreased with reducing

PVA amount in the blend solutions. Our previous study indi-

cated that the addition of PVA exhibited a significant effect on

the rheological behavior of the composite solutions, and PVA

could strongly enhance the intermolecular interactions.27

Besides, the diameter gradually decreased with the increasing LY

content in the blend solutions, whereas more beads with smaller

diameter were obtained in the composites. LY is an ionic polye-

lectrolyte, causing a higher charge density on the surface of the

ejected jet formed during electrospinning, so higher elongation

forces are imposed on the jet than that without LY under the

electrical field.

Moreover, the addition of REC could evidently improve the

shape and 3D structure of nanofibrous membranes [Figure

1(e–f)]. Compared with the nanofibrous membranes electro-

spun from solutions with the same mass ratio of PVA/LY, those

nanofibrous membranes containing 1 wt % REC possessed less

spindle-like beads and their average diameter was much

smaller. The reason was various. First, when the concentration

of polymers in the electrospinning solution was lower, the

obtained nanofibers displayed thinner diameters.12 Second,

adding REC could increase the density of electrospinning

droplets and consequently increase the flying speed of the

droplets, which was propitious to generate thinner nanofibers.

Third, the conductivity and viscosity of the electrospinning

solution would also affect the formation of nanofibers.12 Big-

ger and more protuberances would be among the nanofibrous

membranes because of the high positive charge of the compo-

sites.20 In contrast, the negative charge of REC neutralized the

positive charge of LY, which contributed to the decrease

of beads.

EDX and XPS Spectra

XPS and EDX analysis were performed to investigate the surface

composition of the nanofibrous membranes. As we know, the

main components of REC are Si, Al, and Na elements. In the

EDX spectroscopy of PVA/LY/REC composite nanofibrous

membranes [Figure 2(a)], the characteristic peaks of Na, Si, and

Al could be easily observed, demonstrating that REC was suc-

cessfully incorporated into the composite nanofibrous mem-

branes. Besides, the characteristic peak of S revealed that LY was

also existed in the composite nanofibrous membranes.

Figure 2(b and c) present the XPS data of PVA/LY and PVA/LY/

REC composite membranes, respectively. For PVA/LY mem-

branes [Figure 2(b)], the presence of N element on the surface

of the composite membranes was attributed to nature of pro-

teins, indicating a combination of PVA and LY. In the spectrum

[Figure 2(c)] of PVA/LY/REC membranes, Si element could be

detected on the surface of the membranes, which further con-

firmed the presence of REC. In addition, Si peak showed two

significant peaks for the curve fit at 103.7 eV (silicon dioxide)

and 99.5 eV (Si-Si).

FTIR Spectra

Figure 3 displays the FTIR spectra of the raw materials and the

composite nanofibrous membranes. PVA nanofibrous mem-

branes showed absorption bands at 3383, 2941, 1734, 1098, and

850 cm21, which denoted the O–H, –CH2, C5O, C–O, and

C–C resonances, respectively.28 Except for a few new peaks, the

spectra of the PVA/LY membranes [Figure 3(a)] and PVA/LY/

REC membranes [Figure 3(b)] were similar to the spectrum of

PVA membranes.

The spectrum of LY contained two characteristic peaks, the amide

I band (near 1657 cm21) was relevant to the C@O stretching

mode, whereas the amide II band (near 1527 cm21) was due to

the stretching mode of NAH vibrations.29 REC exhibited domi-

nant peaks at 467 and 546 cm21 assigned to Si-O bending vibra-

tion, 910 and 3643 cm21 bands stood for -OH vibration, 1025

and 1050 cm21 represented for Si-O stretching vibration band,

and 1650 cm21 caused by the bending vibration of H2O.7

Obviously, the spectrum of the PVA/LY/REC membranes

[Figure 3(b)] had the SiAO bending vibration at 546 and

467 cm21, which verified that REC was in the composite nano-

fibrous membranes. This result was identical with that of the

former elements analysis. Besides, in Figure 3(b), the band of

REC at 3643 cm21 disappeared, which implied that the AOH

of REC reacted with the groups of PVA or LY: the AOH of

REC might form ether bond with the AOH of LY or PVA, or

possibly generated hydrogen bond with the amino group of

LY.12 Evidently, the bands of hydroxyl stretching became broader

with adding LY, which indicated that hydrogen bond could be

formed between the AOH of PVA and LY. Moreover, the NAH

bonded to OAH vibration band at 3448 cm21 in the spectra of

PVA/LY or PVA/LY/REC nanofibrous membranes shifted toward

lower frequency no matter what it blended with, which revealed

that the ANH2 and AOH groups of LY could have formed
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Figure 1. FE-SEM images of nanofibrous membranes electrospun from solutions with various PVA/LY mass ratios: (a) 100/0, (b) 80/20, (c) 70/30, and

(d) 60/40, and nanofibrous membranes electrospun from solutions with various PVA/LY mass ratios containing 1 wt % REC: (e) 80/20, (f) 70/30, and

(g) 60/40. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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hydrogen bonds with the AOH group of REC and PVA.12 There

might also be intermolecular and intramolecular hydrogen bond

action in LY molecules.

WAXRD Analysis

Figure 4 presents the WAXRD patterns of the bulk REC and

PVA powder, PVA/LY and PVA/LY/REC composite nanofibrous

Figure 2. (a) EDX spectrum of selected composite nanofibrous membranes electrospun from solutions containing 1 wt % REC with PVA/LY weight ratio of 80/

20 and XPS spectra of nanofibrous membranes fabricated from: (b) PVA/LY (80/20, the right figure was for N 1 s narrow scans) and (c) PVA/LY/REC (80/20, 1 wt

% REC, the right figure was for N 1 s and Si 2p narrow scans). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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membranes. The diffraction of REC consisted of 7.09�, 17.73�,
20.01�, 27.44�, 28.68�, 35.35�, and 54.36�. PVA exhibited major

crystal peak around 19.84�, and the typical crystal peaks of LY

were 31.63� and 45.39�. Compared with the spectrum of pure

PVA, the crystalline peaks at 20.10� in the spectrum of PVA/LY/

REC composite membranes became wider, clearly demonstrat-

ing that the interaction among PVA, LY, and REC might induce

the crystallization of PVA and LY.7

SAXRD Analysis and TEM Micrographs

In order to verify whether the chains of the PVA and LY poly-

mers could intercalate into the REC interlayer or not, SAXRD

patterns of the bulk materials and the composite nanofibrous

membranes were investigated (Figure 4). According to the

SAXRD results, the interlayer distance of REC was 2.32 nm, cal-

culated by the Bragg’s equation. Compared with the spectrum

of REC, no peak could be found in the patterns of PVA/LY/

REC composite nanofibrous membranes. As we know, if the

intercalation of the polymer chains into the interlayer of the

layered silicate occurred, the SAXRD peak of the composites

would shift to a smaller angle. In addition, if the REC layers

were exfoliated completely, no diffraction peaks could be

observed because of the disorder of sheets or the larger space of

the layers beyond the SAXRD resolution.30 As an intercalator,

PVA with long alkyl chains could effectively enlarge the distance

of the interlayer of REC in that alkyl tails could move the plate-

lets apart within a certain limit, consequently reduced the cohe-

sive forces between layers and conduced to the insertion of

other polymer chains.31 However, at the same time, these alkyls

sterically diminished the opportunity for the polymer to inter-

act with REC surface, which hindered the further intercalation

and exfoliation.31 But the electrostatic interaction could take

place when cationic LY anchored to the interlayer space of elec-

tronegative REC because of the good cation exchange capacity

of REC,2,32,33 which could lead to the swelling of the molecular

chains.34 Consequently, the distance of the interlayer became

larger and larger until the layered structure was destroyed, in

other words, REC was exfoliated.34

Figure 5(a,b) show the inner structure of PVA/LY/REC nanofi-

brous membranes. In general, REC, which showed black gran-

ules or crumbs in the nanofibers, could equably disperse inner

the nanofibers (showed as area inside the ellipses in Figure 5).

But there were still some big granules of REC remaining in the

nanofibers (showed as where the arrows pointing to in Figure 5).

Figure 5(c), a large layered structure substance in nanoscale,

was the TEM microscopy of REC. The direct confirmation of

the intercalation or exfoliation can be observed by comparing

Figure 5(d) with Figure 5(c). More specifically, the two red

dashed lines along the cross section of REC layers were not par-

allel, whereas the REC that was not exfoliated possessed parallel

layers.35,36

Surface Area and Adsorption–Desorption Isotherms

As the table inside Figure 6 shows, the surface area of the PVA/

LY/REC nanofibrous samples were slightly higher than that of

PVA/LY membranes, which indicated that the addition of REC

Figure 3. FTIR spectra of bulk materials and the nanofibrous membranes

electrospun from solutions: (a) with PVA/LY weight ratio of 80/20, (b)

containing 1 wt % REC with PVA/LY weight ratio of 70/30. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 4. WAXRD and SAXRD patterns of the raw materials and compos-

ite nanofibrous membranes. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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could increase the surface area of composite nanofibrous mem-

branes. Compared with that of PVA/REC membranes, PVA/LY/

REC membranes had slightly larger surface area. This was due

to the intercalation reaction and the exfoliation of REC caused

by LY chains. In addition, the quantity adsorbed of the PVA/LY/

REC composite nanofibrous membranes was larger than that of

the other two composite nanofibrous membranes from start to

finish, which might be related with the intercalation and exfoli-

ation reaction between polymer chains and the interlayer of

REC.

Thermal Properties

The thermal stability of composite nanofibrous membranes was

evaluated by DSC and TGA analysis (Figure 7). Regarding to

Figure 5. TEM micrographs: (a), (b), (d) the composite nanofibrous membranes electrospun from solutions containing 1 wt % REC with PVA/LY weight

ratio of 80/20 and (c) REC. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. The nitrogen adsorption–desorption isotherms and surface area

data of the composite nanofibrous membranes electrospun from solutions:

(a) with PVA/LY weight ratio of 80/20, (b) containing 1 wt % REC with

PVA/LY weight ratio of 100/0, and (c) containing 1 wt % REC with PVA/

LY weight ratio of 80/20. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 7. DSC and TGA thermograms of bulk and the composite nanofibrous

membranes electrospun from solutions: (a) with PVA/LY weight ratio of 70/

30, (b) containing 1 wt % REC with PVA/LY weight ratio of 80/20, and (c)

containing 1 wt % REC with PVA/LY weight ratio of 70/30. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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DSC analysis, it could be noted that the appearance of an exo-

thermic event at 194�C in the spectrum of bulk PVA because of

the PVA crystallization. However, the results of PVA/LY/REC

composite nanofibrous membranes were slightly lower than

194�C in that the addition of LY might slightly weaken the ther-

mal stability of the membranes. In contrast, the peaks around

300�C emerged the opposite trend. The reason would be that

the addition of REC could enhance the thermal stability of the

composite membranes.

PVA chains would form conjugated polyene after the water was

removed.27 Consequently, three weight loss peaks could be

observed in the TGA analysis for bulk PVA (Figure 7). The first

peak between 20 and 300�C was attributed to water loss, the sec-

ond peak between 300 and 350�C was corresponded to the

decomposition of PVA, and the third peak between 350 and

500�C appeared owing to the carbonization of the degraded

products to ash. For PVA/LY nanofibrous membranes, they

exhibited similar curves to that of PVA/LY/REC nanofibrous

membranes. The Tmax of PVA/LY nanofibrous membranes was

slightly lower than that of PVA/LY/REC nanofibrous membranes.

Here, Tmax means the temperature when the rate of weight loss

reached a maximum. This phenomenon also indicated that the

thermal stability was improved with the addition of REC. Gener-

ally, REC containing mica layer with the high temperature resist-

ance might contribute to the enhancement of thermal stability.37

Antimicrobial Activities

The antibacterial activity is the most valuable property in the

field of food and biomedical application,38 as food engineering

and biomedical materials have to sterilize or prevent from many

microorganisms. The antibacterial activity assay was measured

with inhibition zone method (Figure 8).

As negative controls, the aluminum foil and PVA nanofibrous

disks [Figure 8 (a,b)] exhibited a little inhibition ability. The

application of PVA as a polymer matrix is a popular choice in

Figure 8. Antimicrobial activities against E. coli and S. aureus of: (a) alu-

minum foil, and nanofibrous membranes fabricated from solutions with

various PVA/LY mass ratios: (b) 100/0, (c) 80/20, (d) 70/30, and (e) 60/

40; and nanofibrous membranes electrospun from solutions with various

PVA/LY mass ratios containing 1 wt % REC: (f) 80/20, (g) 70/30, and (h)

60/40.

Scheme 1. Schematic diagram illustrating the fabrication of PVA/LY/REC composite nanofibrous membranes and the interaction between REC and the

chains of PVA and LY. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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biomedical applications because of its excellent chemical and

physical properties, biocompatibility, low cytotoxicity, and so

on.39 But PVA itself can barely inhibit bacteria, which is certi-

fied again by Figure 8(b). The negative control samples showed

weak antibacterial activity only because when these disks were

covered on the surface of the bacteria colonies, the bacterial

environment would lack of O2 and CO2, which accounted for

the aptness to die off of the nearby bacteria.3

Apparently, the addition of LY could remarkably enhance the

bacteria inhibition activity of nanofibrous membranes [Figure

8(c–e)], which might because of the remarkable antimicrobial

activity of LY against both Gram-negative and Gram-positive

bacteria. Besides, the degree of bacterial inhibition of nanofi-

brous membranes containing LY had risen with the increasing

amount of LY. In addition, after adding REC, the nanofibrous

membranes [Figure 8 (f,h)] exhibited stronger antibacterial

activity compared with nanofibrous membranes without REC.

The reasons might be as follows: first, REC, with significant

adsorption capacities, could absorb and immobilize the bacteria

on its surface;7 second, the chains of LY accumulated on the

surface of REC, which was similar to the interaction between

CS chains and REC;7 third, LY chains could enlarged the inter-

layer distance of REC, thus the contact and interaction between

bacteria and antibacterial substances became more efficient.7

Moreover, the inhibition activity of all the membranes against

the S. aureus were better than that against E. coli, regardless of

what the composite nanofibrous membranes were fabricated

from,3,11 which was mainly because LY exhibited more efficient

antibacterial activity against Gram-positive rather than Gram-

negative bacteria as the structure of their cell walls was different.

Opposite to Gram-positive bacteria, Gram-negative bacteria

have thin cell wall consisting of peptidoglycan and thick outer

membrane,7 and the outer membrane composed of protein,

phospholipids, and lipopolysaccharides is an adminicular barrier

against the aggression of LY.40 Additionally, Gram-negative bac-

teria can produce specific proteinaceous inhibitors to protect

themselves from the lytic action of LY.16 Furthermore, the dif-

ference of bacteria cell structure accounts for the difference of

the adsorption action of the layered silicates against these two

species of bacteria.

CONCLUSIONS

PVA/LY/REC nanofibrous membranes with enhanced antibacte-

rial activity were prepared simply and conveniently via electro-

spinning. The morphologies of the as-spun nanofibrous

membranes were greatly influenced by the composition of the

solutions including PVA/LY weight ratios and the addition of

REC. The EDX and XPS spectra verified the combination of

PVA and LY as well as the existence of REC in the composite

membranes. In addition, the FTIR results revealed that the

hydroxyl groups of REC had intermolecular interaction with the

chains of LY and PVA. Moreover, the SAXRD results and TEM

images confirmed that REC in the composite membranes was

exfoliated by LY. With higher surface area and the synergetic

bacteria inhibition of REC, LY exfoliated REC based composite

nanofibrous membranes exhibited evidently enhanced antibacte-

rial activity. Furthermore, the addition of REC also considerably

strengthened the thermal stability of the as-spun membranes.
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