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Positively charged lysozyme (LZ) and negatively charged pectin, were alternately deposited on the surface
of the cellulose nanofibrous mats by layer-by-layer (LBL) self-assembly technique. Scanning electron
microscopy images showed that the nanofibers were orderly and compactly arrayed after LBL. Besides,
as the number of LZ/pectin bilayers increased, the average diameter of nanofibers increased. LZ has
assembled on the cellulose mats successfully, which was confirmed by X-ray photoelectron spectroscopy
analysis. Thermal gravimetric analysis results showed that the thermal properties of LZ/pectin films
coated mats was better than that of the unmodified cellulose mats. Importantly, the results of the bacterial
inhibition test for LBL structured mats and cellulose mats indicated that the nanofibrous mats coated by
10.5 LZ/pectin bilayers (with LZ on the outmost layer) possessed the strongest inhibitory effect against
both Escherichia coli and Staphylococcus aureus.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Layer-by-layer (LBL) self-assembly technique, introduced by
Decher, Hong, and Schmitt (1992), has became one of the most
frequently utilized processes for preparing functional ultra-thin
films on the surface of various templates, including flat plate
(Marcus, Anderson, & Quake, 2006), microspheres (Yu, Yu, Liu, &
Mann, 2007), nanoparticles (Ding & Gin, 2000), nanofibers (Deng
et al., 2013), etc. And nanofibrous mats attracted intensive atten-
tions because they possessed some unique characteristics such as
the ultra-thin fiber diameter, small pore size, high specific sur-
face area and three-dimensional (3D) structure (Deng et al., 2013,
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2011Db). Various methods for fabricating nanofibers including elec-
trospinning, phase separation, and template synthesis have been
used, and electrospinning is considered as a simple and efficient
method because it is straightforward, versatile, cost effective and
scalable (Hartgerink, Beniash, & Stupp, 2001; Zhang, Venugopal,
Huang, Lim, & Ramakrishna, 2005). Fibers could be applied to
enhance the performance in various areas like wound healing (Noh
et al., 2006), sensors (Wang et al., 2011), tissue engineering (Yang,
Chen, & Wang, 2009), drug delivery (Hou et al., 2011) and antibac-
terial applications (Deng et al., 2011b).

Actually, the pure nanofibrous mats hardly showed antimicro-
bial property and the electrospinning of antimicrobial agents was
still a big challenge. But by using LBL self-assembly technique,
antimicrobial agents can be used to produce functional LBL struc-
tured composite films. Driven by electrostatic force, antimicrobial
agents with opposite charges are able to alternately assemble onto
the surface of nanofibers, such as cellulose acetate (CA) nanofibers,
polylactic acid nanofibers, poly acetyl imine nanofibers, etc. Com-
pared to synthetic antimicrobial agents, the natural antimicrobial
agents has many unique properties such as biodegradability and
nontoxicity. Natural antimicrobial agents, such as lysozyme (LZ),
pectin, chitosan and alginic acid, are great candidates for depo-
sition materials to propare LBL structured films with improved
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properties (Deng et al., 2011b). In the current research, the nanofi-
brous cellulose mats, selected as the template, can be obtained by
completely hydrolyzing the electrospun CA mats in alkaline solu-
tion. Then LZ and pectin could be alternately deposited on the
surface of the template by LBL self-assembly technique, subse-
quently.

CA, as a natural polysaccharide and an ideal raw material used
in food packaging, can be easily fabricated by electrospinning
and get nanofibrous mats with fine mechanical properties (Huang
et al., 2012). The negatively charged cellulose nanofibrous mats
hydrolyzed from electrospun CA nanofibrous mats in NaOH solu-
tions were eco-friendly materials, and could be selected as ideal
template because of their negatively charged surface, low fiber
density and good water insolubility.

LZ is an enzyme which can damage the cell wall of bacte-
ria by catalyzing hydrolysis of 1,4-B-glycosidic bond between
N-acetylmuramic and N-acetyl-p-glucosamine (Vanderkelen et al.,
2011). Recently, LZ played a more and more important role
in packaging materials for food fresh keeping and developing
biodegradable nanoparticles for drug delivery as template (Conte
et al., 2008). The practical application of free lysozyme is limited
because it is unstable and easily inactivated. Therefore, most
researchers have paid attentions to its immobilization (Gemili,
Yemenicioglu, & Altinkaya, 2009).

Pectin is biocompatible, non-toxic, and anionic natural polysac-
charide and can be extracted from cell wall of most higher plants
(Zouambia, Moulai-Mostefa, & Krea, 2009). It consists of a-(1-4)-
bond p-galacturonic acid units chemically, interrupted occasionally
by a-(1-2)-bond (Giinter & Ovodov, 2011; Ralet, Lerouge, &
Quémeéner, 2009). Pectin is known as product in the food indus-
try due to its ability to form aqueous gels (Canteri-Schemin,
Fertonani, Waszczynskyj, & Wosiacki, 2005). Moreover, characters
of excellent biocompatibility, effective bacterial inhibition ability
and biodegradability entitle pectin to be a novel polymer material,
which is employed in pharmaceutical industry, health promotion
and treatment. It has been used potentially as a carrier for drug
delivery to the gastrointestinal tract, such as matrix tablets, gel
beads, film-coated dose form (Fan et al.,2012; Liu, Fishman, & Hicks,
2007).

In this study, LZ/pectin bilayers coated cellulose mats with LBL
multilayer structure for bacteria inhibition were prepared success-
fully by LBL self-assembly technique. Scanning electron microscope
(SEM), X-ray photoelectron spectroscopy (XPS) and thermal gravi-
metric analysis (TGA) were involved in characterizing the obtained
LBL structured nanofibrous mats. Additionally, bacterial inhibition
test was performed to measure the bacterial inhibition ability of
the composite mats.

2. Materials and methods
2.1. Materials

Cellulose acetate (CA, Mn=3 x 104 Da) and pectin (from cit-
rus fruits) were supplied by Sigma Aldrich Co., USA. Lysozyme
(LZ, activity 25,000U/mg) was provided by Amresco Co., USA.
Other chemical reagents used in this research were all of chem-
ical grade without any purification. All aqueous solutions were
prepared using purified water with a resistance of 18.2 MQ2 cm.
In addition, Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) were obtained from China Center for Type Culture
Collection, Wuhan University (Wuhan, China). Agar powder was
supplied by Wuhan Huashun Biological Technology Co., Ltd.
(Wuhan, China). Beef Extract and Peptone were both supplied
by Beijing Shuangxuan Microorganism Technology Co., (Beijing,
China).

2.2. Fabrication of CA nanofibrous mats

CA nanofibrous mats were fabricated by electrospinning tech-
nique according to our previous report (Deng et al., 2011b).
A 16 wt% CA solution was prepared by dissolving CA powder
in acetone and DMAC (N,N-dimethylacetamide) blending sol-
vent, and the weight ratio of acetone and DMAC was 2:1.
The electrostatic spinning device contains a high voltage DC
power supply (DW-p303-1ACD8, Tianjin DongWen high voltage
power supply CO., Tianjin, China) and syringe pump (LSP02-1B,
Baoding Precision Pump CO., LTD, China). The prepared solu-
tions were filled into a 10mL syringe with a metal needle
(the inner diameter was 0.8 mm) and driven by syringe pump.
The applied voltage was 16kV, and the tip-to-collector dis-
tance was 15cm. The velocity of syringe pump was 1 mL/h. The
environmental temperature and relative humidity were main-
tained at 25°C and 45%, respectively. The prepared nanofibrous
mats were dried at 60°C for 5h under vacuum for further
characterizations.

2.3. Formation of LBL structured multilayers on nanofibrous mats

CA nanofibrous mats were hydrolyzed in 0.05 mol/L NaOH solu-
tions for seven days to obtain cellulose mats before LBL process.
Then the LBL structured films were assembled on the surface of
the cellulose nanofibrous mats by the alternate adsorption of posi-
tively charged LZ and negatively charged pectin, and the schematic
of this process was shown in Fig. 1. LY solution was prepared in
0.1 mol/L phosphate buffer solution (pH 6.24) at 4°C with gentle
stirring for 12 h and the concentration was 1 mg/mL. And 1 mg/mL
pectin solution was prepared in the purified water at room tem-
perature and stirred for 12 h. The ionic strengths of LZ, pectin,
and rinsing solutions were regulated by adding NaCl at the 0.1 M
concentration. The method for fabricating LBL structured films on
nanofibers was identical with our previous literatures (Deng et al.,
2011b, 2010). First, cellulose nanofibrous mats were immersed
into positively charged LZ solution for 20 min followed by 2 min
of washing in three NaCl solutions baths and then were immersed
into negatively charged pectin solution for 20 min followed by iden-
tical rinsing procedures. Here, cellulose-(LZ/pectin), was used as
a formula to label the LBL structured films coated mats, where
n was the number of the LZ/pectin bilayers. When n equaled to
5.5 or 10.5, the outermost layer was LZ. All resultant samples
were dried at 30°C for 24h in vacuum prior to the subsequent
characterizations.

2.4. Characterizations

The surface morphology of the as-spun nanofibrous mats and
LBL films coated cellulose mats were analyzed by scanning electron
microscopy (SEM, JSM-6700F, JEOL Co., Ltd., Japan). The average
diameter of nanofibers was measured by Image analyzer (Pho-
toshop). To identify the surface elemental composition of the
LBL films coatings, a Karato Axis Ultra Imaging X-ray photoelec-
tron spectrometer (XPS, Kratos Co., UK) was carried out. Fourier
transform infrared (FT-IR) spectra were determined by a Nico-
let FT-IR 5700 spectrophotometer (Nicolet, Madison, USA). The
¢-potential analysis was recorded by using nano-25 zetasizer (Mal-
ven, England). The thermal properties of nanofibrous mats was
determined by differential scanning calorimetry (DSC204 F1, Net-
zsch, Germany) which were heated up twice from 20 to 450°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, USA) was conducted with a temperature
range of 20-500°C.
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Fig. 1. Schematic of LBL modification process on nanofibrous mats.

2.5. Inhibition of bacterial ability

Disk-diffusion method was used for studying the bacterial inhi-
bition activity of nanofibrous mats. Gram-positive S. aureus and
Gram-negative E. coli were selected as representative microor-
ganisms for investigation of antibacterial ability test, respectively.
And manufactured bacterial suspensions were put into the ther-
mostat shaker and incubated for 12 h. The nanofibrous mats were
cut to disks with the diameter of 6 mm. Formulated meat-peptone
broth were poured into a petri dish after high temperature and
UV sterilization. For the antibacterial ability test, randomized five
small nanofibrous mats were covered to a petri dish which has
been coated with the bacteria suspension, and cultured at 37 °C for
12-15 h. Each sample was repeated for three times. The size of the
zone around the nanofibrous mats was measured to characterize
the inhibitory effect of the nanofibrous mats.

3. Results and discussion
3.1. Morphology analysis

As we know, the electrostatic deposition was the main driven
force for electrostatic LBL modification. Table 1 shows ¢-potential
values of cellulose and pectin are negatively charged, and the
charge of LZ is +25 mV. Based on this fact, the positively charged
LZ and negatively charge pectin could alternately deposited on

Table 1

¢-Potential (mV) of cellulose fibrous mats, pectin and lysozyme.
Samples Cellulose Pectin Lysozyme
¢-Potential (mV) —-21.3 —-26.0 +25.0

the surface of negatively charged cellulose fibers through LBL self-
assembly technique.

The SEM images were taken to observe the morphology of the
as prepared mats (Fig. 2). Obviously, cellulose nanofibrous mats
possessed very loosely packed cylindrical fibers in Fig. 2a. To study
the impact of the number of coating bilayers on the formation of
LBL films coated nanofibers, the cellulose nanofibers were coated
with various numbers bilayers of LZ/pectin. The SEM images of cel-
lulose fibers coated with various bilayers of LZ/pectin are shown
in Fig. 2b-e. After the LBL films coated, the fibers tended to sys-
tematic align with each other and some parallel bundles of fibers
could be observed among the mats, because the bilayers could
adsorb the adjacent fibers and the solvent among the LBL films after
evaporation could be split so that the fibers were slightly assem-
bled together. The typically electrospun nanofibrous mats had a 3D
structure with pores in micro scale before and after LBL modifi-
cation. In general, there was no significant morphology difference
between 5 and 5.5 bilayers coated mats, as well as 10 and 10.5
bilayers deposited mats (Deng et al., 2010). Besides, some junc-
tions among the fibers were caused by the evaporation of the trace
remained solvent during LBL process. In addition, the LBL films
coatings presented slightly higher surface roughness on the sur-
face of the fibers containing some irregular protuberances than the
surface of the cellulose fibers, which caused by the inhomogenous
LBL bilayers deposition (Huang et al., 2012). Different from other
flat LBL templates, the deposition spaces among the adjacent fibers
of mats were nonuniform and limited, resulting in the imbalance
of the deposition driven force among the fibers. The deposition
materials distributed or conglomerated in different sites, as the dis-
persion speed of deposition bilayers onto the cellulose mats was
different. The average diameter of LBL films coated cellulose fibers
was enlarged as the number of coating films increased. Based on the
above results, the deposition of LZ and pectin could greatly affect
the morphology of the LBL structured mats.
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Fig. 2. SEM images of (a) cellulose nanofibrous mats and LBL structured nanofibrous mats coated with: (b) (LZ/pectin)s, (c) (LZ/pectin)ss, (d) (LZ/pectin);o and (e)
(LZ/pectin);o5. Images (a')-(e’) show the fiber diameter distributions of (a)-(e), respectively.
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Fig. 3. FT-IR spectra of LZ powder, pectin powder, cellulose fibrous mats and
(LZ/pectin)qo films coated cellulose mats.

3.2. FT-IR and XPS analysis

Fig. 3 shows FT-IR spectra of all component and composi-
ted mats. LZ had dominant bands at 1560cm~! and 1640 cm™!,
representing —NH and —C=0 bending vibration (Blout, De Loze,
& Asadourian, 1961; Hamill, Wang, & Lee, 2005), respectively.
Pectin presented the absorption peaks at 1150cm~!, 1622cm™!,
1740cm~! and 2932cm~!, which were characteristics of the
—CH—O0H, —C=0, —C=0 and —CH, respectively (Deng et al., 2011a).
Besides, the absorption peak at 1556 cm~! indicated —C=0 stretch-
ing vibrations due to the presence of —COOCH3 groups (Ranjha,
Mudassir, & Sheikh, 2011). The cellulose nanofibrous mats exhib-
ited an absorption peak at 1640cm~! which was attributed to
carboxylic acid groups (—C—0—0) (Deng et al., 2010).

After the deposition of (LZ/pectin);q films on the surface of cel-
lulose nanofibrous mats, the band of cellulose around 1740 cm™~!
became broader, and the (LZ/pectin);g coated cellulose mats had
a peak which was most likely attributable to the vibrational mode
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Fig. 5. TGA thermograms of: cellulose nanofibrous mats and LBL structured
nanofibrous mats coated with ((LZ/pectin)s, (LZ/pectin)ss, (LZ/pectin);o and
(LZ/pectin)ioss.

of carbonyl group (—C=0) from pectin. And the peak of LZ coin-
cided with cellulose and (LZ/pectin);y coated cellulose mats at
1640cm™1, so the peak could not be attributed to any component.
Hence, pectin has been successfully assembled onto the surface of
the cellulose nanofibrous mats.

For further investigating whether LZ has been deposited suc-
cessfully on the mats or not, XPS scans were performed to
characterize the composition on the surface of the LBL films coated
mats. Fig. 4 displays the XPS results of cellulose, (LZ/pectin)s films
coated mats and (LZ/pectin);g5 films coated mats. It was known
that the characteristic of pectin and cellulose were carbon, hydro-
gen, and oxygen elements. In Fig. 4a, Nitrogen could be detected,
which confirmed that LZ was on the surface of the composited
mats, including (LZ/pectin)s and (LZ/pectin);gs films coated cel-
lulose mats. The former was with pectin on the outmost layer and
the later was with LZ on the outmost layer. Both of (LZ/pectin)s
and (LZ/pectin);o 5 films contained LZ. Besides, in Fig. 4b, nitrogen
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Fig. 4. XPS peak fitting curves of: (a) cellulose, (LZ/pectin)s films coated cellulose mats and (LZ/pectin);o5 films coated cellulose mats; (b) N 1s narrow scans.
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were found at401.85 eV in the (LZ/pectin)s and (LZ/pectin);o 5 films
coatings with the percentage of 1.04% and 4.51%, respectively. The
quantity of LZ was increased with increasing the numbers of coat-
ing bilayers. XPS results indicated that LZ has been successfully
deposited.

3.3. Thermal properties analysis

The thermal stability of cellulose mats and the LBL films coated
mats was evaluated by TGA analysis (Fig. 5). In fact, the struc-
ture, molecular weight, and conformation of the polymer played
important roles in improving the properties of LBL structured mats.
The Tmax of all LBL structured mats were slightly higher than that
of cellulose mats, and Tyax of the LBL film-coatings with pectin
in the outermost layer was slightly lower than those of the LBL
film-coatings with LZ in the outermost layer. Here, Tmax was the
temperature when the rate of weight loss reached a maximum,
which indicated the mass losses of cellulose-(LZ/pectin), films
were less than that of cellulose mats. This phenomenon indicated
that the 3D structured cellulose-(LZ/pectin), mats exhibited bet-
ter thermal stability than pure cellulose mats. The presence of
LZ/pectin in the cellulose mats with high aspect ratio acted as bar-
riers, which might strongly hinder the out diffusion of the volatile
decomposition products obtained from pyrolysis, as a direct result
of the decrease in permeability. Besides, the fractional free volume
of the LBL films coated mats became smaller so the intramolecular
mobility of cellulose-(LZ/pectin), mats was weakened. Therefore,
it could be concluded that the LBL structured mats played a role in
improving the thermal properties of the composite mats.

3.4. Bacterial inhibition results

Bacterial inhibition activity of the uncoated and LBL films coated
mats againstS. aureus and E. coli was investigated by inhibition zone
surrounding circular mats disks (Fig. 6). Obviously, the cellulose
nanofibrous mats showed little inhibitory effect, and the reason
was that cellulose mats disks covered on the surface of the bacteria
colonies could inhibit O, and CO, to contact with bacteria (Deng
et al.,, 2012). In Fig. 6 the bacterial inhibition zone was enlarged
when the number of coating films increased, as the numbers of
bilayers was proportional to the quantity of antibacterial agents.
The growth inhibition of (LZ/pectin);g 5 films coated nanofibrous
mats against the Gram-negative bacteria was 6.7 mm, while the
growth inhibition of the Gram-positive bacteria was 8.6 mm. The
results indicated that the addition of LZ/pectin could improve the
antibacterial activity of the nanofibrous mats, and the antimicrobial

activity of the samples with LZ in the outermost layer was bet-
ter than that of the samples with pectin in the outermost layer.
The reason was that LZ was positively charged and could absorb
the negatively charged bacterial cells. Furthermore, LZ inhibited
bacteria which can damage the cell walls of bacteria by catalyz-
ing hydrolysis of 1,4-3-glycosidic bond between N-acetylmuramic
acid and N-acetyl-p-glucosamine (Vanderkelen et al., 2011). The
bacterial inhibition activity of the nanofibrous mats showed a weak
inhibitory effect to the Gram-negative bacteria and the mats against
Gram-positive bacteria was higher than that of the mats against
the Gram-negative bacteria which might be caused by the reasons
as follows: first, LZ showed antimicrobial activity on bacteria by
attacking peptidoglycans (especially Gram-positive bacteria) and
LZ is positively charged and could absorb the negatively charged
bacterial cells, second, pectin showed bacterial inhibition activ-
ity by increasing viscosity and better property in Gram-positive
bacterial inhibition than that in Gram-negative bacterial inhibition.

As a result, the self-assembly materials (LZ and pectin) was
efficient to inhibit bacteria. The cellulose-(LZ/pectin);gs LBL
nanofibrous mats showed the best inhibitory effect among the pre-
pared mats.

4. Conclusions

In this study, the nanofibrous cellulose mats hydrolyzed from
the electrospun CA mats were chosen as template. LZ and pectin
were alternately deposited on the template surface by LBL self-
assembly technique to obtain antibacterial composite nanofibrous
mats. SEM images showed that the average fiber diameter of the
nanofibrous mats ranged from 406 nm to 537 nm. Besides, the FT-
IR and XPS results confirmed that LZ and pectin were successfully
adsorbed onto the surface of the nanofibers. The test of thermal
properties showed that the LBL structure played a role in improv-
ing the thermal properties of the composite mats. The antibacterial
assay results showed that the introduction of natural antibacterial
agents LZ and pectin and the LBL multilayer structure resulted in
enhanced bacterial inhibition activity.
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