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Abstract: Novel eucalyptus essential oil liposomes (EEOLs)/chitosan composite sponges (EC) were successfully fabricated
by electrostatic self-assembly. EEOLs were prepared by the thin-membrane hydration method with sonication and blended
with chitosan solution to create the sponges by lyophilization. The observations of transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) confirmed the existence of eucalyptus essential oil in the lipid bilayer of liposomal
membrane and the location of the liposomes in positive holes formed by the protonated amino groups of chitosan. The
average size of EEOLs was about 60 nm. Fourier transform infrared (FTIR) analysis showed the destroy of inter- and
intramolecular hydrogen bonding among chitosan chains and the construction of the intermolecular hydrogen bonding
between chitosan and molecules on the surface of EEOLs. The incorporation of EEOLs in chitosan sponges slightly
decreased the porosity, fluid absorptivity, gas permeability and hemostatic property of sponges, but increased their
biodegradation ability. EC exhibited more rapid and efficient microbicidal effects against Staphylococcus aureus (S. aureus),
Pseudomonas aeruginosa (P. aeruginosa) and Candida albicans (C. albicans) than pure chitosan sponges. EC showed no
toxicity toward human HEK293T cells and no significant adverse effect on cell attachment and proliferation of HEK293T
cells. This inherent behaviour can be exploited to apply in the medical field.
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Introduction

Chitosan is a linear polysaccharide composed of randomly

distributed β-(1-4)-linked D-glucosamine and N-acetyl-D-

glucosamine. It is one of the most attractive hemostatic,

antimicrobial, biocompatible and biodegradable polymers.

Chitosan has been extensively applied in medical, food,

chemical, cosmetics, water-treatment, metal extraction and

recovery, biochemical and biomedical fields [1,2]. Lyoph-

ilization technique is one of the most promising methods to

produce the porous bioactive materials. The chitosan

sponges prepared by freeze-drying method have uniform

pore size, interconnected channels, the controlled porosity,

high specific surface area and good performances [3-5],

which are conducive to cell adhesion growth and reproduction,

the deposition of extracellular matrix, in and out of nutrients

and oxygen, metabolites discharge, as well as the growth of

blood vessels and nerve. Therefore, chitosan sponges as

medical materials can protect the skin defect from infections,

dehydration and subsequently tissue damage, which are

more suitable for serious accidental injury or burning [6].

The antimicrobial activity of chitosan is dependent on

content, molecular weight and deacetylated degree of

chitosan, and medium pH [7-11], which greatly restrains the

usage of chitosan. In general, the antimicrobial activity of

chitosan materials is improved by three methods: grafting

modification [12,13], encapsulating and structure alteration

(nanofibrous membranes) [14,15]. Recently, the antimicrobial

activity of the novel chitosan sponges has been enhanced by

various antimicrobial agents, including sliver and natural

antimicrobial agents [3-5]. The chitosan materials for

essential oil delivery systems have also been discussed [16].

For example, oregano essential oil is encapsulted into

chitosan nanoparticles by two-step method [17]. Eucalyptus

essential oil (EEO), one of the natural antimicrobial agents is

the volatile essential oil mainly derived from the leaves of

Australian native plant Eucalyptus globules Labill. EEO has

a history of wide application in pharmaceutical, antiseptic,

repellent, flavouring, fragrance and industrial uses [18].

EEO possesses antimicrobial activity against bacteria, fungi

and virus, consisting of soil-borne and post-harvest pathogens

[19]. They can reduce mycelial growth of bacteria, interfere

spore production and germination of fungi [20]. Furthermore,

studies have also documented that EEO is effective against

multidrug-resistant bacteria [21-23]. Additionally, the com-

binations of aromadendrene and 1,8-cineole, two constituents of

EEO apparently exhibit synergistic and additive antimicrobial

properties [22]. EEO has been successfully incorporated into

the polymer for wound dressing application, such as occlusive

or semiocclusive wound dressings [24] and disposable

wound dressings [25]. However, EEO and its components

are poisonous if taken in large quantities [26], especially for

children [27]. The tissue fluid at the wound is a closed

system so that the EEO released from the material will

accumulate and directly contact with human cells, resulting

in the unknown allergies and inflammatory reactions.

Therefore, the release of EEO into the outside of material

should be weakened as much as possible. It needs to design a*Corresponding author: ntdxgeyan@126.com
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material that can kill microorganisms in its interior and

minimize the release of fungicides in material to avoid the

side effects. 

Liposome technology as a rapid-developped drug carrier

technology has attracted wide attention due to its unique

nature. Related researchers have made a lot of work in this

field and produced novel essential oil liposomes in order to

improve the stability, sustained release of essential oil and

reduce its allergenicity [28]. In this study, spherical EEO

liposomes (EEOLs) prepared by thin-film hydration method

were firstly embedded into chitosan sponges. We attempted

to improve the antimicrobial activity of chitosan wound

dressings and alleviate the cytotoxicity of EEO.

Experimental

Materials

Chitosan (degree of deacetylation with acid-base titration

method, 80.7±3.2 %, and molecular weight of 50 kDa), soya

bean lecithin and cholesterol were supplied by Sinopharm

Chemical Reagent Co., Ltd. (Shanghai, China). EEO was

purchased from Nanning Innovative Pharmceutical Technology

Co., Ltd. (Nanning, China). Concentrations of the EEO

components determined by gas chromatographic analysis

were as follows: 3.2 % α-pinene; 0.6 % β-pinene; 0.8 % β-

myrcene; 0.5 % phellandrene; 90.0 % 1,8-cineole; 1.1 % γ-

terpinene; 1.7 % α-terpineol. All other chemicals were

analytical grade reagents. The water used for experiments

was supplied by double distillation of deionized water.

EEOLs Preparation

The thin-membrane hydration method with bath-type

sonicator [29] was used to prepare EEOLs. Briefly, 137.5 mg

soya bean lecithin and 25 mg cholesterol were dissolved in

chloroform (10 ml). The solvents were removed using a

rotary evaporator (room temperature, 15 rpm, a high vacuum),

resulting in a lipid thin film. The thin film was redissolved in

10 ml of 12.0 mmol/l phosphate-buffered saline (PBS,

containing 0.8 % v/v Tween 80 and 1.2 % v/v EEO), pH 7.4,

by agitation for 15 min at 55
oC. Simultaneously, the

preparation sonication (300 W sonication power) was

carried out in a bath-type sonicator (Branson Ultrasonics,

Danbury, CT, USA) to form small unilamellar vesicles

(SUVs). Finally, in order to anneal any structural defects, the

liposomal dispersions prepared were stored at room

temperature for 3 h.

EEOLs/chitosan Composite Sponges Fabrication

2.0 % w/v chitosan powder and 0.4 % v/v glycerol were

dissolved in 1.0 % v/v acetic acid solution to obtain the

transparent and homogeneous chitosan solution. Chitosan

solution was mixed with EEOLs suspension in the volume

ratio of 0.5:1, 1:1, 3:1 and 9:1 under vigorous stirring for 4 h,

respectively. The resulting homogenous mixture was poured

into a clean, sterile, glass Petri dish. The mixture was

lyophilized at -80
oC to evaporate the utilized solvent from

the system and obtain the flexible and porous EEOLs/

chitosan composite sponges (EC0.5, EC1, EC3 and EC9).

For comparison, EEOLs suspension was replaced by PBS

and PBS containing 0.8 % v/v Tween 80, 1.2 % v/v EEO to

prepare the pure chitosan sponges (PC1, PC3 and PC9) and

chitosan sponges with EEO (PE1, PE3 and PE9) using the

same lyophilization method above, respectively.

Characterization

The size and morphology of the EEOLs were studied

using a transmission electron microscope (TEM; JEM-2100,

Tokyo, Japan). The structural morphology of the sponges

was observed by a scanning electron microscopy (SEM;

JSM-6510, JEOL, Japan). Fourier transform infrared (FTIR)

spectra were recorded on a Nicolet iS10 FTIR spectrometer

(USA) in the range of 400-4000 cm-1.

Zeta Potential of the Mixture of EEOLs and Chitosan

EEOLs suspension was mixed with chitosan solution in a

certain ratio and then the mixture was diluted with water to

the appropriate concentration. Zeta potential of the obtained

mixture was measured by Zetasizer (Nano ZS90, Malvern,

UK).

Measurements of Porosity

Porosity of the sponges was determined using liquid

displacement method as described by Anisha et al. [30]. The

sample was cut into 2 cm×2 cm and accurately weighed.

Each piece was fully immersed with ethanol and weighed,

then the wet piece was added into the pycnometer filling

with ethanol and weighed. Porosity was calculated by the

following formula (1):

Porosity (%) =  (1)

where W0 is the weight of dry sponge, g; W1 is the weight of

wet sponge, g; W2 is the weight of pycnometer filling with

ethanol, g; W3 is the weight of pycnometer filling with

ethanol and wet sponge, g.

Performance Test of EC

The fluid absorption and water vapor transmission rate of

samples were determined as described by Ge et al. [5]. The

sponges were cut into 5 cm×5 cm pieces and each piece was

immersed in a vial containing PBS (pH 7.4) solution and

incubated at 37 oC for 30 min. PBS solution was used to

simulate the tissue fluid at the wound. Then the swollen

piece was withdrawn and wet weight of piece was measured

after carefully removing its surface solution with a filter

paper. Fluid absorption (FA) of sponges was defined by the

average quality of absorbed solution for per gram of sponges

and calculated using equation (2):

W1 W0–

W1 W2 W3–+
------------------------------- 100×
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(2)

where Ww is the weight of sample immersed in PBS at 37 oC

for 30 min, g; Wd is dry weight of the sponge, g.

In addition, a circular piece of the specimen was fastened

over the top of a cup (10 cm diameter) containing water. The

sponge-cup was assembly weighed and then placed in an

incubator of 20 % RH at 37
oC for 24 h, followed by weighing

the sponge-cup assembly. The water vapor transmission rate

(WVTR) was calculated using the following equation (3):

WVTR (g·m−2·d−1) = (3)

where W4 and W5 are the weights of the film-cup assembly

before and after incubation, respectively, g; S is the area of

the rim of cup, m
2; T is the experimental time, d.

Hemostatic Effect Test

Hemostatic effect test was done based on the reported

method by Anisha et al. [30]. The sponge was cut into a

wafer of about 10.0 mm diameter and placed into 24 well

plate, and prewarmed to 37
oC. Citrated whole blood

(0.2 ml) was then dispensed onto the sponges and started

coagulation by adding 5 µl of 1.0 % w/v CaCl2 solution.

1 ml PBS was added to hemolyze red blood cells (RBCs)

that were not trapped in the clot. The solution from plate was

diluted and centrifuged for 2 min at 500×g. The resulting

hemoglobin concentration in the supernatant was indicated

by the absorbance at 540 nm (UV-2450 spectrophotometry,

SHIMADZU, Japan).

In vitro Lysozyme Biodegradation Test

In vitro lysozyme biodegradation test of sponges was

carried out as described by Huang et al. [31]. The sponge

samples were equally weighed (0.2 g) and immersed in

30 ml of PBS with lysozyme (70,000 U/mg) and NaN3

(0.5 mg/ml), then incubated at 37 oC. The sponges were

removed, washed and freeze-dried after 7, 14, 21 and 28 d,

respectively. The degradation of the sponges was calculated

using the following formula (4): 

(4)

where Wl is the dry weight of the sponge after lyophilization,

g; Ws is the dry weight of the initial sponge, g.

In vitro EEO Release from Sponges

1,8-cineole, the main component of EEO was considered

as the index of in vitro release of EEO from the sponges.

0.2 g sponges were suspended in 30 ml PBS (pH 7.4) and

incubated at 37
oC, where 1,8-cineole was released into the

buffer by diffusion. Like the determination of FA, PBS

solution was used to simulate the tissue fluid at the wound.

10 μl of buffer was removed to measure the concentration of

released 1,8-cineole using gas chromatography every 12 h. The

release of 1,8-cineole in the solution was observed over a

period of 1 week.

1,8-cineole in the solution was determined by gas

chromatography with n-dodecane as an internal standard.

Gas chromatography appliances used included a Shimadzu

GC-2014C system equipped with a fused-silica Stabilwax
®

column (60 m×0.32 mm i.d.; film thickness 0.50 μm) and a

flame ionization detector (FID). Carrier gas was hydrogen at

a constant voltage. The oven temperature programme was

75 oC for 4 min, then 4 oC/min until 200 oC was reached, and

maintained 10 min. The detector and the injector temperatures

were 250
oC. The volume of the injected sample was 0.2 ml

and the split ratio was 1:50.

Microbicidal Activity of Sponges

The antimicrobial effects of EC were assessed according

to the killing log values of the sponges against Gram-

positive bacteria (Staphylococcus aureus ATCC 6538),

Gram-negative bacteria (Pseudomonas aeruginosa ATCC

27853) and fungi (Candida albicans ATCC 10231). The

sponge cut into a wafer of 1 cm diameter was put in the

liquid culture, which was diluted to 5×107 cfu/ml with Luria

Bertini broth (S. aureus and P. aeruginosa) and yeast extract-

peptone-dextrose medium (C. albicans). The sample was

cultured at 37 oC for 24 h and then living cell concentration

was observed by a dilution plate counting method. Killing

log value (KLV) of the sponges was calculated according to

the following formula (5):

(5)

where N0 is the number of microorganism in broth at 0

contact time, cfu/ml; Nt is the number of microorganism in

broth at the time, cfu/ml.

In vitro Effect of EEOLs on Cell Attachment and Prolif-

eration

The human embryonic kidney 293T (HEK293T) epithelial

cells were used for studying in vitro effect of sponges on cell

attachment and proliferation. The cells were maintained in

Dulbecco’s modified eagle medium (DMEM) with 10 %

fetal bovine serum (FBS), 10 units/ml penicillin, 100 μg/ml

streplomycin (HyClone Laboraturies, Inc., USA) at 37 oC in

air (5 % CO2). Cells were seeded onto 24 well plates with a

seeding density of 4.0×10
4 cells/ml in a well. After the cell

incubation of 24 h, the 1.0 cm-diameter sponges (PC1, PE1

and EC1) were added into the well and made sponges come

into contact with the cells. The cells continuted to be

cultured for 3 and 7 d, then the sponges were removed,

respectively. The attachment and proliferation of cells were

directly imaged using the microscope (DM4000B, Leica,

German).

FA g·g
1–

( )
Ww Wd–

Wd

-------------------=

W4 W5–

ST
------------------

Remaining weight

Original weight
-------------------------------------------- %( )

Wl

Ws

------ 100×=

KLV log10N0 log10Nt–=
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Results and Discussion

Morphology and Structure of EEOLs

EEOLs were prepared by thin film hydration and

sonication technology. Figures 1(A)-(C) show the TEM

images of blank liposomes (BLs). BLs suspension displayed

that the hollow small single-chamber vesicles with smooth

surface and the non-uniform particle size of 25-55 nm

slightly aggregated. Figures 1(D)-(F) are TEM images of

EEOLs suspension, showing the existence of two types of

particles in EEOLs suspension. EEOLs were large spherical

particles, approximately 60±5 nm of size, distributing

uniformly without adhesion and agglomeration. The encap-

sulation efficiency of EEOLs prepared reached 97.35±

0.51 % (Table S1). The surface of EEOLs was concave-

convex with uneven gray scale, even there were a lot of

small particles with about 10 nm diameter in grain boundary.

In addition, a number of dark spherical particles in about

10 nm size were distributed outside of EEOLs, which were

EEO micelles coated with Tween 80. Firstly, EEO was

coated in micelles formed by Tween 80, and then fused with

blank liposome vesicles. Polyoxyethylene of Tween 80

extended and covered the liposome surface, resulting in the

larger particle size. The surrounding of spherical liposome

existed a ring shape, because liposome had the hollow

vesicle structure and the ring was the bilayer of liposome.

Two long alkyl chains in phospholipid molecules of lipid

bilayer provided a hydrophobic platform, so EEO was

embedded into continuous phospholipid bilayer with fusion.

The uneven distribution of Tween 80 micelles in phospholipid

bilayer caused non-uniform distribution of EEO in the

liposome membrane, displaying the non-uniform gray scale

Figure 1. TEM photography of BLs (A-C) and EEOLs (D-F).

Figure 2. SEM photography of PC1 (A-C) and EC1 (D-F).
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of EEOLs in Figure 1(F).

Morphology and Structure of PC and EC

Figure 2 shows the SEM images of PC1 and EC1. Both

PC1 and EC1 had the three-dimensional fibrous network

structure and their pore sizes were in the range of 50-80 μm.

The frozen water engendered stress in the freezing process

of chitosan solution, leading to the hollows on the surface of

fibers. The surface morphology of EC1 was notably different

from PC1. Hollows on the fiber surface gradually disappeared

and were replaced by dendritic and radial bright stripes,

which might relate to EEOLs distribution. Owing to the

strong hydrogen bonding interactions among chitosan

molecules and advanced film forming property of chitosan,

chitosan spread and a thin chitosan layer was coated onto the

pore edge, which was like chitosan/silk fibroin composite

scaffolds [32].

FTIR Analysis

FTIR spectroscopy was used to examine the interactions

between EEOLs and chitosan in Figure 3. Due to the

intramolecular hydrogen bond of chitosan in the PC1, a

broad characteristic peak at 3360 cm
-1 was assigned to the

associated N-H and O-H stretching vibration. The double

peaks at 2860 cm-1 and 2920 cm-1 were attributed to C-H

stretching vibration. The main absorption peaks of the

sponge were observed at 1640 cm-1, attributed to C=O

stretching (amide I), at 1550 cm-1, assigned to N-H bending

(amide II), at 1410 cm
-1, assigned to C-N stretching and N-H

bending (amide III). The intense peak located at 1070 cm-1

was ascribed to C-O-C stretching vibration on the ring.

Another intense peak at 1020 cm
-1 was assigned to C-O

stretching and O-H bending of the primary alcohol. The

peak at 896 cm
-1 was assigned to β-glycosidic bond.

The absorption peaks of EC1 composite sponge displayed

essentially in agreement with the PC1, but most of these

peaks red-shifted. Compared the EC1 with PC1, the peaks of

3360 cm
-1, 2920 cm-1, 2860 cm-1, 1640 cm-1, 1550 cm-1,

1410 cm
-1 and 1070 cm-1 shifted to 3250 cm-1, 2910 cm-1,

2840 cm-1, 1630 cm-1, 1540 cm-1, 1400 cm-1 and 1060 cm-1,

respectively. EEOLs were incorporated into chitosan molecules

to destroy the intramolecular hydrogen bond of chitosan and

rebuild the intermolecular hydrogen bonds between chitosan

and molecules on the surface of EEOLs. The formation of

hydrogen bonds increased the length of O-H, N-H, C-N, and

C=O bonds, reducing the bond force constant and causing

the stretch vibrational frequency of the peaks to move

towards the lower wavenumber [33].

Zeta Potential of the Mixture of EEOLs and Chitosan

Zeta potential of the mixture solution of EEOLs and

chitosan in different ratios was measured to explain their

interaction and the results are presented in Figure 4. Zeta

potential of EEOLs suspension is -7.97 mV and that of

chitosan solution is +25.29 mV. The data showed that the

surface of EEOLs had lots of negative charges in the

suspension and chitosan in solution carried a high positive

charge density. When the environment pH was less than the

pKa of chitosan, the amino group in the D-glucosamine

units, a monomer of chitosan, was protonated and carried a

positive charge. The coating mechanism or interaction of

chitosan and liposomes mainly depends on electrostatic

forces [34]. When the chitosan solution mixed with liposomal

suspension, chitosan molecule whose charge polarity was

opposite to the charges of liposome surface, namely positive

counterions, readily bounded to negatively charged surfaces

of liposomes [35]. The positive charge density near the

surface of EEOLs exceeded that in the bulk phase due to the

agglomeration effect. The counterions were aggregated on

EEOLs surface to screen the negative charges and Zeta

potential of the system decreased until it reached zero.

However, the increase ratio of chitosan subsequently led to

protonation of the amino groups in the supersaturated

Figure 3. FTIR spectra of PC1 sponge and EC1 composite sponge. Figure 4. Zeta potential of the mixture of EEOLs and chitosan.
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chitosan, causing a positive Zeta potential of the mixed

solution. The positive Zeta potential rose steadily with the

further increase in chitosan to reach that of pure chitosan

solution eventually. Therefore, it was speculated that EEOLs

combined with chitosan in the solution through electrostatic

self-assembly and were firmly located at “positive holes”

weaved by the chitosan chain using the freeze-drying

method.

Porosity, FA and WVTR of PC and EC

According to the data presented in Figure 5(A), chitosan-

based sponges have very high porosity. The porosity of EC

and PC increased with the decrease in the proportion of

chitosan solution. When chitosan solution was mixed with

PBS in an equal volume, the porosity of PC1 prepared was

94.8±1.6 %. When PBS was replaced by EEOLs suspension,

the porosity of sponge dropped slightly to 91.5±1.2 %,

remaining over 90 %. The proportion of chitosan solution

continued to increase so that the porosity of EC tailed off to

below 90 %. FA and WVTR of chitosan-based sponge

mainly depend on the porosity, so FA and WVTR of PC and

EC sponges gradually increased with the increase of porosity.

Due to the amino group and hydroxyl group of chitosan,

chitosan-based sponge had good hydrophilicity. When

chitosan solution was mixed with an equal volume of PBS,

FA of PC1 prepared was 17.32±0.42 g·g
-1. When EEOLs

suspension replaced PBS, liposomes were incorporated into

chitosan sponges, which prohibited chitosan-based sponges

from moistening and swelling, decreasing the fluid absorption

due to the hydrophobic property of liposomes [36]. Thus, FA

of EC1 declined to 14.16±0.22 g·g
-1, lower than PC1

(17.32±0.42 g·g-1). Owing to hydrophilicity of EEOLs,

WVTR of EC1 was around 1832 g·m-2·d-1, also lower than

PC1 (about 2060 g·m
-2·d-1), but WVTR of EC1 still

remained an appropriate level [37].

Hemostatic Effect and in vitro Biodegradation of Sponges

The absorbance of hemoglobin solution at 540 nm was

positively correlated with the hemoglobin concentration.

When blood was handled with the material, low absorption

value of blood indicated low hemoglobin concentration and

reflected excellent hemostatic property of material under the

same conditions. We used this method to study the effect of

EEOLs incorporation on hemostatic performance of chitosan-

based sponge. Chitosan has good hemostatic property as the

ideal substrate of wound dressing [31,38]. Therefore, Figure

5(B) shows that PC1 owns excellent hemostatic property.

The amino group in chitosan protonated in acidic and neutral

solution, and interacted with the receptor of neuraminic acid

residues with negatively charge on cell surface to make

erythrocytes crosslink with chitosan and prompt the cells

adhesion or the formation of three-dimensional network

structure in the cross-linking reaction, capturing erythrocytes

to be gathered [39]. However, when PBS solution was

replaced by EEOLs suspension, the hemostatic performance

of chitosan-based sponge EC1 declined. Soybean lecithin

contained the impurities such as phosphatidic acid and

phosphatidylinositol to cause the negative charges of EEOLs

surface, which was proved by Zeta potential of EEOLs [40].

Figure 5. (A) The porosity, fluid absorption and water vapor

transmission rate of chitosan-based sponges, (B) blood clotting

rates of wound dressings, as measured by absorbance of hemoglobin

from lyzed uncoagulated red blood cells, and (C) remaining

weights of chitosan-based sponges for each time interval incubated

in PBS with 0.5 mg/ml lysozyme at 37 oC.
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These negative charges could improve the stability of

EEOLs and prevent the fusion of liposomes. But the

electrostatic attraction between the negative charges and the

protonated amino groups of chitosan blockaded the partial

amino groups of chitosan, causing the reduction in blood

coagulation rate of EC. Moreover, hemostatic performance

of EC sponges declined with the increased ratio of EEOLs.

The blood coagulation rate of material is critical to wound

dressing. In order to compensate for the defects of EC in the

coagulation rate, we will tend to use the high deacetylated

degree of chitosan or modify the freeze-dry processing

technology to improve positive charges on the surface of EC

and strengthen its blood coagulation. In addition, it is also an

alternative method to add the combined hemostatic agents to

the material, including antifibrinolytics, blood coagulation

factors, fibrinogen, and vitamin K.

Chitosan molecules can be effectively degraded to the

soluble oligosaccharides with low molecular weight by

lysozyme which catalyzes hydrolysis of β-1,4-linkages

between D-glucosamine and N-acetyl-D-glucosamine residues

in chitosan [41]. The difficulty degree in the diffusion of

enzyme into material interior and the arrival of enzyme to

reaction site determined the degradation rate of chitosan-

based sponges in the process of heterogeneous enzyme

reaction [42,43]. Figure 5(C) shows that EC1 loses a total

weight of 69.7 % after the treatment of lysozyme for 28 d,

which demonstrates the good degradability. But PC1

containing the same content of chitosan solution as EC1

loses a total weight of 32.8 %. Moreover, the degradation

rate of chitosan-based sponges is accelerated with the

increasing of EEOLs concentration. It was because that

EEOLs addition weakened hydrogen bonding among chitosan

molecules and destroyed regular arrangement of chitosan

molecules, causing the partial disintegration of crystalline

regions. The entire structure of material became loose so that

to make lysozyme more rapidly diffuse into the reaction site

and accelerate the reaction rate. Furthermore, the entanglement

of chitosan molecules had adverse effect on lysozyme

penetration. Seen from Figure 5(C), the degradation rate of

EC9 is even slower than PC1. The enzymatic reaction rate of

polymer degradation and the collapse of material structure

were also highly interrelated and mutually reinforced. The

intermolecular interaction among chitosan molecules was

cracked and chitosan chains were also disentangled in

addition of EEOLs, contributing to lysozyme penetration. So

EC would own the better biodegradable property. 

EEO Release of EC and PE

Figure 6 shows the release of 1,8-cineole from EC and PE.

1,8-cineole in the PE quickly diffused to material outside,

and finally completely spread to establish the equilibrium of

1.8-cineole concentration between the internal and external

of the material. The initial diffusion rate of 1,8-cineole in PE

decreased with the increasing content of chitosan solution. It

was because that high chitosan concentration led to the more

compact structure of sponge, weakening the EEO diffusion.

However, 1,8-cineole in EC continuously released at nearly

constant and slow rate and penetrated into the outside of

material. This contributed to the encapsulation effect of

liposome and stabilization effect of chitosan on liposome.

Moreover, when the volume concentration of chitosan

solution reached more than 50 %, the EEO release rate

remained only about 3 %·d
-1. The sustained release of EEO

could weaken the influence of EEO on the cells outside the

sponge. The large EEOLs proportion also accelerated the

release of EEO due to loose structure of sponges. 

Microbicidal Properties of EC

According to papers published previously, the chitosan

film containing thyme oil exhibited the growth inhibition

effects against the gram negative microorganisms of

Escherichia coli (E. coli), Klebsiella pneumoniae, P.

aeruginosa and the gram positive microorganism of S.

aureus [44]. The minimum inhibitory concentration of tea

tree essential oil against S. aureus in chitosan/poly-

caprolactone nonwoven mats was 24 % lower than the

essential oil itself due to the chemical synergies [45]. The

chitosan film containing tea tree oil showed sustained

growth inhibitory effect against S. aureus, E. coli and C.

albicans [5]. In this study, microbicidal capabilities of PC,

EC and PE with the same chitosan concentration were

compared based on the reported method by Doulabi et al.

[46]. The three microorganisms, S. aureus, P. aeruginosa

and C. albicans are the most common pathogens in human

pyogenic infection, which can cause local pyogenic infection.

S. aureus, a Gram-positive bacteria and P. aeruginosa, a

Gram-negative bacteria are prokaryotic microorganisms and

C. albicans is a kind of eukaryotic microorganism. KLVs of

PC1 against S. aureus, P. aeruginosa and C. albicans were

over 3 after treating for 16 h in Figure 7, which indicated

that chitosan had a role in killing three microorganisms. PBS

Figure 6. Cumulative release of 1,8-cineole over time from EC

sponges and PE sponges.
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solution was replaced by EEOLs suspension so that to

improve the microbicidal efficiency of chitosan sponges.

The results indicated that EEO played an important role in

the microbicidal capability of the sponges. KLV of EC1

against S. aureus, P. aeruginosa and C. albicans reached or

exceeded 5 after treatment for 12 h, which exhibited rapid

and efficient killing efficiency. The microbicidal capability

of EC1 was similar to that of PE1 except for P. aeruginosa.

The bactericidal effect of EC1 against P. aeruginosa was

better than that of PE1. It was probably that liposomes

promoted the permeability of EEO to cell membrane.

Effect of EEO Incorporation Style in Chitosan Sponge

on Cell Attachment and Proliferation

The effect of essential oil incorporation style in material

on cell adhesion and proliferation was analyzed according to

cell morphology and growth using PC1 treatment as the

control. The morphological and spreading patterns of the

cells were observed after 0, 3 and 7 d of treatment (Figure 8).

There was no significant difference in morphology and

number of cells before treated by the three sponges (0 d).

After 3 and 7 d, the cells treated with EC1 were well attached

and showed excellent spreading, which were triangular or

polygonal. The morphology and number of cells were

similar to the control group (PC1). It indicated that EEOLs

had no obvious inhibitory effect on cell morphology,

adhesion and proliferation in short (3 d) and long term (7 d),

and EC1 had good biocompatibility. But most of the cells

treated with PE1 were dead. This could be due to the

electrostatic self-assembly by which chitosan molecules

enwrapped EEOLs in EC1 to alleviate the release of EEO

into solution and the allergenicity effect of EEO on the

HEK293T cells. According to Table S1, the encapsulation

efficiencys and loading percents of 1,8-cineole in EC were

similar with PE and only slightly higher than the PE. The

incorporation of EEOLs into chitosan sponges could play an

important role in attenuating the allergenicity of EEO to

epithelial cells. Chitosan molecules were cross-linked and

not easily eroded. EEOLs encapsulated with EEO were

likely to be firmly embedded and immobilized in cationic

holes cross-linked chitosan molecules by electrostatic self-

assembly. However, EEO in the PE1 was loosely distributed

in the chitosan molecules, exhibiting poor adhesion. EEO

released into the media due to the concentration gradient of

oil and the released 1,8-cineole concentration from PE1 was

higher in the media than that from EC1 (Figure 9). EEO

rapidly diffused into the medium and produced cytotoxic

effects on cells. Therefore, the toxicity of free EEO to cells

was significantly higher than EEOLs in chitosan-based

sponges. The incorporation of EEOLs on the chitosan-based

sponge could be the key factor to weaken the adverse effect

of EEO on cell attachment and maintain the proliferation.

Conclusion

In this study, EC were prepared by electrostatic self-

assembly and lyophilization consolidation. In comparison to

porous PC, the decreased porosity of EC led to a slight

decline trend in fluid absorption, water vapor permeability
Figure 7. Microbicidal property of the sponges. Killing log values

were measured after the treatment with sponges.
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and hemostatic property. However, the degradability of EC

was improved. Furthermore, the microbicidal efficiency of

PC against S. aureus, P. aeruginosa and C. albicans was

significantly enhanced with the incorporation of EEOLs and

resembled PE. The attachment and growth of cells treated

with EC was normal and preceded PE. From the results

above, we can refer to the conclusion that EC would be a

potential candidate for medical use.
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