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An effective antibacterial system was developed by using clove essential oil Pickering emulsion (CO-PE). The
carboxymethyl cellulose sodium modified cellulose nanocrystals (CNC) was used as the stabilizer of CO-PE,
whichwere prepared by environmentally friendly approach of homogenization technology. The factors affecting
the formation and stability of CO-PEwere studied, such as CNC concentration, homogenization pressure, CO con-
centration and ionic concentration and pH. And the antibacterial performance of CO-PE against E. coli and
S. aureus was investigated by determining the minimal inhibitory concentration (MIC). The results showed
that 1% CNC stabilized CO-PE exhibited small droplet size and rough surface, and had good stability at high pH
values or salt concentration, owing to the presence of CNC on interface of droplet. And the CNC-stabilized CO-
PE exhibited higher antimicrobial activity at equivalent CO concentration,whichmight be attributed to efficiently
adhere to bacterial membrane. Therefore, our research would provide new insights for antibacterial application
of Pickering emulsions loading essential oils in the food and other industries.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Bacterial infection has been a major threat to human health, espe-
cially with increasing levels of antimicrobial resistance in recent de-
cades [1]. Conventional antibiotics have caused multidrug resistance
and side effects owing to the long-term use and overuse. The develop-
ment of new antibiotics or formulations is posing urgent challenges
[2]. The essential oil are known for their antibacterial, antifungal, antivi-
ral, antioxidant, and biological modulation properties [3,4], which has
been widely used in the food, perfumes, cosmetic, and pharmaceutical
industries [5]. Clove oil (CO) (Eugenia caryophyllata; Myrtaceae) as
well known essential oil containing several active components such as
eugenol and caryophyllene exhibits several biological activities as an
anti-inflammatory [6], antioxidant [7] and antibacterial effect [8]. How-
ever, the use of CO in industry was strictly hindered owing to its irrita-
tion towards the mucosa and skin, its pungent taste, light sensitivity,
volatility and poor water solubility [9]. Furthermore, owing to the low
water solubility and hydrophobicity, the essential oil likely remains on
tional Chinese Medicine, 1688
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the surface of the bacteria medium and cannot effectively interact
with bacteria. These can strictly limit the antibacterial efficiency of
essential oil.

To tackle these problems, many strategies have already been devel-
oped by different encapsulationmethods, such asmicrocapsulation,mi-
crosphere, and nanoparticles [10–12]. Pickering emulsion is thought to
be effective strategy for encapsulation and antibacterial application of
essential oil [13–15]. Compared with the conventional emulsions, Pick-
ering emulsion is a new type of emulsion stabilized by solid particles in-
stead of surfactants. Meanwhile, it shows an excellent emulsion droplet
stabilization, owning to the nearly irreversible adsorption of solid parti-
cles at the oil-water interface. Thus, Pickering emulsion is stable enough
to protect the core materials in the microencapsulation procedure. As a
result, it has attracted increasing interest in encapsulation of the
essentials oils.

Notably, the surface roughness of nanocarrier has been widely
recognized as a key feature influencing the surface-bacteria interac-
tions, and nanoscale surface roughness can enhance bacterial attach-
ment [16,17]. Hao et al. designed the mesoporous silica nanospheres
with rough surfaces, which showed enhanced adhesion towards bac-
teria surfaces compared to their counterparts with smooth surfaces
[18]. Thus the Pickering emulsions exhibited the rough surface due
to the coverage of solid nanoparticle in droplet interface. And the
surface topography of Pickering emulsions droplet could be shaped
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by regular or irregular nanoparticles in the interface [19]. Ma and
colleagues developed a poly (lactic-co-glycolic acid) (PLGA) nano-
particles stabilized Pickering emulsions adjuvant system(PPAS),
and demonstrated that the PPAS resulted in the increased surface
contact at the droplet–cell interface owing to the pliability and mo-
bility of solid particles [20]. This could be hypothesized that the Pick-
ering emulsions could enhance adhesion towards the bacterial
surface and thus improve the antibacterial efficacy of the essential
oils. Therefore, Pickering emulsion can not only improve stabiliza-
tion and dispersibility of essential oils, but also thus enhance the an-
timicrobial ability of essential oils. But as so far, there is no report on
the adjuvant effect of surface roughness of Pickering emulsion
loaded essential oils on their antibacterial performance.

In this study, CO was used as oil phase, a novel Pickering emulsion
with a rough surface(CO-PE) was designed, using carboxymethyl cellu-
lose sodium modified cellulose nanocrystals (CNC) as stabilizer. CNC
was regarded as ideal solid particles of Pickering emulsion due to their
needle-shaped nanocrystals, low density, chemical tenability, and envi-
ronmental sustainability. The novel aspect of the currentwork exhibited
that the CNC stabilized CO-PE could have the strong antibacterial activ-
ity against E. coli and S. aureus, dependent on the enhanced adhesion
and encapsulated CO. Therefore, the objectives of this manuscript are
as follows: (1) carboxymethyl cellulose sodium modified cellulose
nanocrystals (CNC) was prepared by means of homogenization. The
particle size, morphology and crystals state of CNC was evaluated, re-
spectively. (2) the CNC-stabilized CO Pickering emulsions (CO-PE)
were prepared by homogenization technology. The particles size, stabil-
ity andmorphology of CO-PEwere evaluated. (3) the antibacterial activ-
ity of CO-PE was further investigated towards E. coli (gram negative)
and S. aureus (gram positive), in comparison with those of free CO and
CO submicron emulsions.

2. Material and methods

2.1. Materials

Microcrystalline cellulose (MCC) was commercially obtained from
Fengli Jingqiu Pharmaceutical Co., Ltd. (Beijing, China). Carboxymethyl
cellulose sodium (CMC-Na)was purchased from Chineway Pharmaceu-
tical Co., Ltd. CO (the content of eugenol more than 60%) was kindly
supplied by Jian Tian Yuan Medical Oil Refinery (Jiangxi, China). Nile
Red and Nile Blue A were purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China).

2.2. Preparation of CNC

The carboxymethyl cellulose sodium modified cellulose
nanocrystals (CNC) was prepared according to Xie et al. [21]. Briefly,
1 g MCC and 0.1 g CMC-Na were dispersed in the 100 ml water at
1000 rpm for 30min. The gained coarse suspensionswere homogenized
at high pressure using a piston-gap high pressure homogenizer (AH-
1000D, ATS Engineering Inc., Seeker, Canada). Firstly, 30 cycles at
200 bar, 20 cycles 500 bar were conducted as pre-milling step, and af-
terwards, 30 cycles at 1000 bar were run to obtain the CNC dispersions.
The CNC was finally obtained after freeze-drying at −40 °C.

2.3. Preparation of CO-PE stabilized by CNC

The CO-PE was prepared by homogenization method. In briefly, dif-
ferent amounts of CNC (10, 25 and 50mg)were added to 9ml deionized
water, respectively. The CNC suspensions were used as water phase.
1 ml CO was used as oil phase. The coarse CO Pickering emulsions
(CO-PE) were prepared via a high-shear homogenizer (FLUKA® FA25,
Essen, Germany) for 1 min at 22,000 rpm at room temperature. Then,
the CO coarse emulsions was homogenized using an AH100D high-
pressure homogenizer (ATS Engineering Inc., Shanghai, China) at
25
100 bar and 200 bar for 10 cycles, followed by 30 cycles at 800 bar pres-
sure, with a water cooling cycle apparatus (ATS Engineering Limited,
Suzhou, China) that was used tomaintain the temperature of the emul-
sions at room temperature. Then, the CO-PE was harvested.

2.4. Crystal state of CNC

The crystal state of the coarse MCC and CNC was determined
using PXRD (PANalytical, Westborough, MA, USA), respectively.
The samples were scanned for 2θ ranging from 5° to 90° at a scan
rate of 0.2 °C/min. Measurements were performed at a voltage of
40 kV and 25 mA.

2.5. Fourier transfer-infrared (FT-IR) spectroscopy of CNC

The IR spectra of MCC and CNCwas determined bymeans of Fourier
transform infrared spectrophotometry (FT-IR Spectrometer, BRUKER
IFS-55, Switzerland), respectively.

2.6. Particle size and zeta potential measurements of CNC and CO-PE

The particles size determination of CNC suspensions and CO-PE was
performed on a Mastersizer Micro Plus (Malvern Instruments Limited,
Worcestershire, UK). Analysis of the diffraction patterns was done
using the Mie model (“standard” presentation: dispersant refractive
index = 1.33, real particle refractive index = 1.53, imaginary particle
refractive index = 0.1). The surface mean droplet diameter (D3,2) of
each sample was represented as the mean diameter, which was related
to the specific surface area of the oil droplets. All measurements were
performed in triplicate.

The Zeta potentials of CNC suspensions and CO-PE were determined
by the dynamic light scattering (Nano ZS, Malvern instrument). The
samples were firstly diluted to a concentration of approximately 0.05%
(w/w) using deionized water in order to avoid multiple scattering ef-
fects. All measurements were performed in triplicate. The Zeta potential
was recorded as the average and standard deviation of measurements.

2.7. Emulsion morphology of CO-PE

Themorphology of the CO-PEwas analyzed by transmission electron
microscopy (TEM) (JEM-1200EX; JEOL, Tokyo, Japan). The samples
were diluted in distilled water and placed on a copper grid. The grid
was dried at room temperature and was evaluated with the electron
microscope.

The CO-PE was also observed by confocal laser scanningmicroscopy
(CLSM) (LSM 710, Germany). The Nile Red dye was used to stain oil
phase and Nile Blue A was applied to stain CNC. The tested CO-PE was
dyed with a mixed fluorescent dye solution consisting of 1 mg ml−1

Nile Red and 1mgml−1 Nile Blue A. The dyed CO-PEwas put on concave
slides, and then the concave slideswere coveredwith coverslips. Finally,
glycerol was coated around the coverslips to seal the samples. The fluo-
rescent dyes were excited by either an argon laser at 543 nm for Nile
Red or a helium neon (He\\He) laser at 633 nm for Nile Blue A [22].

2.8. Surface coverage

The percentage surface coverage (C) of the CNC-stabilized droplets
was calculated according to the previous descripted method [23]:

C ¼ 100� mpD32

6hρVoil

where mp was the mass of adsorbed CNC (kg), D32 was the mean drop-
let diameter (m), h was the thickness of the adsorbed CNC layer (m), ρ
was the density of CNC (1400 kg/m3), and Voil was the volume of CO in
the emulsion (m3). The thickness of the CNC layer was 8 ± 3 nm [21].



H. Yu, G. Huang, Y. Ma et al. International Journal of Biological Macromolecules 170 (2021) 24–32
2.9. Emulsion stability

The freshly prepared CO-PE containing 1 wt% CNC and 10 wt% CO
was subjected to a series of environmental stresses including a range
of pH and ionic strength conditions. Thermal processing: CO-PE
(10 ml) were filled into glass tubes and incubated in water baths
(30–90 °C) for 30 min, and then naturally cooled to ambient tempera-
ture. The pH and ionic strength were set as follows: the CO-PEs were
placed in 20 ml beakers, adjusted to investigated pH values (2−10)
usingNaOH and/or HCl solutions or salt levels (100–500mM) by adding
NaCl, and then transferred into glass tubes.

2.10. Inhibition activity of minimum inhibitory concentration (MIC)

A series of concentrations of CO were investigated to study the anti-
bacterial activity of free CO and CO-PE. 100 μl of bacterial suspension
(1 × 107 CFUmL−1) was added into 800 μl of LB medium in 1.5 ml cen-
trifuge tube. 100 μl of samples (CO and CO-PE) in PBS at different CO
concentration was added respectively into the mixture with PBS only
as the control group. Then the mixture was shaken on a shaker at
37 °C at 200 rpm for 24 h. The multifunctional microplate reader (infi-
nite M200, Tecan) was used to measure OD at 600 nm and the samples
in the absence of bacteria were recorded as background to remove tur-
bidity resulted from CO-PE and CO. The percentage of OD reading of
samples (subtracted background) to PBS group presented the bacterial
viability. Every concentration was prepared in triplicates.

LB-agar plates assay was used to further confirm antibacterial activ-
ity before and after 24 h of the above treatment. 20 μl of bacteria suspen-
sions were spread on sterilized plates with LB-agar medium and
incubated at 37 °C overnight.

The bacteria colonies grown in each platewere observed and the im-
ages were taken.

3. Results and discussions

3.1. Characterization of CNCs

Different from sulfuric acid hydrolyzed method [24], a stable CNC
modified by carboxymethyl cellulose sodium (CMC\\Na)was prepared
from microcrystalline cellulose (MCC) by homogenization technology.
At process of homogenization, the surface energy of CNC was remark-
ably increased with the decrease of particle size of CNC, and nanosized
CNC particles could easily generate flocculation, aggregation or crystal
growth to decrease their free energy. Therefore, co-processedmodifica-
tion of CNC particles with water soluble polymers has also recently
gained increasingly interest for successful production of colloidal for-
mulation [21,24–27]. In this study, the carboxymethyl cellulose sodium
modified cellulose nanocrystals (CNC) could be easily produced by ho-
mogenization. The CNC seemed to be rod-like particles with mean par-
ticle size that had typical dimensions of around 5–10 nm in width and
112.3± 2.5 nm inmean length, and exhibited the excellent homogene-
ity and stability, as shown in Fig. 1A and B.

The XRD diffractograms of rawMCC and CNCwere shown in Fig. 1C.
RawMCC exhibited the characteristic peaks at 2θ of 16.4, 22.5 and 35.6°
(Fig. 1C). Thesewere consistentwith the previous report [28]. The CMC-
Na-modified CNC exhibited the crystalline characteristic peaks of MCC,
and the characteristic peak of CMC-Na at 2θ of 21.7°. There still existed
the characteristic peak of MCC and CMC-Na at the same 2θ position in-
dicating that the crystal state of CNC was not changed during
homogenization.

The infrared spectra of MCC and the CNC were shown in Fig. 1D.
Fig. 1D showed the characteristic absorption peak of MCC: OH,
3345 cm−1; C\\H, 2850 cm−1; C-O-C-O-C, 1033–1113 cm−1. Further-
more, CNC was similar with that of the MCC, and the characteristic sig-
nals at 3345 cm−1, 2890 cm−1, 1638 cm−1 and 1033–1113 cm−1

indicated that the presence of cellulose structure, but the peaks of
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CMC-Na at 3440 cm−1 and 1595 cm−1 were almost superimposable
upon that of MCC. The adsorption spectrum of the mixture of MCC
and CMC-Na showed the combination of MCC and CMC\\Na. These re-
sults demonstrated the co-processed modification of CNC and CMC-Na
in the CNCmight be dependent of physical interaction, attributed to for-
mation of Vander Waals forces or hydrogen bond [29].

3.2. The influence of CNC concentration on preparation of CNC-stabilized
Pickering emulsion

The CO-PE containing 10 wt% CO and different CNC levels were ho-
mogenized at pressure of 800 bar (Fig. 2). As shown in Fig. 2A, the
mean droplet diameter (D3,2) decreased with increasing CNC concen-
tration from 0.05 to 0.75 wt%, and the CO-PE containing 0.05 wt% CNC
exhibited the relative large droplet diameter (>4 μm) before and after
storage, which was probably attributed that the CNC was insufficiently
covered the oil droplet surfaces during homogenization. But with in-
creasing of CNC concentration from 0.75 to 1.25 wt%, the particle size
of CO-PE reached a plateau value of ~600 nm (Fig. 2B). The particle
size versus CNC concentration relationship observed therefore followed
the typical two-regime profile seen for high-pressure homogenization
[30]. This kind of behavior was because the size of oil droplets produced
by homogenization was limited by the amount of stabilizer present at
low CNC levels, but by the disruptive energy during homogenization
at high CNC loadings. The particle size distribution of CO-PE was
monomodal from 0.1 to 1.1 wt% CNC but bimodal at 1.2 wt% CNC
(Fig. 2B). This bimodal distribution might be attributed to presence of
the CO-PE and free CNC. Based on the location of the smaller peak in
the particle size distribution curves (~50 nm), these small particles
could be speculated to be free CNC dispersed in the aqueous phase.
Moreover, the percent surface coverage of CO-PE with different CNC
concentration was shown in Fig. 2A. The result shown that the calcu-
lated surface coverage values for the oil droplets were less than 80%
for CNC< 0.75wt% (Fig. 2A). This demonstrated that these CO-PE drop-
lets with less than 0.75% of CNC seemed to not be effectively stable to
coalescence during storage, owing that their surfaces were not satu-
rated with CNC. But the calculated surface coverage values were more
than 100% for CO-PE with CNC > 0.75 wt%, which suggested that either
multilayers formed at the droplet surfaces or some of excess CNC was
dispersed in the aqueous phase[22][23]. This indicated that the CNC
nanorods were able to generate a strong electrostatic repulsion be-
tween the droplets when using CNC concentration more than 0.75 wt%.

3.3. Impact of homogenization pressure on preparation of CNC-stabilized
Pickering emulsion

The size of oil droplets produced using homogenization technology
was dependent on the disruptive forces generated at the operation
pressure. Fig. 2 showed the influence of various homogenization pres-
sures on the mean droplet diameter of CO-PE. Initially, the droplet di-
ameter of CO-PE gradually decreased as the operating pressure was
increased from500 to 1000 bar (Fig. 3A), with aminimummean droplet
diameter of ~0.521 μm being achieved.

Moreover, the droplet size distributions of the CO-PE were
monomodal at all pressures tested, even at the lowest (500 bar)
(Fig. 3B). The span of the CO-PE also decreased from 2.5 to 1.5 with
the increased homogenization pressure. This indicated that all of the
oil droplets had be crushed through the disruptive zone inside the ho-
mogenizer. The decrease in droplet size with increasing pressure
could be attributed to the increase in themagnitude of the crushing en-
ergy during homogenization, which could result in more efficient dis-
ruption of droplet. But the droplet diameters of CO-PE reached a
plateau value of ~550 nm from 800 bar to 1200 bar. This could be attrib-
uted that the applied CNC was insufficient to cover all the very small oil
droplets formed at the relatively high pressure, or because the CNC itself
was damaged at relatively high pressures.



Fig. 1. TEM image (A) and mean particle size (B) of CNC, XRD diffractograms of raw MCC and CNC (C), and the IR spectrum of MCC and CNC(D).
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3.4. Influence of CO concentration on preparation of CNC-stabilized Picker-
ing emulsion formation

The oil/water ratio is a noteworthy factor affecting the Pickering
emulsion stability and even the emulsion type. As it was shown in
Fig. 2. The droplet diameter of CO-PE and the calculated surface coverage of CNC on th
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Fig. 4, the oil/water ratio had an obvious influence on the drop diameter
of the CO-PE. When the CNC concentration was 1%, the average droplet
diameters of the CO-PE with lower oil/water ratio (5% and 10%) were
0.516 ± 0.012 and 0.551 ± 0.023 μm, respectively. The results showed
that the CO-PEs with high oil/water ratio (15% and 20%) possessed a
e droplet surface of CO-PE(A) and the droplet size distributions of the CO-PE(B).



Fig. 3.Mean droplet diameter (A) and droplet size distributions (B) of CNC-stabilized CO-PE produced at different homogenization pressures.
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larger droplet size as compared to those with lower oil/water ratio at
the equivalent CNC concentration. Since the CNC concentration in the
system was a certain number, it seemed that the addition of extra oil
could increase the interfacial area which might not be sufficiently cov-
ered by the available CNC. This could result in rapidly coalescing and
growing up of small drops in order to reduce the interfacial area [31,32].
3.5. Stability of CNC-stabilized Pickering emulsion

3.5.1. Thermal process
Fig. 5A showed the influence of thermal processing on the stability of

Pickering emulsions. There was not remarkable change in the mean
droplet diameter of the emulsions in the investigated ranges of temper-
atures. Moreover, no creaming or oiling-off was observed from visual
appearance of the emulsions. These results suggested that the
CNC-stabilized CO-PE were resistant to high temperature, which
might be attributed to the strong steric or electrostatic repulsion be-
tween the droplets. The CNC-stabilized CO-PEmaintained a high surface
potential (−55 mV) after thermal treatment (Fig. 5A).

3.5.2. pH
Fig. 5B showed that the influence of the pH value on the stability of

CO-PE. The results showed that the particle size and zeta potential of
CO-PE decreased with increasing the pH value from 2 to 10. The CO-
Fig. 4.Mean droplet diameter (A) and droplet size distributions (B)
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PE contained relatively small oil droplets that were visibly stable to
creaming and oiling-off from pH 3 to 10. This could be attributed to
the fact that the oil droplets possessed relatively strong negative poten-
tial in the investigated pH range (Fig. 5B). As a result, the droplets could
be prevented from aggregation by a combination of strong electrostatic
and steric repulsions. When the pH of the system was increased from 3
to 10, the surface charge decreased from−48.3mV to−56.2mV. So the
absolute magnitude of zeta potential of CO-PE was larger, the electro-
static repulsion between droplets would become greater. As a result,
the CO-PE seemed to bemore stable [33]. But at pH 2, the droplet diam-
eter of CO-PE increased remarkably, which could be attributed to a lim-
ited amount of droplet flocculation. As shown in Fig. 5A, the zeta
potential of CO-PE became less negative (−24 mV) at pH 2, which
might be ascribed to deprotonation of some of the protonated carboxyl
groups on the CNC (−COOH→−COO−+H+) [34]. As a result, the elec-
trostatic repulsion between the oil droplets was not strong enough
compared to the van der Waals attraction, the droplet flocculation of
CO-PE occurred at pH 2.
3.5.3. Ionic strength
The influence of ionic strength on the stability of the CO-PE was in-

vestigated by incubating them at different NaCl levels (Fig. 5C). Fig. 5C
also showed that the mean droplet diameter remained relatively low
from 0 to 400 mM NaCl, but increased slightly at 500 mM NaCl. These
of CNC-stabilized CO-PE loading different concentrations of CO.



Fig. 5. The influence of (A) thermal processing temperature, (B) pH value, and (C) ionic strength on the mean particle diameter and zeta potential of CNC-stabilized CO-PE containing 10% CO.

Fig. 6. TEM images of CO-PE (A, B), schematic image on configuration of CO-PE, and CLSM images of CO-PE (D Nile red, E Nile blue, F Merged)
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Fig. 7. Dose dependent antibacterial activities for free CO, CO-PE and CO-SE towards E. coli. (A) and S. aureus(B), and (C) Photograph of agar plates spread with bacteria suspensions
containing CO-PE with concentration of 1.25 μl/ml and 6.25 μl/ml, respectively. #p < 0.05, compared to the free CO group; *p < 0.05, compared to CO-SE.
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results implied that the instability of the emulsions at increased ionic
strength was primarily due to weak droplet flocculation rather than
coalescence.

The results of zeta potential measurement (Fig. 5C) showed a steep
increase (from−56.8 to−27.3mV) in themagnitude of the surface po-
tential with increasing ionic strength, which could be attributed to the
tendency for counter-ions (in this case Na+) to cluster around the sur-
faces of the anionic oil droplets [35]. At low ionic strength (0 and
100 mM), the electrostatic repulsion of CO-PE was sufficiently intense
to overcome the van der Waals attraction, and prevent the aggregation
of the oil droplets. At higher ionic strength (200–500mM), the repulsive
interactions were no longer stronger than the attractive interactions,
leading the aggregation and grown up of the emulsion droplets. As
shown in Fig. 5D, the tendency for droplet flocculation of CO-PE at
high ionic strength could be attributed to steric barrier and electrostatic
screening.
3.6. Morphology of CNC-stabilized Pickering emulsion

The TEM images of CO-PE were shown in the Fig. 6A–B. The CO-PE
was sphere-shaped particle (Fig. 6A). Compared with the previous re-
ported Pickering emulsions stabilized by individual cellulose
nanocrystals [28,32,35], the CO-PE showed the small particles size of
about 550 nm, which could be attributed to the effective adsorption of
CMC-Na modified CNC on surface of CO-PE as well as the disintegration
30
effect of homogenization process [21]. And the droplet surface of CO-PE
seemed to be rough surface (Fig. 6B), it could be related with the pres-
ence of rod-shaped CNC particles on the oil-water interface, as illus-
trated in Fig. 6C. But the original CNC (Fig. 1A) seemed to be not
obviously observed on the surface of CO-PE in Fig. 6B. It might be the
reason that, the original CNC would be again subjected to homogeniza-
tion effect during production of CO-PE, which could lead to the decrease
of CNC particles size. Therefore, themorphology of the smaller CNC that
covered the surfaces of Pickering emulsions seemed to not different
with that of original CNC.

The morphology of the oil droplets in the CO-PE were assessed by
confocal laser scanning microscopy (Fig. 5D–F). The Nile red images
showed that the individual oil droplets were sphere-shaped, which
demonstrated the results of TEM. The Nile blue images indicated that
the CNC was mainly present in the same location as the oil droplet,
which was confirmed in the merged images (the light green contour
surrounding the oil droplets). This result indicated that most of CNC
might be located on the oil-water interfaces.
3.7. Antibacterial activity of CNC-stabilized Pickering emulsion

The in vitro antimicrobial activity of CO-PE with rough surface was
compared with those of free CO and the d-α-tocopheryl polyethylene
glycol 1000 succinate (TPGS) stabilized CO submicron emulsions (CO-



Fig. 8. Schematic images on adhesion with bacteria of free oil, CO-SE and CO-PE.
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SE) with smooth surface. The CO-SE had a droplet size of 550 nm and
negative zeta potential of −35 mV (TableS1).

Fig. 7 showed that free CO, CO-PE and CO-SE all exhibited dose de-
pendent antibacterial performance towards E. coli (gram negative)
and S. aureus (gram positive). As shown in Fig. 7A, the free CO exhibited
limited inhibition effect towards E. coli even at the concentration of 5 μl/
ml, as compared with CO-SE and CO-PE (p < 0.05). The CO-PE showed
the lower OD(600) values at the lower concentration compared with
CO-SE(p < 0.05), indicating stronger antibacterial performance of CO-
PE towards E. coli and S. aureus. The CO-PE had much lower MIC value
of 1.25 μl/ml towards E. coli, in comparison with CO-SE (2.5 μl/ml) and
free CO (6.25 μl/ml). As shown in Fig. 7B, the free CO exhibited the
higher MIC (10 μl/ml) towards S. aureus, as compared with CO-PE
(6.25 μl/ml) and CO-SE (7.5 μl/ml). These results also indicated that
the CO exhibited the limited anti-bacterial activity towards E. coli and
S. aureus, might attributed to its hydrophobicity and low water solubil-
ity in bacteria culture medium [36].

The bacterial killing activities towards E. coli (1.25 μl/ml of CO) and
S. aureus (6.25 μl/ml of CO) were further evidenced by agar plate tests.
Bacteria colonies grown in each agar plate were observed for PBS, free
CO, CO-PE and CO-SE, in order to confirm the full inhibition of CO-PE to-
wards E. coli and S. aureus (Fig. 7C). The difference in antibacterial activ-
ity between CO and CO-PE showed that the CO-PE could successfully
enhance its antimicrobial efficacy of CO towards E. coli and S. aureus.
Though the CO-PE and CO-SE had similar particle size (Table S1) and
equivalent CO loading (10%), the CNC-stabilized CO-PE exhibited
completely antimicrobial effect, whichmight be attributed to efficiently
adhere to bacterial membrane (Figs. S1 and 6). Their difference in bac-
teria inhibition could be predominately attributed to the difference in
surface morphology of particles [18]. As illustrated in Fig. 8, compared
to the CO-SE with a relatively smooth surface, the CO-PE with relatively
rough surface could easily attach to bacteria and cause increased local
CO concentration around the bacteria, which could enhance its anti-
bacterial activity [37]. But the free CO difficultly contacted with bacteria
due to its poor diffusion ability in the culture medium.
4. Conclusions

In this study, the CO-PE with rough surface was successfully pre-
pared by homogenization technology, using carboxymethyl cellulose
sodium modified CNC as the particles stabilizer. The CO-PE was highly
stable to coalescence but did exhibit flocculation and creaming. The
CNC-stabilized CO-PE droplets presented good stability over a range of
31
environmental conditions due to the steric barrier and electrostatic re-
pulsion of CNC on the interface of emulsions droplet. Furthermore, the
CO-PE showed the enhanced antibacterial activity in comparison with
either CO-SE or free CO. Therefore, the rough surface structure of CNC-
stabilized CO-PE offered extra advantage of enhanced adhesion towards
bacteria, leading to higher antimicrobial efficacy compared to CO-SE
with relatively smooth surface.
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