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Background: Bacterial resistance to antibiotics is a persistent and intractable problem. The

sapogenin isolated from the seeds of Camellia oleifera can inhibit antibiotic-resistant bac-

teria after structural modification.

Purpose: This study aims to improve sapogenin's antibacterial activity and avoid bacterial

resistance based on nano-preparation with photo responsiveness.

Methods: The liposome shell material of carboxymethyl chitosan-phosphatidyl ethanola-

mine (CMC-PE) was prepared using amidation reaction, and photo-responsive cationic

(PCC) liposomes containing Camellia sapogenin derivative (CSD) and photosensitizer pheo-

phorbide-a were prepared by film dispersion method. Encapsulation efficiency, drug loading,

zeta potential, particle size distribution, morphology and stability of the PCC liposomes were

determined by HPLC, particle size analyzer, transmission electron microscopy (TEM) and

fluorescence microscopy. Photo-responsive release of CSD in the PCC liposomes was

determined by laser (0.5 mW/cm2) at 665 nm. Antibacterial activity of the PCC liposomes

with or without irradiation was analyzed by MIC50, MBC, MBIC50, and bacterial morphol-

ogy to evaluate the antibacterial effects on amoxicillin resistant Escherichia coli and

Staphylococcus aureus.

Results: Size distribution, zeta potential, encapsulation efficiency and drug loading of the

PCC liposomes were 189.23 ± 2.12 nm, 18.80 ± 1.57 mV, 83.52 ± 1.53% and 2.83 ± 0.05%,

respectively. The PCC liposomes had higher storage stability and gastrointestinal stability,

and no obvious hemolytic toxicity to rabbit red blood cells and no cytotoxicity after

incubation with Hela cells. The photosensitizer pheophorbide-a was uniformly dispersed in

the phospholipid layer of the PCC liposomes and increased the CSD release after irradiation.

The PCC liposomes could bind to bacteria and impaired their morphology and structure, and

had significant bactericidal effect on amoxicillin resistant E. coli and S. aureus.

Conclusion: The photo-responsive PCC liposomes are efficient antibacterial agents for

avoidance of bacterial resistance against antibiotics.

Keywords: Camellia sapogenin derivative, photo-responsive cationic liposomes, carboxymethyl

chitosan, antibacterial effects, antibiotic substitutes

Introduction
Antibiotics play important roles in the therapy of pathogenic microorganism infec-

tion for a long time.1 However, the long-term abuse of antibiotics has led to an

increase of drug-resistant bacteria, causes great threats to humans and animals, and
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poses serious challenges in clinical treatment.2,3 The bio-

film formation is a crucial factor for the bacteria with anti-

biotic resistance, the effect of which can escape the

destruction from antibiotics and immunocyte through wrap-

ping in their own secreted extracellular polymeric

substances.4,5 Therefore, it is meaningful to develop alter-

native new antibacterial agents with multiple antibacterial

pathways to avoid resistance. The natural products possess

plenty of active compounds with antibacterial activity,

which may be exploit as an antibiotic substitute with a

lower propensity of bacterial resistance.6,7

Literature indicate that the saponin extracted from

Camellia oleifera shells has the potential as antibiotic substi-

tutes because of its abundant and cheap resource and low

bacterial resistance against antibiotics.8,9 Antibacterial effect

of theCamellia saponin is due to its structure easily binding to

the cholesterol of the cell membrane receptor, causing destruc-

tion of cell membrane structure and function, and promoting

cell lysis.9,10 Based on the structure–function relationship,

sapogenin is the main active part of Camellia saponin, and

could be modified with C28 ester substitutions in favor of

dramatically enhancing the antimicrobial activity especially

by the introduction of the aromatic ring, heterocyclic ring and

strong electron-withdrawing groups.11,12

Liposomes are commonly used drug delivery systems with

the advantages of biocompatibility and efficient encapsulation

of both hydrosoluble and liposoluble drug.13,14 The cationic

liposomes have specific antibacterial mechanism and antimi-

crobial activity through disrupting the integrity of bacterial

membrane and wall by electrostatic interaction.15–17 This spe-

cificmechanismwill effectively reduce the risks to develop the

bacterial resistance because bacteria can hardly survive from

the physical destruction of cellular structure.18

Carboxymethyl chitosan (CMC) possesses the virtues of

similar characters including biodegradability, biocompatibil-

ity, bacteriostatic, fungistatic, and better solubility than

chitosan.19 The surface modification of liposomes with CMC

could significantly improve the stability of liposomes in vitro

and in vivo because of a tight water covering layer formation

from the hydration of CMC in the aqueous solution.20,21

Through the increase of drug bioavailability and targeting,

the intelligent Nano-drug delivery systems play unique roles in

enhancing antibacterial activity and reducing the bacterial

resistance.22,23 Generally, the liposomes could be physically

or chemically modified to be pH responsive,24 thermal

responsive,25 magnetic responsive26 and photo responsive 27

in order to control drug release. On the basis of our previous

finding that photo-responsive liposomes can be prepared by

phospholipidmixedwith the pheophorbide-a, a photosensitizer

extracted from silkworm excrement, the liposomes had photo

responsiveness to red light with no side effects.28 Meantime,

the singlet oxygen from photosensitization of pheophorbide-a

also had the synergistic antibacterial effect.5,29 Therefore, we

designed a new kind of CMC-modified photo-responsive

Camellia sapogenin derivative cationic liposomes (PCC lipo-

somes) with complex structure shown in Figure 1.

Antibacterial activities and biosecurity of the PCC liposomes

were, respectively, evaluated, and antibacterial mechanism

was analyzed by the integrity of bacterial cell structure.

Materials And Methods
Drugs And Reagents
Camellia sapogenin derivative (CSD) was obtained from our

previous research,30 its synthetic route is shown in

Figure 2. Pheophorbide-a was extracted from silkworm

feces in our laboratory. N-hydroxysuccinimide (NHS), 1-(3-

Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride

(EDC), phosphatidyl ethanolamine (PE), carboxymethyl chit-

osan (CMC) and maleic anhydride (MAH) were purchased

from Macklin Reagent (Shanghai, People's Republic of

China). Soybean phosphatidylcholine (SPC) and cholesterol

were purchased from Yuanju Biotech (Shanghai, People's

Republic of China). Cetrimonium bromide (CTAB), amoxicil-

lin and triton were purchased from Aladdin Reagent

(Shanghai, People's Republic of China). Macroporous adsor-

bent resin (AB-8) was bought from Tianjin Chemical

Reagent Factory (Tianjin, People's Republic of China).

Phosphotungstic acid dye, spurr resin, uranyl acetate and cop-

per mesh were purchased from Beijing Zhongjingkeyi

Technology (Beijing, People's Republic of China). Methyl

thiazolyl tetrazolium (MTT) was purchased from Sangon

Biotech (Shanghai, People's Republic of China). Mueller-

Hinton (MH) broth media, and agar used for bacteria culture

were purchased from Hope Biotech (Qingdao, People's

Republic of China). SYTOX GREEN dye was bought from

Nanjing Kebai Biotech (Nanjing, People's Republic of China).

HeLa cells and DMEMmediumwere obtained from Shanghai

Cell Bank (Shanghai, People's Republic of China). Rabbit red

blood cells (rRBC) were purchased from Guangzhou

Hongquan Biotech (Guangzhou, People's Republic of China).

Bacterial Strains And Culture
The standard strains ofEscherichia coli (E. coli, CMCC44825)

and Staphylococcus aureus (S. aureus, ATCC29213) were

purchased from Guangdong Microbiology Culture Center
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(Guangzhou, People's Republic of China). All bacterial strains

were activated, and further cultured at 37ºC and shaking of 100

rpm to the exponential growth stage in Mueller-Hinton broth

(MH broth). Drug-resistant E. coli and S. aureus strains were

induced by amoxicillin according to the reference.31

Synthesis Of PE-MAH
CMC-PE as a new shell material of nanocapsule was

synthesized by amidation reaction of PE, MAH and

CMC, the scheme is illustrated in Figure 3. The PE-

MAH and CMC-PE were synthesized step by step

according to our previously described procedure with

some modification.30 To a PE (1.0 g) in CHCl3 (20 mL),

MAH (0.15 g) was added at room temperature, and then

the triethylamine (100 μL) was added to the reaction

solution. The mixture was reacted at 55°C for 12 h. After

the completion of the reaction, the solvent was removed by

rotary evaporation, and the residue was washed with acet-

one (10 mL×3), lyophilized to obtain PE-MAH (0.94 g).

The structure of the obtained PE-MAH was determined by

FTIR (Bruker Company, Karlsruhe, Germany), 1H-NMR

(Bruker Company, Karlsruhe, Germany), elemental

Figure 1 Structure and drug release mechanism of the PCC liposomes.

Abbreviations: PCC, photo-responsive Camellia sapogenin derivative cationic; SPC, soybean phosphatidylcholine; Chol, cholesterol; CMC, carboxymethyl chitosan; SPE,

phosphatidyl ethanolamine; CTAB, cetrimonium bromide; CSD, Camellia sapogenin derivative.
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analysis (Saberhagen Company, Zurich, Switzerland) and

stored at 4°C for further application.

Synthesis Of CMC-PE
EDC HCl (0.27 g) and NHS (0.16 g) were added to a solution

of PE-MAH (1.0 g) in DMSO/CHCl3 (v: v, 2: 1) at room

temperature. After stirring for 2 hrs, a solution of CMC (0.05

g, 5 mL) in DMSO/deionized water (v: v, 2: 1) was added

dropwise at room temperature. Reaction mixture was further

stirred for 72 hrs at the same temperature. After the completion

of the reaction, the resulting solution was dialyzed in a dialysis

bag (14,000 Da molecular weight cutoff) to remove unreacted

reagent and small molecular species, and subsequently lyophi-

lized to obtain CMC-PE (0.76 g). The structure of the obtained

CMC-PE was determined by FTIR, 1H-NMR, elemental ana-

lysis, and stored at 4°C for further application.

Figure 2 Synthetic route of Camellia sapogenin derivative.

Figure 3 Synthetic route of PE-MAH and CMC-PE.

Abbreviations: CMC, carboxymethyl chitosan; MAH, maleic anhydride; PE, phosphatidyl ethanolamine.
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Preparation Of Photo-Responsive CSD

Cationic Liposomes
A lipid film hydration method was applied to prepare drug-

loaded cationic liposomes.32 Briefly, CSD (60 mg), CMC-PE

(420mg), SPC (420mg), cholesterol (85 mg), pheophorbide-

a (10 mg) were dissolved in chloroform (10 mL), and the thin

lipid film was formed by rotary evaporation at 50°C for 30

mins and further dried under vacuum at 35°C. Then, it was

hydrated at 40°C by adding 5 mL of 6% CTAB phosphoric

acid solution (pH=7.4) and sonicated for 5 mins. Finally, the

PCC liposomes were obtained by passing through 0.22 μm
pore diameter polycarbonate filters and stored at 4°C until

use. Preparation of control liposomes using the samemethod,

including normal blank liposomes (without CTAB, CSD and

pheophorbide-a), blank cationic liposomes (without CSD

and pheophorbide-a), photosensitive blank liposomes (with-

out CSD), and contrast liposomes (without CMC-PE).

Determination Of Encapsulation

Efficiency And Drug Loading
Encapsulation efficiency (EE) and drug loading (DL) of the

PCC liposomes were determined by mini-column centrifuga-

tion-HPLC.33 The liposomes (0.5 mL) were added in macro-

porous resin microcolumn (AB-8, 3 mL) and centrifuged at

4000 rpm for 1 min to remove unencapsulated CSD, and then

extracted with 10 mL of methanol, sonicated for 5 mins to

destroy the liposomes and passed through a 0.22 μm filter.

The filtrate was determined by HPLC to get the content of

encapsulated CSD (Wi). The analysis of CSD was run on HP

1100 HPLC (Agilent Company, California, USA) in the

following operating conditions: column: Hypersil ODS

(250 × 4.6 mm, 5 μm); flow phase: methanol/water (90/10);

injection volume: 20 μL; flow rate: 1.0 mL/min; temperature:

30°C; wavelength: 250 nm. Another 0.5 mL of liposomes

solution were extracted with 10 mL of methanol, and ultra-

sonically demulsified, and the total drug content (Wt) was

determined under the same HPLC conditions.

EE and DL of the PCC liposomes were calculated

according to the following equations:

EE %ð Þ¼Wi

Wt
�100% (1)

DL %ð Þ¼Wi

W
�100% (2)

where Wi is the amount of drug in the liposomes, Wt is the

total drug content, and W is the weight of liposomes contain-

ing drug.

Measurement Of Liposomes Size

Distribution And Zeta Potential
Size distribution (PSD) and zeta potential of the liposomes

were measured in this research using a Nano-2S MDT-2

Malvern particle size analyzer (Malvern Instruments

Limited, Malvern, UK). The liposomes (1mL) were dispersed

in 10 mL of deionized water and then measured at 25°C with

the refractive index 1.33. Data were calculated as the average

of 3 repetitions.

Morphological Observation Of

Liposomes
Morphology of the PCC liposomes was observed by transmis-

sion electron microscopy (TEM) and inverted fluorescence

microscope (FM). The PCC liposomes were diluted to a con-

centration of 0.5 μg/mL with deionized water, and dropped on

to a glass slide and observed by IX83 inverted fluorescence

microscope (Japan Olympus Co., Ltd., Tokyo, Japan) under

white light and purple light (Excitation wavelength: 395–415

nm). Morphology of the PCC liposomes was further observed

under TEM (JEOL, Tokyo, Japan) with the following treat-

ment. The liposomes were stained for 2 mins with a staining

agent (2% phosphotungstic acid), dropped onto a copper grid,

and dried in air for 6 hrs at room temperature before

observation.

Stability Test Of Liposomes
Physical stability of the liposomes was evaluated by the

change of particle size, zeta potential and encapsulation

efficiency after storage at 4°C for 8 weeks. Biostability of

the PCC liposomes was evaluated by the acid tolerance of

simulated gastric fluid (SGF, 1% pepsin, pH=1.2) and the

digestive tract enzyme degradation of simulated intestinal

fluid (SIF, 1% trypsin, pH=6.8).33 Briefly, the PCC liposomes

(1 mL) were added to SGF or SIF (4 mL) and incubated at

37°C shaking with a rate of 100 rpm. After sampling 0.5 mL

at regular intervals, the leachate by microcolumn centrifuga-

tion was extracted with 5 mL of methanol, and sonicated for

5 mins. The CSD concentration in the filtrate was determined

by HPLC. The percentage of residual CSD was calculated to

evaluate the stability of the liposomes.

Drug Release Test Of PCC Liposomes
UV-Vis absorption spectra and fluorescence spectra of the

PCC liposomes were measured at 200–800 nm using an

ultraviolet spectrophotometer (Shimadzu, co., Ltd., Tokyo,

Japan) and a fluorescence spectrofluorometer (Shimadzu,
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co., Ltd., Tokyo, Japan) respectively. The liposomes were

irradiated at 665 nm red light (0.5 mW/cm2) for 0, 10, 20,

40, 60 mins. Then, the liposomes (2 mL) were added into

23 mL of PBS (0.1 M, pH=7.4) solution and incubated at

37°C shaking with a rate of 100 rpm. At predetermined

time intervals (0.5, 1.0, 2.0, 4.0, 8.0, 10.0, 12.0, 24.0 hrs),

the solution (200 μL) was taken and diluted with methanol

to 1 mL, sonicated for 5 mins. The content of CSD

released was determined by HPLC, and the mean release

percentages were calculated.

Bacterial Growth Inhibition And Biofilm

Inhibition Assay
Antibacterial activity of the PCC liposomes against S. aureus

and E. coli was determined using the standard broth micro-

dilution method.9 The bacteria were diluted to 5×105 CFU/mL

byMHbroth. The PCC liposomeswere dissolved inDMSO to

make 100 mg/mL solution, and diluted by MH broth to make

the series of final concentration at 256, 128, 64, 32, 16, 8, 4, 2,

1 and 0.5 μg/mL. Dilutions of the PCC liposomes (100 μL)
were sequentially added into the 96-well plates, which were

inoculated with tested bacteria (100 μL), and incubated at 37°
C for 24 hrs. The OD value at wavelength of 600 nm (OD600)

was measured by CYTATION5 micro-plate spectrometer

(BioTeck Company, America) and bacterial growth inhibition

rate was calculated as follows. The minimum inhibitory con-

centration on 50% bacterial strains was calculated as MIC50.

The wells treated without amoxicillin, CSD and the liposomes

were used as negative treatments.

Bacterial growth inhibition rate %ð Þ¼ ðNegativeOD600�DrugOD600Þ
Negative OD600

� 100%

(3)

The negative control suspension (50 μL) was evenly

spread on Muller Hinton agar and cultivated at 37°C for 24

hrs. Bacterial colonies in the plates were counted to calcu-

late the number of bacteria in the corresponding wells.

Minimum bactericidal concentration (MBC) indicates the

minimum concentration of drug required to kill more than

99.99% of the tested strains according to the CLSI

standard.34

Bacterial biofilm experiments were carried out by crys-

tal violet staining.35,36 After culture medium in 96-well

plates were removed and washed 3 times with PBS (0.1 M,

pH=7.4), 0.1% crystal violet solution (100 μL) was added
in each well to dye the biofilm. Fifteen minutes later, the

solution was aspirated. All wells were washed 3 times with

PBS (0.1 M, pH=7.4), and then 33% glacial acetic acid

solution (100 μL) was added to extract crystal violet from

the biofilm. The absorbance at 570 nm (OD570) was mea-

sured to calculate the biofilm inhibition rate. The mini-

mum bacterial biofilm inhibitory concentration on 50%

bacterial strains was calculated as MBIC50.

Biofilm inhibition rate %ð Þ¼NegativeOD570�DrugOD570

NegativeOD570
� 100%

(4)

The antibacterial activity of CSD, normal blank lipo-

somes, blank cationic liposomes and photosensitive blank

cationic liposomes was tested by the above method.

Hemolysis Assay
The liposomes were determined for their hemolytic rate

against rabbit red blood cell (rRBC).37 Fresh rRBC were

washed thrice with saline by centrifugation at 3000 rpm for

5 mins and were suspended in saline. The liposomes (1 mL)

were then added to 1 mL of rRBC solution. The mixture

suspension was incubated at 37°C for 1 hr. The rRBC

morphology was observed under inverted fluorescent

microscope, the suspension was then centrifuged at 3000

rpm for 5 mins. Finally, the absorbance of the supernatant

was measured at 540 nm. The positive control was 1%

triton, and the negative control was saline. The percentage

of hemolysis was defined as

Hemolysis rate %ð Þ¼ DrugOD540�NegativeOD540

PositiveOD540�NegativeOD540

(5)

4000 3500 3000 2500 2000 1500 1000 500

)
%(ecnatti

msnar
T

Wavelength(cm-1)

A
 B
 C

Figure 4 FTIR spectra of PE (A), PE-MAH (B) and CMC-PE (C).

Abbreviations: CMC, carboxymethyl chitosan; MAH, maleic anhydride; PE, phos-

phatidyl ethanolamine.
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Morphological Observation Of Bacteria
The morphology of both S. aureus and E. coli was examined

with scanning electron microscopy (SEM) and TEM. S.

aureus and E. coli were incubated with 2×MIC the PCC

liposomes under the same conditions as the bactericidal

test, respectively. MH broth was used as a blank control,

and normal blank liposomes were used as a negative control.

To prepare SEM samples, the untreated and treated bacteria

were centrifuged to remove the supernatant, and the remain-

ing precipitate was fixed with 2.5% glutaraldehyde for 12 hrs

Figure 5 1H-NMR spectra of PE-MAH (A) and CMC-PE (B).
Abbreviations: CMC, carboxymethyl chitosan; MAH, maleic anhydride; PE, phosphatidyl ethanolamine.
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at 4°C. After fixation, the samples were centrifuged to

remove glutaraldehyde and resuspended in 50 μL of t-buta-

nol. Then, the bacterial suspension (3 μL)was dropped on the

mica slides, lyophilized and coated with gold before SEM

imaging. For TEM observation, bacteria were fixed with

2.5% glutaraldehyde and 1% osmium tetroxide and

embedded in spurr resin, and then stained with uranyl acetate

before TEM imaging.

Cell Culture And Cytotoxicity Assay
The cytotoxicity was evaluated by MTT assay on cell

viability.38 HeLa cells were incubated in DMEM medium

Figure 6 Size distribution and zeta potential of the PCC liposomes.

Abbreviations: PCC, photo-responsive Camellia sapogenin derivative cationic.
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for 24 hrs in 96-well plates (37°C, 5% CO2) and divided

into the groups of normal liposomes, blank cationic lipo-

somes and the PCC liposomes. The medium was replaced

with fresh medium containing different concentrations of

liposomes and incubated for an additional 24 hrs. Then,

MTT solution (20 μL) was added and incubated at 37°C

for 4 h. Finally, the absorbance was measured at 490 nm

using DMEM medium as the negative control. The per-

centage of HeLa cell survival was defined as

HeLa cell survival rate %ð Þ¼ DrugOD490

NegativeOD490
�100% (6)

Statistical Analysis
All data were expressed as mean ± standard deviation, and

analyzed with SPSS17.0 software to obtain statistical

results. The significant levels of the treatments in

antibacterial tests, EE and DL, average size and zeta

potential, drug release percentage, hemolysis rate and

cell survival rate were calculated using one-way ANOVA

and Student–Newman–Keuls (SNK) tests.

Results And Discussion
Synthesis And Characterization Of CMC-

PE
In order to prepare the PCC liposomes, the hydrophilic

carrier material CMC-PE was synthesized by amidation

reaction and characterized by FTIR spectroscopy and 1H-

NMR. As shown in Figure 4, the new peaks at 1710 cm−1

and 1550 cm−1 in FTIR spectroscopy demonstrated the

formation of amide bonds, indicating the existence of

amide groups in CMC-PE. Moreover, CMC-PE presented

higher peaks at 3393 cm−1 and 1740 cm−1 than PE-MAH,

suggesting that it was successfully connected to the CMC.

Figure 7 Fluorescence photographs of the PCC liposomes under white light (A) and 415 nm light excitation (B). TEM images of PCC liposomes. Scale bar = 1 μm (C) and 200 nm (D).

Notes: Red arrows represent pheophorbide-a in the outer shell and white arrows represent Camellia sapogenin derivative in the inner core of PCC liposomes.

Abbreviations: PCC, photo-responsive Camellia sapogenin derivative cationic; TEM, transmission electron microscopy.
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Correspondingly, the 1H NMR Spectra of PE-MAH and

CMC-PE in Figure 5 showed the new peaks at approxi-

mately 9.04 ppm, which is consistent with previously

reported spectra of amide groups.19 In addition, the signals

at approximately 4.30 ppm occurred in CMC-PE, which

were attributed to the carboxymethyl proton signal peak of

carboxymethyl chitosan. The above results indicate that

PE-MAH was successfully grafted onto the amino group

of CMC. Elemental analysis showed that the graft ratio

was 87.89%.

Nanostructure Of The PCC Liposomes
The PCC liposomes with uniform size distribution were

fabricated by thin-film dispersion method. The EE and DL

were, respectively, 83.52±1.53% and 2.83±0.05%. The

PCC liposomes had the size of 189.23 ± 2.12 nm and

zeta potential of 18.80±1.57 mV (Figure 6), and well

dispersed as individual particles with dispersion index

(PDI) 0.34. The positive charge is due to the presence of

CTAB on the PCC liposomes.39

Morphology of the PCC liposomes was visualized

and photographed under TEM and fluorescence micro-

scope. Images of the PCC liposomes revealed good

dispersity (Figure 7) and sphericity with red fluores-

cence in shell layers (Figure 7B). Among the compo-

nents of the PCC liposomes, only pheophorbide-a had

red fluorescence under UV excitation. Thus, it was

predominantly distributed within the phospholipid

bilayer.

Stability Of The PCC Liposomes
Storage stability of the PCC liposomes at 4°C was exam-

ined by encapsulation efficiency, zeta potential and aver-

age size, as shown in Figure 8. It showed that particle

average size, zeta potential and encapsulation efficiency

of the PCC liposomes changed very little after storage

over 8 weeks at 4°C. It indicates strong stability in

storage. On the other hand, the gastrointestinal tract sta-

bility was evaluated by the retention rates of CSD in the

liposomes of SGF and SIF. The result is shown in

Figure 9. The retention rates of contrast liposomes (with-

out CMC-PE) after incubation for 4 hrs in SGF and SIF

were 49.02% and 59.52%, but those of the PCC lipo-

somes in SGF and SIF were 81.74% and 85.92%, respec-

tively, indicating that gastrointestinal stability of the

liposomes modified by CMC-PE was significantly

improved. The possible mechanism is that CMC could

form a dense hydrophilic protective film on the surface of

PCC liposomes to reduce the penetration of gastrointest-

inal fluid into liposomes, and extend the cycle time of

drugs encapsulated in liposomes.21 Therefore, the PCC

liposomes have both physical stability and biostability,

and can take effects for a long time.

Photo-Responsive Drug Release Of PCC

Liposomes
As shown in Figure 10, the PCC liposomes have UV

absorption at 410 nm and 665 nm, which is consistent

with the UV absorption characteristic peak of pheophor-

bide-a, and the fluorescence spectra showed a strong emis-

sion peak at 673 nm under 665 nm excitation. It indicates

that the pheophorbide-a in the PCC liposomes could be

activated under red light (665 nm). Therefore, CSD release

from the PCC liposomes was evaluated by the
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Figure 8 Changes of average size, zeta potential and encapsulation efficiency of the

PCC liposomes stored at 4°C for 8 weeks.

Abbreviation: PCC, photo-responsive Camellia sapogenin derivative cationic.
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Figure 9 Retention rate of CSD in the PCC liposomes and contrast liposomes

(without CMC-PE) in SGF and SIF.

Abbreviations: CSD, Camellia sapogenin derivative; PCC, photo-responsive

Camellia sapogenin derivative cationic; SGF, simulated gastric fluid; SIF, simulated

intestinal fluid; CMC, carboxymethyl chitosan; PE, phosphatidyl ethanolamine.
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accumulative amount caused by pheophorbide-a photosen-

sitive effect under 665 nm irradiation, the result is shown

in Figure 11. The PCC liposomes were irradiated for 10,

20, 40, 60 mins, and the cumulative release rate at 12 hrs

reached 62.94%, 74.53%, 89.28% and 92.20%, respec-

tively. However, the maximum CSD release from the

PCC liposomes without irradiation only reached 21.62%

within 12 hrs. It indicates that the PCC liposomes have

photo responsiveness, and 665 nm irradiation dramatically

improves CSD release from the liposomes.

Why is drug release efficiency strengthened by pheo-

phorbide-a in the liposomes after irradiation? In photody-

namic therapy, the cause of cell death is the local

production of singlet oxygen by photosensitizer. The

main mechanism of its cytotoxicity is that the singlet

oxygen can destroy the phosphodiester bond of the cell

membrane and cause cytoplasmic leakage. Pheophorbide-

a, an effective photosensitizer, can generate singlet oxygen

while excited by 665 nm laser. Therefore, the photoacti-

vated release mechanism of CSD from the PCC liposomes

is attributed to destroy of lecithin’s phosphodiester bonds

of the liposomes by pheophorbide-a produced singlet

oxygen.28

Hemolysis And Cytotoxicity Of The

Liposomes
Since the cationic surfactant CTAB is a quaternary ammonium

salt, easily leads to hemolysis with cytotoxicity,39 the safety of

PCC liposomes was preliminarily evaluated by erythrocyte

hemolysis. The toxicity of PCC liposomes was measured by

the hemolytic potential toward rRBC. As shown in Figure 12,

less than 1% rRBC were lysed when incubated with the PCC

liposomes (32 μg/mL), whose hemolytic activity was similar

to normal blank liposomes, suggesting little hemolytic toxicity

of the PCC liposomes. The rRBC morphology is shown in

Figure 13A, the 1% triton-treated rRBC became an irregular

polygonal shape. However, the rRBC treated with normal

blank liposomes (Figure 13B), blank cationic liposomes

(Figure 13C) and the PCC liposomes (Figure 13D) have a

complete spherical structure with a smooth surface, indicating

that the PCC liposomes are safe and almost free of hemolysis

toxicity at 32 μg/mL of concentration.

The cytotoxicity was further investigated by Hela

cells cultured with DMEM medium containing different

concentrations of the liposomes for 24 hrs, and evaluated

by MTT colorimetry. The results are shown in Figure 14.
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Figure 11 Cumulative release curves of CSD from the PCC liposomes at different

illumination times (10, 20, 40, 60 mins).

Abbreviations: PCC, photo-responsive Camellia sapogenin derivative cationic;

CSD, Camellia sapogenin derivative.
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When the PCC liposomes concentration was 4.0 μg/mL,

the cell survival rate was 98.72%. Therefore, no obvious

cytotoxicity exists for the PCC liposomes.

Antibacterial Activities Of The PCC

Liposomes
MIC50 and MBC of the PCC liposomes against S. aureus

and E. coli were determined by microdilution method, and

MBIC50 of bacterial biofilm was determined by crystal

violet staining. Amoxicillin was used as a drug-resistant

control, and normal blank liposomes were used as a nega-

tive control. Table 1 summarizes the MIC50, MBC and

MBIC50 values of CSD, normal blank liposomes, blank

cationic liposomes, photosensitive blank liposomes and

the PCC liposomes against both S. aureus and E. coli.

The results showed that amoxicillin could not inhibit the

growth of S. aureus and E. coli, and MIC50, MBC and

MBIC50 of the PCC liposomes were significantly lower

than those of CSD. The results indicate that the bacteria

are resistant against amoxicillin, and the PCC liposomes

Figure 13 Morphology of rRBC after treatment with 1% triton (A), normal blank liposomes (B), blank cationic liposomes (C) and PCC liposomes (D) observed by inverted

fluorescence microscope.

Abbreviations: PCC, photo-responsive Camellia sapogenin derivative cationic; rRBC, rabbit red blood cells.
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significantly increased the antibacterial activity on amox-

icillin resistant bacteria.

The morphology transformation of S. aureus and E. coli

was examined using SEM and TEM. The image shows that

typical S. aureus cells and E. coli cells have normal spherical

morphology and rod-like morphology, respectively, and both

have intact cell membranes (Figure 15A, C, E, G). After

bacteria were treated with the PCC liposomes for 2 hrs,

microbial cells severely aggregated and completely lost

their normal shape. It further confirms that the PCC

liposomes can severely damage bacteria and make bacterial

cell lysis (Figure 15B, D, F, H).

Antibacterial activity of the PCC liposomes was sig-

nificantly higher than that of CSD, blank cationic lipo-

somes and photo-responsive blank liposomes, indicating

that the PCC liposomes have synergistic antibacterial

effects and can prevent bacterial resistance, the combined

action of CSD, pheophorbide-a and cationic liposomes

destroys bacterial biofilm structure and function, and

accelerates the dissolution and death of the drug-resistant

bacteria.

The antibacterial mechanism of the PCC liposomes

relies on CSD structure, positive charge and photodynamic

effects. CSD is an antibacterial compound, and its nano-

capsulation improves the antibacterial effects. Since the

positive charge on the surface of the cationic liposomes

is easily combined with the negative charge of the bacter-

ial cell membrane phospholipid, it changes the cell mem-

brane permeability and destroys the bacterial cell structure,

strengthens antibacterial activity. On the other hand, the

photo-responsive liposomes produced significant differ-

ences in antibacterial activity under without illumination

and illumination conditions, illumination significantly

improved the antibacterial activity. It means that the

photosensitizer pheophorbide-a has photodynamic effects,

and generates singlet oxygen under the excitation of 665
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Figure 14 Cytotoxicity of the PCC liposomes, normal blank liposomes, blank

cationic liposomes on HeLa cells after 24 hrs of incubation.

Abbreviation: PCC, photo-responsive Camellia sapogenin derivative cationic.

Table 1 Antibacterial Activity Of The Liposomes (unit: μg/mL)

Groups Without

Illumination

S. aureus E. coli

MIC50 MBC MBIC50 MIC50 MBC MBIC50

Amoxicillin / / / / / /

CSD 2.67±0.65 40 2.38±0.09 18.08±1.21 160 17.82±0.12

Normal blank liposomes / / / / / /

Blank cationic liposomes 0.55±0.01 2.0 0.46±0.01 1.94±0.07 4.0 1.70±0.15

Photosensitive blank liposomes 0.57±0.01 2.0 0.45±0.02 1.88±0.03 4.0 1.80±0.05

PCC liposomes 0.19±0.004 2.0 0.22±0.006 1.21±0.04 4.0 0.89±0.08

Groups With 665 nm

Illumination

S. aureus E. coli

MIC50 MBC MBIC50 MBIC50 MBC MBIC50

Amoxicillin / / / / / /

CSD 2.52±0.42 40 2.36±0.15 18.63±0.92 160 17.01±0.68

Normal blank liposomes / / / / / /

Blank cationic liposomes 0.54±0.02 2.0 0.46±0.01 2.03±0.12 4.0 1.69±0.15

Photosensitive blank liposomes 0.32±0.02 2.0 0.29±0.01 1.39±0.08 4.0 1.22±0.01

PCC liposomes 0.13±0.002 0.5 0.11±0.002 0.72±0.02 2.0 0.45±0.02

Notes: Data are presented as mean ± standard deviation (n=3). All data show significant differences between treatments (p<0.05). MIC50 indicates the minimum inhibitory

concentration of the drug required to inhibit the growth of 50% of the tested strain; MBC indicates the minimum concentration of drug required to kill more than 99.99% of

the tested strains; MBIC50 indicates the minimum concentration of drug required to inhibit biofilm formation by 50% of the tested strains.

Abbreviations: PCC, photo-responsive Camellia sapogenin derivative cationic; CSD, Camellia sapogenin derivative.

Dovepress Zhang et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
8623

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Figure 15 Morphology of the PCC liposomes-treated S. aureus and E. coli observed by SEM and TEM.

Notes: The untreated S. aureus (A, E) and E. coli (C, G), the PCC liposomes-treated S. aureus (B, F) and E. coli (D, H).

Abbreviations: PCC, photo-responsive Camellia sapogenin derivative cationic; SEM, scanning electron microscope; TEM, transmission electron microscope.
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nm laser, which leads to bacterial lipid peroxidation, mem-

brane permeability and oxidative damage to DNA, RNA

and proteins, ultimately cell death.5

Conclusions
The prepared PE-MAH was grafted onto CMC by amide

condensation reaction to obtain liposome shell material

CMC-PE. Then, the PCC liposomes were prepared by

film dispersion method using CMC-PE, soybean lecithin,

cholesterol, CSD, and pheophorbide-a. The properties of

PCC liposomes were characterized by size distribution,

zeta potential, DL, EE, FM, SEM and TEM, confirming

that pheophorbide-a is uniformly dispersed in the phos-

pholipid bilayer and that CSD is encapsulated in lipo-

somes. The PCC liposomes have storage stability and

gastrointestinal stability. Irradiation at 665 nm stimulates

pheophorbide-a to release CSD from the PCC liposomes.

The PCC liposomes have strong antibacterial activity and

bacterial biofilm growth inhibition, and their antibacterial

activity can be significantly improved under illumination.

The positive charge on surface of the PCC liposomes can

produce synergistic antibacterial action with CSD and

singlet oxygen to destroy the cell membrane structure of

bacteria, leading to cell death. The photo-responsive PCC

liposomes are efficient antibacterial agents to avoid bac-

terial resistance.
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