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Cerasome is a freshly developped bilayer vehicle that resemble traditional liposome but has higher
mophorlogical stability. In this study, a novel redox-responsive cerasome (RRC) was developed for
tumor-targeting drug delivery. The cerasome-forming lipid (CFL) that comprise a cleavable disulfide
bond as connector unit of the triethoxysilyl head and the hydrophobic alkyl double chain was syn-
thesized and subsequently used to prepare cerasome through ethanol injection method. RRC that has
liposome-resembling lipid bilayer structure was proved being outstanding at drug loading capacity as

g?r':égr;i well as morphological stability as compared to conventional liposomes. In addition, in vitro drug release
Redox responsive tests of DOX/RRCs showed a redox-responsive drug release profile: accelerated DOX releasing compared
Doxorubicin to reduction-insensitive cerasomes (RICs) in the presence of 10 mM of GSH. Under the same condition,

the reduction sensibility of RRC was further proved by increased hydrodynamic diameter and destroy-
ing of integrity from DLS and SEM results. RRC showed non-toxic to human embryonic kidney 293
cells, indicating that this material has good biocompatibility. On the other hand, DOX/RRCs showed a
resemble ICso (half inhibitory concentration) value to that of free DOX to human hepatoma SMMC-7721
cells and breast cancer MCF-7 cells. ICso values at 48 h were found to decrease in the following order:
DOX/RIC>DOX/RRC>DOX. Taken together, the RRC developped in this study is of great potential to be
utilized as a promising platform for intracellular anticancer drug delivery.

© 2016 Published by Elsevier B.V.

Morphological stability

1. Introduction

The development of tumor-targeting drug delivery systems
(DDSs), like liposomes [1-3], protein nanoparticles [4,5], inorganic
nanoparticles [6,7] and polymeric micelles [8-10] has revived the
therapeutic uses of numerous potent chemotherapeutics that are
too toxic to be applied otherwise [11,12]. For instance, liposomes
can protect their cargo by intrinsic shielding effect, hydrophilic
drugs can be included in the inner water compartment of liposomes
and lipophilic drugs can be incorporated into the liposome mem-
brane [13]. With modifications of polyethylene glycol (PEG), the
stealth liposome can evade the reticuloendothelial system (RES) of
the body and get longer circulation time [14]. Nevertheless, major
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drawbacks of liposome-based drug carriers, including poor stor-
age stability, premature leakage and the lack of tunable triggers for
drug release, have limited their clinical applications [ 15]. Recently,
a kind of liposome-like organic-inorganic biomimetic material
named “cerasome” was developed based on organoalkoxysilane
self-assembling [16-18]. The polyorganosiloxane surface endows
cerasome a much higher stability than conventional liposomes [19].
Besides, cerasome exhibited a remarkable morphological resis-
tance toward surfactant Triton X-100 (TX-100) and pH variation as
compared to DMPC liposome that is only stable at pH 5.6. Moreover,
the issue that traditional lipids in liposomes are easily oxidized was
overcame within cerasome [20]. Furthermore, the problem of pre-
mature leakage of drugs was not observed in cerasome due to its
high stability. However, high stability of cerasome make it hard to
release its payload at the desired site of action, which limited its effi-
cacy in cancer treatment. For instance, in vitro experiment showed
that there was only 60% of drug (paclitaxel) release in cerasome
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Fig.1. Schematicillustration of the redox responsive cerasome for intracellular drug
delivery.

even after 5days [20]. Therefore, an ideal control over the drug
release in cerasome is urgently essential.

Stimuli-responsive nanocarriers as good controlled drug deliv-
ery systems have attracted much attention in recent years [21].
Commonly used stimuli factors for the triggering of drug release
include pH [22,23], temperature [24,25], redox [26-30], enzyme
[31],light [32,33] and magnetism [34] etc. Glutathione (GSH) is the
most abundant intracellular thiol-containing small molecule which
involves in modulate disulfide cleavage reaction [35]. Due to the
naturally occurring difference between the extra- and intra-cellular
redox-environments, as well as elevated GSH level in tumor tissues
(2-10mM), disulfide bonds are increasingly being investigated as
responsive linkers for DDSs [36-38].

In this study, a redox-responsive cerasome (RRC) drug deliv-
ery system was developed and evaluated. Of note, a novel
organoalkoxysilane compound termed as cerasome-forming lipid
(CFL) was designed and synthesized. It links triethoxysilyl head
and hydrophobic alkyl double chain through a cleavable disulfide
bond. As a precursor of an amphipathic molecule, CFL would form
a bilayer vesicle called “cerasome” through sol-gel reaction (Fig. 1)
[39]. It was demonstrated that this liposomal nanohybrid cerasome
has higher morphological stability as compared to conventional
liposome and it releases drugs in a redox responsive way, mak-
ing RRC an ideal controlled release material. Besides, the synthesis
of CFL is simple with low cost. The redox responsive release due
to the breakage of disulfide at tumor-relevant glutathione (GSH)
levels imparts cerasome an on-switch towards the intelligent drug
delivery system. It would provide more strategies for developing
anti-cancer drugs based on developing novel drug delivery systems.

2. Experimental section
2.1. Materials and instruments
Doxorubicin hydrochloride (DOX-HCl) was obtained from

Beijing Huafeng United Technology Co. (Beijing, China). 1-
Hexadecylamine, 1-bromohexadecane, succinic anhydride,

1-ethyl-3(3-(dimethylamino)propyl)carbodiimide-hydrochloride
(EDC-HCI), 1-hydroxybenzotriazole (HOBt), triethylamine (TEA),
N,N-diisopropylethylamine (DIPEA), Triton X-100 (TX-100) and
glutathione (GSH) were purchased from Sinopharm Chemical
Reagent Co., Ltd.,, China. 3-Mercaptopropyltriethoxysilane and
3-aminopropyltriethoxysilane were obtained from Sigma-Aldrich
Co. (Shanghai, China), pyridine dithioethylamine hydrochloride
was synthesized as previously described [40]. Solvents were
purchased from local suppliers. THF was dried over sodium and
freshly distilled before use.

TH NMR and 3C NMR data were recorded on AVANCE AV-
300 NMR spectrometer (Bruker, Switzerland). HRMS spectra was
obtained on 6500 Q-TOF mass analyser (Agilent, USA). Fluores-
cence spectra were recorded on F4600 spectrofluorometer (Hitachi,
Japan). The surface morphology of cerasome samples was observed
by Ultra Plus scanning electron microscopy (Zeiss, Germany). Size
distribution and zeta potential were acquired using a Nano-ZS 90
Nanosizer (Malvern, UK).

2.2. Synthetic procedures

The CFL of RRC (Lipid 2) was synthesized by a four-step reac-
tion as shown in Fig. 2. For comparison, a normal cerasome named
reduction insensitive cerasome (RIC) was also prepared, its CFL
(Lipid 1) without disulfide bond was synthesized according to lit-
erature procedure [41,42].

2.2.1. N,N-Dihexadecylsuccinamic acid (1) [41,42]
Dihexadecylamine was synthesized from hexadecylamine and
bromohexadecane in ethanol at 40°C in presence of potassium
carbonate. The reaction mixture was filtered and washed with
hot ethanol to get a white powder. Then the obtained dihex-
adecylamine (10.00 g, 21.47 mmol) and succinic anhydride (4.30 g,
43.00 mmol) were added to dry THF (100 mL) and dissolved upon
heating. The solution was stirred for 24h at room temperature.
The solvent was evaporated in vacuum and the crude product
was dissolved in dichloromethane (100 mL). The solution was then
washed with 10% aqueous citric acid and saturated aqueous sodium
chloride in this sequence. After removing residual water using
phase separation filter paper, the solvent was evaporated in vac-
uum. Subsequent recrystallization from acetonitrile gave a white
solid (9.12 g, 75.1%). TH NMR (300 MHz, CDCl5) 8 3.31 (t,J=7.4Hz,
2H), 3.23 (t, J=7.4Hz, 2H), 2.68 (m, 4H), 1.55 (m, 4H), 1.26 (m,
52H), 0.88 (t, J=6.2Hz, 6H). 13C NMR (75 MHz, CDCl5) §=175.71,
171.84,48.25,46.61,31.90, 30.21, 29.67, 29.63, 29.60, 29.55, 29.53,
29.36, 29.33, 28.83, 28.03, 27.65, 27.01, 26.89, 22.66, 14.06; Calcd.
[M+NaJ* C3gH71NO3Na, m/z=588.5, found: [M + Na]* =588.5.

22.2.
N-[N-[2-(2-Pyridinyldithio)]ethylsuccinamoyl]dihexadecylamine
2)

To a solution of compound 1 (1.50g, 2.65mmol) in dry
dichloromethane (30mL) was added HOBt (0.43g, 3.18 mmol),
followed by EDCI (0.61 g, 3.18 mmol). After stirring for 30 min, (S)-
2-pyridylthio cysteamine hydrochloride (0.59g, 2.65 mmol) and
TEA (0.44 mL, 3.18 mmol) were added to the solution, the mix-
ture was stirred at 25°C under nitrogen protection for 4 h. Then
the mixture was washed with saturated brine, and dried over
Na,SO04. The evaporation of the solvent gave the crude product
that was purified with a silica gel column with ethyl acetate: hex-
ane (2: 1) to furnish the colorless oil 2 (1.89g, 97.1%). '"H NMR
(300 MHz, CDCl3) § 8.54 (d, J=4.7Hz, 1H), 7.59 (m, 2H), 7.34 (br.
s, 1H), 7.13 (t, J=5.7Hz, 1H), 3.54 (d, J=5.4Hz, 2H), 3.36 — 3.13
(m, 4H), 2.92 (t, J=6.0Hz, 2H), 2.62 (dd, J=20.3, 5.8 Hz, 4H), 1.63
— 1.43 (m, 4H), 1.26 (m, 52H), 0.88 (t, J=6.5Hz, 6H). 13C NMR
(75MHz, CDCl3) 8=172.50, 171.09, 149.60, 136.69, 120.78, 120.27,
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Fig. 2. Synthetic routes for cerasome-forming lipids.

47.80, 46.07, 38.46, 37.62, 31.61, 29.68-29.02, 28.66, 27.62, 26.82,
22.47,13.89; Calcd. [M + Na]* C43H79N30,S;Na, m/z=756.5, found:
[M +NaJ* =756.5.

2.2.3. N-[N-[2-[(3-
Triethoxysilyl)propyl]dithio]ethylsuccinamoyl]dihexadecylamine
(Lipid 2)

To the solution of compound 2 (0.92g, 1.25mmol)
in dry dichloromethane (30mL) was added 3-
mercaptopropyltriethoxysilane (0.60 mL, 2.50 mmol) and stirred
at 25°C for 48 h under nitrogen protection. Following the solvent
evaporation, the residue was purified on a silica gel column with
ethyl acetate: hexane (2: 5) to provide the pale yellow oil product
Lipid 2 (0.60g, 55.7%). '"H NMR (300 MHz, CDCl3) § 6.66 (br. s, 1H),
3.82 (q,J=7.0Hz, 6H), 3.55 (d, J=6.0Hz, 2H), 3.31 —3.19 (m, 4H),
2.90 - 2.60 (m, 6H), 2.54 (m, 2H), 1.80 (dt,J=15.3, 7.5 Hz, 2H), 1.51
(m,4H),1.43 -1.11(m,61H),0.88(t,J=6.4Hz,6H),0.73 (t,/J=8.3 Hz,
2H). 13C NMR (75MHz, CDCl3) §=172.74, 171.21, 58.35, 47.94,
46.26, 41.67, 38.20, 37.73, 31.86, 31.66, 29.63, 29.60, 29.55, 29.50,
29.39, 29.29, 28.88, 28.83, 27.76, 27.04, 26.90, 22.62, 22.57, 18.24,
14.03, 9.42; Calcd. [M+Na]* C47HggN,05S,SiNa, m/z=883.64221,
found: [M+Na]* =883.64180.

2.24.
N-[N-(3-Triethoxysilyl )propylsuccinamoyl]dihexadecylamine
(Lipid 1)

HOBt (0.96g, 7.12mmol) and EDC-HCI (1.36g, 7.12mmol)
was added with stirring at room temperature to a solu-
tion of N,N-dihexadecylsuccinamic acid (3.1g, 5.48 mmol) in

dry dichloromethane (30mlL). After 30min of stirring, 3-
aminopropyltriethoxysilane (1.6g, 7.12mmol) as well as DIPEA
(0.6 g, 5.48 mmol) was added to the solution and the mixture was
stirred for 4 h at room temperature before the reaction terminated.
The solvent was evaporated in vacuum and column chromatog-
raphy was carried out to finish the final purification. Impurities
were eluted with dichloromethane/methanol 30: 1 and finally a
colorless oil was obtained (2.5g, 62%). '"H NMR (300 MHz, CDCl3)
6 6.37 (br. s., 1H), 3.81 (q, J=7.0Hz, 6H), 3.30 —3.19 (m, 6H), 2.64
(t, J=6.4Hz, 2H), 2.51 (t, J=6.2Hz, 2H), 1.65 - 1.45 (m, 6H), 1.33-
1.20 (m, 52H), 1.24-1.14 (m, 9H), 0.88 (t, J=6.5Hz, 6H), 0.62
(t, J=8.4Hz, 2H). 13C NMR (75MHz, CDCl3) 8=172.49, 171.34,
58.35, 47.96, 46.23, 41.92, 31.86, 31.80, 29.63, 29.59, 29.56, 29.50,
29.38, 29.29, 28.91, 27.75, 27.04, 26.90, 22.87, 22.62, 18.22, 14.02,
7.70; Calcd. [M+Na]* C45HgoN>05SiNa, m/z=791.66677, found:
[M+Na]*=791.66897.

2.3. Preparation of cerasome and drug loaded cerasome

Both of the cerasomes were prepared by using a same ethanol
injection method [43,44]. Briefly, the CFL was hydrolyzed in 1 mM
of hydrochloric acid ethanol solution for 8 h, then the solution was
reduced to dryness under reduced pressure on a rotary evaporator.
After being redissolved in ethanol, it was injected to pure water
(40°C)withthe volumeratio of 1: 9 (ethanol: water) under vigorous
vortex. The prepared cerasome was stored at 40 °C for 24 h to allow
the formation of surface network. Finally, ethanol was removed by
dialysis using a dialysis bag with molecular weight cut-off (MWCO)
14,000 Da (Biosharp, USA).



G. Zhou et al. / Colloids and Surfaces B: Biointerfaces 148 (2016) 518-525 521

For drug loading, firstly DOX-HCI (20 mg) was converted to free
DOX base in the presence of TEA (DOX: TEA=1: 1.2), after stirring
for 30 min, it was freeze-dried and redissolved in DMSO (2 mL) after
three times of washing with water. The DMSO solution of DOX was
diluted with ethanol solution of hydrolyzed CFL and then injected
into the pure water slowly. Unloaded drug was removed by cen-
trifuge at 5000 rcf for 10 min. Residual solvents were removed by
dialysis.

To determine the encapsulation efficiency of DOX in cerasome,
0.1 mL of as-prepared drug loaded cerasome was mixed with 0.9 mL
of 90% ethanol solution with 0.075 M hydrochloric acid and allow
to fully release of drug overnight. Then the absorption of DOX at
484 nm wavelength was recorded on an UV-vis spectrometer and
the concentration was calculated according to the standard curve.

The encapsulation efficiency (EE) and drug loading capacity
(DLC) were defined as follows [25,45]:

EE(%) = (mass of DOX in RRCs/mass of tota IDOX added) x 100%

DLC(%) = (weight of DOX in RRCs/weight of DOX/RRCs) x 100%

2.4. Stability of the RRCs

To investigate the storage stability of the RRCs, hydrodynamic
diameters (Dyy) was determined by DLS at different time intervals.
The resistance toward surfactant of the RRCs was also estimated by
measuring the Dy of cerasome with addition of TX-100 solution
to vesicle suspension in varying proportions at room temperature.
The Dyy of DPPC liposome was also investigated in parallel with
control.

2.5. GSH-triggered release of DOX from RRCs

Sterilized dialysis bags with molecular weight cut-off (MWCO)
14,000 Da were used for drug release experiments. These dialy-
sis bags were pretreated prior to use. Dialysis bags were fully
immersed into 50% aqueous solution of ethanol and boiled 1 h, and
then washed with plenty of water. To investigate the influence
of pH value and redox potential on release of DOX, four differ-
ent buffer were chosen: phosphate buffered saline (PBS, 10 mM,
pH=7.4), PBS (10 mM, pH=7.4) with 10 mM of GSH, acetic buffer
solutions (ABS, 10 mM, pH=5.0) and ABS (10 mM, pH=5.0) with
10 mM of GSH. The drug loaded cerasome samples (2 mL) were kept
in the pretreated dialysis bags. The sealed dialysis bags were put
into centrifugal tubes (50 mL) with 20 mL of release media. These
tubes were packaged with aluminum foil to protect it from light
and shaken at a speed of 100 rpm at 37 °Cin an incubator shaker. At
prescribed time intervals, 1 mL of the release media were taken out
for measuring the released drug concentrations by the quantitative
fluorescence spectrophotometric method (excitation wavelength:
484 nm, emission wavelength: 591 nm), and replaced with the orig-
inal release media.

All drug release studies were carried out in triplicate. Normal
cerasome loaded with DOX (DOX/RIC) was also tested as control at
pH 5.0 and pH 7.4 respectively, in the presence of 10 mM GSH. The
results were presented in terms of cumulative release as a function
of time:

Cumulative release(%) = (Mt/Mg) x 100%

where M; is the amount of DOX released from cerasomes at time t
and My is the amount of DOX loaded in cerasome.

To assessment micellar stability of RRCs in response to GSH,
sufficient GSH was added to RRCs suspension to achieve a 10 mM
GSH reducing environment, the mixture was incubated at 37°C in

an incubator shaker and its hydrodynamic size distribution was
determined at designated time intervals.

2.6. Cell culture

Human embryonic kidney 293 cell (HEK 293), human hepatoma
SMMC-7721 cell and human breast cancer MCF-7 cell were pro-
vided by Cell Bank of Shanghai Institute of Cell Biology, Chinese
Academy of Sciences. HEK 293 cells were maintained in Dulbecco’s
Modified Eagles’ Medium (DMEM), supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics (100 UmL~!penicillin and
100 pg mL-! streptomycin sulfate), SMCC-7721, MCF-7 cells were
maintained in RPMI-1640 supplemented 10% FBS and 1% antibi-
otics. All cells were cultured in a humidified 5% CO, atmosphere at
37°C. Medium was replaced in every other day of subcultures.

2.7. Cell viability assay

The CCK-8 assays were conducted to assess the biocompatibility
of cerasome to normal tissue cells (HEK 293) as well as the antitu-
mor activity of DOX-loaded cerasomes to SMCC-7721 and MCF-7
cells. Briefly, 5000 cells per well were seeded in 96-well plates in
100 L of complete culture medium (containing 10% fetal bovine
serum) and incubated at 37°C in a CO, incubator for 24 h. Then
the volume in each well was replaced with 100 L of blank or DOX
loaded cerasome treatment medium. Varied DOX concentrations
0.001, 0.01, 0.1, 1, 3 wM were tested with free DOX as positive con-
trol. At the end of the incubation period, 10 wL of CCK-8 reagent
(Beyotime, Shanghai, China) was added to the cells and further
incubated for 4h. Afterward the 96-well plate was analyzed at
a 450 nm wavelength in an Infinite 200 PRO plate reader (Tecan,
Switzerland) to determine cell viability. Media without test mate-
rial was used as control.

3. Results and discussion
3.1. Preparation and characterization

A disulfide bond was creatively introduced to the precursor
of existing cerasome [16]. Dihexadecylamine in reaction with
succinic anhydride to give compound 1 which reacted with (S)-
2-pyridylthio cysteamine hydrochloride giving compound 2. Lipid
2 was synthesized from compound 2 via a disulfide exchange reac-
tion. Lipid 1, the CFL of RIC, was also synthesized as a control.
The target molecules were characterized by 'H NMR, 3C NMR and
mass spectra (see Supporting information). In order to fabricate
cerasomes, the CFL was hydrolyzed in acidic ethanol to produce an
amphipathic molecule which has a hydrophilic head consisting of
silanol groups. Ethanol injection method gave a transparent cera-
some suspension, doxorubicin, a widely used anticancer drug, was
loaded as a model drug (Fig. S11A). Preparation method was opti-
mized in aspects of hydrolysis condition of CFL, water temperature
and molar ratio of CFL to drug. Characterization of cerasome sam-
ples including size, zeta potential, EE (%) and DLC (%) were shown
in Table 1. Scan electron microscopy (SEM) image (Fig. 3B) showed
good monodispersity and uniform size of the RRCs. The average
hydrodynamic diameters (Dyy) and zeta potential were determined
to be 177.8 nm (PDI=0.159) (Fig. 3A) and —33.5mV for the empty
RRCs, 185.4nm (PDI=0.172) and —25.6 mV for DOX/RRCs (Table 1).
There was no obvious difference in size, zeta potential and EE (%)
between RIC and RRC. The RRCs appeared to be slightly larger when
analysed by dynamic light scattering (DLS) due to the presence of
a hydration layer around the vesicles in aqueous media [46]. The
empty RRCs possessed a high negative zeta potential, most likely
due to the presence of silanol groups on the outer face of cera-
somes, indicating that the triethoxysilyl moieties of the CFL were
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g]g::c]terization of blank and DOX-loaded cerasomes (theoretical DLC = 3.2 wt%).
Sample Blank cerasome DOX-loaded cerasome EE(%)° DLC(wt%)?
Dyy (nm)? PDI? Zeta potential (mV)? Dypy (nm)? PDI? Zeta potential (mV)?
RRC 177.8 0.159 -335 185.4 0.172 —25.6 74.3 2.4
RIC 174.6 0.127 -35.6 180.8 0.104 -26.4 75.7 25

2 Determined by dynamic light scattering (DLS), n=3.
b Determined by UV-vis absorption spectrum, n=3.
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Fig. 3. (A) Hydrodynamic diameter distribution of RRCs in water (B) SEM micrograph of RRCs with scale bar of 200 nm.
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hydrolyzed and negatively charged, and that the hydrolyzed tri-
ethoxysilyl groups were partially polymerized [47], which imparts
the cerasome a good colloidal stability.

Hydrophobic DOX was believed to present in the hydrophobic
domain of the lipid bilayer [12,13]. The fluorescence quenching
of DOX loaded in cerasomes was observed by fluorescence recov-
ery after being released from RRCs (Fig. S11B). DOX was loaded
into RRCs at a theoretical drug loading content (DLC) of 3.2 wt%.
The results showed an encapsulation efficiency (EE) of 74.3% (20:1
lipid-to-drug ratio) for RRCs, which led to a decent DOX loading of
2.4wt% (Table 1). The loading of DOX had little influence on Dy of
cerasomes.

3.2. Stability of cerasome

The oxidation and hydrolysis of lipid, the aggregation and fusion
of vesicle structure, especially the resulting drug leakage are of
challenging to the in vivo application of liposome [48]. In the case of
cerasome, its specific characters such as high zeta potential and sta-

ble silica-like surface with siloxane framework will give cerasome
an enhanced resistance to aggregation and thus improved morpho-
logical stability. In order to provide further evidences, long storage
and surfactants resistance experiments were conducted. There was
no significant change in sizes during 90 days’ storage (Fig. 4A). The
morphological stability of cerasome against membrane solubiliz-
ing agent was also evaluated, in comparison with DPPC liposome,
there was no change in the size of RRCs upon the addition of 100
equiv. of TX-100, but liposomes totally dissolved when 5 equiv.
of TX-100 was added to liposome suspension, indicating that cera-
somes had remarkably high morphological stability than liposomes
(Fig. 4B). All these results proved that both the novel cerasome
and literature reported cerasome are comparable in stability [20].
Usually, the polysiloxane network grew with increasing incubation
time and as-prepared cerasome requires more than 24 h to form
polysiloxane network on the surface. Surfactant solubilization is
a typical method to evaluate morphological stability of liposomes
in aqueous media. The surfactant can insert into lipid bilayer and
destroy the stability of self-assembly structure. But on the surface
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Fig. 5. Redox-triggered release of DOX from RRCs (at pH 7.4 and 5.0, 10 mM GSH,
error bar denotes standard deviation, n=3), the RIC was used as a reduction insen-
sitive control.

of stable cerasome, the polysiloxane network limited the mobil-
ity of membrane, which make it ineffective for the surfactant to
break the cerasome. To determine EE% and DL%, as-prepared cera-
some without complete polysiloxane network was used. Treatment
with acid alcohol solution allows as-prepared cerasome to release
loaded DOX totally. Hence, stability during long time storage, as
well as the morphological stability against fusion and precipi-
tation, made cerasome an effective controlled-release carrier for
anticancer drugs without premature leakage.

3.3. Invitro drug release

In vitro release of DOX from RRCs was investigated at pH 5.0
and 7.4 respectively for pH dependent solubility of DOX. It was per-
formed under redox stimulation using dissolution medium with or
without GSH at each pH value. Cumulative release (%) values of DOX
in four dissolution media were measured as well. For DOX/RRCs,
the results (Fig. 5) showed that only 34.4% of DOX was released
within 48 h at physiological pH (7.4). DOX release was significantly
accelerated at pH 5.0 by 61.8% of DOX released within 48 h under
same condition, meaning that 38.2% of drug still remains in the vesi-
cles. Notably, DOX release was boosted under reductive condition
(10 mM GSH, pH 7.4), in which 79.8% of drug was released within
48 h. The fastest and most complete drug release was observed at
pH 5.0 with the presence of 10 mM GSH where in 82.0% of DOX was
released in 21 h. In comparison, normal cerasome have no response
to GSH, DOX release in RIC under reductive condition was similar
to the situation of RRC under non-reductive condition. Therefore,
different with the traditional cerasome, DOX encapsulated in RRC
was released in a redox responsive manner. We propose that the
acidic and reductive environment of tumor would contribute to the
local release of DOX from RRCs, making it a suitable delivery system
for cancer chemotherapy. In addition, GSH-induced disassembly
of RRCs was evaluated through DLS and SEM. Time dependent
aggregate size of RRCs was monitored upon exposure to 10 mM
GSH (Fig. 6A), SEM observation revealed the damage of structural
integrity (Fig. 6B). These results revealed why drugs loaded in the
RRCs released in a redox responsive way. The high negative surface
charge and siloxane network on the surface of cerasome endow
cerasome high stability which enhanced its ability to adapt acid,
alkali and surfactant environments. Under reductive condition, for
example, with the presence of GSH, the lipid bilayer structure could
be destroyed after the breakage of disulfide bond, leading to the
release of cargo, otherwise polymerization reaction among silanols

Table 2

I1C50 values of DOX and DOX loaded cerasomes to tumor cells (wM).
Cell type DOX RIC/DOX RRC/DOX
SMCC-7721 0.32 2.24 0.58
MCF-7 1.10 3.84 1.70

on each fragment may occur, which can result in aggregation of
fragments. Due to its remarkable colloidal stability and morpho-
logical stability, RRC can protect its cargo from premature leakage;
on the other hand, the response to reductive molecules such as GSH
in cytoplasm components made it an intelligent redox-responsive
carrier for delivery of anticancer drugs.

3.4. Cytotoxicity evaluation

Biocompatibility assessments of cerasomes were conducted by
determining the cytotoxicity to human embryonic kidney 293 cells.
The results demonstrated that cell viability of HEK 293 was not
significantly affected upon exposure to both cerasomes. After treat-
ment with RIC or RRC, cell viabilities were more than 91.2% at 24h
(Fig. 7A) and over 85.5% at 48 h (Fig. 7B) at various concentrations,
the highest treatment concentration was 0.5 mgmL~!. These data
indicated that both RIC and RRC have good biocompatibility.

The antitumor activity of DOX/RICs and DOX/RRCs were eval-
uated by determining the cytotoxicities using human hepatoma
SMMC-7721 cells and human breast cancer MCF-7 cells, with free
DOX as control. The results revealed that empty cerasomes (both
RIC and RRC) were practically non-toxic (cell viability > 88.3% at
48 h) to both SMCC-7721 and MCF-7 cell under the highest treat-
ment (Fig. 7C, 7D). Drug loaded cerasomes, however, displayed
significant antitumor activity toward SMCC-7721 and MCF-7 cell
during 48 h (Fig. 7C,D) incubation. For both tumor cells, the ICsq
(halfinhibitory concentration) values at 48 h from highest to lowest
were: DOX/RIC>DOX/RRC>DOX (Table 2). Furthermore, DOX/RRC
was found as active as free drug and showed a similar IC5¢ value
to that of free DOX, while DOX/RRCs showed higher antitumor
efficiency than DOX/RICs, this should be attributed to quickly intra-
cellular release of DOX from RRCs under stimulation of GSH in
cytoplasm of cancer cells.

4. Conclusions

In this study, a novel redox-responsive liposomal nanohybrid
cerasome was developed based on organosilicone precursor. The
cerasome-forming lipid (CFL) that comprise a cleavable disulfide
bond as connector unit of the triethoxysilyl head and the hydropho-
bic alkyl double chain was creatively designed and synthesized,
which assembled into lipid bilayer vesicles in aqueous solution by
a sol-gel process. This biomimetic material possessed remarkably
high morphological stability due to its crosslinked siloxane net-
work on the surface. Using doxorubicin as model drug, RRC was
proved to release the payload in response to chemically triggered
reduction. Non-toxic to Heck 293 cells indicated good biocom-
patibility of RRCs towards normal cells while DOX/RRCs showed
effective cytotoxicity against tumor cells. The RRC as drug car-
rier has two advantages: first, low premature leakage due to its
extremely stable silicate surface; second, intracellular controllable
release that can be triggered by local reducing environment in the
intracellular compartment of cancer cells. Given the feature of high
stability and flexible control release within RRC developed in this
study, it will make a great contribution to the development of
cancer drug delivery. In the future, more extensive study on the
clinical application is worth being performed to confirm its role as
a promising candidate for ideal drug delivery system.
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