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To achieve a better release effect of hydrophobic drugs and spontaneous nanocarrier disintegration by
dissolution as well as the CO, production of Na,COs further, improving the therapeutic effect of
hydrophobic drugs, and thereby avoiding the accumulation of the nanocarrier in vivo to produce organ
toxicity, effervescent SiO,—-drug—Na,COs composite nanoparticles (ESNs) were prepared in this study
using a tetraethyl orthosilicate hydrolysis method. Sodium carbonate was used as the effervescent
disintegrant to respond to the acidic microenvironment of the tumor. The properties of ESNs were
assessed and TEM images were taken to verify the self-disintegration characteristics of nanocarrier
materials. The in vitro anticancer efficacy of ESNs was evaluated in human breast cancer MCF-7 cells.
ESNs loaded with hydrophobic drugs were successfully constructed, and showed high entrapment
efficiency and drug loading. The nanocarrier successfully achieved self-disintegration in a PBS
environment of pH value at 5.0, and showed excellent antitumor effect in vitro. ESNs can effectively load
hydrophobic drugs and achieve self-disintegration, while avoiding toxicity from the accumulation of the
nanocarrier. These results suggest that ESNs are a promising drug delivery system capable of maximizing
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Introduction

The delivery of hydrophobic drugs, especially the combinative
but hydrophobic drugs, generally comes as a huge challenge to
researchers."” An ideal nanoparticle (NP) carrier-drug system
for these water-insoluble drugs should possess several traits,
including effective drug-loading, efficient cellular internaliza-
tion, controllable but complete release, and thorough elimina-
tion from the biological body after its function.*™ Despite the
modern advances of various forms of drug delivery systems,
none of those existing excogitations can simultaneously meet
the above four criteria. In particular, the controlled release and
carrier self-decomposition into very tiny particles are highly
craved, but hardly realized for these poorly soluble drugs.®

In recent decades, silica nanoparticles (SNs) have achieved
tremendous advances in improving the efficacy of drug delivery
in cancer therapeutics.”® SNs possess great biocompatibility, an
ordered mesoporous structure, a large specific surface area
providing sufficient space for the accommodation of drugs, and
easy surface-functional modification for the promotion of cell
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the anticancer therapeutic efficacy and minimizing the systemic toxicity.

uptake.® They can also be used as controlled drug-delivery
vehicles via the simple alteration of SNs or mesoporous size.*

Generally, three strategies have been employed for the
loading of drugs into SiO, nanocarriers. These strategies include
either normally with the chemical molecules reposing in the pores
of mesoporous SiO, NPs (MSN) and being attached on the exterior
or interior surface of the NPs, via physical adsorption or chemical
bonding, or specially being inserted in the dense SiO, NPs. With
drug release, considerable success has been achieved through
various mechanisms. Among those, the gated MSN is probably the
best known. In the gated MSN, the pores loaded with drug mole-
cules are plugged by a variety of substances that are responsive to
either physical or chemical stimuli. Drug release can be realized by
exposure of the NPs to fluctuating physical or chemical conditions,
such as temperature, light, and pH."™ A distinct method of
controlled release can also be obtained via forming various pore
morphologies. However, when delivering the hydrophobic drugs,
the drug loading and controlled release further generating an
efficient drug concentration are difficult to gain due to their lack of
high concentration gradient. At the same time, due to the stability
of the silicon-oxygen bond, the SNs' clearance period in vivo is as
long as 4 weeks. Most of them still maintain their size and charge,
resulting in the accumulation in vivo, and contribute to the diffi-
culties in the cargo release in turn.
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Some attempts have emerged to promote the disintegration
of MSNs in recent years. For example, disulfide bonds are
introduced into the silicon-oxygen bonds in response to the
tumor-reducing environment, and lead to the partial breakage
of the silicon-oxygen bonds. Alternatively, the incorporation of
water-soluble drugs into the SiO, carrier network gives rise to
the drug release, while pulling the disintegration of the
MSNs. "¢ In the latter work, an ingenious NPs was devised that
simultaneously featured the controlled release and carrier
decomposition using a special type of SiO, carrier-drug
composite NPs. A structural hallmark of the NP carrier-drug is
that the model molecules are mainly concentrated in the NP
center. In the meantime, a loose SiO, framework is entangled
with the model molecules in the NPs. Drug release is primarily
stimulated by the dissolution of model molecules and diffusion
when exposed in the body fluid. In turn, this triggers the SiO,
carrier decomposition.>'” Obviously, the methodology can only
be applied to water-soluble chemical molecules.

Here, taking berberine (BBR) (Fig. 1A) and evodiamine (EVO)
(Fig. 1B) as a pair of synergistic and hydrophobic drug exam-
ples, we fabricated a composite nano system (ESNs) with a core—
shell structure. Inside of the ESNs, the guest drug molecules, as
well as sodium carbonate (Na,COs), a gas-generating agent
widely used as an alkali source of an effervescent disintegrator
when exposed in an acidic environment was highly concen-
trated in the SNs center. It manifested a radial drug concen-
tration gradient, accompanied with a loose SiO, framework
entangled with the model molecules in the NPs. Outside of
ESNs, a drug-loaded lipid film of DSPE-PEG 2000 was coated on
the surface, which can prolong its circulation time, combining
the good biocompatibility of SNs and affinity to the tumor cells
of liposomes.*® The nanocarriers with a unique feature in this
study enable the pH-triggered controllable and comparatively
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complete release of the hydrophobic drugs, and the simulta-
neous carrier decomposition of SNs for easy system excretion
driven primarily by CO, gas generation (Scheme 1).

Materials and methods

Materials

Berberine (BBR), evodiamine (EVO), coptisine (COP) (Fig. 1C),
luteolin (LUT) (Fig. 1D), and cyanidin-3-O-glucoside (C3G)
(Fig. 1E) were purchased from Chengdu Pufei De Biotech Co.,
Ltd (Chengdu, China). Tetraethyl orthosilicate (TEOS) was
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). DSPE-PEG2000, cholesterol, and hydroge-
nated lecithin (HSPC) were purchased from Shanghai Yuanye
Biotechnology Co., Ltd (Shanghai, China). Sodium carbonate,
ammonia, chloroform, and 95% ethanol were purchased from
Chengdu Kelong Chemical Reagent Plant (Chengdu, China).
Dulbecco's modified Eagle's medium (DMEM), fetal bovine
serum (FBS), and phosphate-buffer solution (PBS) were
purchased from Gibco (Uxbridge, UK). Hoechst Staining Kit,
Annexin V-FITC Apoptosis Detection Kit, trypsin, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT),
and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich (St. Louis, MO). All other reagents were of analytical
grade and were used as supplied.

Cell lines and cultures

Human umbilical vein endothelial cells (HUVECs) and HEK-293
human embryonic kidney cells were purchased from Procell
Life Science & Technology (Wuhan, China). MCF-7 human
breast carcinoma cells were obtained from the Department of
Pharmacy, Sichuan University (Chengdu, China). All cell lines

Coptisine (COP)

Cyanidin-3-O-glucoside (C3G)

Fig. 1 Chemical structures of (A) berberine, (B) evodiamine, (C) coptisine, (D) luteolin and (E) cyanidin-3-O-glucoside.
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Scheme 1 Schematic illustration of the make-up of ESNs, pH-triggered drug release and simultaneous carrier decomposition.

were cultured in DMEM with 10% fetal bovine serum, and were
incubated at 37 °C in a humidified incubator with 5% CO,.

Preparation of ESNs

Preparation of SiO,-BBR-Na,CO;. SiO,-BBR-Na,CO; NPs
were prepared using a tetraethyl orthosilicate hydrolysis method.*
BBR (4 mg) and sodium carbonate (2.5 mg) were dissolved in
30 mL of 95% ethanol. TEOS (0.05 mL) and ammonia (3.4 mL)
were added to the solution and reacted at 30 °C under intensive
magnetic stirring for 24 h. The mixtures were washed with 95%
ethanol and deionized water three times in order to completely
remove the residual reactants. The resulting reaction solution was
centrifuged for 10 min at 16 000 g in a refrigerated centrifuge. The
SiO,-BBR-Na,CO; NPs were collected by vacuum drying for 24 h.

Preparation of EVO-LB. HSPC (6 mg), cholesterol (2 mg),
DSPE-PEG2000 (2 mg) and EVO (5 mg) were dissolved in 5 mL of
chloroform in a round-bottomed flask. The organic solvent was
removed using rotary evaporation to form the lipid bilayer
membrane (EVO-LB).

Preparation of SiO,-BBR-Na,CO;@EVO-LB (ESNs). SiO,-
BBR-Na,CO; (10 mg) NPs were dissolved in 5 mL of deionized
water, and sonicated using a probe sonicator at 30 W for 5 min to
form the nanoparticle suspension. The suspension was added to
the EVO-LB, and further sonicated at 30 W for 30 min in an ice
bath. The mixtures were washed with deionized water three times
in order to completely remove the residual reactants. The resulting
reaction solution was centrifuged for 10 min at 11 000 g in
a refrigerated centrifuge. The nanoparticles of SiO,~-BBR-Na,-
CO;@EVO-LB NPs were collected by vacuum drying for 24 h.

NPs of the control groups lacking EVO, BBR or Na,CO; were
prepared analogously. All nanoparticles were stored at 4 °C
before use.

Characterization of ESNs

Particle size and zeta potential. The average particle size and
zeta potential of the ESNs were measured at 25 °C using

© 2021 The Author(s). Published by the Royal Society of Chemistry

a Zetasizer Nano ZS 90 (Malvern Instruments, Malvern, UK).
Each material was tested in triplicate.

Morphology. The morphology of the ESNs was analyzed by
transmission electronic microscopy (TEM). ESNs were diluted
with deionized water, placed on a copper grid and stained with
2% (w/v) phosphotungstic acid solution for 30 s.*® Excess fluid
was removed with a piece of filter paper. The sample was then
allowed to dry at room temperature, and it was examined on
a JEM 1400 microscope (JEOL, Tokyo, Japan).

Entrapment efficiency and drug loading. The entrapment
efficiency (EE%) and drug loading (DL%) of EVO and BBR in
ESNs were determined using high-performance liquid chro-
matography (HPLC; Agilent Technologies, Santa Clara, CA,
USA). The sodium carbonate content (Na,CO3%) in ESNs was
determined using acid-base titration method. The EE%, DL%
of the drug and Na,CO;% were calculated using the following
formulas:

weight of drug in nanoparticles

EE% = - — 100
g weight of drug injected %
DLY% — w1g.ht of drug in n%nopartlcles « 100
weight of nanoparticles taken
Na,COY% = weight of Na,CO; in nanoparticles < 100

weight of nanoparticles taken

Stability of ESNs in vitro

The ESNs were redispersed in deionized water and stored at 4 °C
for 7 days, during which, samples were removed and analyzed
for the particle size and zeta potential everyday, as described in
Section 2.3.1.

RSC Adv, 2021, 11, 5335-5347 | 5337
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Release of BBR and EVO from ESNSs in vitro

The release of BBR and EVO from ESNs was measured using
a dynamic dialysis method. Briefly, 5 mg of nanoparticles in
1 mL of deionized water were placed into a dialysis bag with
a molecular weight cutoff of 12 000 Da and dialyzed against
100 mL of PBS (pH 5.0, 6.8, 7.4) under gentle shaking at 100 rpm
at 37 °C. At each scheduled time point, a 2 mL sample was taken
from the release medium and the same volume of PBS was
replenished accordingly. The samples were assayed for drug
content using HPLC. Each experiment was conducted in
triplicate.

Disintegration of ESNs in vitro

ESNs were redispersed in three PBS solutions of pH values at
5.0, 6.8 and 7.4. After 1, 4, 7 or 14 days of incubation, the
samples were dried under vacuum for 24 hours. The disinte-
gration process of the nanocarriers under different pH value
conditions were monitored by TEM analysis."”

Cytotoxicity of ESNs in vitro

MCF-7 cells, HEK-293 cells and HUVECs were cultured in 96-
well plates (5 x 10° cells per well), and exposed to different
concentrations of nanoparticles for 36 h at 37 °C. Then, the cell
viability was assayed using the MTT assay, and each concen-
tration was tested in six wells. Three independent experiments
were performed.

Wound-healing assay

The effects of ESNs on cancer cell migration were measured in
a wound healing assay.** Briefly, MCF-7 cells were cultured in 6-
well plates (2 x 10> cells per well), and the plates were cultured
overnight. After the cells had reached 70-80% confluence, the
medium was aspirated. A pipet tip of approximately 1 mm wide
was then used to scratch the monolayer. Then, fresh DMEM
containing drugs (20 pg mL ') was added, and the plates were
incubated for 12 h at 37 °C. Phase-contrast fluorescence
microscopy (IX71S1F-3, Olympus Optical, Tokyo, Japan) was
used to observe the linear wound in the monolayer at 0 and
12 h, and the experimental results were analyzed with Image J
software. Wound closure was calculated by dividing the gap
width at 12 h by the gap width at 0 h. Three independent
experiments were performed.

Hoechst assay

Tumor cell apoptosis was assayed using a Hoechst Staining Kit
and fluorescence microscopy. MCF-7 cells were cultured in 6-
well plates (1.5 x 10> cells per well) containing coverslips and
incubated overnight. After the cells had reached 70-80%
confluence, the medium was aspirated. Fresh DMEM contain-
ing drugs (25 pg mL ') was then added, and the plates were
incubated for 12 h at 37 °C. Then, the medium was aspirated,
the binding solution was added, and fixation was allowed to
proceed for 15 min. Coverslips were washed twice with PBS and
manual shaking. Hoechst stain was added and staining was
allowed to proceed for 15 min, according to the manufacturer's

5338 | RSC Adv, 2021, 11, 5335-5347
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instructions. Coverslips were washed twice again, and then
examined by phase-contrast fluorescence microscopy.

Annexin V-FITC assay

MCEF-7 cells were cultured in 6-well plates (1.5 x 10° cells per
well) and incubated overnight. After the cells had reached 70-
80% confluence, the medium was aspirated. Fresh DMEM
containing drugs (25 pg mL~") was added, and the plates were
incubated for 12 h at 37 °C. Floating cells were collected, and
adherent cells were collected using trypsin digestion. The two
fractions of cells were pooled and centrifuged, and the precip-
itation was incubated with 200 puL FITC/PI buffer at room
temperature on the shaker for 15 min in the dark. Then, the
cells were analyzed on a flow cytometer (BD Biosciences, San
Jose, CA, USA).

Applicability of ESNs

Si0,-COP-Na,CO;@EVO-LB. Nanoparticles containing the
synergistic and hydrophobic drugs, EVO and COP, (data not
published) were prepared as described in Section 2.2. The
particle size and zeta potential of ESNs-A; were measured as
described in Section 2.3.1. The EE% and DL% of EVO and COP
in ESNs-A; were determined as described in Section 2.3.3. The
release of EVO and COP from ESNs-A; was measured as
described in Section 2.5. The cytotoxicity of ESNs-A; in vitro was
assayed as described in Section 2.7.

Si0,-LUT-Na,CO,;@C3G-LB. Nanoparticles containing the
synergistic and hydrophobic drugs, LUT and C3G,*” were
prepared as described in Section 2.2. The particle size and zeta
potential of ESNs-A, were measured as described in Section
2.3.1. The EE% and DL% of C3G and LUT in ESNs-A, were
determined as described in Section 2.3.3. The release of C3G
and LUT from ESNs-A, was measured as described in Section
2.5. The cytotoxicity of ESNs-A, in vitro was assayed as described
in Section 2.7.

Statistical analysis

All data were analyzed statistically using SPSS 13.0 (IBM, Chi-
cago, IL, USA). All results were expressed as the mean + SD.
Differences associated with p < 0.05 were considered significant.

Results
Preparation and characterization of ESNs

A tetraethyl orthosilicate hydrolysis method was employed to
prepare ESNs, which is simple and readily scaled up. Table 1
shows the characterization of SiO,-BBR-Na,CO; and SiO,-
BBR-Na,CO;@EVO-LB (ESNs). The size of ESNs was 294.9 +
3.9 nm, and the polydispersity index (PDI) was 0.234 £ 0.007.
Meanwhile, ESNs had high entrapment efficiency and drug
loading. Transmission electron microscope (TEM) photographs
showed that the ESNs were spherical in shape with a smooth
surface and uniform distribution (Fig. 2A). The size distribution
and zeta potential distribution of ESNs are shown in Fig. 2B and
C. The elemental mapping was taken from two compositional
elements: Si and N (a major compositional element of BBR). As

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical properties of various nanoparticles (n = 3)¢
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Entrapment efficiency (%)  Drug loading (%)

Nanoparticles Size (nm) Polydispersity index Zeta potential (mV) BBR EVO BBR EVO
SiO,-BBR-Na,CO; 194.1 £1.9 0.093 £ 0.036 —14.5 + 1.6 20.35 £1.36 — 8.14 £1.02 —
Si0,-BBR-Na,CO;@EVO-LB 294.9 £+ 3.9 0.234 + 0.007 —24.2 £ 0.6 — 97.80 £ 0.14 — 44.01 £+ 0.52

“ Abbreviation: BBR, berberine; EVO, evodiamine.

shown in Fig. 2D and E, N was found to be more concentrated in
the center of the SNs, where Si was comparatively less distrib-
uted. In comparison, Si appeared to be present in the peripheral
regions of the SNs, where N was relatively less dispersed.

Stability of ESNs in vitro

As shown in Fig. 2F, ESNs remained stable for at least 7 days at
4 °C without a significant change in the size and zeta potential.
Also, no significant alteration in the physical appearance and
particle aggregation was observed. These results indicated that
the as-prepared ESNs met the needs of stable nanoparticles for
subsequent experiments.

Release of BBR and EVO from ESNSs in vitro

Release profiles of BBR and EVO from ESNs in vitro were
measured to assess the release of hydrophobic drugs in
response to changes in pH. It can be seen from Fig. 3 that BBR
and EVO were released from ESNs in a pH-dependent manner.
The release amount of the two drugs gradually increases as the

407
30t

207

Intensity (Percent)

pH value of the release medium decreases. This suggests that
the result may be mostly due to the gas generation derived from
the reaction between Na,COj; in the nanoparticles and H' in the
release medium, so as to promote the release of the drugs.

Decomposition of ESNs in vitro

In order to investigate the decomposition process of the nano-
carriers under different pH value conditions simulating in vivo
situations, we compared the drug release in phosphate buffered
saline (PBS) at 37 °C at three different pH values, i.e., pH ~ 7.4
(normal physiological conditions), pH ~ 6.8 (tumor microen-
vironment conditions), and pH ~ 5.0 (endosomes/lysosomes of
tumor cells), respectively. As shown in Fig. 4, the morphology
and size of ESNs remained unchanged in PBS at pH 7.4.
Conversely, clear morphological changes in the form of incre-
ments in size were observed after 4 days for ESNs in PBS at pH
6.8. The nanoparticles became bigger and bigger, although their
shape remained intact. In contrast, from day 4 to day 14, the
morphology changed remarkably in PBS at pH = 5.0, with the

B Size Distribution by Intensity C
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Fig. 2 Characterization and stability of the nanoparticles. Note: TEM photograph of ESNs (A). Size distribution of ESNs (B) and zeta potential
distribution of ESNs (C). The elemental mapping of silicon (D) and nitrogen (E). Stability of ESNs (F).
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Fig. 3 Release of BBR (A) and EVO (B) from ESNs in vitro at different pH values over 168 h (n = 3). Note: ** denotes P < 0.01, *** denotes P <

0.001. Abbreviation: BBR, berberine; EVO, evodiamine.

size becoming larger and larger. In the meantime, the border
between the nanocarriers disappeared, and eventually pre-
sented as foggy. It is suggested that this is the decomposition of
ESNs since the effervescent agent Na,CO; in ESNs reacted with
the H' in the PBS to generate CO,, which may promote the
disintegration of the nanocarriers.

In vitro cytotoxicity study

To evaluate the biocompatibility of the fabricated nano-
particles, the cytotoxicity of the blank ESNs against HEK-293
cells and HUEVCs was determined under various concentra-
tions. Blank ESNs had no significant influence on the prolifer-
ation of HEK-293 cells and HUEVCs up to 100 pg mL ™ *. The
survival rate of HEK-293, as well as HUVEC cells reached 89%

pH 7.4

pH 6.8

—J
200 nm M-

pHS5.0

and 82%, respectively (Fig. 5A), which indicated that blank ESNs
may be a safe drug carrier.

However, for the breast tumor cells MCF-7, when the blank
carrier did not contain Na,COj3, the survival rate of the MCF-7
cells was still as high as 83% even the carrier concentration
reached 100 pg mL™". Conversely, for the blank carrier con-
taining Na,COj3, the survival rate of MCF-7 cells was signifi-
cantly reduced (Fig. 5A). This indicated that when the blank
carrier contained Na,COj, it had a toxic effect on the MCF-7
cells. This may be due to the fact that when Na,CO; was
encapsulated in the carrier after being endocytosed by the
tumor cells, a large amount of CO, is released in the acidic
environment of the tumor cells. This results in damage to the
lysosomes of the tumor cells, and thereby leads to cell death.

Fig. 4 TEM photographs of ESNs disintegration process in vitro under different pH value conditions simulating in vivo situations. (A1-A5) The
morphology and size of ESNs remained unchanged in PBS at pH 7.4. (B1-B5) Clear morphological changes in the form of increments in size after
4 days for ESNs in PBS at pH 6.8. The nanoparticles became bigger and bigger, but the shape remained intact. (C1-C5) From day 4 to day 14, the
morphology changed remarkably in PBS at pH 5.0. The size got larger and larger, and the border between the nanocarriers disappeared.
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against HEK-293 cells, HUEVCs and MCF-7 cells. * P < 0.05, ** P < 0.0, *** P < 0.001 vs. control group. (B) Cytotoxicity of free BBR/EVO and
drug-loaded nanoparticles against MCF-7 cells. *** Denotes P < 0.001. (C) Cytotoxicity of different ratios of free BBR/EVO, drug-loaded
nanoparticles against MCF-7 cells. *** Denotes P < 0.001. Abbreviation: FEVO, free evodiamine; FBBR, free berberine; FEVO/BBR, mechanically
mixed free evodiamine and berberine; LEVO, SiO,—-Na,COs@EVO-LB; LBBR, SiO,—-BBR-Na,COs@LB; LEVO/BBR, SiO,—BBR-Na,COz@EVO-

LB; NO, no Na,COs.

Subsequently, the cytotoxicity of various formulations
against MCF-7 cells was examined. The different drug groups
refer to our previous research.”® As shown in Fig. 5B, the drug-
loaded nanoparticles had stronger cytotoxicity compared with
the free drugs, and achieved a good inhibitory effect on the
MCF-7 cells. In addition, the survival rate of the LEVO/BBR
(6:1) group reached the lowest value at 50 ug mL ™', only
9.61%. Fig. 5C shows the inhibitory effect of the free drugs and
drug-loaded nanoparticles with different synergistic ratios on
the proliferation of MCF-7 cells, indicating that the synergistic
effect of EVO and BBR can be better exerted by the loading of the
nanoparticles.

Table 2 shows that the ICs, values of different drug groups
against the MCF-7 cells and drug-loaded nanoparticles exhibi-
ted lower ICs, values (3-fold lower than free drugs), which could
be caused by the enhanced cellular uptake. Meanwhile, the

drug-loaded nanoparticles containing Na,CO; showed lower
ICs values than the nanoparticles without Na,CO;. It further
showed that Na,CO; exerted an inhibitory effect by itself or in
coordination with drugs on tumor cells.

Wound-healing assay

We also studied the effect of established nanoparticles on
tumor cell migration and wound-healing. In the results of the
wound-healing tests (Fig. 6A), compared with the 0 h group, the
control group was associated with 43.87% wound closure;
FEVO, 24.63%; FBBR, 36.75%; and FEVO/BBR (6 : 1), 32.19%
(Fig. 6B). Much less wound closure was observed with LEVO/
BBR (6:1, NO) (16.26%) and LEVO/BBR (6:1) (12.14%).
These results indicate that the loading of hydrophobic drugs
into the nanoparticles can better inhibit the invasion and
migration of tumor cells, and enhance their synergistic effects.

Table 2 ICsq values of different drug groups against MCF-7 cells (n = 6)°

ICs0 (ug mL™)
Cell lines FEVO FBBR FEVO/BBR =6:1 LEVO LBBR LEVO/BBR = 6 : 1, NO LEVO/BBR =6:1
MCEF-7 50.39 + 1.52 42.03 £ 0.96 31.98 £+ 0.88 19.40 £ 0.75 14.81 £+ 1.16 16.01 £ 1.27 10.18 £ 0.72

“ Abbreviation: ICs,, half-maximal inhibitory concentration; FEVO, free evodiamine; FBBR, free berberine; FEVO/BBR, mechanically mixed free
evodiamine and berberine; LEVO, SiO,-Na,CO;@EVO-LB; LBBR, SiO,-BBR-Na,CO;@LB; LEVO/BBR, SiO,-BBR-Na,CO;@EVO-LB; NO, no Na,CO;.
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12 h
Oh Control FEVO FBBR FEVO/BBR LEVO/BBR LEVO/BBR
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(6:1) (6:1)

(6:1), NO

Fig. 6 Typical micrographs of wound healing (A). Quantification of wound healing (B) at 12 h after scratching, and treatment with different drugs
at 20 pg mL~2. Scale bar, 50 pm. Note: * P < 0.05, ** P < 0.01, *** P < 0.001 vs. control group. Abbreviation: FEVO, free evodiamine; FBBR, free
berberine; FEVO/BBR, mechanically mixed free evodiamine and berberine; LEVO/BBR, SiO,-BBR-Na,COs@EVO-LB; NO, no Na,COs.

Cell apoptosis assay

Cell apoptosis is a programmed cell death.* In order to
confirm the cause of cell death induced by our different
groups, we treated MCF-7 cells with FEVO, FBBR, FEVO/BBR
(6:1), LEVO/BBR (6 : 1, NO), and LEVO/BBR (6 : 1) for 12 h,
and then analyzed the nuclear morphology using fluorescence
microscopy (Fig. 7). Compared with the control group, the
cells treated with drugs showed chromatin condensation, as
well as nuclear fragmentation and shrinkage, indicating
apoptosis. Meanwhile, the number of dead cells and the
degree of apoptotic chromatin condensation were greater in
the cells treated with the drug-loaded nanoparticles than in
cells treated with the free drug.

In order to determine the types of apoptotic cell death
induced by our different groups, we further analyzed the extent
of apoptosis and necrosis using flow cytometry (Fig. 8A).
Treating MCF-7 cells with different groups influenced the levels
of apoptosis and necrosis, with the percentage of apoptotic cells
as follows: FEVO, 18.38%; FBBR, 24.91%; and FEVO/BBR (6 : 1),
26.73%. The higher percentage of apoptosis was observed with
LEVO/BBR (6 : 1, NO) (57.38%) and LEVO/BBR (6 : 1) (69.43%).
It showed that Na,COs;-containing nanoparticles dual-loaded
with EVO and BBR can induce the early apoptosis of tumor
cells to the greatest extent and the highest apoptosis rate
(Fig. 8B). Meanwhile, compared with the LEVO/BBR (6 : 1, NO)
group, the LEVO/BBR (6 : 1) group had a higher percentage of
apoptosis, indicating that Na,CO; may have a certain ability to
induce the early apoptosis of tumor cells.

5342 | RSC Adv, 2021, N, 5335-5347

Applicability of ESNs

The experimental results suggest a most attractive and prom-
ising NPs carrier-drug system for diagnostic and therapeutic
applications. We also attempted to determine whether such
simple growth mechanism could be applied to many other
molecules employing the SiO, NP carrier, with the same feature
achieved. So, we incorporated other different hydrophobic drug
molecules, i.e., COP-EVO, as well as LUT-C3G, into the SiO, NPs.
We then further characterized and determined the inhibitory
effects of these different SiO,-drug-Na,CO; composite
nanoparticles.

Si0,-COP-Na,CO;@EVO-LB. Table 3 shows the character-
ization of Si0,-COP-Na,CO; and SiO,-COP-Na,CO;@EVO-LB
(ESNs-A,). The size was 317.9 £+ 1.9 nm and the polydispersity
index (PDI) was 0.193 + 0.007. Meanwhile, ESNs-A; had a high
entrapment efficiency and drug loading. As shown in Fig. 9A
and B, COP and EVO were released from ESNs-A; in a pH-
dependent manner similar to SiO,-BBR-Na,CO;@EVO-LB. In
addition, the drug-loaded nanoparticles had stronger cytotox-
icity against MCF-7 cells than the free drugs (Fig. 9E) in
a concentration-dependent mode.

Si0,-LUT-Na,CO;@C3G-LB. Table 4 shows the character-
ization of Si0,-LUT-Na,CO; and SiO,-LUT-Na,CO,@C3G-LB
(ESNs-A,). The size was 308.9 £+ 3.5 nm and the polydispersity
index (PDI) was 0.263 £ 0.023. Similarly, ESNs-A, had a high
entrapment efficiency and drug loading. As shown in Fig. 9C
and D, the release amount of LUT and C3G gradually increased
as the pH value of the release medium decreased. In addition,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Fluorescence micrographs of MCF-7 after 12 h incubation with different drugs at 25 ug mL™* and staining with Hoechst 33342. Cell nuclei
appear blue. The arrows point to the representative cell chromatin condensation, as well as nuclear fragmentation and shrinkage. Original
magnification, 40x. Note: (a) control group; (b) FEVO group; (c) FBBR group; (d) FEVO/BBR (6 : 1) group; (e) LEVO/BBR (6 : 1, NO) group; (f)
LEVO/BBR (6 : 1) group. Abbreviation: FEVO, free evodiamine; FBBR, free berberine; FEVO/BBR, mechanically mixed free evodiamine and

berberine; LEVO/BBR, SiO,-BBR-Na,COz@EVO-LB; NO, no Na,COs.

the drug-loaded nanoparticles achieved an excellent inhibitory
effect on the MCF-7 cells compared with the free drugs (Fig. 9F)
in a concentration-dependent manner.

These results confirm that ESNs, as a new type of nano-
carrier, have a wide range of applications, can load a variety of
drugs, especially hydrophobic drugs, and can achieve the ideal
antitumor effect. Therefore, ESNs may be a promising dual

drug-loaded nano delivery system to improve the antitumor
effect of hydrophobic drugs.

Discussion

The effervescent SiO,-drug-Na,CO; composite nanoparticles
constructed in this study added an alkali source (Na,COj3) in

A
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B > >
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Fig. 8 (A) Analysis of apoptotic stages of MCF-7 cells after 12 h treatment with different drugs at 25 ng mL™2. (B) Statistical analysis data graph.
Abbreviation: FEVO, free evodiamine; FBBR, free berberine; FEVO/BBR, mechanically mixed free evodiamine and berberine; LEVO/BBR, SiO,—

BBR-Na,COz@EVO-LB; NO, no Na,COs.
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Table 3 Characterization of various nanoparticles (n = 3)¢

Entrapment efficiency (%)  Drug loading (%)

Nanoparticles Size (nm)  Polydispersity index Zeta potential (mV) COP EVO cop EVO
Si0,-COP-Na,CO; 205.6 £ 2.8 0.098 + 0.005 —14.8 £ 1.6 23.69 £1.21 — 5.07 £ 0.56 —
Si0,-COP-Na,CO;@EVO-LB  317.5 + 1.9 0.193 £ 0.007 —27.2+2.1 — 94.75 £ 0.23 — 37.57 £ 1.38

¢ Abbreviation: COP, coptisine; EVO, evodiamine.
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Fig. 9 Applicability of nanocarriers. Release of COP (A), EVO (B) LUT (C), and C3G (D) from ESNs in vitro at different pH values during 120 h (n =
3). Cell viability assay (E and F) was performed by MTT assay. Note: * P < 0.05, ** P < 0.01, *** P < 0.001. Abbreviation: COP, coptisine; EVO,
evodiamine; LUT, luteolin; C3G, cyanidin-3-O-glucoside; F(EVO/COP), mechanically mixed free evodiamine and coptisine; LEEVO/COP), SiO,—
COP-Na,COz@EVO-LB; F(C3G/LUT), mechanically mixed free cyanidin-3-O-glucoside and luteolin; L(C3G/LUT), SiO,-LUT-Na,COz@C3G-
LB.
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Table 4 Physical properties of different nanoparticles (n = 3)¢
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Entrapment efficiency (%)  Drug loading (%)

Nanoparticles Size (nm)  Polydispersity index Zeta potential (mV) LUT C3G LUT C3G
Si0,-LUT-Na,CO; 198 £ 4.5 0.106 + 0.015 —-16.8 £ 1.1 63.41 £2.59 — 25.09 £ 1.67 —
Si0,-LUT-Na,CO;@C3G-LB 308.9 + 3.5 0.263 =+ 0.023 —27.0 £ 0.7 — 4122 + 1.51 — 20.53 + 1.44

¢ Abbreviation: LUT, luteolin; C3G, cyanidin-3-O-glucoside.

Table 5 The notation in this paper

Abbreviation Full name

BBR Berberine

C3G Cyanidin-3-O-glucoside

COP Coptisine

ESNs Si0,-BBR-Na,CO;@EVO-LB
ESNs-A1 Si0,-COP-Na,CO;@EVO-LB
ESNs-A2 Si0,-LUT-Na,CO;@C3G-LB
EVO Evodiamine

LUT Luteolin

response to the acidic microenvironment of tumor cells, trig-
gering a reaction between the base and H' that resulted in the
production of large amounts of CO,. This design accelerated the
disintegration of nanoparticles and the release of drugs,
significantly improving the anti-tumor effect. The model system
of SiO,-BBR-Na,CO;@EVO-LB NPs is a comparatively simple
example due to the opposite charge between the alkalized BBR
and the silica species. By establishing a radial drug concentra-
tion gradient in the nanocarrier, the pH-triggered controllable
release of the drug and simultaneous carrier decomposition of
the nanoparticles are primarily driven by CO, gas generation. A
similar procedure was performed for COP-EVO and LUT-C3G,
and the results proved successful. In the same way, the
present methodology can be universally applied to a vast scope
of chemical molecules, and opens a new train of thought for
hydrophobic nanodrug design.

In this study, Na,CO; was adopted as an effervescent agent
for the production of CO, gas, and as an alkalization substrate
of quaternary ammonium drugs to improve suppressive activi-
ties. It also served as an alkalization agent of the tumor
microenvironment, as well as a thermogenic substance origi-
nating from dissolution heat for the promotion of drug release
and spontaneous carrier decomposition. In addition, Na,CO;
dissolution itself may help to boost the drug escape and
simultaneous carrier collapse.”>*® Moreover, Na,CO; manifests
considerable anti-tumor effects against a variety of cancer cells,
as well as in the present study and other literature.>”*°

A coating of DSPE-PEG2000 reduces the uptake by macro-
phages of the mononuclear phagocyte system (MPS), and
provides relatively long plasma residence times.*>** Meanwhile,
SNs modified with a lipid bilayer membrane can achieve the
simultaneous loading of two hydrophobic drugs, which can
exert the synergistic antitumor effect of the two drugs. The dual

© 2021 The Author(s). Published by the Royal Society of Chemistry

drug-loaded nano delivery system with effervescent decompo-
sition qualities induced synergistic effects, leading to higher
therapeutic efficacy and target selectivity than the free drugs.

The existing research studies on silica nanoparticles have
made great progress in improving the drug loading efficiency
and decomposition of carriers in cancer therapeutics.”?
However, the methodology can only be applied to hydrophilic
drugs.>"” The current study has been successful in the loadings
of a variety of hydrophobic drugs through the construction of
a composite nanosystem (ESNs) with a core-shell structure.
ESNs enable the pH-triggered, controllable and comparatively
complete release of the hydrophobic drugs and simultaneous
carrier decomposition. Nevertheless, in view of the complicated
internal environment of the body, the in vivo experiments of
ESNs should be further conducted (Table 5).

Conclusion

In this study, a lipid membrane-encapsulated, pH-triggered
drug release and simultaneous carrier decomposition of effer-
vescent SiO,-drug-Na,CO; composite nanoparticles was
successfully constructed. The results suggest that the disinte-
gration and drug release of the ESNs could be related to the
addition of Na,COj3, i.e., the base source of effervescent agents
reacting with H'. On the other hand, Na,CO; present in ESNs
also function as inhibitors for the suppression of tumor cell
proliferation and migration in vitro via the mechanism, such as
induction cell apoptosis. In conclusion, this novel nanocarrier
represents a promising drug delivery system to improve the
antitumor effects of synergistic hydrophobic drugs so that the
present methodology can be generally applied to a wide scope of
chemical molecules, and opens a hopeful vista for the design of
a hydrophobic nanodrug.
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