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a  b  s  t  r  a  c  t

A  novel  targeting  drug  delivery  system  for  cancer  therapy  based  on  H+-triggered  bubble-generating
nanosystems  (BGNSs)  was engineered.  First,  hollow  mesoporous  silica  nanoparticles  (HMSNs)  were  used
to  load  doxorubicin  (DOX).  Then,  the  obtained  drug-loaded  HMSNs  were  treated  with  NaHCO3 to pre-
pare the BGNSs.  The  BGNSs  were  coated  with polydopamine  (pDA),  and  finally,  folic acids  (FA)  were
anchored  on  the  nanosystems  to obtain  the desired  nanoscale  drug  delivery  system  (BGNSs@pDA-FA).
BGNSs@pDA-FA  was  effectively  internalized  by cancer  cells  through  folate  receptor-mediated  endocyto-
sis and  generated  CO2 bubbles  under  the  acidic  environment  of  the  lysosomes,  thus  enhancing  lysosomal
membrane  permeability  (LMP)  to release  caspase-3  into  the  cytoplasm,  resulting  in cancer  cell  death
via  an  apoptosis-like  pathway.  Notably,  we  demonstrated  that the  BGNSs@pDA-FA  exhibited  a  signifi-
olydopamine
ubble-generating nanosytem

cant  simultaneous  synergetic  cytotoxicity  against  MCF-7  cells  and  remarkably  overcame  the  multidrug
resistance  (MDR)  of  MCF-7/ADR  cells.  Moreover,  compared  to free  DOX  and  a  nanosystem  without  FA
modification  (BGNSs),  the  BGNSs@pDA-FA  induced  relatively  minor  side  effects  in  the MCF-10A  cells.
Therefore,  the  results  showed  that  BGNSs@pDA-FA,  as  a targeted  drug  delivery  system,  have  a  good
probability  of overcoming  the  MDR  of  tumor  cells  with  minor  side  effects  on  normal  cells.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Despite the fact many anticancer drugs have been designed and
sed, multidrug resistance (MDR) still remains a significant obsta-
le for treating cancer diseases [1–3]. A series of drug delivery
ystems were developed to overcome MDR  [4–6]. However, normal
issue cells are simultaneously killed during the treatment of can-
er, as a side effect of the anti-cancer drugs [7,8]. Hence, the design
f a nano-drug delivery system not only with anti-cancer activ-

ty but also relatively low side effects on normal cells is confirmed
s an extremely urgent need currently. To solve these challeng-
ng problems, at the present time, many drug delivery systems
ave been designed to reduce the toxicity of drugs on normal cells

9,10]. Lysosomes are defined as “suicide bags” [11]. Once lysoso-

al  membrane permeability (LMP) occurs, lysosomal cathepsins
re released into the cytoplasm and cause cell death through apo-

∗ Corresponding author.
E-mail address: zhenghz@swu.edu.cn (H. Zheng).

ttp://dx.doi.org/10.1016/j.colsurfb.2017.09.034
927-7765/© 2017 Elsevier B.V. All rights reserved.
ptosis or apoptosis-like pathways [12,13]. Thus, using lysosomes
as a potential therapeutic target has attracted increasing attention
[14–16].

Among all the nanomaterials, hollow mesoporous silica
nanoparticles(HMSNs), which have an excellent biocompatibility,
large surface area, large pore volume and adjustable pore size, play
an important role in the drug delivery system [17–21] because they
can be utilized to regulate the transport of cargo molecules under
external stimuli, e.g., temperature, pH and redox conditions [22].
In addition, the surface of HMSNS has the potential to be further
modified with targeting agents.

Until now, the application of polydopamine (pDA) has been
broadly used as a universal coating for many nanomaterials
[23–25]. pDA is widely distributed throughout the human body,
with excellent biocompatibility and biodegradability. pDA inde-
pendently functionalizes surfaces made of virtually all materials

[26]. Furthermore, substances containing amino groups or thiol
groups directly achieve self-assembly on the pDA-modified surface.
Folic acid modification confers the function of target recognition
and has the ability to directly or indirectly modify the surface of

dx.doi.org/10.1016/j.colsurfb.2017.09.034
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2017.09.034&domain=pdf
mailto:zhenghz@swu.edu.cn
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any nanomaterials, such as HMSNs [27–29]. Folic acid has an
mino group that can be coupled directly to the surface of the pDA-
odified nanomaterials. In addition, folate receptors are expressed

n the surface of cancer cells [30,31]. Therefore, folic acid, as a
onimmunogenic receptor ligand, has emerged as an extremely
opular targeting agent for targeted drug delivery [32,33]. Gu
t al. reported that folate ligands are readily linked to amino
roups in amino-modified HMSNs [34]. Rosenholm recounted that
olate ligands have the ability to graft on poly(ethylene imine)
PEI)-modified HMSNs [35]. Therefore, it is conceivable that folate-
onjugated HMSNs, by integrating a receptor-mediated targeting
torage capacity, can significantly enhance drug delivery efficiency
nd therapeutic efficiency.

We  previously synthesized a H+-triggered bubble-generating
anosystem (BGNS), which produces CO2 bubbles in the acidic
nvironment of lysosomes [36,37]. The produced bubbles enhance
MP and subsequent cell death. However, the BGNSs cannot dis-
inguish cancer cells from normal cells due to the lack of targeting
gents. Herein, we modified BGNSs with targeting agents through

 two-procedure method. First, we coated the BGNSs with pDA and
hen conjugated them with folic acid via the interaction between
DA and the amino groups of folic acids (Scheme 1). We  demon-
trated that BGNSs@pDA-FA possessed a high anti-cancer efficiency
gainst MCF-7 and MCF-7/ADR cells and had relatively minor side
ffects on normal cells.

. Material and methods

.1. Materials

All chemicals were used as obtained and without further purifi-
ation, and ultrapure water (18.2 M�),  prepared with a Milli-Q
ystem (Millipore, USA), was used in the preparation of all aqueous
olutions. Doxorubicin hydrochloride was purchased from Mel-
nepharma (Dalian, China). Trimethoxyoctadecylsilane (C18TMS),
etraethylorthosilicate (TEOS), folic acid and dopamine hydrochlo-
ide was purchased from Aladdin (Shanghai, China). The Cell
ounting Kit-8 (CCK-8) was purchased from Dojindo Laborato-
ies (Kumamoto, Japan). Alexa Fluor 488-dextran (10,000 MW)
as purchased from Thermo Fisher Scientific Inc. (MA, USA). The

aspase-3 Activity Assay Kit was purchased from Beyotime Insti-
ute of Biotechnology (Haimen, China).

.2. Synthesis of HMSNs

The HMSNs were synthesized according to a previous report
ith some minor modifications [36,37]. Briefly, the ethanol

71.4 mL), H2O (10 mL), and ammonium solution (3.14 mL)  were
ixed and stirred at 30 ◦C. Then, TEOS (6 mL)  was added into

he mixture, and the reaction continued for 1 h. TEOS (5 mL)  and
18TMS  (3 mL)  were premixed and added into the above mixture
apidly afterward, and the reaction continued for another 1 h. The
btained product was collected by centrifugation and washed with
ater until there was no smell of ammonia. The above collected

roduct was dispersed into 100 mL  Na2CO3 (0.6 mol/L) aqueous
olution and was  treated by sonication for several minutes. Then,
t was etched at 80 ◦C for 4 h. After collection by centrifugation and

ashing with water thoroughly, the nanoparticles were calcined at
00 ◦C for 6 h.

.3. Preparation of BGNSs
The BGNSs were prepared as described in our previous report
ork with some minor modifications [36,37]. Briefly, 60 mg  of
MSNs was dispersed into a DOX aqueous solution (1 mg/mL,
.5 mL)  and was stirred in the dark for 24 h. After harvesting by
iointerfaces 160 (2017) 207–214

centrifugation, the precipitate was washed with ultrapure water
several times, and then, it was dispersed into a NaHCO3 aqueous
solution (0.2 mol/L, 10 mL)  and was  incubated for 12 h. The BGNSs
were obtained by centrifugation and were washed with ultrapure
water. The above process was repeated 2 times.

To evaluate the DOX loading efficiency, the supernatant was col-
lected, and the residual DOX content was  determined using the
calibration curve of the DOX standard solutions by the absorbance
measurement at 480 nm,  and the loading efficiency of DOX  was
calculated as follows:

Initial amount of DOX − Residual DOX

Mass ofnanoparticles
× 100%

2.4. Preparation of BGNSs@pDA and BGNSs@pDA-FA

A total of 65 mg  of BGNSs was dispersed into PBS (25 mL,
50 mmol), and the pH was  adjusted to 8.5. Then, 12.5 mg of
dopamine was added into the mixture, and it was incubated in the
dark with gentle shaking for various amounts of time (6 h, 12 h, and
24 h). Finally, BGNSs@pDA was  obtained by centrifugation and was
washed with ultrapure water several times.

The above synthetic BGNSs@pDA was added into PBS (25 mL,
50 mmol), and the pH was adjusted to 8.5. Then, 50 mg  of FA were
added into the mixture by shaking for 6 h in the dark. BGNSs@pDA-
FA was  collected by centrifugation and was washed with ultrapure
water several times.

2.5. Characterization of nanoparticles

The freshly purified HMSNs, BGNSs, BGNSs@pDA, and
BGNSs@pDA-FA were transferred onto a copper grid coated
with carbon, dried at room temperature, and were then analyzed
by a JEM-1200EX (JEOL Technics, Tokyo, Japan) transmission
electron microscope (TEM). The nitrogen adsorption/desorption
and the corresponding pore size distribution of HMSNs were mea-
sured by Micromeritics instrument corp (ASPS2460, Beijing). The
zeta potential of the nanoparticles was measured by a Zetasizer
Nano instrument (Malvern, UK). The DOX were quantified using a
UV-2450 spectrophotometer (Shimadzu, Japan) at a wavelength of
480 nm.

2.6. Cell culture

The drug-sensitive human breast cancer cell line MCF-7 and
its DOX-resistant counterpart MCF-7/ADR cell line were pur-
chased from KeyGen Biotech Co. Ltd. (Nanjing, China). The normal
cells, MCF-10A, were purchased from ATCC (Beijing, China). The
MCF-7/ADR and MCF-10A cells were all cultured in RPMI 1640
supplemented with 10% fetal bovine serum (FBS) and 100 U/mL
of penicillin and streptomycin, and the MCF-7 cells were cul-
tured in DMEM supplemented with 10% fetal bovine serum (FBS)
and 100 U/mL of penicillin and streptomycin. The three above-
mentioned cell types were maintained at 37 ◦C in a humidified
atmosphere with 5% CO2.

2.7. in vitro drug release study

A total of 100 �L BGNSs and BGNSs@pDA-FA (500 �g/mL) were
added into 48-well plates that contained 900 �L of PBS with
different pH values (pH 7.4 and 5.0). The 48-well plates were
gently shaken in a thermostatic rotary shaker at 250 rpm. At pre-

determined time points, the sample was taken out from the 48-well
plates for measurement. The concentration of DOX released from
BGNSs and BGNSs@pDA-FA was  quantified using a UV-2450 spec-
trophotometer (Shimadzu, Japan).
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Scheme 1. Graphical illustration of the preparation of B

.8. Inhibitory effects on cell proliferation

The MCF-7, MCF-7/ADR and MCF-10A cells were seeded at a den-
ity of 6000 cells/well in a 96-well plate and were allowed to attach
or 24 h. Then, the growth medium was removed, and the cells were
ncubated with DOX, BGNSs, and BGNSs@pDA-FA at a series of con-
entrations and were incubated for 24 h or 48 h in 5% CO2 at 37 ◦C.
he CCK-8 assay was used to evaluate cell viability. After incubat-

ng the cells with the CCK-8 working solution at 37 ◦C for 2–4 h,
he absorbance was measured at a wavelength of 450 nm using a

icroplate reader (Multiskan MK3, Thermo Fisher Scientific Instru-
ent Co. Ltd., Shanghai, China). Each data point is represented as

he mean ± standard deviation (SD) of three independent experi-
ents. In each experiment, all the drug concentrations were tested

n six replicates.

.9. Cellular colocalization imaging

The MCF-7 cells were seeded into 35-mm glass-bottom cul-
ure dishes (NEST Science Co, Ltd, China) at a concentration of
, 000 cells/dish and were then treated with free DOX, BGNSs,
nd BGNSs@pDA-FA at a DOX concentration of 2 �g/mL for 4 h
r 24 h. After an incubation for a specified time, the cells were
ashed several times with pre-chilled PBS (pH = 7.4) to remove

he residual drug or nanoparticles. Then, the cells were stained
ith Hoechst 33342 (cellular nucleus dye) and lyso-tracker green

lysosome dye) and were visualized under a Confocal Laser
canning Microscopy (CLSM) (Leica TCS SP5, Germany). The fluo-
escence images were taken under a 60 × oil-immersion objective
NA = 1.42), and Hoechst 33342, lyso-tracker green and DOX were
xcited at the wavelength of UV, 488, and 503 nm to emit blue,
reen and red luminescence, respectively. There was  no inter-
erence in the emission wavelengths that ranged from 450 to
00 nm for Hoechst 33342, 500–520 nm for lyso-tracker green and
80–610 nm for DOX.

.10. LMP  imaging

We  investigated the effects of different drugs on the LMP  of
ancer cells. The MCF-7 cells were seeded in 35-mm glass-bottom
ulture dishes (NEST Science Co, Ltd, China) at a concentration of

000 cells/dish, and then, the cells were washed three times with
BS after a 24 h incubation. Next, the cells were incubated with
lexa Fluor 488-dextran (100 �g/mL) for 1 h, and then, the growth
edium was substituted with new medium containing free DOX,
pDA-FA and the mechanism of their anti-tumor effect.

BGNSs and BGNSs@pDA-FA at a DOX concentration of 1 �g/mL,
after washing three times with PBS, and were incubated for another
4 h. A fluorescence microscope (IX70, Olympus) equipped with a
100 × oil immersion objective (NA = 1.30) and a blue-illumination
filter set (450–480/500/525/39 nm)  was utilized to acquire the
fluorescence images. The percentage of cells with LMP  was  cal-
culated by counting arbitrarily selected areas, and at least 100
cells were observed for each experiment. Data are represented as
the means ± standard deviation (SD) of three independent experi-
ments.

2.11. Caspase-3 and lactic dehydrogenase (LDH) activity

We utilized a commercial Caspase-3 Activity Assay Kit to mea-
sure caspase-3 activity. First, the MCF-7 cells were seeded into
6-well plates at a density of 1 × 105 cells per well. After an incuba-
tion for 24 h, the cells were washed three times with PBS, and the
culture medium was  replaced by fresh culture medium contain-
ing free DOX, BGNSs and BGNSs@pDA-FA at a DOX  concentration
of 3 �g/mL. After another incubation for 48 h, the cells were cen-
trifuged, washed, and lysed with a cell lysis solution. After an
incubation with the reaction buffer and the caspase-3 substrate at
37 ◦C for 4 h, caspase-3 activity was determined at 405 nm using a
microplate reader (Multiskan Mk3, Thermo Fisher Scientific Instru-
ment Co., Ltd., Shanghai, China). A commercial LDH Activity Assay
Kit was  used to determine LDH activity. First, the MCF-7 cells
were seeded into 96-well plates at a density of 8000 cells per
well. After an incubation for 24 h, the cells were washed one time
with PBS, and the culture medium was replaced by fresh low
serum culture medium containing 1% serum. The culture wells
were divided into the following groups: background blank control,
sample control, sample maximum enzyme activity control wells
and drug treatment sample wells containing free DOX, BGNSs and
BGNSs@pDA-FA at a DOX concentration of 5 �g/mL. After another
incubation for 48 h, 1 h before the scheduled detection time, the
LDH release reagent provided in the kit was added to the “Sample
maximum enzyme activity control wells” in the amount of 10% of
the volume of the original culture medium. After the LDH release
reagent was added, the mixture was repeatedly agitated several
times and was then incubated at 37 ◦C under 5% CO2. After a prede-

termined time was  reached, the cell culture plate was centrifuged
at 400g for 5 min. Then, 120 �L of the supernatant from each well
was added to a corresponding new 96-well plate, and the LDH
Activity was determined at 490 nm using a microplate reader (Mul-
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iskan Mk3, Thermo Fisher Scientific Instrument Co., Ltd., Shanghai,
hina).

.12. Statistical analysis

The results are expressed as the mean average ± SD, and the sta-
istical analysis was carried out using a One-Way ANOVA. Statistical
ignificance was  set at *p < 0.05, and extreme significance was  set
t **p < 0.01 and ***p < 0.001.

. Results and discussion

.1. Optimization of pDA-thickness

Dopamine can self-polymerize to surface-adherent pDA film
nto a series of organic and inorganic materials [23–25]. We coated
GNSs with pDA by incubating them with dopamine in an alkaline
olution for various time points (6, 12 and 24 h). According to a pre-
ious report [38], the incubation time affects the polymerization
hickness of dopamine, thus affecting the drug release. To optimize
he thickness of pDA, after incubating the BGNSs with dopamine for
he different time periods, the in vitro cytotoxicities of the obtained
GNSs@pDA towards MCF-7 were tested. As shown in supplemen-
ary Fig. S1 (Supplementary materials), the cell viability was  28.2%,
3.3%, 31.4% for BGNSs@pDA after the 6, 12 or 24 h incubation at a
OX concentration of 4 �g/mL, respectively. There was  no signif-

cant difference in the toxicity of the three kinds of BGNSs@pDA
p > 0.05). Thus, we incubated the BGNSs with dopamine for 6 h in
he next experiments in order to save experimental time.

.2. Characterization of nano-carriers

The HMSNs and BGNSs were prepared according to our previ-
us report with some minor modifications [36], and the coating of
opamine on the BGNSs and the subsequent bioconjugation with
A was performed according to previous reports [39]. The drug
oading rate of the obtained BGNSs and BGNSs@pDA-FA was  10.5%
nd 9.7%, respectively. Fig. S2 (Supplementary materials) exhibits
he color change of the different nanoparticles during the prepa-
ation. Different from the as-prepared HMSNs, which were white
n ultrapure water, the BGNSs were orange-red after loading DOX
nd treating with NaHCO3. However, the BGNSs@pDA was  dark
rown, indicating the successful modification of pDA. Ultimately,
he BGNSs@pDA-FA presented as a black-green color, demonstrat-
ng the anchor of FA.

TEM was used to investigate the morphology of the HMSNs,
GNSs, BGNSs@pDA and BGNSs@pDA-FA. As shown in Fig. 1a, the
MSNs, with a special hollow structure, were successfully synthe-

ized and had an average diameter of approximately 360 ± 5 nm.
he BGNSs were composed of uniform solid spheres with a sim-

lar diameter as the HMSNs, suggesting the successful loading of
OX (Fig. 1b). Polydopamine was modified on the surface of the
GNSs in an alkaline solution to facilitate an efficient conjuga-
ion of FA through the Schiff base reaction. The TEM image of
he BGNSs@pDA is shown in Fig. 1c, the average diameter was
pproximately 417 nm ± 6 nm,  and a 47 nm increase in diameter
as observed after the coating, indicating the successful modi-
cation of pDA onto the surfaces of the BGNSs. The size of the
GNSs@pDA-FA was approximately 423 nm ± 9 nm and was 6 nm

arger than that of the BGNSs@pDA. These four types of nanoparti-
les were all well-dispersed and had spherical shapes.

Fig. S3 (Supplementary materials) shows the nitrogen

dsorption-desorption isotherm of the HMSNs and its corre-
ponding pore size distribution curve. The HMSNs exhibited a
ype IV isotherm characteristic of mesoporous material with
1 hysteresis loops. The corresponding pore size distribution
iointerfaces 160 (2017) 207–214

data, calculated by the BJH (Barrett-Joyner-Halenda) method,
showed a pore size distribution peaking at 11.3 nm.  The specific
surface area reached 58.9 m2/g, as calculated from the linear
part of the BET (Brunauer-Emmett-Teller) plot. As shown in
Table S1 (Supplementary materials), the zeta potential of the
HMSNs was −44.3 ± 5.86 mV  (n = 3). After the loading of DOX
and the subsequent NaHCO3 treatment, the zeta potential of the
BGNSs became 26.2 ± 5.85 mV  due to the presence of DOX with
a positive charge. Compared with the BGNSs, the zeta potential
of the BGNSs@pDA was  reduced to 11.0 ± 4.83 mV, indicating the
formation of pDA onto their surfaces. However, once successfully
conjugated with FA, the zeta potential of the BGNSs@pDA-FA
decreased to −31.3 ± 6.04 mV  because of the presence of the large
number of COOH groups of the FA. The changes in the zeta potential
of these nanoparticles, after being loaded, coated, and conjugated,
demonstrated the successful building of BGNSs, BGNSs@pDA and
BGNSs@pDA-FA.

3.3. in vitro drug release assay

Fig. S4 shows the in vitro release of DOX in PBS with different
pH values. The BGNSs and BGNSs@pDA-FA released DOX in a pH-
responsive release manner. The cumulative release of the BGNSs
and BGNSs@pDA-FA in 48 h was only 18% and 15% in PBS at 7.4,
respectively, suggesting that the BGNSs and BGNSs@pDA-FA had
a slight drug leakage in the normal physiological environment.
However, the release of DOX increased dramatically with increas-
ing incubation time in PBS at 5.0. The cumulative release of DOX
from the BGNSs and BGNSs@pDA-FA reached as high as approx-
imately 59.0% and 43.0% within 48 h, respectively. These results
indicated that upon internalization by the cells, the BGNSs could
release DOX faster than the BGNSs@pDA-FA in acidic intracellular
compartments, attributing to the modified pDA, which inhibited
the release of the drug.

3.4. in vitro cytotoxicity studies

An ideal nanocarrier for drug delivery should have a low tox-
icity before loading it with drugs. To investigate the possible side
effects of the drug delivery vehicles on cells, the toxicities of HMSNs,
HMSNs coated with pDA (HMSNs@pDA) and HMSNs@pDA conju-
gated with FA (HMSNs@pDA-FA) were investigated. The MCF-7
cells were incubated with these nanoparticles of different con-
centrations for 24 and 48 h. As shown in Fig. S5 (Supplementary
materials), the cell viability remained over 80% after an incuba-
tion for 48 h, even when the concentrations of the nano-carriers
were 100 �g/mL. The maximum concentration of these nanocarri-
ers used in drug delivery is lower than 100 �g/mL, and thus, the
nanocarriers appeared to be biocompatible.

The cytotoxicities of the free DOX, BGNSs, and BGNSs@pDA-
FA against the MCF-7 cells were measured using the CCK-8 assay
at different DOX concentrations after an incubation for 24 or
48 h. As shown in Fig. 2a, the free DOX, BGNSs, and BGNSs@pDA-
FA all exhibited does-dependent toxicity, and the cell viability
gradually declined as the DOX concentration increased. The half-
maximal inhibitory concentration (IC50) of the free DOX, BGNSs and
BGNSs@pDA-FA was 2.29, 3.66, and 5.31 �g/mL, respectively, after
the 24 h incubation and was  1.16, 2.15 and 3.77 �g/mL after the
48 h incubation, respectively (Table S2). The anti-tumor efficiency
of the BGNSs@pDA-FA against MCF-7 was lower than that of the
BGNSs. This may  be because the pDA modified onto the surfaces of
the BGNSs@pDA-FA impeded the release of DOX  and bubbles.
The cytotoxicities of the free DOX, BGNSs and BGNSs@pDA-FA
against the MCF-7/ADR cells were also investigated. As shown in
Fig. 2b, the antitumor activities of the BGNSs and BGNSs@pDA-FA
against the MCF-7/ADR cells were higher than that of free DOX.
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Fig. 1. TEM images of the HMSNs (a), BGNSs (b), B

he survival rate of the MCF-7/ADR cells was approximately 60%,
ven after incubating the cells with 32 �g/mL of DOX for 48 h. How-
ver, only 23% or 48% of the cells survived after incubating them
ith the BGNSs or BGNSs@pDA-FA at the same DOX concentra-

ion of 32 �g/mL for 48 h. Drug-resistant cells have the ability to
fflux drugs by increasing the expression of MDR  proteins, such
s P-glycoproteins (P-gps) of the ATP-binding cassette transporter
amily [3], and therefore, the higher anticancer activity of the BGNSs
nd BGNSs@pDA-FA might be attributed to the nanoparticle-
ediated DOX delivery mechanism to bypass the P-gp-mediated

fflux [2]. The anticancer activity of the BGNSs@pDA-FA was
lightly lower than the BGNSs due to the fact that the modified
DA inhibited the release of both the drugs and bubbles but was
till higher than that of free DOX; this result can be attributed to
he generation of bubbles and the avoidance of drug efflux. The IC50
f the free DOX, BGNSs and BGNSs@pDA-FA against the MCF-7/ADR
ells was 57.6, 23.4 and 41.3 �g/mL after 24 h, and 43.7, 13.3 and
7.4 after 48 h, respectively. As expected, the BGNSs@pDA-FA had
he ability to overcome the MCF-7/ADR cells.

To understand the possible side effects of our targeted BGNSs
n normal cells, we also tested the cytotoxicities of the DOX,
GNSs and BGNSs@pDA-FA against the MCF-10A cells. Free DOX
ad the highest toxicity against normal cells, while BGNSs@pDA-
A had the lowest toxicity (Fig. 2c). There are relatively few folate
eceptors on the surfaces of MCF-10A cells. BGNSs@pDA-FA are

ainly taken up via folate receptor-mediated endocytosis. Thus,
ewer BGNSs@pDA-FA can enter into normal cells. As expected,
GNSs@pDA-FA, as an anticancer drug delivery system, effectively
argeted the cancer cells and reduced the side effects on normal
ells.

.5. CLSM imaging
After incubating the free DOX, BGNSs and BGNSs@pDA-FA with
he MCF-7 cells for 4 or 12 h at 37 ◦C, CLSM was used to visualize the
nternalization and DOX release of the drug delivery systems in the
pDA (c), BGNSs@pDA-FA (d); scale bar is 200 nm.

cells. As shown in Fig. 3, after a 4 h incubation with the MCF-7 cells,
the red fluorescence of the free DOX was mostly distributed in the
nucleus, while the red fluorescence of the BGNSs and BGNSs@pDA-
FA was mostly distributed in the lysosome. Furthermore, more
intense red fluorescence was  found in lysosomes of the cells treated
with the BGNSs@pDA-FA compared to the BGNSs-treated group,
indicating a clear visual evidence of the effective internalization of
the BGNSs@pDA-FA through folate ligand-mediated endocytosis. A
similar result was observed for the 12 h incubation (Fig. S6, supple-
mentary materials). The free DOX mostly existed in the nucleus and
exerted toxicity by interacting with DNA. However, the BGNSs and
BGNSs@pDA-FA entered the lysosomes in an acidic environment
to generate lots of CO2 bubbles [36,37], thus increasing the LMP  to
result in cell apoptosis. Although the BGNSs@pDA-FA were more
easily taken up by the MCF-7 cells than the BGNSs, their toxicity
was lower than the BGNSs, due to the surface-modified pDA of the
BGNSs@pDA-FA, which prevented the generation of bubbles.

3.6. Ultrasonic imaging

Ultrasound imaging was  used to investigate the pH-response
bubble generation of the BGNSs and BGNSs@pDA-FA in PBS at pH
7.4 and 5.0 at 37 ◦C. The ultrasound imaging was obtained by a 7
MHZ  transducer (HD11XE, Philips, Holland). As shown in Fig. S7
(Supplementary materials), no CO2 bubbles were generated from
the BGNSs and BGNSs@pDA-FA in PBS at pH 7.4. In contrast, lots
of CO2 bubbles were formed after the BGNSs and BGNSs@pDA-FA
were treated with PBS at pH 5.0. Moreover, the BGNSs@pDA-FA
generated fewer bubbles than the BGNSs, possibly because pDA

coating impeded the entry of protons into the BGNSs. As reported
in our earlier reports [36,37], bubble generation plays an important
role in killing cancer cells. As a result, the BGNSs@pDA-FA exhibited
a lower anti-tumor effect than the BGNSs.



212 Z. Deng et al. / Colloids and Surfaces B: Biointerfaces 160 (2017) 207–214

F F-7 ce
T

3

o
p
t
r
t
i
o

ig. 2. in vitro cytotoxicity of the free DOX, BGNSs and BGNSs@pDA-FA against MC
he  data are represented as the mean ± SD (n = 6).

.7. LMP

The influence of the bubbles on LMP  was assessed using flu-
rescence imaging. The fluorescent dextran developed from a
unctuate lysosomal pattern to a diffuse cytosolic staining with
he increase in LMP. As shown in Fig. S8 (Supplementary mate-
ials), the free DOX did not significantly enhance LMP. However,
reatment with the BGNSs and BGNSs@pDA-FA caused a dramatic

ncrease in LMP, which could be attributed to the quick generation
f the CO2 bubbles inside the lysosomes. The BGNSs@pDA-FA had
lls (a), MCF-7/ADR cells (b), and MCF-10A cells (c) incubated for 24 (I) or 48 h (II).

a weaker effect on LMP  than the BGNSs, as they generated fewer
bubbles in acidic conditions.

3.8. Assessment of the folate competition experiment

There are many folate receptors on the surface of cancer cells.
FA-conjugated nanoparticles target cancer cells via folate receptor-

mediated endocytosis. The folate competition experiment was
employed to determine the cellular uptake of the nanomateri-
als modified with folic acid (BGNSs@pDA-FA). As shown in Fig.
S9 (Supplementary materials), the cytotoxicity decreased in the
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Fig. 3. CLSM images of the MCF-7 cells after a 4 h incubation with the free DOX(I), BGNSs and BGNSs@pDA-FA(III) at a DOX concentration of 1 �g/mL.

Fig. 4. (a) The caspase-3 activity of the untreated cells (control) and the cells treated with free DOX, BGNSs and BGNSs@pDA-FA at the DOX concentration of 3 �g/mL for
4  cells 
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8  h. (***p < 0.001 and **p < 0.01 when compared drug treated cells with untreated
GNSs  and BGNSs@pDA-FA at 37 ◦C. (p > 0.05 when compared to the BGNSs and BGN
ifference between the BGNSs, BGNSs@pDA-FA and control.) The data are presente

resence of 5 �g/mL of FA, indicating the targeted binding of the
GNSs@pDA-FA with the cancer cells.

.9. Caspase-3 and LDH activity assay

Caspase-3 is a family of proteases that plays an important role in
he process of apoptosis [40,41]. Therefore, caspase-3 activity was
sed to determine the effect of free DOX, BGNSs and BGNSs@pDA-
A on the MCF-7 cells. As shown in Fig. 4a, the free DOX caused

 slight increase in caspase-3 activity after it was incubated with

he MCF-7 cells for 48 h. However, the BGNSs@pDA-FA exhibited
igher caspase-3 activity than the free DOX but a lower activity
han that of the BGNSs, which was in accordance with the results
f the cell viability assay, the ultrasound imaging and the LMP  assay.
(control)). (b) The results of the LDH assay for the cells treated with the free DOX,
DA-FA treated with untreated cells (control), respectively; There was  no significant
e mean ± SD (n = 3).

The caspase-3 activity result implied that the BGNSs-FA triggered
cell death by apoptosis or apoptosis-like pathways.

A previous report found that a dual-responsive CO2 release
system quickly releases CO2 bubbles due to an elevated body
temperature caused by an exogenous low-intensity treatment
of ultrasound and tumor/internal endogenous acidic conditions.
Afterwards, the resulting CO2 bubble waves explode shortly before
dissolution due to the triggering of therapeutic ultrasound waves.
The explosion of the CO2 bubbles effectively causes immediate
necrosis of pancreatic-1 cells [42]. The bubble generation mech-

anism of our nanoparticles was different from the above report.
A study found that lysosomes contain numerous hydrolases that
play an important role in cell necrosis [43]. According to a previous
study, the amount of LDH in the culture medium is proportional
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[42] G. Kroemer, M.  Jäättelä, Nat. Rev. Cancer 5 (11) (2005) 886–897.
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o the degree of lysosome leakage [44]. We  confirmed the pres-
nce of cavitation-induced cell necrosis by studying the release of
DH into the culture medium. Thus, the amount of LDH released
n the cell supernatant was used to determine whether the cells
ad undergone necrosis. As shown in Fig. 4b, all the cell groups
eleased a small amount of LDH into the medium at 37 ◦C. There-
ore, we experimented with the LDH assay to confirm the absence
f cell necrosis at 37 ◦C, indicating that the BGNSs@pDA-FA do not
ause cell necrosis but cause death by apoptosis or apoptosis-like
athways after entering the lysosomes, which is in accordance with
he caspase-3 activity.

. Conclusion

A targeted drug delivery system based on the coating of pDA
nd a subsequent FA conjugation with the H+-triggered bubble
enerating nanosystem was designed. The prepared BGNSs@pDA-
A enhanced the permeability of lysosomes and the release of
aspase-3, leading to cell apoptosis. In vitro assays revealed that
GNSs@pDA-FA killed MCF-7 and MCF-7/ADR cells. Although the
nti-tumor activity of the BGNSs@pDA-FA was lower than that of
he BGNSs, for the pDA coating impeded the generation of bubbles,
he severity of the side effects of the BGNSs@pDA-FA against the

CF-10A cells was less than that of the BGNSs. The BGNSs@pDA-FA
xhibited a higher anticancer efficiency and lower side effects than
he free DOX. In view of these advantages, the BGNSs@pDA-FA have
he potential to serve as a useful drug targeting delivery system.
hus, this study provides a good direction for our next experimen-
al research for the design of targeted drug delivery systems that
enerate bubbles.
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