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[39_TD$DIFF]A B S T R A C T

Transmembrane anion transporters have attracted significant attention as therapeutic agents because of
their potential to disrupt cellular ion homeostasis, in which, most of the synthetic anionic transporters
are organic small molecules whose synthesis routes are usually complex and tedious, and the related
biological research is also only in infancy. Hence, we synthesized a kind of chloride anion (Cl�) and
sodium cation (Na+) nanocarrier based on poly([35_TD$DIFF]D,L-lactic-co-glycolic acid) (PLGA) which was coated with
polydopamine (PDA) to provide target release factor.When the nanocarrier arrives in acidic environment
such as lysosomes through endocytosis, Cl� andNa+will be released fast from the nanocarrier resulting in
imbalance of cell homeostasis for inducing apoptosis. Cell experiments show that the nanocarrier
promotes apoptosis and leads to an increased concentration of reactive oxygen species. By exploring the
concentration of cytochrome [33_TD$DIFF]c inmitochondria and cytoplasm and the activities of key enzymes caspase-
9 and caspase-3 in apoptosis process, it is proved that the apoptotic pathway is caspase-dependent. This
novel strategy allows the research of anion transporter no longer limited to artificial synthesis of small
molecular and provides a novel and effective direction to investigate ion homeostasis, ion transport and
cancer treatment.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Anion transport has become one of the most important areas
due to the important role in numerous biological and environ-
mental processes [1–4]. It is an accepted notion that ions balance is
involved in proliferation, migration and apoptosis of cancer cells
[5–8]. The dysregulation of intracellular concentrations of ions,
particularly, chloride [9,10], calcium and potassium ions [11],
has been shown to correlate closely with the onset of apoptosis
[12–15]. Therefore, devoting the study of physiological effects
caused by ion imbalance at the cellular level is particularly
significant in the field of ions transport. As one of the most
important anions in physiological processes, Cl� has critical role in
a great variety of cellular processes, including neurotransmission,
regulation of cytoplasmic, vesicular pH, cellular volume, and
charge balance [16–18], which has become a hot spot in the field of
ions transport. At present, the researches on the transport of Cl�

mainly focus on the artificial synthesis of small-molecule trans-
porters based on the cotransport of H+/Cl� and Na+/Cl� [40_TD$DIFF] [19–25].
Shins et al. have demonstrated two synthetic ion transporters
which cotransport of Na+/Cl� into cells can induce apoptosis and
death of cancer cells [26]. In 2017, they further synthesized a small
itute of Materia Medica, Chinese
molecular transporter which perturbs cellular Cl�[41_TD$DIFF] concentrations
and promotes Na+ influx into the cytosol can disrupt autophagy
and induce apoptosis [27]. These studies havemade great progress
in the field of synthetic ion transporters. However, the synthesis of
small molecule transporters is usually complex and these trans-
porters are difficult to apply in biological system due to their
biological incompatibility. Therefore, developing an applicable and
biocompatible method to expand the application of ion transport
in biological system is urgently needed.

Polymeric nanoparticles have become a hotspot for nanocarrier
research in recent years due to its favorable biocompatibility and
the ability of loading different types of substances [28–30]. Poly( [35_TD$DIFF]D,
L-lactic-co-glycolic acid) (PLGA) has been widely used as a carrier
material for drug release owing to its excellent biocompatibility
and biodegradability [31–34]. Cherng [42_TD$DIFF]et al. loaded sodium
bicarbonate (NaHCO3) into the PLGA nanocarrier to achieve rapid
release of doxorubicin under acidic conditions [35]. Mei [42_TD$DIFF]et al. also
used this method to achieve burst intracellular release of
ciprofloxacin from PLGA hollow microspheres to induce cancer
cell death [36]. These researches have confirmed that NaHCO3 can
assist the drug release quickly in the acidic environment.
Polydopamine (PDA) has widely used as material surface
modification since the PDA shells are not only stable enough
but also provide target release. Liu [42_TD$DIFF]et al. had reported a PDA-coated
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. Morphology of SPN@PDA at different pH. (a) pH 7.4 for 1 h; (b) pH 5.0 for 1 h;
(c) pH 5.0 for 4 h; (d) the release rate at pH 7.4 [30_TD$DIFF](black), pH 6.0 (red) and pH 5.0
(green) at 37 �C, n = 3.
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nanomaterial which can reach tumor site and release drugs
successfully [37]. Shi [42_TD$DIFF]et al. demonstrated that PDA film was pH
sensitive [38], which would shed and break up in acidic conditions
and the compounds loading by PDA film are easier to release in
tumor tissue sites due to the acidic environment, thus achieving a
targeted release effect [39,40]. The PDA “outerwear” of nano-
particles also has favorable hydrophilicity due to its sufficient
hydroxyl and catechol structures, which can prevent the nano-
particles agglomeration to improve the stability [41,42]. Although
polymers are used for loading various drugs, the research for
loading ions is rare. Recently, Liu prepared a kind of sodium
hyaluronate modified calcium peroxide nanoparticles and dem-
onstrated the nanoparticles could cause calcium apoptosis in
cancer cells and showed outstanding potential in cancer treatment
[43].

Inspirited by the previous works, we designed a kind of NaCl
and NaHCO3 loaded PLGA nanocarrier (SPN@PDA) coated with
polydopamine (PDA). The scheme of SPN@PDA and apoptosis
pathway caused by the release of Na+ and Cl� in cells are shown in
Fig. 1, in an acidic environment, Na+ and Cl� are released, and the
ion equilibrium of the cells is destroyed. After that, cytochrome [33_TD$DIFF]c is
released from the mitochondria to the cytoplasm, activating
caspase family to induce apoptosis ultimately.

Salt loaded PLGA nanoparticles (SPN) were easily prepared
through improved water-in-oil-in-water (W/O/W) double emul-
sion method, and the detail was shown in supporting information.
SPN was dispersed at pH 8.5 Tris-HCl buffer and coated with PDA
byadding dopamine to themixture to prepare SPN@PDA. As shown
in Fig. S1 (Supporting information), TEM micrograph demonstrat-
ed SPN displayed a spherical and uniform morphology with a
diameter of around 210 nm (Figs. S1a and c). After coated by PDA,
the diameter of SPN@PDA became slightly larger and the PDA
wrinkles served on the coverage (Figs. S1b and d). The peaks of PDA
were observed in the FT-IR spectra (Fig. S1e), and the zeta potential
was measured to investigate the surface modification and charge
changes of SPN and SPN@PDA. Bare SPN showed a zeta potential of
�67.5�1.45mV, after PDA coating, the zeta potential decreased to
�105.0�1.75mV (Fig. S1f), which might be ascribed to the
electronegativity of PDA. These results confirmed that the PDAwas
successfully modified on the surface of SPN. The control nano-
carrier which only contains NaHCO3 (PN@PDA) was also success-
fully prepared.
[(Fig._1)TD$FIG]

Fig. 1. The preparation of SPN@PDA and the mechanism of apoptosis through the
release of Na+ and Cl�.
We verified the pH sensitivity of SPN@PDA by TEM. As
illustrated in Fig. 2, when SPN@PDA was dispersed in PBS buffer
at pH 7.4, it maintained a regular sphere (Fig. 2a). However, once
SPN@PDA was dispersed in PBS buffer at pH 5, its shape began to
collapse and bubbles appeared around it owing to CO2 gas
produced from the reaction betweenHCO3

� andH+ (Fig. 2b).When
SPN@PDAwas dispersed in an acidic environment for 4 h, the PDA
shell was completely broken, and the encapsulated compounds
inside were completely leaked (Fig. 2c). These results indicate that
SPN@PDA can rapidly release loaded salts under acidic conditions.
The loading capacity of SPN@PDA and release amount of Cl� at
different pH were determined by ion chromatography (IC).
The loading amount of Cl� in SPN@PDA determined by IC
was 0.15mg/mg. As shown in Fig. 2d, the concentration of released
Cl� from SPN@PDA at pH 7.4 (in the extracellular environment)
was limited. However, once the nanocarrier reached the pHmilieu
of the early endosomes (pH 6.0, after 1 h) and the late endosomes/
lysosomes (pH 5.0, after 1 h), the release of Cl� [43_TD$DIFF] increased
significantly, and the release amount reached equilibrium after
4 h. These results prove that SPN@PDA has the ability of release
ions rapidly under acidic conditions. Compared with the previous
reports (16 h [35], 24 h [36], 8 h [43]), SPN@PDA has certain
advantages in release rate.

To gain a better understanding of the effect of Cl� and Na+

released intracellularly, HeLa cells were incubated with dye-
SPN@PDA (the material preparation is shown in supporting
information) which contains a hydrophilic dye rhodamine B
(RB) and a hydrophobic naphthalimide-based fluorophore (NA).
The corresponding fluorescence images were recorded by confocal
laser scanning microscopy (CLSM). The [44_TD$DIFF]co-loaded hydrophilic dye
RB was used to observe the release of Cl�[45_TD$DIFF] on account of they both
aggregated in the hydrophilic cavity of SPN and the hydrophobic
dye NA was concentrated in the shell of SPN which can indicate
whether the nanocarrier enter cells. As shown in Fig. S2
(Supporting information), when the cells were incubated with
dye-SPN@PDA for 1 h, the green fluorescence of hydrophobic NA
was mainly observed indicating the nanocarrier entered the cells
through endocytosis (Fig. S2a). After the incubation for 2 h, the
bright red color was observed in cells (Fig. S2f), and the intensity of



C. Ma et al. / Chinese Chemical Letters 31 (2020) 1635–1639 1637
red fluorescence became stronger with the increase of incubation
time and reached a stable state at 6 h ([46_TD$DIFF]Figs. S2g and h). In addition,
the greenfluorescence intensity also enhancedwith the increase of
time as NA becomes more dispersed after the nanocarrier
collapsed (Figs. S2c and d). Furthermore, a commercial probe
(MQAE) for detecting intracellular Cl�[47_TD$DIFF] concentration was used to
observe Cl� [47_TD$DIFF] concentration and the fluorescence intensity of MQAE
decreases with the increases of intracellular Cl� [47_TD$DIFF] concentration.
When HeLa cells were incubated with SPN@PDA for 1, 2, 4 and 6 h,
the fluorescence of MQAE gradually weakened compared with the
group treated with salt-free nanocarrier NP@PDA (Fig. S3 in
Supporting information), which indicated the intracellular Cl�[47_TD$DIFF]
concentration of cells treated with SPN@PDAwas increased. These
images confirmed that Cl� [9_TD$DIFF] and Na+ can be released into cells
quickly, and provides a considerable-much basis for further study
of the physiological effect of dysregulation of ions in cells.

As the incubation time increases, the morphology of the cells
treated with SPN@PDA is gradually deteriorated in the bright field
and there were obvious granular protrusions named apoptosis
body were observed (Fig. S4 in Supporting information). This
phenomenon motivated us to explore whether SPN@PDA has a
similar effect with small molecule transporter which facilitates Cl�

and Na+ influx to reduce cell survival [26]. Firstly, the effect of
SPN@PDA on the survival ratio of three cancer cells (HeLa, HepG2,
P815) were investigated. As shown in Fig. S5 (Supporting
information), as the concentration of SPN@PDA increased, survival
ratio of three cancer cells decreased to 30%–40%, which indicates
that SPN@PDA could reduce the viability of the cancer cells. In

[(Fig._3)TD$FIG]

Fig. 3. (A) Flowcytometry of HeLa cells treatedwith PBS (a), PN@PDA (b) and SPN@PDA (c
uptake), apoptosis rate histogram (d) of a, b and c. (B) HeLa cells were pretreated with P
negative control (a–c), cells treated with CCCP are shown as positive control (d–f), PN
contrast, PN@PDA has little effect on cell growth. These results
demonstrate the decrease in cell viability is caused by the transport
of Na+ and Cl� into the cells.

We further investigated whether SPN@PDA can lead to
apoptosis. HeLa cells were incubated with 500mg/mL of SPN@PDA
for 12 h and then treated with a mixture of fluorescein-annexin V
(FITC-annexin V) and propidium iodide (PI). When apoptosis
occurs, both FITC and PI signals increase significantly [27]. As
illustrated in Fig. 3A, flow cytometry analysis revealed that the
cells treated with SPN@PDA displayed positive annexin V binding
and PI uptake compared with control and PN@PDA groups, and
apoptosis rate increased to 28%, which indicates SPN@PDA is
capable to induce apoptosis. JC-1 (a commercial mitochondrial
membrane potential staining reagent) was used for staining
experiments. When mitochondrial membrane potential is normal,
JC-1 is mainly in the aggregated state and red fluorescence is
emitted, when apoptosis occurs, the mitochondrial membrane
potential decreases, JC-1 is mainly a monomer present and green
fluorescence is emitted [44]. To observe the changes of mitochon-
drial membrane potential, HeLa cells were treated with SPN@PDA
and PN@PDA for 12 h, then stained with JC-1 and observed by
CLSM. CCCP (carbonyl cyanide m-chlorophenyl- hydrazine) is a
chemical reagent which induces cell mitochondrial membrane
potential decline, acting as a positive control. As demonstrated in
Fig. 3B, the cells treated with SPN@PDA and CCCP enhanced the
green fluorescence and decreased the red fluorescence. On the
contrary, PN@PDA group had little change in fluorescence signal
compared with the untreated group. To further confirm SPN@PDA
) for 12 h and stainedwith fluorescein-annexin V and PI (annexin V binding [31_TD$DIFF]versus PI
N@PDA and SPN@PDA for 12 h and stained with JC-1. Untreated cells are shown as a
@PDA group (g–i) and SPN@PDA group (j–l). Scale bars =100mm.
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Fig. 4. (a) Determination of [32_TD$DIFF]cytochrome c by SDS-PAGE protein electrophoresis, line 1 is the cytochrome [33_TD$DIFF]c standard, line 2 and line 3 represent the mitochondrial and
cytoplasmic extract treatedwith SPN@PDA correspondingly, line 4 and line 5 aremitochondrial and cytoplasmic extract of untreated cells correspondingly. (b) Concentration
of pNA produced in different groups of cells lysates. (c) Fluorescence intensity of different groups of cell lysates after reacting with Ac-DEVD-AMC. N = 3.
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can induce apoptosis, Hoechst 33258 (a commercial reagent to
stain the nuclei of cells) and TUNEL (tdT-mediated dUTP nick-end
labeling) staining were performed, and the detail discussions and
figures (Figs. S6 and S7 in Supporting information) were shown in
supporting information. All the above findings provide enough
support for the fact that the SPN@PDA has apoptosis-inducing
activity and the reason for inducing apoptosis with SPN@PDA
should be the function of Cl� and Na+ releasing in cells. We also
found intracellular reactive oxygen species (ROS) concentration
increases when apoptosis occurs and the detail is shown in
supporting information (Fig. S8 in Supporting information).

Apoptotic cell death takes place mainly via caspase dependent
or independent mechanisms, and the apoptosis promoted by ion
homeostasis is usually caspase-dependent [45,46]. In the caspase-
dependent apoptosis pathway, mitochondria will release cyto-
chrome [33_TD$DIFF]c to cytoplasm, the activities of caspase-9 and caspase-3
will increase [47]. To test whether SPN@PDA induce caspase-
dependent apoptosis, the following experiments were performed.
Firstly, the concentrations of cytochrome [33_TD$DIFF]c in mitochondria and
cytoplasm were detected by sodium dodecyl sulfate -polyacryl-
amide gel electrophoresis (SDS-PAGE) protein electrophoresis. As
shown in Fig. 4a, the cytochrome [33_TD$DIFF]c in mitochondria of untreated
cells is higher than in corresponding cytoplasm. In contrast, the
band of cytochrome [33_TD$DIFF]c in mitochondrial extract of cells treatedwith
SPN@PDA is significantly lower than in corresponding cytoplasm,
which illustrated cytochrome [33_TD$DIFF]c in mitochondrial is released in
cytoplasm. Then the activity of caspase-9 is detected by a substrate
acetyl-Leu-Glu-His-Asp p-nitroanilide (Ac-LEHD-pNA). Caspase-9
can catalyze Ac-LEHD-pNA to produce pNA (p-nitroaniline) which
has strong absorption at 405 nm, so the activity of caspase-9 can be
determined by the absorption at 405 nm of cell lysate. In Fig. 4b,
the concentration of different groups is calculated by concentra-
tion curve of pNA standard (Fig. S9 in Supporting information), and
the concentrations of pNA in SPN@PDA groups (6 h and 12 h) are
higher than in the control and PN@PDA groups, which means the
caspase-9 activities of SPN@PDA groups are increased. Furtherly,
caspase-3 activities of the treated cell lysates were then deter-
mined by using a fluorescent peptide substrate (Ac-DEVD-AMC)
for caspase-3. The fluorescence intensity of Ac-DEVD-AMC
increased with the increasing activity of caspase-3. It was found
that the fluorescence intensity heightened with the increase
incubation time of SPN@PDA compared with untreated and
PN@PDA groups (Fig. 4c), which demonstrates the enhancement
of caspase-3 activity. These results provide the evidence for that
SPN@PDA induces apoptosis [48_TD$DIFF]via a caspase-dependent pathway.

In summary, we developed a universal nanocarrier-based
strategy for the delivery of ions to cells through a biocompatible
and degradable polymer PLGA. Loading of NaHCO3 and coating
with PDA of the nanocarrier achieved the rapid release of ions, and
cells apoptosis experiments verified that the Cl� and Na+ released
from the nanocarrier promotes apoptosis when the intracellular
ions balance is destroyed. The explorations of cytochrome [33_TD$DIFF][29_TD$DIFF]c
concentrations, caspase-9 and caspase-3 activities demonstrate
the apoptosis pathway is caspase-dependent. The strategy of ions
loading into biodegradable and biocompatible nanomaterials
provides a novel and effective method for ions transport. Through
this way, various biomaterials can be utilized to delivery all kinds of
ions to target physiological environment for special therapy, even
using inorganic salts to eliminate cancer cells. This is only in the
preliminaryexplorationstageof thephysiologicalchangescausedby
ion imbalance, wewill try to investigate the difference between the
normal cells and cancer cells in detail in the future work.
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