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Hang He1
& Song Meng1

& Haimin Li1 & Qingyuan Yang1
& Ziqiang Xu1

& Xueqin Chen1
& Zhengguang Sun1

&

Bingbing Jiang1
& Cao Li1

Received: 30 October 2020 /Accepted: 23 March 2021
# Springer-Verlag GmbH Austria, part of Springer Nature 2021

Abstract
Mitochondria, as the energy factory of most cells, are not only responsible for the generation of adenosine triphosphoric acid
(ATP) but also essential targets for therapy and diagnosis of various diseases, especially cancer. The safe and potential
nanoplatform which can deliver various therapeutic agents to cancer cells and mitochondrial targeted imaging is urgently
required. Herein, Au nanoparticles (AuNPs), mesoporous silica nanoparticles (MSN), cationic ligand (triphenylphosphine
(TPP)), doxorubicin (DOX), and carbon nanodots (CDs) were utilized to fabricate mitochondrial targeting drug delivery system
(denoted as CDs(DOX)@MSN-TPP@AuNPs). Since AuNPs, as the gatekeepers, can be etched by intracellular glutathione
(GSH) via ligand exchange induced etching process, DOX can be released into cells in a GSH-dependent manner which results in
the superior GSH-modulated tumor inhibition activity. Moreover, after etching by GSH, the CDs(DOX)@MSN-TPP@AuNPs
can serve as promising fluorescent probe (λex = 633 nm, λem = 650 nm) for targeted imaging of mitochondria in living cells with
near-infrared fluorescence. The induction of apoptosis derived from the membrane depolarization of mitochondria is the primary
anti-tumor route of CDs(DOX)@MSN-TPP@AuNPs. As a kind of GSH-responsive mitochondrial targeting nanoplatform, it
holds great promising for effective cancer therapy and mitochondrial targeted imaging.
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Introduction

Fabrication of effective drug delivery systems (DDSs) is one
of the most important and promising opportunities for chemo-
therapeutic drugs [1], making them alternative candidates to
increase their utilization potentiality of chemotherapy drugs

and reduce their undesired side effects. In general, the story of
in vivo DDSs system to date ends with cellular internalization,
great improvements, and challenges which existed in the mod-
ulation of organelle targeting [2]. On the other hand, the mo-
lecular sites of most clinically approved chemotherapeutic
drugs acted on are focused on certain organelles within the
specific cell [3]. Herein, targeting certain organelle within
specific cells has gradually emerged as a novel attractive strat-
egy to further increase the therapeutic efficiency.

Mitochondria, as the powerhouse inside most eukaryotic
cells, are responsible for various important features, such as
the conversion of energy (ATP), generation of reactive oxygen
species (ROS), and especially initiation of apoptosis-associated
programmed cell death [4], which implied that mitochondria
are closely related to the cellular mortality managements.
However, mitochondria inside cancers possess their own
unique characteristics as compared to normal cells, such as
hampered oxidative phosphorylation, increased glycolysis, hy-
perpolarization of the membrane, enhanced generation of ROS,
and upregulation of antioxidant systems (glutathione (GSH))
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[5], which show great influence on various cellular behaviors of
cancer cells [6]. Moreover, such unique function and structure
have made mitochondria of cancer cells more vulnerable to
mitochondria active therapeutic drugs [7] which make them to
be potential target sites of DDSs.

Up to now, various well-establishedmultifunctional DDSs,
such as liposomes [8], inorganic nanoparticles [9], and meso-
porous silica nanoparticle (MSN)-based nanocarriers, are
promising alternatives to fabricate mitochondrial targeted
DDSs [10, 11]. MSN has been widely considered as promis-
ing DDSs, due to superior biocompatibility, large surface area
and pore volume, superior chemical stability, and simple sur-
face modification strategies [12].

More importantly, with the help of gatekeepers, the specific
stimuli-responsive abilities can be achievedwhich play crucial
roles in prevention of the premature release of cargos. The
stimulus for the application of the MSN-based DDSs in the
biosystem can come from externally introduced physical and
chemical signals or biogenic chemical signals of the
biosystem itself [13]. Compared with externally introduced
signals, the endogenous biogenic signals are more effective
and credible to fabricate MSN-based DDSs. Among various
endogenous biogenic stimuli-responsive DDSs, the redox po-
tential is especially alluring, due to the significant difference
in the concentration of GSH between intracellular fluids (1–
10 mM) and extracellular fluids (2–10 μM), especially the
levels of cytosolic GSH in cancer cells and those in normal
cells [14]. Moreover, GSH is mainly produced in mitochon-
dria and distributed in the cytoplasm [15], so higher therapeu-
tic efficacy can be achieved by mitochondrial targeting MSN-
based DDSs. Taking this into consideration, Au nanoparticles
(AuNPs), a kind of inorganic nanoparticles with superior bio-
compatibility which can be ruptured by ligand exchange with
GSH via formation of Au-S bond to ensure drug release [16],
were selected as the gatekeepers to fabricate redox-sensitive
MSN-based DDSs.

On the other hand, the combination of medical therapy and
bioimaging diagnostics for optimizing intracellular therapeu-
tic efficacy and delivery behavior of MSN has emerged as an
attractive field for achieving personalized medicine [17].
Herein, in order to meet the requirement of personalized med-
icine, the development of nanoplatform with higher loading
dose and cellular imaging ability is essentially desirable.
Compared with other imaging techniques, fluorescence (FL)
imaging possesses numerous advantages, such as high
temporal-spatial resolution and minimally invasive, especially
the FL imaging in the near-infrared (NIR) window offers con-
siderable advantages in terms of lower absorption and mini-
mal auto- f luorescence [18] . Among var ious FL
nanomaterials, carbon nanodots (CDs) have attracted great
attention, due to unique tunable FL properties, superior bio-
compatibility, and easy surface modification [19, 20].
Therefore, these outstanding features make CDs promising

candidates for monitoring delivery behavior of MSN with
enhanced therapeutic efficiency.

Considering the unique features of MSN, mitochondrial
targeting ligand (TPP), AuNPs, and CDs, it is desirable to
integrate CDs and TPP with biocompatible stimuli-
responsive AuNPs capped MSN to develop novel mitochon-
drial targeting DDSs. In this work, NIR emitting CDs are
encapsulated intoMSN (CDs@MSN) at first. Then mitochon-
drial targeting ligand triphenylphosphine (TPP) was conjugat-
ed onto MSN (CDs@MSN-TPP), and then, doxorubicin
(DOX) loaded TPP-CDs@MSN were capped by AuNPs as
gatekeepers (CDs(DOX)@MSN-TPP@AuNPs) to achieve
redox-responsive DDSs with NIR FL imaging abilities to-
wards cellular mitochondria to improve the therapeutic effi-
ciency and security (Scheme 1).

Experimental section

Chemical reagents

F o r m a m i d e ( 9 9 % ) , a c e t o n i t r i l e ( 9 9 % ) ,
hexadecyltrimethylammonium chloride (CTAC) (99%),
triethylamine (TEA) (99%), and tetraethyl orthosilicate
(TEOS) (99%) were purchased from Sinopharm Chem
Reagent Co. (China, www.reagent.com.cn). GSH (99%),
isocyanate propyl triethoxysilane (IPTS) (98%), (3-
aminopropyl) triethoxysilane (APTES) (99%), and (4-
carboxybutyl)triphenylphosphonium bromide (CTPB) (99%)
were purchased from Aladdin Reagent Co. (China, www.
aladdin-e.com). N-(3-Dimethylaminopropyl) -N ′ -
ethylcarbodiimide hydrochloride (EDC) (98%) and N-
hydroxysuccinimide (NHS) (98%) were purchased from
Macklin Reagent Co. (China, www.macklin.cn). Au
nanoparticles (AuNPs) were purchased from Xi’an Ruixi
Biological Technology Co. (China, www.ruixibiotech.com).
Dulbecco’s modified Eagle medium (DMEM), fetal bovine
serum (FBS), phosphate-buffered saline (PBS), and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide
(MTT) were purchased from Invitrogen Co. (America, www.
thermofisher.com). All reagents were of analytical grade and
were used as received.

Synthesis of CDs-IPTS

The bare CDs were firstly synthesized according to previous
work with little modification [21]. Then, IPTSwas conjugated
onto the surface of CDs accordingly. Namely, 3 mg bare CDs
was dissolved in 5 mL anhydrous acetonitrile; then, 60 μL
IPTS was injected under the nitrogen atmosphere and they
were reacted at 40 °C for 12 h to obtain CDs-IPTS. Finally,
the solution was dried under a vacuum and they were directly
applied for the subsequently steps.
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Results and discussions

Synthesis and characterization of CDs

Firstly, the CDs were facilely prepared via the solvothermal
treatment of GSH solution in formamide according to previ-
ous work with some modification [21]. And the morphology
structure, size, surface properties, and optical features were
characterized and related description was presented in
Electronic Supporting Materials (Fig. S1 to S4).

Synthesis and characterization of drug delivery
system

In order to encapsulate the CDs into MSN, CDs should be
firstly modified with silanization agent to increase their affin-
ity with the TEOS. So IPTS with highly reactive isocyanate
was covalently modified onto the surface of CDs. Compared
with the FTIR spectra of CDs, additional peak centered at
1562 and 1442 cm−1 appeared which can be attributed to the
bending vibration of N–H and C–N. This result confirmed that
amino was reacted with isocyanate to form amide structure.
Since the IPTS is excess, several peaks from IPTS are also in
the FTIR spectra, such as νO-H between 2800 and 3000 cm−1,
νN=C=O at 2273 cm−1 and 1103 and 1079 cm−1 of νSi-O-Si (Fig.
S5). Then, the CDs@MSN can be successfully achieved by
co-hydrolyzation with TEOS in the presence of CTAC as the
template [22]. After the reaction was completed, the green
powder can be obtained which implied the successful encap-
sulation of CDs into MSN. An obvious peak at 683 nm is
observed in FL spectra of the CDs@MSN which is identical
to that of CDs (Fig. S6a). Another intense peak at 650 nm is

observed in the rest of drug carriers, which may be caused by
(de)protonation and tautomerism between the structures of -
NH-C=O and -N=C-OH [23]. It also should be noted that the
FL intensity of CDs@MSN-NH2 is much higher than the rest
three kinds of drug carriers, which is derived from the alka-
linity of amino. Moreover, intense red FL is also observed
under excitation of 405-nm light (inset of Fig. S6a). On the
other hand, the XRD patterns of three types of MSN show a
broad peak at 22.6° which may be referred to the interlayer
spacing (002) of graphitic structure (Fig. S6b) [24].

It is very obvious that CDs@MSN were uniform and spher-
ical with statistic size distribution of approximately 36.4 ±
15.0 nm (Fig. 1a, b and S7a). A highly uniform mesoporous
network can be clearly found in the TEM images with higher
magnification. After the amination reaction, uniform and spher-
ical nanoparticles are still observed in TEM images while their
statistic size distribution increases to 38.8 ± 12.5 nm (Fig. 1c, d
and S7b). Moreover, the obvious mesoporous structure is still
observed in the CDs@MSN-NH2 (Fig. 1c, d). When the
AuNPs were capped onto CDs@MSN-TPP, AuNPs (denoted
as black dots) were found to be uniformly distributed on the
exterior surface of CDs@MSN-TPP (Fig. 1e). The black dots
(AuNPs) on CDs@MSN-TPP exhibited an apparent lattice
spacing about 0.24 nm which can be assigned to the planar
distance for Au (111) (0.235 nm) [25], proving the successful
deposition of AuNPs onto the surface of CDs@MSN-TPP (Fig.
1f). The successful deposition can also be proved by the SEM-
based element mapping (Fig. 1g).

Then, N2 adsorption-desorption isotherms were applied to
analyze the surface areas and pore sizes of different
nanoplatforms. As shown in Fig. 1h, the N2 adsorption-
sorption isotherms of CDs@MSN imply the existence of

Scheme 1 The scheme for the
preparation and application of
CDs(DOX)@MSN-
TPP@AuNPs
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obvious narrow wedge mesoporous structure. All the other
samples exhibit similar curves to that of CDs@MSN while
sharp reductions of the nitrogen adsorption capacity are ob-
served after every step of modification which implies that the
mesopores of the CDs@MSN have been blocked stepwise.
And the changes of determined SBET,DBJH, and Vp can further
confirm the successful modification of CDs@MSN (Fig. 1h
and Table S1). As for each step of surface modification, their
zeta surface potential varied regularly (Fig. S8).

Then, the modification process was further monitored by
FTIR spectra (Fig. 1i). The bending vibration of -NH2 at
1488 cm−1 proved the successful formation of CDs@MSN-
NH2. The CDs@MSN-NH2 also revealed an additional band
at 2985 cm−1 which is associated with the stretching vibration
of -CH3 from the alkyl chain of APTES. After the modifica-
tion of TPP, the disappearance of the typical absorption band
at 1488 cm−1 implied that the amino groups of CDs@MSN-
NH2 were completely consumed and enhancement of signal at
1633 cm−1 (νC=O) implied the conjugation of carboxyl of TPP.
Moreover, another two tiny peaks at 1556 and 1455 cm−1

appeared in the spectrum of CDs@MSN-TPP, which can be
attributed to the bending vibration of N–H and C–N, respec-
tively. Then, the TGA curves of nanocarrier were also mea-
sured to confirm the successful surface modification. When
the temperature increased to 800 °C, the weight loss of
CDs@MSN, CDs@MSN-NH2, CDs@MSN-TPP, and
CDs@MSN-TPP@AuNPs was 15.3%, 19.2%, 26.0%, and
19.7%, respectively (Fig. 1j). The continuous increase of the
weight loss values for CDs@MSN-NH2 and CDs@MSN-
TPP verifies the surface coating of nanocarrier while the de-
crease of weight loss also confirms the successful blocking of
the nanocarriers with AuNPs.

In vitro drug release

DOX is a widely applied model anti-tumor drug in this work to
fabricate nanocarriers. In order to prove that the nanocarrier
could not prematurely release drugs before entering into cancer
cells, the in vitro drug release studies were taken at the GSH
concentration of 0, 1.25, and 10 mM to imitate the redox

Fig. 1 The characterization of the nanoplatform. TEM images of
CDs@MSN with low magnification (a) and high magnification (b).
TEM images of CDs@MSN-NH2 with low magnification (c) and high
magnification (d). High-resolution images of CDs@MSN-TPP@AuNPs
with low magnification (e) and high magnification (f). SEM mapping

CDs@MSN-TPP@AuNPs (g). The nitrogen adsorption-desorption iso-
therms of nanoplatfrom. Inset: Barrett–Joyner–Halenda pore distribution
of different nanoplatforms (h). The FTIR spectra of different
nanoplatforms (i). TGA curves of different nanoplatforms (j)
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environment of the extracellular matrix, normal cells, and can-
cer cells. The LC and EE of CDs(DOX)@MSN-TPP@AuNPs
were determined to be 17.6% and 44.3%, respectively.

As shown in Fig. 2a, the release rates were quite different for
CDs(DOX)@MSN-TPP@AuNPs in PBS with and without
GSH. In the absence of GSH, pores of CDs(DOX)@MSN-
TPP@AuNPs were blocked by AuNPs via the gold-nitrogen
bond, so only about 22% of DOX was released within 120 h.
On the contrary, the presence of GSH results in enhanced re-
lease of loaded DOX. When the concentration of GSH was
1.25 mM, the release rate increases a little to 26% within
120 h. However, when the concentration of GSH further in-
creased to 10 mM, burst release from nanocarriers was ob-
served, namely approximately 43.7%DOXwas released within
24 h and accumulative release amounts of the nanocarriers
reach 81.5% within 120 h. Since the extracellular GSH concen-
tration is 100–1000 times lower than that of intracellular GSH,
the as-prepared nanocarriers can encapsulate most DOX before
entering cells and achieve rapid intracellular release of drugs
within a short time.

To verify the mechanism of GSH-responsive drug release,
then the interaction between AuNPs and GSH was studied by
incubating AuNPs with GSH (10 mM). As shown in Fig. 2b–
e, the AuNPs are spherical and uniformly dispersed in the
absence and presence of GSH while their size decreases from
5.3 to 3.3 nm after the incubation with GSH. Moreover, the
presence of clear planar distance at 0.24 nm (111) further

confirmed the existence of metallic Au (Fig. 2f, g).
Furthermore, when the GSH was added, the hydrodynamic
diameter decreases from 10.1 to 5.6 nm which is similar to
the results of TEM (Fig. S9) and zeta potential increased from
−7.2 to 12.8 mV. Due to the much stronger gold-sulfur bond,
the original AuNPs can be etched by GSH via ligand ex-
change process to form GSH capped AuNPs with a much
smaller size [26]. Herein, the GSH-responsive drug release
can be achieved by the above GSH induced ligand exchange
induced etching process. The morphology of the nanocarriers
after incubating with GSH has also been studied (Fig. S10); it
is apparent that much fewer AuNPs were decorated on the
surface of AuNPs and their size decreases obviously, which
further proves the mechanism and feasibility of AuNPs as
GSH-responsive gatekeepers.

Biocompatibility and in vitro cytotoxicity

Firstly, the cytotoxicity of pure drug nanocarriers without en-
capsulation of DOX was measured to prove that the drug
carriers are biocompatible. In this work, three kinds of cell
lines (4T1, Hela, and MCF-7) were applied as the models
for the MTT assay. As shown in Fig S11, the CDs@MSN-
TPP@AuNPs presented little cytotoxicity to the three kinds of
cells, and the cellular viability remains over 90% within the
concentration range between 0.16 and 100 μg/mL.

Fig. 2 In vitro drug release and their related mechanism. a Cumulative
release of DOX from CDs(DOX)@MSN-TPP@AuNPs nanocarrier in
PBS (pH = 7.4) with different GSH concentrations (0, 1.25, and
10 mmol/L) in shaking table at 37 °C. Data are shown as mean ± SD,

n = 3 per treatment. TEM images of AuNPs before (b) and after (c)
incubating with GSH. The size distribution of AuNPs before (d) and
after (e) incubating with GSH. The high-resolution images of AuNPs
before (f) and after (g) incubating with GSH
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Subsequently, these three types of cell lines were ap-
plied to investigate the in vitro anti-cancer capability of
DOX-loaded drug nanocarriers. As shown in Fig. 3 and
Table 1, after three kinds of cells were co-incubated with
CDs(DOX)@MSN-TPP@AuNPs at different DOX con-
centrations, the cell viabilities decreased obviously with
the concentration of DOX increasing up to 10 μg/mL.
Even though the concentration of DOX is merely
0.63 μg/mL, around 60% of Hela cells and MCF-7 were
still alive while only 50% of 4T1 cells were alive. When
the content of DOX increased to 5 μg/mL, about 70%
Hela, 72% MCF-7, and 76% 4T1 were eliminated, which
was similar to that of pure DOX. However, each pure DOX
group displayed the highest anti-cancer activity, namely
the IC50 value was around twofold lower than them against
these three types of cells, which is caused by the gradual
release of DOX from the drug-loaded nanocarriers [27].

Then, the GSH responsiveness of CDs(DOX)@MSN-
TPP@AuNPs in the intracellular environment was investigat-
ed by co-incubating 4T1 cells as model cells with GSH-OEt
and BSO which can increase and decrease the concentration
of intracellular GSH, respectively [28]. Since BSO is reported
to reduce the GSH level in the cell, the IC50 value of
CDs(DOX)@MSN-TPP@AuNPs in cells pretreated with
BSO was about 9.4 times higher than that of cells without
any pretreatment (Fig. 3 and Table 1). Meanwhile, the IC50

value of cells without any pretreatment is 1.4 time higher than
that of cells pretreated with GSH-OEt, which confirmed that
GSH accelerates the etching of AuNPs on the surface of
CDs(DOX)@MSN-TPP@AuNPs resulting in faster leakage
of DOX. Herein, GSH-dependent cytotoxicity is observed in
this nanoplatform which is mainly derived from the
promotion/inhibition of the synthesis of GSH by pretreating
with GSH-OEt/BSO [29].

Intracellular drug release

The intracellular GSH concentration regulation abilities of
BSO and GSH-OEt were applied to investigate the redox-
sensitive release of DOX by CLSM and flow cytometry.
The result of CLSM is presented in Fig. 4. The position of
the nucleus was stained by hochest33342 (λex = 405 nm,
λem = 461 nm) with blue FL. As shown in Fig. 4, red FL with
different intensity (λex = 488 nm, λem = 575 nm)was observed

Table 1 IC50 values (μg/mL) of nanocarriers in different cell lines

Sample IC50 (μg˙mL−1)

Hela MCF-7 4T1

DOX 0.88 1.00 0.55

CDs(DOX)@MSN-TPP@AuNPs 1.53 1.61 0.71

CDs(DOX)@MSN-TPP@AuNPs with BSO 6.66

CDs(DOX)@MSN-TPP@AuNPs with GSH-OEt 0.53

Fig. 3 In vitro cellular
cytotoxicity and GSH-responsive
in vitro cellular drug release. a
Cell viabilities of HeLa, MCF-7,
and 4T1 cells co-incubated with
DOX and CDs(DOX)@MSN-
TPP@AuNPs. And the cell via-
bilities of 4T1 co-incubated with
CDs(DOX)@MSN-
TPP@AuNPs,
CDs(DOX)@MSN-
TPP@AuNPs pretreated with
BSO, and CDs(DOX)@MSN-
TPP@AuNPs pretreated with
GSH-OEt. Data shown as mean ±
SD, n = 6 per treatment,
*p < 0.05, **p < 0.01,
***p < 0.001
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insides three kinds of samples, including cells pretreated with
BSO/GSH-OEt or without any pretreatment. Compared with
cells without any pretreatment, much less DOX release was
observed inside 4T1 cells pretreated with BSO while a much
more apparent red signal was found in cytoplasm of 4T1 cells
pretreated with GSH-OEt which confirm the redox-sensitive
int racel lu lar drug re lease of CDs(DOX)@MSN-
TPP@AuNPs. On the other hand, the GSH-dependent anti-
tumor activity of the nanocarrier can be verified by the bright
field image of three samples. As shown in the bright field
image, compared with the cells without any pretreatment, al-
most all the cells pretreated with BSO adhere to the confocal
dish with regular morphology. However, the amounts of cells
with impaired morphology and coarse surface enhanced obvi-
ously for cells pretreated with GSH-OEt (Fig. 4).

In order to quantitatively investigate the GSH-
dependent cellular drug release from CDs(DOX)@MSN-
TPP@AuNPs and analyze more cells to make the result
more meaningful, the 4T1 cells pretreated with BSO/
GSH-OEt or without pretreatment were analyzed by flow
cytometry (λex = 488 nm, λem = 575 nm) (Fig. S12). As
expected, the release of DOX from nanocarrier inside
cells without any pretreatment was apparently higher than
that pretreated with BSO while the intracellular release of

the drug further increased obviously for GSH-OEt-treated
cells. Then, mean FL intensity (MFI) value was applied
quantitatively to analyze the drug release behavior (Fig.
S12b). The MFI value of cells pretreated with GSH-OEt
was about 2.02 times higher than that without any pre-
treatment and 3.12 times higher than that pretreated with
BSO. Combined with the above results, we can conclude
that the intracellular GSH concentration plays an impor-
tant role in the redox-dependent DOX release behavior via
the etching of AuNPs which contribute to the GSH-
sensitive anti-tumor activity.

Mitochondria targeted imaging

In order to test the feasibility of CDs(DOX)@MSN-
TPP@AuNPs targeted to mitochondria, CLSM images of
4T1 cells incubated with nanoplatform were taken. After the
AuNPs were etched by intracellular GSH around mitochon-
dria in cells, then the surface TPP would be exposed which
would deliver the nanocarrier to mitochondria. As shown in
Fig. 5a–e, green FL related to the mitochondria stained with
Mito-Tracker Green (λex = 488 nm, λem = 516 nm), a com-
mercially available mitochondria dyes, red signal corresponds
to CDs (λex = 633 nm, λem = 680 nm) and blue FL indicates

Fig. 4 CLSM images of 4T1 cells co-incubated with CDs(DOX)@MSN-
TPP@AuNPs, CDs(DOX)@MSN-TPP@AuNPs pretreated with BSO,
and CDs(DOX)@MSN-TPP@AuNPs pretreated with GSH-OEt. The

red fluorescence is related to the signal of DOX and the nucleus of cells
was stained with blue emissive Hochest33342. Scale Bar: 50 μm
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Fig. 5 Colocalization study of
CDs(DOX)@MSN-
TPP@AuNPs nanoplatform with
mitochondria. a Images of green
channels are related to the signal
of Mito-Tracker Green which in-
dicated the position of mitochon-
dria. b Images of red channels are
related to the signal of CDs. c
Images of blue channels are re-
lated to the signal of
Hochest33342 which indicated
the position of nucleus. d Bright-
field images of 4T1 cells. e
Merged images of 4T1 cells. f
Colocalization analysis of
CDs(DOX)@MSN-
TPP@AuNPs in 4T1 cells. Scale
bar: 50 μm

Fig. 6 In vitro anti-cancer mechanism analysis. a Flow cytometry analy-
sis of cellular apoptosis of 4T1 co-incubated with CDs@MSN-
TPP@AuNPs and CDs(DOX)@MSN-TPP@AuNPs. The cells were
stained with annexin V-APC. b Flow cytometry analysis and related

mean fluorescence intensity (MFI) value of 4T1 cells co-incubated with
CDs@MSN-TPP@AuNPs and CDs(DOX)@MSN-TPP@AuNPs. The
signal of MFI is derived from the fluorescence of Rh123
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the nuclei (λex = 405 nm, λem = 461 nm). The red FL (CDs)
overlapping with green FL (mitochondria) generates numer-
ous orange signals. The images suggest that the nanocarriers
can escape from the lysosomes and selectively accumulate
into the cellular mitochondria of living cells. Another
colocalization analysis was utilized to analyze the targeting
of the nanocarrier to the mitochondria. As for the merged
images in Fig. 5e, the corresponding FL intensity profiles
across the white line (indicated in CLSM images) are present-
ed in Fig. 5f, which confirmed the superior colocalization of
the green and red signals. Then, Pearson’s correlation coeffi-
cients (Rr) derived from ImageJ were determined to be 0.59
which is higher than 0.50. The colocalization coefficients con-
firmed the good performance of CDs@MSN(DOX)-
TPP@AuNPs in targeting mitochondria [30], due to the pres-
ence of cationic TPP. In general, the nanocarrier
CDs(DOX)@MSN-TPP@AuNPs is an ideal fluorescent
probe for targeted imaging of mitochondria in living cells. In
order to evaluate the practicability of this nanoplatform, the
comparison with other previous works is listed in Table S2. It
indicated that this nanoprobe has superior drug loading effi-
ciency and commendable imaging ability. Because of NIR
emissive features of the CDs, the cells can be imaged with
low auto-fluorescence.

Cellular anti-tumor mechanism

Since apoptosis, a programmed cell death route, is a general
mode for eliminating cancer cells in cancer nano-therapy with
distinct advanced anti-cancer activity [31], the treated cells
were stained with annexin V-APC (λex = 633 nm, λem =
660 nm) to investigate whether the cell death is via the route
of apoptosis or not. In general, the annexin V combines with
exposed phosphatidylserine on the surface in the early stage of
apoptosis. As shown in Fig. 6a, the blank nanocarrier induced
slight apoptosis for 4T1 cells (15.2%), indicating their high
biocompatibility which is consistent with MTT assay.
Furthermore, the fraction of apoptotic cell (33.8%) increased
obviously when DOX was loaded in CDs@MSN-
TPP@AuNPs which further proved superior anti-cancer ac-
tivity of the CDs@MSN-TPP@AuNPs.

Since the nanocarrier can selectively accumulate in mito-
chondria in living cells (Fig. 5) and the structure and functions
of mitochondria are highly related to the initiation of
apoptosis-associated programmed cell death [32]. Then, the
changes of mitochondrial membrane potential (MMP) were
analyzed by the fluorescent probe (JC-1). The JC-1 exhibits
potential dependent accumulation in mitochondria and the
membrane depolarization is indicated as a decrease in the FL
intensity ratio of red/green signal [33]. As shown in Fig. S13,
the cells exposed to CDs@MSN-TPP@AuNPs show a com-
parable FL intensity ratio of red/green signal to that of the
control group (λex = 488 nm, λem = 525 nm for green signal

and λex = 488 nm, λem = 575 nm for red signal). Not surpris-
ingly, the cell treated with CDs(DOX)@MSN-TPP@AuNPs
results in a very bright green signal and negligible red FL
which proved the decrease of MMP which is caused by the
increasing of the mitochondria membrane’s permeability. The
alteration of MMP can also be confirmed by flow cytometry
via fluorescent dye Rh123, as a mitochondrial specific dye,
which can present quantitative information (Fig. 6b, b).
Compared with 4T1 cells only stained with Rh123 (λex =
488 nm, λem = 525 nm), the MFI value of cells incubated with
CDs@MSN-TPP@AuNPs remains almost constant (from
6670 to 7213) while that of cells co-incubated with
CDs(DOX)@MSN-TPP@AuNPs further increases to
10,737. As expected, the enhancement of MFI value con-
firmed the decrease of MMP, owing to the membrane depo-
larization, which implied the initial and irreversible step of
apoptosis [34]. These results confirmed that the
CDs(DOX)@MSN-TPP@AuNPs kill the cancer cells via
the loss of MPP which contributes to the induction of cellular
apoptosis.

Conclusions

In conclusion, a novel type of GSH-responsive mitochondrial
targeted DDSs, named as CDs(DOX)@MSN-TPP@AuNPs,
can realize redox-responsive DDSs and targeted imaging of
mitochondria in living cells to improve the therapeutic effi-
ciency and security. In vitro experiments demonstrated that
DOX can be released into cells in a GSH-dependent manner
which contributes to the superior GSH-modulated tumor inhi-
bition activity. We have found that the GSH-sensitive cyto-
toxicity is derived from the GSH induced ligand exchange
induced etching process towards AuNPs. Interestingly, based
on the cationic TPP, the CDs(DOX)@MSN-TPP@AuNPs
can selectively accumulate into the cellular mitochondria of
living cells with bright FL. The anti-cancer mechanism of
CDs(DOX)@MSN-TPP@AuNPs is via the induction of apo-
ptosis derived from the membrane depolarization of the mito-
chondria. However, the anti-cancer activity of nanoplatform is
not comparable to other advanced anti-cancer techniques.
Herein, more novel anti-tumor strategies, such as photody-
namic therapy, photothermal therapy, and chemodynamic
therapy, should be combined with the mitochondrial targeting
functions to fabricate more efficient anti-tumor nanoplatform.
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