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ABSTRACT: In this study, a biocompatible nanoplatform has
been constructed on the basis of magnetic mesoporous silica
nanoparticles (Fe3O4@mSiO2) via surface modification of
triphenylphospine (TPP) and then conjugation with fluores-
cent carbon dots (CDs). The as-prepared Fe3O4@mSiO2−
TPP/CDs nanoplatform shows a very low cytotoxicity and
apoptosis rate in various cell lines such as A549, CHO, HeLa,
SH-SY5Y, HFF, and HMEC-1. More importantly, this
nanoplatform integrates long time cell imaging, mitochon-
dria-targeting, and magnetic field-enhanced cellular uptake
functionalities into an all-in-one system. Time-dependent
mitochondrial colocalization in all of the cell lines has been
proved by using confocal laser scanning microscopy and flow cytometry, while the multicolored fluorescence of the Fe3O4@
mSiO2−TPP/CDs could remain bright and stable after coincubation for 24 h. In addition, the cellular uptake efficiency could be
enhanced in a short time as a static magnetic field of 0.30 T was applied to the coincubation system of A549 and HFF cell lines.
This bionanoplatform may have potential applications in targeted drug delivery for mitochondria diseases as well as early cancer
diagnosis and treatment.
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■ INTRODUCTION

The development of therapeutic approaches for cancer
treatment demanding higher efficacy has fostered the engineer-
ing of multifunctional nanosystems. A biocompatible multi-
functional nanosystem, usually called a bionanoplatform, aims
to construct new approaches to integrate cancer treatment,
imaging, and drug delivery functionalities in an all-in-one
system.1,2 In the evolution of bionanoplatforms engineering,
superparamagnetic Fe3O4 nanoparticles (NPs) are probably
one of the most appealing candidates, given the success of T2 as
a contrast agent for magnetic resonance imaging (MRI), as well
as superparamagnetism for magnetic-targeted drug delivery and
magnetohyperthermia (MHT) therapy.3,4 Conjugated with
fluorescent quantum dots or photosensitive reagents, the
Fe3O4 NPs-based bionanoplatform can combine a dual imaging
probe for cancer5 with magnetically guided drug delivery,6

targeted chemotherapy,7 or photodynamic therapy (PDT),8

and photothermal therapy.9 In the past decades, mesoporous
silica nanoparticles (MSNs) are known to have little or no
toxicity due to favorable biocompatibility of silicon. Moreover,
surface modified or end-capped MSNs are excellent nanopalt-
forms for targeting drug delivery and chemotherapy, owing to
their distinctive mesoporous structure, large surface area,

tunable pore size, facile functionalization chemistry, and good
biocompatibility.10−12 Particularly, the engineered design of a
mesoporous silica shell on a magnetite nanocrystal core
(Fe3O4@mSiO2) endows the as-constructed nanoplatform
with multifunctionalities including MRI, fluorescence imaging,
and magnetic targeted-drug delivery.13 In addition, magnetic
NPs under an applied magnetic field could direct cancer-
targeting drug delivery,14 enhance T cell activation so as to
stimulate antitumor activity,15 promote cell sorting,16 and
modulate cellular uptake.17 Though the mechanism and exact
process of magnetic NPs cellular uptake assisted by an applied
magnetic field is still unclear, most of the research regarding the
multifunctional Fe3O4@mSiO2 NPs has focused on combining
drug delivery system (DDS) with biosensing18 or MRI
functionalities.19

Recently, advances in biomedical nanotechnology make
subcellular-targeted therapy an emerging important area for
cancer treatment. Compared to the random interaction of
drugs with intracellular site of action, the therapeutic outcomes
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could be enhanced manyfold if pharmaceutical agents can be
specifically directed toward the targeted organelle, i.e., pro-
apoptotic compounds to mitochondria.20,21 In general, the
advantages of organelle targeting construction in chemotherapy
are to achieve a higher drug efficacy as well as a minimum side
effect. The mitochondrion is a double-membrane of phospho-
lipid bilayer enveloped cytoplasmic organelle that possesses its
own internal genome. The mitochondria are indispensable for
providing energy for the survival of eukaryotic cells and to
control the activation of programmed cell death (so-called
apoptosis) mechanism by regulating the translocation of pro-
apoptotic proteins from the mitochondrial intermembrane
space to the cytosol.22 Therefore, the mitochondrion is
recognized as an important therapeutic target in cancer therapy,
and many researchers have attempted to design mitochondria-
targeted pharmaceuticals and drug carriers.23−25 Triphenyl-
phosphonium (TPP) is a representative lipophilic cationic
species that can selectively accumulate in the mitochondria by
reducing the free energy change while moving from an aqueous
to the hydrophobic environment in response to the
mitochondrial membrane potential of about −180 to −200
mV.26 Through conjugation with TPP, several biologically
active molecules, such as coenzyme Q or vitamin E derivative,
have been selectively targeted to mitochondria to enhance
antioxidant efficacy.27,28 In recent years, various kinds of
mitochondria-targeted TPP-conjugated nanosystems have been
developed, including liposomes,29 dendrimers,30 polymeric
nanoparticles31−34 and small molecules.35 Compared to the
nontargeted counterparts, a TPP-conjugated nanosystem shows
a remarkable improvement in the drug therapeutic index for
cancer, Alzheimer’s disease, and obesity.31

From last century, organic dyes and fluorescent proteins have
been widely used in many biomedical fields, but their poor
photobleaching property is not suitable for long-term and real-
time bioimaging. Fluorescent quantum dots (QDs) are newly
appealing high quality bioprobes for applications in diverse
biological research because of their size-tunable emission,
strong fluorescence, and high photostability.36 However,
fluorescent II/VI semiconductor QDs, one kind of the well-
studied QDs, are handicapped by a potential toxicity problem
due to release of heavy metal ions (e.g., Cd ions).37 To
overcome these limits in biomedical applications, biocompat-
ible QDs, i.e., carbon QDs,38 silicon QDs,39 and novel nitrogen-
rich QDs,40 have attracted more and more attention and being
continuously studied. Among them, carbon quantum dots
(CDs), as a new carbon material of less than 10 nm in size,41

have been receiving growing research interest since they were
discovered in 2004.42 CDs possess many advantages, such as
ease of production, high fluorescent activity, resistance to
photobleaching, and excellent biocompatibility, make them very
promising for long time bioimaging.43,44 Furthermore, it is
postulated that the doping of nitrogen atoms can introduce the
CDs a new kind of surface state, and their quantum yields are
greatly elevated. Nitrogen and sulfur codoped CDs have been
synthesized from a precursor comprising L-cysteine and citric
acid, showing high yield and excitation-independent emission.45

Recently, the one-pot hydrothermal synthesis of nitrogen-
doped CDs (NCDs) from different nitrogen sources has been
reported, and the obtained NCDs emit bright blue
fluorescence. Cellular toxicity test and bioimaging experiment
have demonstrated that NCDs not only possess low toxicity to
cells but also have stronger resistance to photobleaching than
CDs and thus have better performance in labeling than CDs.46

Previously, NCDs in size of 2−3 nm with a high quantum yield
(22% in ethanol) as well as low cytotoxicity have been
synthesized and employed for live cell imaging in our lab.47 In
this paper, the as-synthesized CDs were conjugated with TPP-
modified Fe3O4@mSiO2 to construct a novel biocompatible
nanoplatform (Fe3O4@mSiO2−TPP/CDs) for mitochondria-
targeting, long time cell imaging, and magnetic field-enhanced
cellular uptake.

■ MATERIALS AND METHODS
Materials. Ferrous ammonium sulfate (FeSO4·(NH4)2SO4·6H2O),

sodium hydroxide (NaOH), oleic acid, cetyltrimethylammonium
bromide (CTAB), tetraethyl orthosilicate (TEOS), ethyl acetate
(EtOAc), ammounium nitrate (NH4NO3), TPP, α-bromobutyric acid,
thionyl chloride, n-hexane, chloroform, ethanol, ethylenediaminetetra-
acetic acid (EDTA), and dimethyl sulfoxide (DMSO) were purchased
from Sinopharm Chemical Reagent Co. and used without further
purification. Dimethylformamide (DMF) and toluene were obtained
from Sinopharm Chemical Reagent Co. and distilled under reduced
pressure before use. Albumin from bovine serum (BSA) was purchased
from Aladdin Industrial Corporation. 3-Aminopropyltriethoxysilane
(APTES), fluorescein isothiocyanate (FITC) and 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma-Aldrich Chemicals and used as received. The food-grade
konjac flour (KF, 50 wt %) was donated from Biosharp Co. USA.
Dulbecco’s modified Eagle’s medium (DMEM), penicillin/streptomy-
cin, and fetal bovine serum (FBS) were purchased from Hyclone. The
LDH assay kit was supplied by Nanjing Jian Chen BioChem Co.
MCDB 131 medium, microvascular growth supplement (MVGS),
Mitotracker Red, and Lysotracker Red DND-99 were obtained from
Invitrogen. Hoechst 33258 and 4′,6-diamidino-2-phenylindole (DAPI)
were supplied by Beyotime Institute of Biotechnology. Ultrapure water
was used throughout for all experiments.

Synthesis of Fe3O4@mSiO2. First, uniform magnetite NPs were
prepared according to a typical liquid−solid−solid synthetic route as
follows.48 The Fe2+-rich suspension was obtained by adding the
FeSO4·(NH4)2SO4·6H2O aqueous solution (0.15 M) into a mixture
comprising NaOH (2.0 g), oleic acid (20 mL), and ethanol (20 mL)
followed by stirring at room temperature for a period of time. Second,
the prepared suspension was transferred to a 100 mL Teflon-lined
autoclave and maintained at 180 °C for 10 h. The product was
extracted with n-hexane and ethanol and further purified by magnetic
separation and washing with ethanol several times. Third, the obtained
oleic acid-capped Fe3O4 NPs were dispersed in n-hexane again, and
then they were transferred from n-hexane to water in a typical
procedure by adding CTAB aqueous solution (0.55 M).49 The Fe3O4/
CTAB aqueous solution was diluted into certain amount of water and
the temperature of the solution was kept at 60 °C. The NaOH
solution (2 M) was added to adjust the pH value to 12 and appropriate
amounts of TEOS and EtOAc were slowly added into the reaction
medium in sequence. After speedy-stirring for 30 s, the suspension was
aged for 3 h. The Fe3O4@mSiO2 NPs were collected by centrifugation
and washed with ethanol three times. To remove the excess of CTAB
from the product, the Fe3O4@mSiO2 NPs were dispersed into 10 mg/
mL of NH4NO3/ethanol solution and refluxed twice at 80 °C for 3 h.

Synthesis of Fe3O4@mSiO2−TPP. As shown in Scheme S1 of
Supporting Information, at the beginning, amino-modified NPs
(Fe3O4@mSiO2−NH2) were prepared by suspending 0.10 g of the
Fe3O4@mSiO2 NPs in a round-bottom flask with 1 mL of APTES and
50 mL of toluene and then refluxing for 24 h. The Fe3O4@mSiO2−
NH2 was then collected by centrifugation, washed with toluene and
ethanol, and dried under vacuum at 60 °C. Subsequently,
(carboxyethyl)triphenylphosphonium bromide (CTPB) was obtained
as follows. 2.63 g of TPP was dissolved into 30 mL of toluene and
heated up to 40 °C. Once the temperature of the medium reached 40
°C, 0.20 g of α-bromobutyric acid was quickly added and the
suspension was heated up to 120 °C. The reaction medium was kept
under stirring at 120 °C for 4 h, after which the product was collected
by filtration, washed with diethyl ether several times, and dried under
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vacuum at 40 °C. Finally, 0.20 g of the Fe3O4@mSiO2−NH2 NPs were
dissolved into 20 mL of DMF under stirring and heated up to 60 °C.
And then 0.10 g of CTPB and 0.50 mL of thionyl chloride were added
into the DMF-based suspension, and the solutions was kept under
stirring at 60 °C for 12 h. The suspension was centrifuged and the final
product comprising Fe3O4@mSiO2−TPP was washed with ethanol
three times and dried under vacuum at 60 °C.
Construction of the Fe3O4@mSiO2−TPP/CDs nanoplatform.

CDs were obtained from pyrolysis of konjac flour (KF) under air
atmosphere at 470 °C for 1.5 h as previously reported.56 Then, 2 mg of
the Fe3O4@mSiO2−TPP NPs were dispersed in ethanol and 0.50 mg
of the as-prepared fluorescent CDs was added. After ultrasonication
for 30 min, the mixture was stored overnight. Finally, the Fe3O4@
mSiO2−TPP/CDs nanoplatform was collected by centrifugation and
washed with ethanol three times to remove the excess of CDs.
Morphology and Structure Characterization. The morphology

of the samples was observed by using transmission electron
microscopy (200 kV JEM-2100 TEM, JEOL Ltd. Japan). X-ray
diffraction (XRD) and small-angle X-ray diffraction (SAXD) patterns
were recorded using an X’Pert PRO diffractometer equipped with a Cu
Kα radiation source. The room temperature magnetic property of the
products were assessed by a physics property measurement system
(PPMS EC-II, Quantum Design). The specific surface area of samples
were obtained based on an N2 adsorption−desorption isothermal
analysis (V-Sorb 2800P, Gold APP Instruments) with the Brunauer−
Emmett−Teller (BET) model whereas the Barret−Joyner−Halenda
(BJH) method was used to calculate the pore size. Thermal
gravimetric analysis (TGA) was performed on an SDT Q600
instrument by heating the sample up to 800 °C at a constant rate of
10 °C/min under N2 atmosphere. The ζ-potentials of the samples
were measured using a Nano Zeta Potential Analyzer (Delsa 440SX
Beckman Coulter Limited, USA). The hydrodynamic diameters were
measured by a Malvern Zetasizer Nano ZS90 analyzer (Worcester-
shire, UK). The photoluminescence (PL) measurements and the 1H
NMR spectra were recorded using a Hitachi F-4500 fluorescence
spectrophotometer and a 400 MHz Bruker NMR spectrometer,
respectively.
Cell Culture. A549 (Human pulmonary adenocarcinoma cells),

CHO (Chinese hamster ovary cell line), HeLa (Human cervical cancer
cell), SH-SY5Y (Human neuroblastoma), and HFF (Human foreskin
fibroblast cell) were cultured in DMEM containing 10% FBS and 100
U/mL penicillin/streptomycin. HMEC-1 (Human microvascular
endothelial cells) were cultured in MCDB131 containing 10% FBS,
10 ng/mL MVGS, and 100 U/mL penicillin/streptomycin. The cells
were maintained in a humidified 5% CO2 incubator at 37 °C. The cells
were routinely harvested by treatment with a trypsin−EDTA solution
(0.25%).
In Vitro Cytotoxicity Study. The cytotoxicity of the Fe3O4@

mSiO2, Fe3O4@mSiO2−TPP, and Fe3O4@mSiO2−TPP/CDs was
evaluated using MTT assay with A549, CHO, HeLa, SH-SY5Y,
HFF, and HMEC-1 cell lines. Typically, cells were initially seeded in a
96-well cell culture plate at a density of 1 × 104 cells per well for 12 h
before different concentrations of the nanoparticle-based samples (50,
100, 200, 300, and 400 μg/mL) were added into each well. After
further incubation for 12 or 24 h, the suspension medium was
removed and 10 μL MTT (5 mg/mL in PBS solution) was added into
each well. After 4 h of incubation, culture supernatants were aspirated
and purple formazan crystals were dissolved into 150 mL of DMSO
for an additional incubation of 15 min. The concentration of the
reduced MTT in each well was measured at a reference wavelength of
630 nm while using a test wavelength of 570 nm employing a
microplate reader (318C, INESA Instrument, China). The cell viability
was estimated according to the following equation:

= ×cell viability (%) OD /OD 100%treated control

in which ODcontrol was obtained in the absence of NPs, and ODtreated
was obtained in the presence of NPs. The experiments were performed
in triplicate. The value of p < 0.05 was considered in significance.
Hoechst 33258 Staining. A549, CHO, HeLa, SH-SY5Y, HFF,

and HMEC-1 cells from exponentially growing cultures were seeded in

24-well culture plates and each treated with Fe3O4@mSiO2, Fe3O4@
mSiO2−TPP, and Fe3O4@mSiO2−TPP/CDs NPs at concentrations
of 100 for 24 h, respectively. After coincubation, cells were washed
with PBS three times and fixed with 4% paraformaldehyde. Then, cells
were stained with 5 μg/mL of Hoechst 33258 for 5 min at room
temperature and washed three times with PBS and analyzed under a
fluorescent microscope (Olympus IX 51, Japan). The percentage of
apoptosis cells (apoptosis rate) in a given sample was determined as
the ratio between the number of apoptosis cells in the sample (NS)
and the number of all cells in the same sample (Nall): apoptosis rate
(%) = NS/Nall × 100%. The experiments were performed in triplicate.
The value of p < 0.05 was considered in significance.

Membrane Permeability Assessment. The level of extracellular
lactate dehydrogenase (LDH) release was assessed as an indicator of
membrane permeability and cytotoxicity. In the LDH assay, cells
seeded in a 96-well cell-culture plate at a density of 1 × 104 cells per
well were cultured for 24 h. Then, 100 μg/mL Fe3O4@mSiO2,
Fe3O4@mSiO2−TPP, and Fe3O4@mSiO2−TPP/CDs NPs were
added into different wells, and coincubated with for 3, 6, 12, and 24
h, respectively. The release of the LDH in each sample was determined
by measuring the absorbance at a reference wavelength of 630 nm
while using a test wavelength of 450 nm with the microplate reader.
The results of the LDH assays were expressed as average absorbance
values compared to that of untreated control cells. The experiments
were performed in triplicate. The value of p < 0.05 was considered in
significance.

Fluorescent Property of the Fe3O4@mSiO2−TPP/CDs Nano-
platform. The multicolor fluorescent imaging of the Fe3O4@mSiO2−
TPP/CDs-treated cells was excited at three different wavelengths (405,
488, and 559 nm) and observed under the Olympus FV1000 confocal
laser scanning microscopy (CLSM). The A549, CHO, HeLa,, SH-
SY5Y, HFF, and HMEC-1 cell lines were seeded on a Φ35 mm
confocal laser dish at a density of 5 × 104 cells per dish and the
medium was changed to the Fe3O4@mSiO2−TPP/CDs NPs (100 μg/
mL) next day. After further coincubation for 24 h, the cells were
washed with PBS three times and fixed with 4% paraformaldehyde.

Mitochondria Colocalization of the Fe3O4@mSiO2−TPP/CDs
NPs. The HeLa cells were seeded on a Φ35 mm confocal laser dish at
a density of 5 × 104 cells per dish. After 12 h, a complete medium
containing 100 μg/mL of Fe3O4@mSiO2−TPP/CDs was added to the
dish, and the cells were incubated for 12 and 24 h, respectively. After
being washed two times with PBS, Mitotracker Red (200 nM) or
Mitotracker Green (200 nM) was used for staining for 20 min. The
cells were then washed twice with PBS, and differential interference
contrast (DIC) and fluorescent images were taken with CLSM. In the
merged pictures, yellow spots arising from red and green signals and
pink spots arising from red and blue signals denote the colocalization
of the NPs within mitochondrial compartments.

Mitochondria Colocalization of FITC-labeled Fe3O4@mSiO2−
TPP NPs. To obtain the FITC-labeled Fe3O4@mSiO2−TPP NPs, 2
mg of FITC was dissolved and kept under magnetic stirring in 1.1 mL
of absolute ethanol and mixed with 5 μL of APTES for 12 h in the
dark. Then, 0.50 mL of FITC/APTES/ethanol solution was added
into a round-bottom flask with 0.20 g of the Fe3O4@mSiO2−TPP NPs
and ethanol solution. The mixture continued stirring for 2 h at 40 °C.
The FITC-labeled NPs were collected by centrifuging and washing
with ethanol until the supernatant was transparent. The final product
was dried under vacuum at 60 °C. As a control, the Fe3O4@mSiO2
NPs were labeled by FITC using the same procedure. The A549,
CHO, HeLa, SH-SY5Y, HFF, and HMEC-1 cell lines were seeded on
confocal laser dishes at a density of 5 × 104 cells per dish and grown
overnight in DMEM. The medium was changed and the FITC-labeled
Fe3O4@mSiO2 and FITC-labeled Fe3O4@mSiO2−TPP NPs (100 μg/
mL) were added into the dishes to be independently tested. After
coincubation for 3, 6, 12, and 24 h, the cells were washed with PBS
three times and fixed with 4% paraformaldehyde. Afterward,
Mitotracker Red (200 nM) and DAPI (0.80 μg/mL) were added
into the cells in sequence, which incubated at 37 °C for 20 min and
viewed under a CLSM at room temperature for 5 min. In order to
determine the localization of the Fe3O4@mSiO2−TPP NPs inside the
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mitochondrial compartments, Z-stacked (Z1−17) images of HeLa
cells were obtained by capturing serial images of the x−y planes as
hanging the focal length. The upper and the lower surfaces of the cells
were selected as the first and last planes. By overlaying fluorescent
images of the green fluorescence from the FITC-labeled NPs and the
red fluorescence from stained mitochondria, the colocalization of the
NPs in mitochondria was indicated as yellow dots.
Lysotracker Red Staining. For Lysotracker Red fluorescent

microscopy studies, HeLa cells were plated in a Φ35 mm confocal
laser dish at a density of 5 × 104 cells per dish and grown in DMEM.
Cells were preincubated for 12 h prior to addition of the testing
sample, reaching an approximate confluence of 70%. Cells were then
treated with 100 μg/mL of Fe3O4@mSiO2−TPP NPs for 12 and 24 h,
respectively, followed by staining with Lysotracker Red (250 nM in
media) for 30 min and then with DAPI (0.80 μg/mL) nuclear stain for
5 min. Cells were washed twice with PBS to remove free dyes and then
observed using the Olympus IX 51 fluorescent microscope.
Flow Cytometry Analysis. The A549, CHO, HeLa, and SH-SY5Y

cells were seeded in a 12-well cell culture plate at a density of 2 × 105

cells per well and further coincubated with the FITC-labeled Fe3O4@
mSiO2 and Fe3O4@mSiO2−TPP NPs (100 μg/mL) for 24 h. After
being washed three times with PBS, the cells were harvested and
suspended in PBS buffer again. The extracellular fluorescence was
quenched by resuspending the cells in trypan blue (200 μg/mL) and
incubating them for 10 min at room temperature. After washing once
again with PBS, the cells were resuspended in PBS and analyzed with a
flow cytometer (FACS Calibur, Becton−Dickinson, USA). The
collected data were analyzed using the FlowJo software. Cells
incubated without the NPs were used as a control.

Cellular Uptake under an Applied Static Magnetic Field. The
cellular uptake of the Fe3O4@mSiO2−TPP/CDs was performed under
a magnetic field, and observed under the CLSM using excitation at 405
nm. After seeded on Φ35 mm confocal laser dishes overnight, HeLa
and A549 cells were coincubated with 200 μg/mL of CDs for 1 h and
then added in an extra 1 mL of DMEM and 100 μg/mL of Fe3O4@
mSiO2−TPP NPs for further coincubation in the presence or absence
of a static magnetic field (0.30 T), respectively. After coincubation for
another 1 h, cells were washed by PBS and fixed with 4%
paraformaldehyde for CLSM observations.

As a control, FITC-labeled Fe3O4@mSiO2−TPP NPs were also
used in follow-up experiments. The A549, CHO, HeLa, SH-SY5Y,
HFF, and HMEC-1 cell lines were seeded in Φ35 mm confocal laser
dishes at a density of 5 × 104 cells per dish and grown for 24 h in
DMEM. Then, the four cell lines were treated with 50 μg/mL FITC-
labeled Fe3O4@mSiO2−TPP NPs for 0.5, 1, and 3 h, respectively,
under a magnetic field by positioning the laser dishes on top of 0.30 T
NdFeB permanent magnets. After the coincubation, the cells were
fixed with 4% paraformaldehyde and then the nucleus was stained by
DAPI (0.80 μg/mL) for microscope viewing. For flow cytometry
analysis, the four cell lines were cultivated in a 12-well plate and
treated with 50 μg/mL FITC-labeled Fe3O4@mSiO2−TPP NPs for
0.5, 1, and 3 h under the applied static magnetic field, respectively.
After coincubation, cells were washed to make sure the extracellular
fluorescence was quenched while the intracellular fluorescence
remained.

Bio-TEM Observations of Cellular Uptake under a Magnetic
Field. HeLa cells were seeded in Φ100 mm dishes at a density of 1 ×
106 cells per dish. After cultured for 24 h, the HeLa cells were treated

Figure 1. (A) Schematic route of the synthesis of Fe3O4@mSiO2−TPP/CDs nanoplatform. (B) Typical TEM image of the Fe3O4 NPs (the inset
shows the corresponding SAED pattern). (C) Typical TEM image of the Fe3O4@mSiO2 NPs. (D) M−H curve of the Fe3O4@mSiO2 NPs at 300 K
(the inset shows the M−H curve of the Fe3O4 NPs at 300 K). (E) UV−vis spectrum and PL emission (excited at 310 nm) of the Fe3O4@mSiO2−
TPP/CDs nanoplatform in ethanol.
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with the Fe3O4@mSiO2−TPP/CDs for 1 h in the presence or absence
of an external magnetic field, respectively. For TEM studies, the excess
medium of each dish was removed and the cells were washed with PBS
solution, trypsined and centrifuged at 5000 rpm for 5 min. Then, the
cell pellets were fixed with 2.5% glutaraldehyde for 4 h and postfixed
with 1% aqueous osmium tetroxide. The cells were dehydrated
through ethanol series and embedded in Epon Araldite resin. Ultrathin
sections of 70 nm containing the cells were placed on the grids and
double contrasted with 4% uranyl acetate (1:1, acetone:water) and
0.2% Reynolds lead citrate (water), air-dried, and imaged under the
100 kV JEOL-1230 TEM instrument.

■ RESULT AND DISCUSSION

Morphology and Microstructure of the Fe3O4@
mSiO2−TPP/CDs Nanoplatform. Figure 1A illustrates the

synthesis route of the Fe3O4@mSiO2−TPP/CDs nanoplatform
in detail. The corresponding TEM images in Figure 1B,C show
the as-synthesized Fe3O4 NPs and Fe3O4@mSiO2 NPs,
respectively. The quasi-spherical Fe3O4 NPs with an average

Figure 2. (A) TGA curves, (B) ζ-potentials, and (C) hydrodynamic diameters distribution of the Fe3O4@mSiO2, Fe3O4@mSiO2−NH2, Fe3O4@
mSiO2−TPP, and Fe3O4@mSiO2−TPP/CDs NPs (the insets are corresponding TEM images of the NPs with a scale bar of 25 nm).

Figure 3. MTT results of A549, CHO, HeLa, SH-SY5Y, HFF, and
HMEC-1 cell viabilities after coincubation with the Fe3O4@mSiO2,
Fe3O4@mSiO2−TPP, and Fe3O4@mSiO2−TPP/CDs NPs for 24 h at
the concentrations of 100 μg/mL. Data are expressed as mean ± SD
from three independent experiments (*p < 0.05).

Figure 4. DIC and CLSM images of the A549, CHO, HeLa, SH-SY5Y,
HFF, and HMEC-1 cell lines treated with 100 μg/mL of the Fe3O4@
mSiO2−TPP/CDs for 24 h. The blue, green, and red emissions were
excited by 405, 488, and 559 nm laser pulses, respectively.
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diameter of 6.7 nm were stabilized with hydrophobic oleic acid
ligands and well dispersed in n-hexane. The narrow size
distribution is shown in Figure S1A of the Supporting
Information. The selected area electron diffraction (SAED)
pattern (see inset of Figure 1B) indicates that the Fe3O4 NPs
match the cubic magnetite phase (Fe3O4, JCPDS No. 72-2303),
which agrees well with the XRD pattern as shown in Figure
S2A of the Supporting Information. During the preparation of
Fe3O4@mSiO2 NPs, CTAB was not only used as a stabilizing
surfactant for the transfer of the hydrophobic-coated Fe3O4
NPs to the aqueous phase50 but also as a soft template for the
mesoporous silica formation.13 Using this conventional
approach, the Fe3O4@mSiO2 NPs with an average size of
43.30 nm were successfully prepared as shown in Figure 1C
(the size distribution histogram is given in Figure S1B of the
Supporting Information). Moreover, Figure S2A of the
Supporting Information shows a broad XRD peak in the
range of 20°−30° and a narrow peak at 2θ = 35° attributed to
the amorphous phase of the mesoporous silica shell and the
(311) crystal plane of the Fe3O4 core, respectively.

51 Magnetic
hysteresis curves in Figure 1D indicate that both Fe3O4 and
Fe3O4@mSiO2 NPs are superparamagnetic at room temper-
ature, which is a desirable property for magnetic separation,
targeted drug delivery, MHT, and other applications. Because
superparamagnetic NPs can be magnetized under an external
magnetic field, however, when the magnetic fluid is removed
out from a magnetic field, its bulk magnetization relaxes back to
zero, due to the thermal-assisted relaxation processes.
Subsequently, the excess of CTAB within the mesoporous
silica shell was removed by an ion-exchange procedure using

ammonium nitrate.52 The SAXD pattern of the Fe3O4@mSiO2
NPs (Figure S2B of the Supporting Information) displays three
peaks corresponding to (100), (110), and (200) planes of a
typical two-dimensional hexagonal porous structured MCM-41
material.53 Moreover, as shown in Figure S2C of the
Supporting Information, the N2 adsorption/desorption iso-
therms of the Fe3O4@mSiO2 NPs can be classified as a type IV
isotherm according to the IUPAC nomenclature. The BET
surface area and the average pore size of the Fe3O4@mSiO2
NPs were calculated to be 1024.42 m2/g and 5.21 nm,
respectively. Figure 1E shows UV−vis absorbance and PL
emission (excited at 310 nm) of the Fe3O4@mSiO2−TPP/CDs
nanoplatform in ethanol.
TPP, a mitochondria-targeting group, is introduced at the

surface of the Fe3O4@mSiO2 NPs by a nucleophilic
substitution reaction of CTPB acyl chloride with the Fe3O4@
mSiO2−NH2 NPs, as depicted in Figure 1A. The intermediates
and product have been investigated by using 1H NMR
spectroscopy, ζ-potential, and TGA. The 1H NMR spectra
shown in Figure S3 of the Supporting Information indicate that
the CTPB has been synthesized and successfully linked to NH2-
modified mSiO2. According to the TGA curves shown in Figure
2A, the contents of NH2 groups, TPP, and CDs on the surface
of Fe3O4@mSiO2 NPs are calculated to be about 19.09%,
12.18%, and 1.76%, respectively. In addition, Figure 2B shows
that the Fe3O4 NPs exhibits a negative ζ-potential due to the
oleic acid-coating, and the Fe3O4@mSiO2 NPs also display a
negative potential because of the surface silanol groups.
However, the ζ-potential shifts from negative to positive after
NH2-group grafting onto the surface of the Fe3O4@mSiO2

Figure 5. (A) CLSM images of the A549, CHO, HeLa, SH-SY5Y, HFF, and HMEC-1 cell lines exposed to 100 μg/mL of Fe3O4@mSiO2−TPP for
24 h. The cells were treated with Mitotracker Red for mitochondrial staining, viewed in the green channel for FITC (ex. 488 nm, em. 519 nm) as
while in the red channel for Mitotracker Red (ex. 559 nm, em. 598 nm). Yellow spots arising from the merged red and green signals indicate
mitochondrial colocalization of NPs. The scale bar represents 40 μm. (B) CLSM Z-stacked images of the HFF cells exposed to 100 μg/mL of
Fe3O4@mSiO2−TPP NPs (upper panel) and Fe3O4@mSiO2 NPs (lower panel) for 24 h, respectively.
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NPs. Moreover, it increases abruptly to 33.47 mV after the TPP
modification, which confirms the results obtained from 1H
NMR and TGA. Figure 2C demonstrates the hydrodynamic
sizes of the Fe3O4@mSiO2, Fe3O4@mSiO2−TPP and Fe3O4@
mSiO2−TPP/CDs NPs in distilled water changed from 96.82
nm to 73.92 and 82.30 nm, respectively. It is noteworthy that
the average size of NPs decreased from 96.82 to 73.92 nm after
TPP modification possibly because of the improved dispersity

of the TPP-modified NPs. This result is consistent with the ζ-
potential data because the particles are more likely to remain
dispersed if the absolute value of ζ-potential is higher than 30
mV.54 The TEM images in the insets of Figure 2C confirm that
the Fe3O4@mSiO2−TPP NPs have a uniform shape along with
a better dispersity. Nevertheless, the average size of Fe3O4@
mSiO2−TPP NPs has increased a little after conjugation with
CDs, but is still less than that of Fe3O4@mSiO2 NPs. In the
meantime, the ζ-potential of the Fe3O4@mSiO2−TPP NPs
decreases to +16.33 mV because the CDs own negative ζ-
potential of −21.76 mV (not shown here) accounted for a
plenty of oxygen-containing groups on the surface of CDs.55

Both results demonstrate that CDs have conjugated Fe3O4@
mSiO2−TPP NPs successfully.

In Vitro Cytotoxicity of the Fe3O4@mSiO2−TPP/CDs
Nanoplatform. Figure 3 shows the MTT result of cell
viabilities of A549, CHO, HeLa, SH-SY5Y, HFF, and HMEC-1
cell lines upon treatment with Fe3O4@mSiO2, Fe3O4@mSiO2−
TPP, and Fe3O4@mSiO2−TPP/CDs NPs for 12 and 24 h,
respectively. The results coming from different cell lines are
similar, that is to say, all of the three kinds of NPs induced no
significant cytotoxic effect within 24 h at the concentration of
100 μg/mL. Compared to the pristine CDs47 or reported N-
doped CDs,46 The hybrid nanoplatform shows a higher
cytotoxicity mainly because of conjugation with aromatic
TPP.55 Moreover, dose- and time-dependent cytotoxicity
profiles for all of the three kinds of NPs are shown in Figure
S4 of the Supporting Information. With a further increase in
administration dose and coincubation time, the cell viabilities
declined correspondingly. Notably, it is more toxic to normal
cells such as HFF and HMEC-1 than to the other four cell lines
when the concentration of NPs is above 200 μg/mL. On the
other hand, apoptosis is one of the major pathways in the
process of cell death. Identification of apoptotic cells by staining
nuclei with Hoechst 33258 is based on the classic characteristics
of apoptosis, namely chromatin condensation and fragmenta-
tion of nuclear material.56 As shown in Figure S5 of the
Supporting Information, all of the three kinds of NPs did not
induce obvious cell apoptosis at the concentration of 100 μg/
mL in all of the A549, CHO, HeLa, SH-SY5Y, HFF, and
HMEC-1 cell lines. Therefore, 100 μg/mL was selected as an
appropriate concentration to be used in the subsequent cell
experiments.

Florescence Imaging of the Fe3O4@mSiO2−TPP/CDs
Nanoplatform. CDs have demonstrated successful use for
fluorescence imaging in vitro44,57 and in vivo,43,58 taking
advantage of their visible excitation and emission wavelengths,
fluorescence brightness at the individual dot level, high
photostability, and excellent biocompatibility. Previously, low
cytotoxicity and intracellular multicolored fluorescence of CDs
internalized by HeLa cells have been studied in our lab.47 The
as-prepared CDs are roughly spherical in shape with an average
diameter of 1.90 nm (see Figure S6A of the Supporting
Information). The PL of the as-synthesized CDs in ethanol
becomes stronger with a red-shift emission as the excitation
wavelength increases from 400 to 700 nm, as shown in Figure
S6B of the Supporting Information. In fact, the employed CDs
made from from konjac flour in our lab are nitrogen-doped
CDs, and the QY of the CDs can achieve as high as 22% in
ethanol.47 It is reasonable that the CDs are mainly composed of
sp2-hybridized carbon atoms,59 and they attached to the
Fe3O4@mSiO2−TPP NPs through π−π conjugation between
the sp2-hybridized carbon atoms of CDs and the benzene rings

Figure 6. DIC and CLSM images of the HeLa cells exposed to 100
μg/mL of Fe3O4@mSiO2−TPP/CDs for (A) 12 h and (B) 24 h. The
Fe3O4@mSiO2−TPP/CDs NPs were excited at 599 and 405 nm to
exhibit red and blue fluorescence, respectively. The cells were treated
with Mitotracker Green as well as Mitotracker Red for mitochondrial
staining. Yellow spots arising from red and green signals and pink
spots arising from red and blue signals denote the colocalization of the
NPs within mitochondrial compartments.

Figure 7. DIC and CLSM images (ex. 405 nm) of the HeLa cells
coincubated with 200 μg/mL of CDs for 1 h (upper panel) and then
added more DMEM containing 100 μg/mL of Fe3O4@mSiO2−TPP
NPs to coincubate for one more hour under Mag+ (middle panel) or
Mag− (lower panel). The red squares are magnified images of local
components in cytoplasm.
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of TPP groups. That is why the QY of the Fe3O4@mSiO2−
TPP/CDs nanoplatform decreases to 10.07% (estimated by the
PL emission, as shown in Figure 1E). Nevertheless, the PL
spectra of the CDs, TPP, and TPP/CDs (λex = 335 nm) in
ethanol are shown in Figure S7A of the Supporting
Information, revealing that the PL intensity of the CDs
decreases a little after conjugation with TPP, but still exhibits
bright blue color under UV lamp at 365 nm (see inset of Figure
S7A of the Supporting Information). Figure S7B of the
Supporting Information shows PL spectra of TPP/CDs (λex =
335 nm) against different exposure times without cells for 0,
0.5, 1, 2, and 3 days, respectively, demonstrating the
photostability of the TPP/CDs in cell culture. In addition, we
have assessed the impact of other components such as protein
BSA and FBS on the fluorescence of the Fe3O4@mSiO2−TPP/
CDs nanoplatform. As shown in Figure S8 of the Supporting
Information, the PL intensity of the nanoplatform increased
remarkably in the presence of protein FBS while protein BSA

takes no substantial effect on its PL intensity. According to refs
46 and 47, many factors, such as nitrogen-doping and polymer
coating on the surface, will have substantial influence on the
fluorescence of CDs. In our previous work, the fluorescence of
the CDs made in our lab were remarkably increased by polymer
(PEG20000) coating on the surface.47 It is known that protein
FBS is an important component in DMEM cell culture, which
may be another reason for that the Fe3O4@mSiO2−TPP/CDs
nanoplatform can keep bright and stable fluorescence when
coincubated with different cells lines. Furthermore, the as-
constructed Fe3O4@mSiO2−TPP/CDs nanoplatform has
coincubated with the A549, CHO, HeLa, SH-SY5Y, HFF,
and HMEC-1 cell lines for 24 h, respectively. As shown in
Figure 4, bright blue, green, and red fluorescence can remain
still for as long as 30 min under CLSM while excited by 405,
488, and 559 nm laser pulses, respectively. All of the above-
mentioned results indicate that the Fe3O4@mSiO2−TPP/CDs
nanoplatform is indeed suitable for long time cell imaging.

Mitochondrial Targeting of the Fe3O4@mSiO2−TPP/
CDs Nanoplatform. First, mitochondrial colocalization of the
Fe3O4@mSiO2−TPP NPs was studied by using the HeLa cells
treated with 100 μg/mL of FITC-labeled Fe3O4@mSiO2−TPP
NPs for 3, 6, 12, and 24 h, respectively. And nontargeted FITC-
labeled Fe3O4@mSiO2 NPs were used as a control. Figures S9
and S10 of the Supporting Information show DIC and CLSM
images of the HeLa cells after coincubation with the targeted
and nontargeted NPs for 3, 6, 12, and 24 h, respectively. Red
fluorescence arises from Mitotracker Red-stained mitochondria
while green fluorescence comes from FITC-labeled NPs and
blue fluorescence comes from the DAPI-dyed nucleus. The
appearance of yellow dots from the overlaid red and green
channels indicates the colocalization of the mitochondria and
the NPs inside the cells. Evidently, an increasing higher degree
of colocalization of the FITC-labeled Fe3O4@mSiO2−TPP NPs
and mitochondrial compartment in the HeLa cells could be
found as long as the coincubation time increases from 3 h to 6,
12, and 24 h, respectively, which means a time-dependent
mitochondria-targeting behavior of the Fe3O4@mSiO2−TPP
NPs. On the contrary, fewer yellow dots appeared after the
HeLa cells were coincubated with the nontargeted Fe3O4@
mSiO2 NPs for 24 h. Subsequently, A549, CHO, SH-SY5Y,
HFF, and HMEC-1 cell lines were also treated with 100 μg/mL

Figure 8. (A) Illustration of the cells exposed to the Fe3O4@mSiO2−TPP NPs while positioned or not in a static magnetic field. (B, C, and D)
CLSM images of the A549, HFF, and HeLa cell lines treated with 50 μg/mL of the Fe3O4@mSiO2−TPP NPs for 0.5, 1, and 3 h under Mag+ or
Mag−, respectively. Cell nuclei were stained by DAPI for blue florescence while the green dots around nucleus are the FITC labeled NPs.

Figure 9. Representative TEM images of the cellular uptake of HeLa
cells treated with 100 μg/mL of Fe3O4@mSiO2−TPP/CDs (indicated
by red arrows) for 0.5, 1, and 3 h in the presence (A, B, and C) or
absence (D, E, and F) of a static magnetic field, respectively. “N”
represents the nucleus and “M” represents the mitochondria in HeLa
cells.
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of Fe3O4@mSiO2−TPP NPs for 24 h in the same protocol as
that for HeLa cells. As shown in Figure 5A, and Figure S11 in
the Supporting Information, the most obvious mitochondria-
targeting effect of the Fe3O4@mSiO2−TPP NPs can be seen in
A549 and HFF cell lines. To quantify the intracellular uptake of
the Fe3O4@mSiO2 and Fe3O4@mSiO2−TPP NPs, a flow
cytometry was employed. Figure S12 of the Supporting
Information gives precise fluorescence quantification by
fluorescence-activated cell sorting (FACS), in which the
obviously higher fluorescence intensity means much more
intracellular uptake of Fe3O4@mSiO2−TPP NPs than that of
Fe3O4@mSiO2 NPs. This result is consistent with that of
CLSM. At last, z-stacked images show every slice position of
HFF cells loaded with the Fe3O4@mSiO2−TPP NPs along the
Z-axis, as illustrated in left side of Figure 5B. Expressive yellow
signals in the z-8 and z-10 (the middle layer of the cells) images
in the upper row demonstrate the successful localization of the
Fe3O4@mSiO2−TPP NPs in the mitochondria.
Furthermore, the possible mitochondria-targeting mecha-

nism of TPP-modified NPs was investigated. Mitochondria
consist of outer and inner membranes with the highly negative
potential (ΔΨ = −150 to −200 mV) of outer membrane and
with the proton gradient across the inner membrane. TPP is a
polar cationic molecule with high lipophilicity that makes it
suitable for penetrating the mitochondrial intermembrane
potential barrier and has been used in different mitochondria
targeting materials.34 It has been reported that some NPs, such
as MSNs, could escape from the endosomes into the cytoplasm
by vesicle breakdown after endocytosis.12 Figure S13 of the
Supporting Information shows the fluorescent micrographs of
HeLa cells treated with Fe3O4@mSiO2−TPP NPs for 12 and
24 h, respectively. The cells were treated with Lysotracker Red
for lysomome staining and viewed in the red channel for
Lysotracker Red (ex. 559 nm, em. 598 nm) and the green
channel for FITC-labeled NPs (ex. 488 nm, em. 519 nm).
Yellow spots in the merged images arising from the
colocalization of red and green signals indicate lysosomal
colocalization of NPs. Compared with the negatively charged
MSNs that have a better endosomal escape ability,60 TPP-
modified Fe3O4@mSiO2 NPs need more time as long as 24 h
to escape from endosomes and lysosomes because of positive
surface charge. Although it was recently reported that a boron−
dipyrromethene-based fluorescent probe with two TPP
moieties gained an unusual lysosome-targeting capability,61

and some other research suggested the TPP-conjugated
polymer could only adsorb onto the surface or taken up into
the membranes of mitochondria,62 it is evident that in the
present experiment, the positively charged Fe3O4@mSiO2−
TPP NPs enriched around the mitochondria, possibly because
the membrane potential is the major driving force which allows
the entrance and accumulation of the cationic species into
mitochondria rather than cell plasma.63

Finally, the mitochondrial targeting of the Fe3O4@mSiO2−
TPP NPs/CDs nanoplatform has been proved. Figure 6 shows
DIC and CLSM images of the HeLa cells coincubated with 100
μg/mL of Fe3O4@mSiO2−TPP/CDs for 12 and 24 h,
respectively. The merged pink signals from CDs (blue channel)
and mitochondria (red channel, stained by Mitotracker Red)
indicate that Fe3O4@mSiO2−TPP/CDs localized in mitochon-
drial compartments of HeLa cells. Upon using another
mitochondrial dye, Mitotracker Green, a similar merged yellow
signals from CDs (red channel) and mitochondria (green
channel, stained by Mitotracker Green) could also be observed.

Theoretically, the NPs internalization would result in an
increase of cytoplasmic membrane permeability and the treated
cells should release cytoplasmic LDH and other cytotoxic
substances into the medium. As shown in Figure S14 of the
Supporting Information, the amount of LDH leakage of HeLa
cells treated with the Fe3O4@mSiO2−TPP/CDs increased as
the coincubation time was increased from 3 h to 6, 12, and 24
h.

Internalized Efficiency under Magnetic Field Using
Different Cell Lines. It has been reported that the application
of an external magnetic field could facilitate the cellular uptake
of magnetic NPs, such as plain magnetic NPs functionalized
with cell-penetrating peptides (CPPs)64 or a magnetite core
coated with a mesoporous silica shell.17 Most of the reports
have emphasized that a magnetic field has a significant influence
on the cellular uptake only within a short coincubation
time.65,66 In the present experiment, CDs were first
coincubated with HeLa cells for 1 h and then Fe3O4@
mSiO2−TPP NPs were added to coincubate for one more hour.
As shown in Figure 7, the internalized CDs were captured by
Fe3O4@mSiO2−TPP NPs and become weaker fluorescent dots
in cells. In the presence of an external magnetic field of 0.30 T,
more aggregates of fluorescent dots can be observed compared
with that in the absence of a magnetic field. A similar result has
been obtained for A549 cell line, as shown in Figure S15 of the
Supporting Information. Moreover, the time-dependency of the
magnetically enhanced cellular uptake of the FITC labeled
Fe3O4@mSiO2−TPP NPs in A549, CHO, HeLa, HFF, and SH-
SY5Y cell lines are demonstrated by CLSM images and flow
cytometry data, as shown in Figure 8, and Figure S16 of the
Supporting Information, respectively. Correspondingly, a
quantitative analysis of the magnetically enhanced cellular
uptake in 0.5, 1, and 3 h according FACS has been done, as
shown in Table S1 of the Supporting Information. Besides,
using the CHO cell line as another cell model to perform the
same protocol, no difference can be seen between cellular
uptake after coincubation for 24 h under Mag+ or Mag−, as
shown in Figure S17 of the Supporting Information. In a word,
we found that the magnetically enhanced cellular uptake is a
time-dependent behavior, which is significant within a short
coincubation time, such as 0.5 or 1 h. Nevertheless, using the
CHO cell line as another cell model to perform the same
protocol, no difference can be seen between cellular uptake
after coincubation for 24 h under Mag+ or Mag−, as shown in
Figure S17 of the Supporting Information. Actually, no
difference can be observed between the Mag+ and Mag−
scenarios after coincubation for more than 3 h, possibly because
the internalization become saturated after a long enough time.
As for the mechanism of enhanced cellular effect during a

short time, such as 1 h, it is related to the formation of linear
aggregates, chain-like, or even columnar structures of magnetic
NPs induced by an applied magnetic field.15 Actually, the
magnetically induced aggregation phenomena associated with
magnetic colloids have been extensively studied both
experimentally and theoretically.67,68 All the reported studies
reveal a remarkable change in the internal mesoscopic structure
of the suspended magnetic units as a function of the initial
characteristics of the suspension (e.g., particle volume fraction),
time of exposure, and applied field strength. As shown in Figure
S18 of the Supporting Information, a slower sedimentation
process and more cellular uptake can be observed for the
Fe3O4@mSiO2−TPP NPs when exposed to an external
magnetic field within 10 min. Compared to those negative
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charged Fe3O4@mSiO2 NPs, the TPP-modified NPs can
reduce and/or prevent the aggregation of NPs induced by
the external magnetic field due to positively charged TPP
moiety.69

Finally, the magnetically enhanced cellular uptake of Fe3O4@
mSiO2−TPP/CDs nanoplatform in HeLa cells has been
confirmed by bio-TEM images. Figure 9 shows the internal-
ization and distribution of Fe3O4@mSiO2−TPP/CDs inside
the HeLa cells under Mag+ or Mag−. In a short coincubation
time of 0.5 h, more NPs stayed in the intercellular space or
attached to cell membranes under Mag+ compared to that
under Mag−. When the coincubated time increased to 1 and 3
h, the internalized NPs and encapsulated into vesicular or
cytosolic compartments of HeLa cells can be observed in Figure
9B,C. As a control, less vesicles containing NPs could be
observed in the absence of a magnetic field as shown in Figure
9E,F. The result agrees with those reports on mesoporous silica
NPs or microparticles.70

■ CONCLUSION

In summary, a multifunctional bionanoplatform has been
fabricated consisting of a TPP-modified Fe3O4@mSiO2 NPs
in conjugation with CDs. The as-constructed bionanoplatform
has low cytotoxicity and apoptosis rates in A549, CHO, HeLa,
SH-SY5Y, HFF, and HMEC-1 cell lines. TPP modification
could facilitate the cellular uptake of the nanoplatform by
helping them to escape from endosomes and lysosomes, and
then localize in mitochondria. Besides, the nanoplatform also
present a cellular uptake response to an external static magnetic
field of 0.30 T, which is indeed a time-dependent behavior, too.
Above all, conjugation with CDs endows the nanoplatform
intracellular multicolored fluorescence that can remain bright
and stable inside cells for a long time. This work provides us an
efficient and effective pathway to fabricate a hybrid
bionanoplatform for integrating mitochondria-targeting, long
time cell imaging, and enhanced cellular uptake.
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