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ABSTRACT: Fluorescent nanosensors have been widely
applied in recognition and imaging of bioactive small
molecules; however, the complicated surface modification
process and background interference limit their applications in
practical biological samples. Here, a simple, universal method
was developed for ratiometric fluorescent determination of
general small molecules. Taking superoxide anion (O2

•−) as an
example, the designed sensor was composed of three main
moieties: probe carrier, rattle-type silica colloidal particles
(mSiO2@hmSiO2 NPs); reference fluorophore doped into the
core of NPs, fluorescein isothiocyanate (FITC); fluorescent probe for superoxide anion, hydroethidine (HE). In the absence of
O2

•−, the sensor just emitted green fluorescence of FITC at 518 nm. When released HE was oxidized by O2
•−, the oxidation

product exhibited red fluorescence at 570 nm and the intensity was linearly associated with the concentration of O2
•−, while that

of reference element remained constant. Accordingly, ratiometric determination of O2
•− was sensitively and selectively achieved

with a linear range of 0.2−20 μM, and the detection limit was calculated as low as 80 nM. Besides, the technique was also
successfully applied for dual-emission imaging of O2

•− in live cells and realized visual recognition with obvious fluorescence color
change in normal conditions or under oxidative stress. As long as appropriate reference dyes and sensing probes are selected,
ratiometric biosensing and imaging of bioactive small molecules would be achieved. Therefore, the design could provide a simple,
accurate, universal platform for biological applications.
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■ INTRODUCTION

Presently, bioactive small molecules have attracted extensive
attention due to their roles in biological processes, such as
signaling molecules, biological tools, or therapeutic drugs.1,2

For example, the reactive oxygen species (ROS) are important
cellular signaling species and inevitable products of the aerobic
metabolism in cells, which could help to inhibit the breeding of
bacterial and fungal pathogens.3 But the overproduction of
ROS would lead to the so-called oxidative stress and cause
some diseases, such as cancers, cardiovascular diseases, and
neurodegenerative diseases.4,5 Superoxide anion (O2

•−) is a
primary species of ROS, which has highly oxidative activity.
Excessive accumulation of O2

•− in cells can cause oxidative
damage to proteins, DNA, and liposomes, even inducing cell
death.6 Therefore, biosensing and bioimaging of bioactive small
molecules is of great importance to the early diagnosis and
prevention of related diseases. Although many fluorescent
nanosensors with good temporal and spatial resolution have
been successfully designed and applied in biological samples,
challenges still remain in their feasibility and efficiency.7,8 In

many cases, nanosensors suffer from errors in background
interference and complexity in surface modification.9−11 So, a
simple, universal, and sensitive detection method is urgently
expected. As noted above, superoxide anion operates as an
important cellular signaling molecule in the physiological or
pathological conditions. Therefore, in this paper, the detection
of O2

•− is taken as an example to demonstrate a universal
method for sensing bioactive small molecules like ROS.
To design an excellent nanosensor, we choose the rattle-type

silica colloidal particles as nanocarriers. Rattle-type structures
are a special type of core−shell structures and usually made up
of three different components, namely core, void, and shell.
Compared with conventional nanoparticles, the hollow silica
shows good biocompatibility, high stability, and excellent drug
loading efficiency, which ensures it to be an ideal nano-
carrier.12,13 Thus, O2

•−
fluorescent probes could be loaded in

Received: January 26, 2016
Accepted: February 24, 2016
Published: February 24, 2016

Research Article

www.acsami.org

© 2016 American Chemical Society 6423 DOI: 10.1021/acsami.6b01031
ACS Appl. Mater. Interfaces 2016, 8, 6423−6430

www.acsami.org
http://dx.doi.org/10.1021/acsami.6b01031
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acsami.6b01031&iName=master.img-000.jpg&w=238&h=92


the hollow structure to form O2
•− nanosensor. Currently, O2

•−

fluorescent probes with high sensitivity and selectivity have
been well developed and even some commercialized probes are
available, which can provide rapid response and visual
identification to O2

•− in cells. For this reason, many scientists
have used fluorescent probes for the detection and imaging of
O2

•− in cells.14−16 However, some limitations still exist in these
single emission intensity-based probes, such as influences of
probe concentration and excitation intensity, errors from
detection environment.17 Fortunately, ratiometric fluorescent
probes can overcome the limitation of intensity-based
fluorescent probes because they usually obtain two emission
peaks on the same excitation wavelength and the ratio of the
two fluorescence intensities can eliminate the interference from
probe concentration, excitation light source, and background
fluorescence.18−20 Thus, we prefer to design a highly selective
and sensitive ratiometric fluorescent sensor to detect O2

•− in
cells. Due to the special structure of rattle-type silica colloidal
particles, some fluorescent small molecules could be doped into
the silica core, which could serve as a reference element for the
fluorescence signal molecule. Moreover, the dye-doped silica
NPs can get increased photostability and lower toxicity than
pure dye molecules.21 At present, fluorescein isothiocyanate
(FITC) is the most widely used fluorophore with a narrow
emission at 518 nm (excited at 470 nm).22 On the one hand,
the emission of FITC is well separated from the emission of
oxidation products of hydroethidine (HE), a specific
fluorescent probe toward O2

•−.9,23 On the other hand, its
absorption spectrum has appropriate overlap with that of HE
oxidation products. Thus, they could be excited at the same
wavelength (470 nm) and obtain a separated emission peak.
Here, FITC is doped into the core of rattle-type silica to form
hollow silica nanoparticles with green fluorescence (FITC@
mSiO2@hmSiO2), which could be used as the carrier and
reference fluorophore for O2

•− probe (HE).
Herein, we developed a novel ratiometric fluorescent

nanosensor for the biosensing and imaging of O2
•− in cells.

As shown in Scheme 1, the nanosensor was composed of two

components: FITC@mSiO2@hmSiO2 nanoparticles (FMH
NPs) as the reference signal element and probe carrier;
nonfluorescent HE as the probe for O2

•−. Upon excitation at
470 nm, the emission peaks of FMH NPs and the oxidation
product of HE were located at 518 and 570 nm, respectively.
When the nanosensor was mixed with O2

•−, the fluorescence
intensity of HE oxidation products was gradually enhanced with
the increased concentration of O2

•−, while the fluorescence
intensity of FMH NPs remained constant. By comparing the
ratio between the integrated intensity of FMH NPs and HE
oxidation products, we could draw a conclusion that the
detection range of the nanosensor to O2

•− was 0.2−20 μM and

the detection limit was calculated as low as 80 nM. Compared
with other sensors, the nanosensor has three main advantages:
first, the rattle-structure silica colloidal particle could dope
fluorescent dye into the core and load fluorescent probe in the
hollow structure, forming an excellent ratiometric fluorescent
nanosensor, which is simple and universal; second, the
enhanced permeability and retention (EPR) effect could help
the nanosensor to enter the cells, increasing the concentration
of probe in cells; third, the dual-emission sensor could
eliminate background interference and improve the accuracy
of the method. Besides, upon changing the concentration of
analytes, a clear color change of the overlay images could be
easily observed in cells. Thus, the ratiometric fluorescent
nanosensor provided an efficient and universal strategy for
accurately and sensitively detecting bioactive small molecules in
cells.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Fluorescein isothiocyanate isomer I

(FITC, ≥ 90%), tetraethyl orthosilicate (TEOS, 98%), (3-Amino-
propyl) triethoxysilane (APTES, 98%), PVP (Mw ≈ 40 000), PVP (Mw
≈ 10 000), hydroethidine (HE, 95%), xanthine (X, 98%), xanthine
oxidase from bovine milk (XO), and diethylamine NONOate sodium
salt hydrate (DEA NONOate, ≥ 97%) were supplied by Sigma-
Aldrich. Dimethyl sulfoxide (DMSO), K2HPO4·3H2O, KH2PO4,
NaOH, KCl, NaCl, FeCl2·4H2O, 2,2′-azobis(2-methylpropionami-
dine) dihydrochloride (AAPH), and NaClO were obtained from
Sinopharm Chemical Reagent Co. Ltd. Glutathione (GSH), hydrogen
peroxide (H2O2, 30%), NaNO2 were purchased from Aladdin
Chemistry Co. Ltd. CCK-8 kit was purchased from Dojindo Molecular
Technologies, Inc. ROSup from reactive oxygen species (ROS) assay
kit was obtained from Beyotime Institute of Biotechnology (Nantong,
China). Ultrapure water made from a Milli-Q system (Millipore,
U.S.A.), was used for all experiments. All reagents were used directly
without further purification.

According to the previous studies, the enzymatic reaction of
xanthine (X; 300 μM) and xanthine oxidase (XO; 0.01 U/mL) could
generate 100 μM of O2

•−.24−26 The reaction of HE with O2
•−,

supplied by X/XO system in potassium phosphate buffer (PBS, 100
mM) at 25 °C, showed a time-dependent fluorescence increase and
finished within 40 min (Figure S1). For interference assay, Fenton
reaction (Fe2+/H2O2 = 1:10) was used to generate hydroxyl radical.
Hypochlorite ion (ClO−) was produced by NaClO. The first singlet
oxygen (1O2) was chemically provided by H2O2 and NaClO.
Peroxynitrite (ONOO−) stock solution was obtained by reaction of
H2O2 with NaNO2 in HCl at 0 °C and kept at −20 °C.27

Decomposition of DEA NONOate was applied to produce nitric
oxide (NO). Alkyl peroxyl radical (ROO•) was prepared from the
thermolysis of AAPH at 37 °C.

Instrumentation. Transmission electron microscopy (TEM)
images were measured on a JEM-1011 electron microscope (100
kV, JEOL). UV−vis spectra was obtained on a UV-3600
spectrophotometer (Shimadzu). Fluorescence intensity was recorded
by a F-7000 Fluorescence Spectrometer (Hitachi). CCK-8 assay was
measured using a Varioskan Flash microplate reader (ThermoFisher
Scientific). Dynamic light scattering (DLS) was performed on BI-
200SM Laser Light Scattering Instrument (Brookhaven). Confocal
laser scanning microscopy (CLSM) images were obtained on a Leica
TCS SP5 microscope. Flow cytometry experiments were taken on
FC500 Cell Analyzer (Beckman).

Preparation of FITC@SiO2. FITC and (3-aminopropyl) triethox-
ysilane (APTES) were mixed in ethanol solution and stirred overnight
to prepare FITC-modified triethoxysilane. Then, FITC@SiO2 nano-
particles were obtained by a modified Stöber method. 1.92 mL
tetraethyl orthosilicate (TEOS) and 1 mL FITC-modified APTES
(TEOS/FITC-APTES with a molar ratio of 20:1) were added into the
mixture of 40 mL ethanol, 0.835 mL water, and 2.5 mL ammonia
hydroxide aqueous solution (28 wt %). The mixture was stirred at 50

Scheme 1. Ratiometric Fluorescent Biosensing and Imaging
of O2

•− Based on the FMH NPs-HE Sensor
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°C for 6 h and then kept for additional 2 h at room temperature. The
final product was centrifuged and washed with water for three times.
Preparation of FITC@mSiO2@hmSiO2. We prepared the rattle-

type silica colloidal particles according to a “surface protected etching
process”. First, the as-prepared FITC@SiO2 NPs were mixed with
PVP (0.6 g,Mw ≈ 40 000) and stirred at room temperature. Five hours
later, the particles were collected by centrifugation, washed with
ethanol several times and redispersed in 10 mL ethanol. Next, 30 mL
ethanol, 0.835 mL water, and 2.5 mL ammonia hydroxide aqueous
solution (28 wt %) were mixed under intensive stirring. Then the
FITC-SiO2@PVP NPs and TEOS (3.84 mL) were added in turn and
stirred for 3 h at room temperature. The products were collected by
centrifugation and washed for several times with water to remove the
residual ammonia hydroxide aqueous solution. Finally, they were
dispersed in water and mixed with PVP (1.0 g, Mw ≈ 10 000) under
stirring for 5 h at room temperature. Again, the products were
centrifuged and washed with ethanol. After being dispersed in 40 mL
water, NaOH aqueous solution (5 mL, 0.20 g/mL) was added to the
system to initiate etching. After etching for a certain time, the resulting
products were washed with water and ethanol several times, and finally
dispersed in 10 mL deionized water.
In Vitro Probe Loading and Release. FITC@mSiO2@hmSiO2

was mixed with different concentrations of HE (in ethanol) and stirred
for 24 h. Then, the nanosensors were collected by centrifugation and
washed with PBS. For the probe release assay, 5 mg HE-loaded
nanosensors were dispersed in 20 mL release medium and kept under
stirring. Several hours later, the solution was centrifuged and the
release medium (8 mL) was taken, followed by the addition of the
same amount of fresh medium. The concentration of HE was
measured by a UV−vis absorption wavelength at 265, 345 nm.28 The
loading amount of HE was calculated as follows: (MInitial-MFinal)/
MFMH NPs.
Cell Culture and CCK-8 Assay. HeLa cells were supplied by

Nanjing KeyGen Biotech Co. Ltd. and cultured in growth medium
containing Dulbecco’s Modified Eagle Medium (DMEM), supple-
mented with 10% fetal bovine serum (v/v), penicillin (100 units/mL),
streptomycin (100 μg/mL) at 37 °C in a 5% CO2 incubator. CCK-8
assay was performed to measure cell viability. First, HeLa cells were
seeded in 96-well plate at a density of 5000 cells per well and cultured
for 24 h. Then, nanosensors (from 5 μg/mL to 500 μg/mL), dispersed
in culture media, were added to wells. After 24 h of incubation, the
media were removed, fresh media (100 μL) containing CCK-8 (10
μL) were added to each well and incubated for 2 h. When the color of
the solution turned to orange, its absorbance was measured by a
microplate reader at the wavelength of 450 nm. Relative cell viability
was determined as follows: (ODtest/ODcontrol) × 100%. All the
experiments were repeated at least 3 times.
In Vivo Fluorescence Imaging. HeLa cells (50 000 cells per

dish) were seeded in a Petri dish for 24 h, and then nanosensors with
the concentration of 200 μg/mL were added. After incubating for 12 h,
the media were removed, and the cells were washed with PBS three
times to remove the residual nanosensors. Then, fluorescence imaging
in live cells were taken using a confocal laser scanning microscope
under a 20× objective. Upon excitation at 488 nm, the fluorescent
imaging of FMH NPs was obtained from a 500−535 nm channel,
while that of HE oxidation products was collected from a 540−610 nm
channel. For sensing the generated O2

•− under oxidative stress,
ROSup (50 mg/mL, 1 μL) was added. To verify the production of
O2

•−, cells were treated with 2 mM GSH for 30 min before adding
ROSup.
Flow Cytometry Analysis. To detect the fluorescence intensity of

the dual-emissions in cells, flow cytometry experiments were taken. In
detail, every well of 6-well plate was seeded with 150 000 HeLa cells,
followed by culturing for 24 h. Then, 300 μg/mL sensor (2 mL) was
added to each well and incubated for 12 h. After treatment with
ROSup or GSH, cells were detached by trypsin, and then centrifuged
and washed by PBS for several times. Finally, they were redispersed in
PBS for determination.

■ RESULTS AND DISCUSSION
Characterization of FITC@SiO2, FITC@mSiO2@hmSiO2,

and FITC@mSiO2@hmSiO2@HE. In brief, the nanosensor
was composed of a hollow silica structure (FMH NPs) and
O2

•− probe (HE). The synthetic procedure of FMH NPs was
illustrated in Scheme 2. In order to dope FITC into the rattle-

type silica nanoparticles, we first obtained FITC@SiO2 NPs
using a modified Stöber method.29 FITC-modified triethox-
ysilane was obtained from the reaction between isothiocyanate
group of FITC and the amino group of APTES, and then
FITC@SiO2 NPs was synthesized by adding suitable TEOS
into the reacting system.30 Next, FITC@SiO2 NPs were used as
cores to prepare FITC@mSiO2@hmSiO2 (FMH NPs) by “a
surface-protected etching process”.31 In details, PVP with high
molecular weight was fabricated on the surface of the core by
hydrogen-bond interaction.32 Then, another silica layer was
deposited on the as-prepared particles by the Stöber method
again, followed by the absorption of outer PVP layer with low
molecular weight. Finally, the FITC@SiO2@SiO2 NPs was
etched by NaOH solution and FITC@mSiO2@hmSiO2 NPs
with core (FITC@mSiO2 NP), hollow cavity, mesoporous
silica shells were thus obtained (Figure 1a). This special
structure resulted from the different protection efficacy of the
PVP with different molecular weight.31

In Figure S2, the TEM image indicated that the average
diameter of FITC@SiO2 NPs was 80 nm, while the FMH NPs
were dispersed with an average size of 120 nm (Figure 1a). The
excellent dispersity of FMH NPs was also confirmed by
dynamic light scattering measurements (Figure 1b). With the

Scheme 2. Preparation of FITC@mSiO2@hmSiO2 and
Sensor FMH NPs-HE

Figure 1. (a) TEM image of FMH NPs; (b) the hydrodynamic size
distribution of FITC@SiO2 and FMH NPs by DLS measurements; (c)
fluorescence emission spectra of FITC, FITC@SiO2, FITC@SiO2@
SiO2, and FMH NPs (upon excitation at 470 nm); and (d)
photographs of FMH NPs with or without UV excitation.
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formation of the second silica layer, the dynamic diameter of
NPs increased from 90 to 141 nm, which also indicated the
successful synthesis of FMH NPs. In addition, FMH NPs had
good dispersity and did not precipitate for several days in media
like water, ethanol, DMEM cell culture media (Figure S3). So,
it was quite clear that the FMH NPs with good dispersity and
appropriate size were suitable for the biological applications. As
shown in Figure 1c, the fluorescence intensity of FITC
gradually decreased when the silica shell was fabricated step
by step. However, the fluorescence intensity of FMH NPs was
stronger than FITC@SiO2@SiO2 NPs because the silica layer
was etched partially by NaOH solution and the transmittance
enhanced.33 Although the fluorescence intensity of FMH NPs
was lower than that of pure FITC, it was still strong enough to
meet the need of the following experiments. Moreover, the
silica shell could protect FITC from photobleaching.34,35 In
summary, FMH NPs displayed strong fluorescence and good
photostability (Figure 1c,d), which made them suitable for
tracking of intracellular delivery or cellular imaging.
In Figure 1a, FMH NPs show an obvious mesoporous silica

shell and a hollow cavity, which can load drugs and small
molecular probes. Due to the special structure, they usually
have better loading performance than mesoporous silica
structures.36 For our experiments, FMH NPs showed a good
HE loading capability of 220 mg/g (Figure 2a). At physiological
pH and temperature, about 60 percentage of HE could be
released from FMH NPs within 4 days (Figure 2b). Due to the
electrostatic interaction between HE (amino group) and FMH
NPs (hydroxyl group) as well as hydrophobicity of HE, the
release rate was relatively slow.37 However, the amount of
released HE was quite enough for detecting O2

•−, because the
normal intracellular level of O2

•− was about 0.1 μmmol/L and
its concentration could be increased upon oxidative stress.38 All
in all, FMH NPs were excellent nanocarriers to transfer small
molecules (especially those insoluble in water or membrane
impermeable) into cells for further applications.
Detection of O2

•− Based on FMH NPs-HE. The detection
mechanism of this ratiometric sensor was illustrated in Scheme
1. In general, FMH NPs could provide a reference fluorescence
signal, and HE, as a recognition molecule toward O2

•−, could
show quick response to the changes of O2

•− concentration. To
verify the possibility of ratiometric measurement of O2

•−, we
tested the fluorescence spectrum of the FMH NPs and HE
signal (Figure 3a). When the sensor was excited by blue light
(470 nm), FMH NPs had an emission peak at 518 nm (curve I)
and fluorescence was observed for HE (curve II), which could
be oxidized by O2

•− to emit stronger fluorescence at 570 nm
(curve III). Under the same excitation, the ratiometric

fluorescent sensor only emitted at 518 nm without O2
•−

(curve IV). However, when the sensor was mixed with O2
•−,

the emission peak of HE oxidation products appeared at 570
nm, but the fluorescence intensity of FMH NPs still remained
stable (curve V). Obviously, the fluorescence intensity of HE
products was sensitive to the varied amount of O2

•−, while that
of the FMH NPs was not associated with the concentration of
O2

•− and remained almost constant. So, the stable fluorescence
intensity of nanoparticles could provide an inner reference for
the determination of O2

•− to improve the accuracy and
sensitivity. Furthermore, the emission spectrum of FMH NPs
was quite narrow and did not overlap with that of HE oxidation
products. As a result, FMH NPs and HE were able to constitute
an excellent ratiometric fluorescent sensor for detecting O2

•−

As expected, the ratiometric fluorescence sensor could
effectively detect O2

•− in solution. When the concentration of
O2

•− increased from 0 to 30 μM, the fluorescence signal of
oxidation products of HE gradually enhanced, while the
fluorescence intensity of FMH NPs was almost constant
(Figure 3b). In this way, the fluorescence of FMH NPs could
act as the reference signal for sensing O2

•−, which could be
used to correct the environmental errors and improve the
detection accuracy.

Figure 2. (a) The HE loading capability of FMH NPs at different concentrations of HE in ethanol solution; and (b) cumulative drug release profile
of HE from FMH NPs-HE in PBS (100 mM) in vitro.

Figure 3. (a) Fluorescence emission spectra (λex = 470 nm) of (I)
FMH NPs, (II) HE, (III) the products from reaction of HE with O2

•−,
(IV) nanosensor FMH NPs-HE, and (V) the oxidation product from
reaction of nanosensor with O2

•−; (b) fluorescence emission spectra of
nanosensor with different concentrations of O2

•− upon excitation at
470 nm (0, 0.2, 0.4, 0.6, 0.8, 1, 2, 3, 4, 5, 6, 7, 8, 10, 15, 20, and 30
μM); and (c) plot of I540−610/I500−535 as a function of O2

•−

concentration obtained with nanosensor in PBS (100 mM).
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It is widely acknowledged that the reaction mechanism
between HE and O2

•− is quite complicated. Recent publications
have intensive arguments on whether the main product of O2

•−

incubated with HE is ethidium (E+) or not.39,40 On the whole,
2-hydroxyethidium (2-OH-E+) are reported to be the main
reaction product of O2

•− and HE. When excited at 470 nm, the
former emits at 580−600 nm, the latter has an emission at
around 570 nm.41 As shown in Figure 3b, the HE oxidation
products emitted at 570 nm, in agreement with the above
result. Owing to the fluorescence spectrum overlap of the
potential two products and the complex intracellular environ-
ment, some reports suggest that it is better to use the integrated
intensity for quantification.9,42 So, we integrated the
fluorescence intensity from 540 to 610 nm for HE oxidation
products, and used the integrated fluorescence intensity of
500−535 nm for FMH NPs. The intensity ratio of the two
emission channels showed good linearity with the concen-
tration of O2

•− ranging from 2.0 × 10−7 to 2.0 × 10−5 M (R2 =
0.9972), and the detection limit (S/N = 3:1) was calculated to
be as low as 80 nM (Figure 3c). Compared with the previous
sensors for O2

•− based on X/XO, our sensor achieved a wider
linear range and high accuracy, and was suitable for cellular
detection.24,43 In addition, the sensor was also independent of
solution pH and kept stable in acid environment, which was
beneficial for cellular detection (Figure S4).
Specificity. For cellular applications, the selectivity of the

nanosensor to O2
•− was a priority. ROS are composed of many

species like H2O2, •OH, and ONOO−, which may interfere
with the detection of O2

•−.44 In the interference experiment, we
recorded the changes of fluorescence intensity ratio (ΔI540−610/
I500−535) with the addition of relevant oxidizing materials, and
compared it with that of O2

•−. In Figure S5, no obvious
fluorescence changes were observed in the presence of other
ROS (H2O2,

1O2, •OH, ROO•, ONOO−) or biologically
relevant oxidizing species (NO, NaClO). However, upon
adding O2

•− to the analysis system, the fluorescence intensity of
HE product was greatly increased. Obviously, the nanosensor
exhibited good selectivity toward O2

•− over other ROS or
biologically relevant oxidizing species, and could be applied for
biosensing and imaging in live cells.
Cytotoxicity of FMH NPs and Nanosensor. In order to

study the biocompatibility of the nanosensor, CCK-8 assays
were used to evaluate the cytotoxicity of nanocarriers (FMH
NPs) and sensors (FMH NPs-HE). The results indicated that
HeLa cells still kept high viability after incubating for 24 h
either with FMH NPs or nanosensors up to 500 μg/mL
(Figure 4). In other words, if the concentration of sensors was
not more than 500 μg/mL, then both FMH NPs and the
nanosensor had low toxicity to cells, and could be used for
cellular sensing and imaging.
Intracellular Biosensing and Bioimaging of O2

•−. As
described in Scheme 1, the nanosensor with green fluorescence
entered into cells, and HE was released and oxidized by O2

•−.
With an identical excitation, two different colors of fluorescence
would be observed, which were ascribed to FMH NPs (green)
and HE oxidation products (red), respectively. The overlay of
green and red fluorescence images turned out to be yellow.
According to the above testing results, the nanosensor showed
high sensitivity and selectivity for detection of O2

•− in solution.
To further test the ability to detect O2

•− in real complex cellular
system, HeLa cells were incubated with 200 μg/mL nano-
sensors. In Figure 5, the green fluorescence from FMH NPs
and red fluorescence from HE oxidation products were both

observed in HeLa cells after 12 h incubation. The nonuniform
red fluorescence resulted from intrinsic nature of HE. With
increased incubation time, red-emitting HE oxidation products
would accumulate more in the cell nucleus than in the
cytoplasm, and chromatin condensation could also be
observed.40,45 Thus, the nanosensor successfully transported
HE to cells to detect O2

•− and still obtained dual-emission in
real cellular environment. Besides, the fluorescence intensity of
red channel was relatively weak, which indicated a low level of
O2

•− in normal condition. Then, ROSup (a positive control of
ROS)46,47 was used to stimulate cells to release more ROS to
make cells under oxidative stress. After incubating for 12 h,
sensors entered into cells and then ROSup was incubated for
another 30 min. The results clearly showed that the intensity of
red fluorescence became stronger and the green one still
remained unchanged. Thus, from the merged image (Figure
5h), more obvious yellow signal was easily recognized. In
addition, to confirm that the stronger intensity resulted from
the production of O2

•−, GSH, a O2
•− scavenger, was used to

Figure 4. Cell viability of HeLa cells incubated with FMH NPs and
nanosensors for 24 h.

Figure 5. Confocal microscopy images of HeLa cells incubated with
200 μg/mL sensor for 12 h, (a−d) before adding ROSup; (e−h) after
stimulated by ROSup for 30 min; (i−l) pretreated with 2 mM GSH for
30 min and then stimulated by ROSup for 30 min. The four columns
from left to right were green fluorescence channel images (FMH NPs),
red fluorescence channel images (HE oxidation products), bright-field
images, overlay images of the first two channels, respectively. The scale
bar is 25 μm.
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pretreat the samples before adding ROSup.9,48 Due to the
existence of large amount of GSH, no obvious changes were
observed in the red fluorescence channel after the stimulation
of the ROSup. In this way, we could make sure that the change
of red signal resulted from the increased concentration of O2

•−.
Just as stated above, the green signal always remained
unchanged, while the red channel sensitively changed with
stimulation. Besides, due to the enhancement of red
fluorescence, the overlay color of the two channels gradually
changed from green to yellow. So, we could draw a conclusion
that our sensor could obtain dual-emission imaging and realize
ratiometric visual recognition of O2

•− in normal condition or
under oxidative stress.
The results of confocal image were also examined by Flow

cytometry analysis. Compared with the untreated HeLa cells,
the fluorescence intensity of the two channels both obviously
increased, indicating the successful entry of nanosensors and
the detection of O2

•− in live cells (Figure 6a). After interacting
with O2

•− induced by ROSup, HE signal was efficiently
increased, but not obviously changed after pretreated with GSH
(Figure 6b). Moreover, the FMH NPs fluorescence signal still
remained constant. So, it could be confirmed that the signal
change of nanosensor resulted from the variation of the
concentration of O2

•− instead of other effects from environ-
ment or light source. In summary, the reference fluorescence
signal of FMH NPs could eliminate background interference
and improve the detection accuracy. In this way, the ratiometric
fluorescence nanosensor provides a reliable method for
detecting biological small molecules.

■ CONCLUSIONS

In this article, we developed a new method to form ratiometric
fluorescent sensor, which can be applied to general cases,
regardless of the hydrophobicity and membrane-impermeability
of probes or difficulty in surface modification. The ratiometric
fluorescent nanosensor is composed of nanocarrier doped with
reference fluorophore and fluorescent probe for bioactive small
molecules. As long as appropriate fluorescent probe and
reference fluorophore are selected, the nanosensor could detect
a series of bioactive small molecules by ratiometric measure-
ment. As an example, a dual-emission nanosensor was designed
for the biosensing and bioimaging of O2

•− in cells, which was
composed of FMH NPs, an FITC doped rattle-type silica
colloids with strong and stable green fluorescence, and a

fluorescent probe toward O2
•−, HE. The nanosensor realized

ratiometric detection of O2
•− in normal condition or under

oxidative stress, with high accuracy and distinguished overlay
fluorescence color change. So, this study may provide a simple,
accurate, and feasible method for the detection of bioactive
small molecules in cells.
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