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I
n live cells the nativemetal ions playmany
important roles, including maintaining en-
zyme activity, assisting signal transduction,

keeping molecular structure stabilization, and
capturing small molecules, etc.1�5 To well
elucidate the functions of native metal ions
in live cells, chemical probes are developed to
track their distribution via spatial, temporary,
and quantity parameters.6�9 However, tradi-
tional chemical probes cannotdetect the trace
metal ions which are artificially administrated
in live cells,6�9 as they cannot provide high
spatial resolution and high sensitivity informa-
tion of these trace metal ions in the live cell.
Normally trace metal ions are applied in

cancer therapy as they play key roles in the
control of apoptosis of cancer cells.10�15 How-
ever, their distribution in a live cancer cell has
not been well disclosed yet, and the lack of
such information hinders researchers in un-
derstanding how trace metal ions work in a
live cell. For example, arsenite (As) is applied to
treat cancers, and several molecular mechan-
isms have been proposed in past decade,
including arsenite inducing cell apoptosis via
reactive oxygen species, ubiquitin-protea-
some pathways, and proteases releasing from
lysosome, respectively.10�16 Note that all
these molecular mechanisms are contrary
with each other and they all focus on the
biomolecular pathway triggered by As; no
solid information of arsenite in live cells is
supplied to match these molecular mechan-
isms, therefore it is hard for researchers to
describe the correct molecular mechanism of
how the arsenic killed the cancer.
In this paper, we design the fluorescent

nanoprobe, single-strand DNA wrapped sin-
gle-wall carbon nanotubes (ssDNA�SWCNTs,
the ssDNA is labeled by the dye molecule), to
detect the spatial and quantitative distribu-
tion of arsenite ions in live cells. Our studies
showed the nanoprobes could detect the

femtogram (fg) level of arsenite ions in the
lysosome of a live cell. Themethod to prepare
and characterize nanoprobes is disclosed in
Supporting Information section S1-1, and the
HRTEM images in Figure S0 show the clear
morphology of ssDNA-SWCNTs.

RESULT AND DISCUSSION

We first disclose the mechanism of how
nanoprobes detect the arsenite in Scheme 1.
For the nanoprobe, the SWCNT is wrapped
by ssDNA, and the ssDNA is labeled by
the 50-hexachloro-fluorescein phosphorami-
dite (HEX). In a live cell the nanoprobe can
emit redwhen itsHEX is excitedby light.17,18 In
a live cell, arsenite ions could strongly bind the
G/T bases of ssDNA and decrease the π�π

interaction between ssDNA and SWCNTs (see
HRTEM and EDS studies in Figure S1-1 of
Supporting Information). This makes some
ssDNA dissociate from the SWCNTs and fur-
ther adapt condensedconformation in the live
cell (see the SRCD and AFM studies of the
nanoprobe working mechanism in Support-
ing Information section S2). Such condensed
conformation of ssDNA will cause the HEX to
interact with G/T base-binding arsenite ions,
and further induce metal ions quenching the
emission of HEX.19�24 Thus, the nanoprobes
can detect arsenite ions via an emission de-
crease method in a live cell.
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ABSTRACT In this report, nanoprobes which could detect the femtogram level of arsenite ions in

subcellular organelle of live cells are disclosed. The nanoprobes are composed of ssDNA and single-

wall carbon nanotubes (SWCNTs), and the ssDNA is marked by a dye molecule. In a live cell, trace

arsenite ions could interact with nanoprobes and significantly decrease the emission of the

nanoprobes. With the help of a confocal microscope and cryo-electron microscopy, the lysosome

target of the arsenite ion and nanoprobe is well described in high spatial resolution.
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First, the numerical relation between concentration
of arsenite ions and relative emission intensity of
nanoprobes are studied in vitro (see methods in Sup-
porting Information section S1-2-1). In Figure 1a, we can
see the linear relation between the arsenic concentration
and relative emission intensity of nanoprobe in vitro (In
Figure 1a, the relative emission intensity of nanoprobe is
defined as F/F0, where the F0 and F are the emission
intensity of nanoprobe before and after As-binding,
respectively). To verify that the nanoprobe could specifi-
cally detect arsenite ions but not native metal ions in live
cells, H, Na, K, Ca, Mg ions are incubatedwith nanoprobes
in vitro, and the relative emission intensity of the nano-
probes are measured, respectively (see Supporting Infor-
mation section S1-2-2).6,25�28 In Figure 1b, we can find
that the decrease of F/F0 induced by native metal ions is
negligible as the F/F0 remains over about 93%, but the
decrease of F/F0 induced by trace arsenite ions is signifi-
cant, and its value is only about 2%. These data implied
nativemetal ions could not interact with nanoprobes, but
arsenite may specifically bind the nanoprobe. Inspired by
these data, the binding affinity between the arsenite ion
and the nanoprobe is further studied (see Supporting
Information SI-3). The binding affinity constant (Kb) is
about 1.55� 105 M�1, and this confirms that the arsenite
ions could strongly and specifically interact with the
nanoprobes.20 For nanoprobes, the dynamic process of
F/F0 is also a key parameter to be considered when they
are applied in arsenite detection. The dynamic process of

F/F0 in vitrowas studied, and the result is shown in Figure
S2 (Supporting Information SI-4). At the beginning stage
the F/F0 of nanoprobes decreased quickly, then became
stable as the interaction between the arsenite and nano-
probes reached a balance (see Supporting Information,
Figure S2),29 and finally the F/F0 of the nanoprobes
became stable within 100 s. This result shows that the
arsenite ions could quickly bind the nanoprobes and
reach a reaction balance, which makes the nanoprobes
advantageous in detecting As in live cells.
Although the aforementioned studies ensure that

nanoprobes have the potential ability to detect arsenite
ions in live cells, their cell toxicity and location in a live cell
should be clarified first. TheHela cell was selected in those
studies becauseAs has beenwell applied in the treatment
of Hela cells to disclose the mechanism of cancer cell
apoptosis.13�15 The cell viability was assessed by incubat-
ing different amounts of the nanoprobe with the Hela
cells (see the toxicity studies of the nanoprobes in Sup-
porting Information section S3). In Figure 2a, Hela cells
treatedwith 50 nMnanoprobes have very goodmorphol-
ogy and over 95% cells are alive. When the cells are
treated with 75 nM nanoprobes, over 90% of the cells
remained viabile (Figure 2a). From the cell viability studies
we get the optimized concentration (50nM) and time
(36 h) of the nanoprobes for the following cell studies.
The location of the nanoprobes in the live Hela cells is
observed by the confocal microscope, see Figure 2b. It
was found that the red emission of the nanoprobes and

Figure 1. (a) Linear relation between the relative emission intensity of nanoprobes (F/F0) and the concentration of arsenic.
The concentration of As is from 0.02 to 1 ppm, the F/F0 is from 0 to 1, and the nanoprobe concentration is fixed at 250 nM. (b)
The relative emission intensity of nanoprobes when they are incubated with different metal ions, respectively, the Kþ is at
150mM,Naþ is at 10mM, Ca2þ andMg2þ are at 1mM,Hþ is at 0.1mM, andAs is at 0.0665mM, representing concentrations as
found in a live cell.13,14,25�28 The nanoprobe concentration is fixed at 250 nM in all studies. This result revealed that only
arsenite could specifically decrease the emission intensity of the nanoprobes.

Scheme 1. Illustration of nanoprobes interaction with arsenite ions in a live cell. The arsenite ions bind G/T bases of ssDNA,
resulting in some ssDNA to dissociate from the SWCNTs and further condense in the live cell. The emission intensity of the
nanoprobe is decreased because the metal ions quench the emission of HEX in condensed ssDNA.19�24
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the green emission of Lysotracker Green colocalize and
overlay very well with each other in a live cell; this means
that the nanoprobes are localized in lysosome when the
nanoprobes are incubated with the Hela cells. To make
sure that the main live cells in the culture media are
marked by the nanoprobes, flow cytometry was used to
count the cells, andover 76%of the cellswere found tobe
markedbynanoprobes30 (see S4-1 in Supporting Informa-
tion). Our further studies also revealed that the nano-
probes are transported into the lysosome of the Hela cells
via an energy dependent endocytosis process, because
either the use of the blocking agent NaN3 or a decrease in
temperature would suppress the nanoprobes moving
into the Hela cells (see transport of nanoprobes for Hela
cells in S4-2 of Supporting Information). This result also
coincides with the previous report.31

To verify the nanoprobe could detect the arsenite
ions in live cells, the distribution of arsenite ions in the
lysosome of Hela cells should be clarified first. Previous
toxicity studies of high dosages of As in animal models
implied that the As is concentrated in the lysosome.32,33

To confirm the subcellular location of arsenite ions in live
Hela cells, the cells are first incubatedwith 5 ppmarsenite
for 60min. Note that the time anddosage of arsenite ions
in this studymatch those reported in previous cancer cell
studies,10�16 and these parameters are further optimized
in live cell studies (see As toxicity studies in Supporting
Information section S3). After the live cells are exposed to
5 ppm arsenite for 60 min, Hela cells are fixed and Cryo-
TEM is used to check the lysosome, cell membrane,
nucleus, and cytosol including mitochondria and golgi
(see Cryo-TEM studies in Supporting Information section
S5), and the element components of these organelles are
studied by selected area energy dispersive spectra
(SAEDS, see thedetail SAEDS result in Table S1of Support-
ing Information section S5), respectively. In Figure 3, the
morphology of these organelles and the arsenic signal in
these organelles are disclosed, where the As signal can be
only picked up in lysosomeofHela cells treatedbyAs (see
Figure 3b,f). It should be noted that there is no As
signal in the lysosome of the As free cell (control cell)
(see Figure 3a,f). These results confirmed that the As is

Figure 3. Cryo-TEM imagesofHela cells. (a) Control cellwithoutAs treatment. (b�e) Different organelles of cells treatedby5ppm
arsenic for 60 min. (f) As signal in different organelles via SAEDS studies. In As treated cells, As is found in lysosome only.

Figure 2. (a) Cell viability when a Hela cell is incubatedwith nanoprobes for different times; the concentration of nanoprobes
is 50 and 75 nM, respectively. The black, red, and blue bar represent 48, 36, and 24 h, respectively. (b) Confocalmicroscope images
ofHela cells incubatedwithnanoprobes for 36h. (Top left) red color is fromnanoprobes in a live cell, excitation light is 488nm; (top
right) green color is from Lysotracker dyes in lysosome of live cell, excitation light is 514 nm; (bottom left) bright field images of
Hela cell; (bottom right) yellow color is fromcolocalizationof nanoprobe andLysotracker dyes in cell. These images confirmed that
the nanoprobes located in the lysosome of live cells. The nanoprobe concentration is 50 nM in culture media.
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transported and concentrated in lysosome in live Hela
cells when cells are incubated with arsenite.
The aforementioned studies disclosed that both As

and nanoprobes colocalize in the lysosome of live Hela
cells. This implies that arsenite ions may specifically
interact with nanoprobes and induce a decrease in
emission in live cells as they did in vitro (see Figure 1). In
live cells, the As-induced emission decrease of nano-
probes is studied as follows (see method details of
confocal microscope studies in Supporting Informa-
tion, section s6-1). Briefly, the live Hela cells with
nanoprobes localized in lysosome are prepared by
incubating cells with nanoprobes, then these cells are
equally divided into four groups and arsenite ions are
introduced into the live cells, where the As concentra-
tion is 0 (control), 0.5, 2.5, and 5 ppm, respectively.
Once the cell are incubated with As, the emission
intensity of the nanoprobes located in the live Hela
cells are tracked in situ for 200min. During this tracking
process, the emission intensity of the nanoprobes in
the live cells is counted at time points 0, 40, 100, 160,
and 200 min. The three-dimensional fluorescent images
of the nanoprobes located in lysosome are disclosed in
Figure 4a, where the As-cell incubation time (from left
to right), the As dosage (from top to bottom), and the

emission intensity of nanoprobes located in lysosome
can be observed. The numerical relation among As-cell
incubation time, As dosage, and relative emission
intensity of the nanoprobes is shown in Figure 4b.
Clearly, for As-free Hela cells (control) the relative
emission intensity of the nanoprobes remains stable
as there is no As in the live cells (see black curve in
Figure 4b, where F/F0 is about 98% and this value
remains stable for the entire confocal observation), this
result showed that the emission intensity of the nano-
probes is not disturbed by the native components in
live cells. However, Figure 4b showed that the relative
emission intensity of the nanoprobes (F/F0) decreases
when As is transported into the Hela cells. The higher
dosage of As and longer As-cell incubation time in-
duced more As transport into the lysosome; this result
significantly decreases the relative emission intensity
of the nanoprobes (see red, blue, and green curves in
Figure 4b). For 0.5 ppmAs-treated cell the F/F0 became
stable after 50 min, where the F/F0 is at about 91% in
the red curve of Figure 4b. For 2.5 ppm As-treated cells
the F/F0 of the nanoprobes became stable after 160
min, where the F/F0 is about 72% in the blue curve of
Figure 4b. For 5 ppm As-treated cells, the F/F0 of the
nanoprobes became stable after about 180min, where

Figure 4. (a) The confocalmicroscope images of nanoprobes in live cells treated by As. From top to bottom, rows 1, 2, 3, and 4
refer to cells treated by 0 (control), 0.5, 2.5, 5 ppm arsenic, respectively. From left to right, lanes 1, 2, 3, 4, 5 refer to As-cell
incubation times of 0, 40, 100, 160, and 200 min, respectively. (b) The relation between time (As-cell incubation time) and
relative emission intensity of the nanoprobes in cells. The black, red, blue, and green curves refer to cells treated by 0, 0.5, 2.5,
and 5 ppm arsenic, respectively. (c) The linear relation between relative emission intensity of nanoprobes and As
concentration in live cells. Triplicate studies were carried out for all experiments.
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the F/F0 is about 43% in the green curve of Figure 4b. In
Figure 4b, the relative emission intensity of nano-
probes becoming stable at different time points im-
plies that arsenite transports into lysosome and interacts
with nanoprobes finally reaching a dynamic balance; F/F0
became stable and the As in higher dosages needed a
longer time to reach dynamic balance. Under such
dynamic balance, the numerical relation between the
relative emission intensity of the nanoprobes and con-
centration of As in lysosome could be setup as follows. At
time point 200 min, the quantity of As in the cells is
measured by ion couple plasma mass spectra (ICP�MS),
(Supporting Information, section S6-2), and the corre-
sponding relative emission intensity of nanoprobes in
lysosome is extracted by confocal microscope (see S6-3).
In Figure 4c, the perfect linear relation between relative
emission intensity of nanoprobes and amount of As in
live cells are setup. According to this relation, we can find
that live cells have 40, 140, and 330, fg Arsenic when the
cells with 0.5, 2.5, and 5 ppm As, respectively, are
incubated for 200min. This result supported the previous
cell studies: cancer cell apoptosis is induced by arsenite;
high dosage arsenic will push the cancer cell apoptosis
more quickly as more As is concentrated in the cell.10�16

More importantly, theprevious speculation in cell studies,
such as the arsenic is concentrated in the lysosome and
further triggers the protease pathway to induce cell
apoptosis, is strongly supported by our results. In addi-
tion, according the relation in Figure 4c, we can calculate
the concentration of As in the lysosome of live cells when
the relative emission intensity of the nanoprobes in the
cells is extracted by confocal microscope.

CONCLUSION

In summary, nanoprobes are demonstrated to de-
tect femtogram level arsenite in the lysosome of live
Hela cells, and the spatial distribution of arsenite in live
cells, lysosome, is also tracked very well by nano-
probes. For the first time, our studies provide amethod
to detect artificial metal ions via spatial and quantity
parameters in live cells. This study also gives clear proof
that the target organelle of arsenite is lysosome, and
this strong proof can help the molecular researcher
determine the right molecular pathway of As-induced
cancer cell apoptosis.
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