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ABSTRACT: Simultaneous monitoring of the ATP levels at various sites of a single cell
is crucial for revealing the ATP-related processes and diseases. In this work, we rationally
fabricated single nanowire-based fluorescence biosensors, by which the ATP levels of the
cytoplasm and nucleus in a single cell can be simultaneously monitored with a high spatial

PN
distance

resolution. Utilizing the as-fabricated single nanowire biosensor, we demonstrated that the

ATP levels of the cytoplasm were around 20—30% lower than that of the nucleus in both
L929 and HeLa cells. Observing the ATP fluctuation of the cytoplasm and nucleus of the
L929 and HeLa cells stimulated by Ca®', oligomycin, or under cisplatin-induced

apoptosis, we found that the ATP levels at two cellular sites exhibited discriminative
changes, revealing the different mechanisms of the ATP at these two cellular sites in

response to the stimulations.

denosine triphosphate (ATP), also called “cellular energy

currency”, plays a pivotal role in various cellular events,
including cell divisions, enzyme reactions, protein synthesis,
etc.'~* The cellular events that were differently active and took
place at various cellular sites would differentially influence the
ATP levels from site to site and organelle to organelle.
Detecting the ATP levels at the different sites or organelles, in
turn, would be of benefit to portend or further regulate the
cellular events for screening, diagnosis, and treatment of the
diseases.”® For example, the ATP level around the cell
membrane was utilized to evaluate the activity of the exocytosis
and cell signaling.7’8 The ATP level of the mitochondria would
link with the start of the cell apoptosis.g’10 Meanwhile, a
disorder of ATP levels was found in the Alzheimer’s and
Parkinson’s disease-related cells.'' However, due to the
scarcity of ATP biosensors with high spatial resolution in
cells, it is difficult to comprehensively understand the cellular
events from the ATP level and clearly demonstrate the
correlation between the pathogenesis of these diseases and the
ATP levels of the cells. Therefore, to accurately and
simultaneously monitor the ATP levels at various sites of the
cells is a key issue for elucidation of cellular events or
pathogenesis.

To date, numerous ATP biosensors have been fabricated for
monitoring cellular ATP levels."”"® However, most of the
reported ATP biosensors for cells were made of zero-
dimensional (0D) nanomaterials or small molecules.'*'® The
Brownian motions of the 0D nano-materials or the random
thermal motion of small molecules would induce an unceasing
movement of the ATP biosensors in the living cell. As a result,
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the spatial resolution of the ATP biosensors would be reduced,
and the signal from the biosensors for a specific cellular site
does not veritably and accurately reveal the ATP level at that
position.'®"” Making an ATP biosensor with a targeting unit is
a fine approach to improve the spatial resolution of the
biosensor. However, the ATP biosensor with a targeting unit
could only determine the ATP level of the specific organelle
anchored by the targeting unit."”'>'® Given that the ATP-
related processes were always involved in many cellular sites
simultaneously, to detect the ATP level in only one organelle is
not enough to comprehensively demonstrate the whole ATP-
related processes.'””" Hence, especially essential are ATP
biosensors, which not only possess a high spatial resolution but
also could simultaneously monitor the ATP levels at various
cellular sites.

As an alternative strategy, the sensitive units can be
decorated onto one dimensional (1D) nano-materials to
construct the 1D-based biosensors for monitoring the analyte
with an excellent spatial resolution by which the Brownian
motions of the sensors could be restrained.*"** For instance,
Li’s group designed an ingenious single-cell thermometer by
encapsulating upconversion nanoparticles into spider silks.
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Owing to the microscale length of the spider silks, the
thermometer barely moved during the sensing process, which
therefore was able to monitor the temperature at various
positions of the cells with a high spatial resolution.”> Our
group also reported some 1D biosensors based on silicon
nanowires, which can be purposefully inserted into cellular
sites under the help of a micromanipulator. Also, the bio-
analyte in cells can be accurately sensed.”” Considering the
advantage of the 1D biosensors in spatial resolution, we
designed a silicon nanowire-based fluorescent biosensor to
monitor cellular ATP levels with a high spatial resolution, in
which the silicon nanowires (SiNWs) were selected as the
substrate while the N-(rhodamine-B)-lactam-1, 2-diethylenetri-
amine (Rho-N;H;), and fluorescein isothiocyanate (FITC)
were selected as the ATP-sensitive units.”*>” As shown in
Scheme 1, the SINWSs were first encapsulated by a SiO, layer

Scheme 1. Design of the SiNWs-FITC@SiO,-Rho and
Illustration of the SiINWs-FITC@SiO,-Rho for the ATP
Sensing in a Single Cell with a High Spatial Resolution

=
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containing FITC to form SiNWs-FITC@SiO,. The surface of
the SINWs-FITC@SiO, was subsequently modified by a
carboxyl-terminal siloxane reagent (SiNWs-FITC@SiO,-
COOH). Hence, the Rho-N;H; molecules with an NH,-
terminal can be grafted on the surface of the SINWs-FITC@
SiO,-COOH through an EDC/NHSS chemistry to finally form
the SiNW-based fluorescent biosensors (SiNWs-FITC@SiO,-
Rho) for ATP. The SiNWs-FITC@SiO,-Rho performed a
ratiometric response of the emissions from Rho-N;Hj and
FITC to ATP. Moreover, the SiNWs-FITC@SiO,-Rho
exhibited a fine photo-stability, which is essential to investigate
ATP-related cellular events for a long time.

Considering the importance of the cytoplasm and nucleus in
living cells, we utilized the SiNWs-FITC@SiO,-Rho to
simultaneously monitor the ATP levels at these two intra-
cellular sites of a single 1L929 and HeLa cell. It was found that
the ATP level of the cytoplasm was around 20—30% lower
than that of the nucleus, and the ATP levels of the cytoplasm
decreased as the detecting sites got away from the nucleus in
most cases. Moreover, the ATP in the cytoplasm and nucleus
of the 1929 and HeLa cells stimulated by Ca** or oligomycin
exhibited discriminative responses. We further investigated the
ATP fluctuation of the cytoplasm and nucleus during the
apoptosis of the L929 and HeLa cells induced by cisplatin and
accordingly revealed the different roles of ATP in the
cytoplasm and nucleus in response to the apoptosis. The
ATP biosensors developed in this work can be utilized to
simultaneously monitor the ATP in more intracellular sites

with a high spatial resolution. Moreover, apart from observing
the apoptosis, the as-prepared ATP biosensor could be
anticipated for the investigation of more ATP-related cellular
events.

B EXPERIMENTAL SECTION

Materials and Instruments. The materials and instru-
ments used are listed in detail in the Supporting Information.

Synthesis of the Rho-N;H;, SiNWs, SiNWs-FITC@SiO,,
and SiNWs-FITC@SiO,-Rho. The Rho-N;H; was synthesized
according to the previous report with a little modification, and
the detailed process is presented in the Supporting Information
(Supporting Information, method 1).”° The final product was
a deep orange solid with a yield of 30%. '"H NMR (Figure S1)
(400 MHz, CDCl;): 6 7.90 (m, 1H), 7.44 (m, 2H), 7.09 (m,
1H), 6.43 (m, J = 8.70 Hz, 2H), 6.38 (s, 2H), 6.27 (d, ] = 8.60
Hz, 2H) 3.34—3.27 (m, 10H), 2.61 (t, ] = 5.7 Hz, 2H), 2.46—
2.41 (m, 4H), 1.60—1.40 (br, s), 1.16 (t, ] = 6.40 Hz, 12H).
MS (Figure S2, m/z) 528.3. The SiNWs, SINWs-FITC@SiO,,
and SINWs-FITC@SiO,-Rho were fabricated referring to our
previous work (Supporting Information, methods 2 and
3)'24,25

Fluorescence Imaging of the SiNWs-FITC@SiO,-Rho.
A 20 uL SINWs-FITC@SiO,-Rho stock solution was added
into 480 uL 1 X PBS in a confocal dish for observation under a
Nikon Al laser scanning confocal microscope. A 488 nm laser
and a 561 nm laser were employed to excite the FITC and
Rho-N;Hj, respectively. The green fluorescence of FITC was
collected from S00 to 550 nm (I,), while the orange
fluorescence of Rho-N;H; was collected from 570 to 620 nm
(I,). The detailed optimization and sensing properties of the
SiNWs-FITC@SiO,-Rho are described in the Supporting
Information (method 4: optimization of the SiNWs-FITC@
SiO,-Rho; methods 5—10: the uniformity, response times,
calibration curves, selectivity, photo/pH/polarity-stability, and
reversibility of the SINWs-FITC@SiO,-Rho to ATP).

Determination of the ATP Levels through the
Calibration Curve. The ATP levels were determined
according to the Supporting Information, method 11. For
the determination of the ATP levels of the nucleus and
cytoplasm, the part of the SINWs-FITC@SiO,—20-Rho-100
located in the nucleus and cytoplasm was selected to calculate
the ATP levels of the nucleus and cytoplasm.

Monitoring the ATP Fluctuation in Living Cells.
Briefly, the SiNWs-FITC@SiO,-20-Rho-100 was added to
the cell culture medium and incubated with the living cells for
around 3 days. Before the observation, the cells were first
stained with Hoechst 33342 (10 yL, 1 mg/mL). Then, the
cells were washed carefully with 1X PBS three times. 5 mM
Ca®", 10 uM oligomycin, and SO uM cisplatin were employed
to change the ATP levels of the living cells. The detailed
experimental processes are described in the Supporting
Information, methods 12 and 13.

B RESULTS AND DISCUSSIONS

Improvement of the Ratiometric Response of the
SiNWSs-FITC@SiO,-Rho to ATP. As ATP can activate the
fluorescence of Rho-N3Hg and quench the fluorescence of
FITC,”**’ the amounts of Rho-N;H; and FITC decorated on
the SINWs-FITC@SiO,-Rho would regulate the ratiometric
response of the SINWs-FITC@SiO,-Rho to ATP. Hence, the
volume of the FITC-APTES conjugate and the concentrations
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of the Rho-N;H; used for preparing the SINWs-FITC@SiO,-
Rho were carefully adjusted to improve the response of the
ATP biosensors to ATP, and the corresponding products were
defined as SiNWs-FITC@SiO,-a-Rho-b (a/uL represents the
volume of the FITC-APTES conjugate, while b/uM represents
the concentration of the Rho-N;Hj). First, the responses of the
SiNWs-FITC@Si0,-0-Rho-20 and the SiNWs-FITC@SiO,-
20-Rho-0 to ATP were examined, and the results are shown in
Figure S3. ATP can increase the fluorescence of the Rho-N;H;
moiety of the SINWs-FITC@SiO,-0-Rho-20 (Figure S3a) and
quench the fluorescence of the FITC moiety of the SiNWs-
FITC@Si0,-20-Rho-0 (Figure S3b). To determine the
suitable volume of the FITC-ATPES conjugate, the concen-
tration of the Rho-N;H; was fixed at 20 M initially. Five
different samples including SINWs-FITC@Si0,-5/10/20/40/
80-Rho-20 were prepared. The dependence of the intensity
ratios (Io/Ig, I, represents the fluorescence intensity of the
Rho-N;H; moiety, while the I, represents the fluorescence
intensity of the FITC moiety) of the SiNWs-FITC@SiO,-a-
Rho-20 with 10 mM ATP on the volume of the FITC-APTES
conjugate were examined, and the results are shown in Figure
S4a. The I,/I, of the SINWs-FITC@SiO,-a-Rho-20 gradually
increased with the increase of the FITC-APTES conjugate and
reached a plateau as the volume of the FITC-APTES conjugate
reached 20 uL. Hence, the FITC-APTES conjugate of 20 uL
was employed in the following improvements. To determine
the appropriate concentrations of the Rho-N;H, the Rho-
N,H; with concentrations of 20/40/60/100/200/400/500 uM
were selected. The I,/I, of the SINWs-FITC@SiO,-20-Rho-b
gradually increased with the increase of the Rho-N;H and
reached a plateau at 100 yuM Rho-N;H; (10 mM ATP, Figure
S4b). Accordingly, the SiNWs-FITC@SiO,-20-Rho-100 was
used as the SiNW-based ATP biosensors for the following
experiments.

Characterizations of the SiNWs, SiNWs-FITC@SiO,-20,
and SiNWs-FITC@SiO,-20-Rho-100. The morphology of
the SINWs was characterized by a scanning electron micro-
scope and transmission electron microscope (Figure S5 and
Figure S6), from which the average length and diameter of the
SiNWs were determined to be 72.9 + 2.6 ym and 278 nm =+
86 nm, respectively. Moreover, a straight structure and smooth
surface were observed from the SiNWs (Figure S6). However,
the surface of the SINWs-FITC@SiO, was coarse due to the
formation of the FITC@SiO, layer on the surface of the
SiNWs after the modification of the FITC-APTES and TEOS.
A smoother surface was observed from the SiNWs-FITC@
Si0,-20-Rho-100. The difference between the surface rough-
ness of the SINWs-FITC@SiO,-20 and SiNWs-FITC@SiO,-
20-Rho-100 could be ascribed to the different reaction rates of
silane reagents used in the synthetic processes.”® XPS
measurements were performed for determining the surface
compositions of the SiNWs, SiNWs-FITC@SiO,-20, and
SiNWs-FITC@Si0,-20-Rho-100. The high-resolution spectra
of Si 2p and N 1s of the three samples are shown in Figure S7.
An intense peak corresponding to bulk Si (99 eV) and a
moderated peak corresponding to silicon oxide (103 eV) were
observed from the SiNWs.”””° For the SiNWs-FITC@SiO,-
20, the peak from the bulk silicon disappeared and the peak
from the silicon oxide still existed (Figure S7a). A new intense
peak corresponding to the —NH—C(S)—NH— (400.6 eV)
appeared,”’ indicating the formation of the FITC@SiO, layer
on the SiNWs (Figure S7b). After the decoration of the
carboxyl-terminal siloxane reagents and Rho-N3Hj, intense

peaks corresponding to —N(C,Hj), (399.5 eV) and —C(O)—
NH- (401.6 eV) were observed from the SiNWs-FITC@
§i0,-20-Rho-100,”>"* demonstrating the successful modifica-
tion of the SiNWs-FITC@SiO,-20 by the Rho-N;Hq.
Furthermore, the fluorescence from the SiNWs, SiNWs-
FITC@SiO,-20, and SiNWs-FITC@SiO,-20-Rho-100 were
investigated by a laser scanning confocal microscope. At the
same experimental conditions, the bright green fluorescence of
the FITC moiety and orange fluorescence of the Rho-N;Hj
moiety were observed from the SiNWs-FITC@SiO,-20-Rho-
100, while only green fluorescence can be found from the
SiNWs-FITC@Si0,-20, and no fluorescence was detected
from the SiNWs (Figure S8). These results further
demonstrated that the FITC and Rho-N;H; moieties have
been successfully decorated onto the surface of the SINWs.
Uniformity of the SiNWs-FITC@SiO,-20-Rho-100. The
uniformity of the SINWs-FITC@SiO,-20-Rho-100 is critical
for accurately monitoring the ATP levels in a high spatial
resolution. Therefore, the confocal images of eight different
samples fetched from the same batch were recorded by a laser
scanning confocal microscope, and the uniformity of the
samples was examined. The ratiometric images were obtained
through calculating the intensity ratio of the Rho-N;H; moiety
to the FITC moiety (Supporting Information, method 5). It
can be observed that the color of the ratiometric images was
uniform (Figure S$9a—d). The I,/ I, values at different points of
the SINWs-FITC@SiO,-20-Rho-100 were close (Figure S9e).
Moreover, no obvious dispersion of the I,/I, was observed
from these eight samples (Figure S9f). These results
demonstrated that the SiNWs-FITC@SiO,-20-Rho-100 is
uniform, and there is little differentiation between the various
SiNWs-FITC@SiO,-20-Rho-100 fetched from the same batch,
which ensured an accurate measurement for the ATP.
Sensing Properties of the SiNWs-FITC@SiO,-20-Rho-
100 to ATP. The response times of the SINWs-FITC@SiO,-
20-Rho-100 for ATP detection were investigated (Supporting
Information, method 6). The response of the SINWs-FITC@
Si0,-20-Rho-100 to 2 mM ATP was around 8 min. When the
ATP concentration was increased from 2 to 4 and 8 mM, the
response times extended to 10 and 13 min, respectively
(Figure S10), which is swift enough to monitor the ATP
fluctuation during a cellular event.”'® Furthermore, the
confocal images of the SINWs-FITC@SiO,-20-Rho-100
treated with ATP with different concentrations were collected,
and the results are shown in Figure la (three parallel samples
in Figure S11). With the continuous addition of ATP, the
green fluorescence of the SiNWSs-FITC@SiO,-20-Rho-100
gradually faded, while the orange fluorescence brightened. The
spectral responses of the SINWs-FITC@SiO,-20-Rho-100 to
ATP are also presented in the Supporting Information (Figure
S12). The I,/1, values at the points along the axial direction of
the SiNWs-FITC@SiO,-20-Rho-100 were calculated and
recorded automatically by the laser scanning confocal micro-
scope. The average and the error bar of the I,/I, were
determined from the I,/I, at these points. The average I,/I, of
the SINWs-FITC@SiO,-20-Rho-100 increased from around
0.2 to around 4.6 with the increase of ATP from 0 to 10 mM
with an interval of 2 mM, revealing a fine ratiometric response
of the SiNWs-FITC@Si0,-20-Rho-100 to ATP (Figure 1b,
black dots; Supporting Information, method 7). The
calibration curve was obtained by plotting the ratiometric
responses (I,/I,) of the SiNWs-FITC@SiO,-20-Rho-100
against ATP concentrations and fitted with a logistic equation

https://doi.org/10.1021/acs.analchem.2c02030
Anal. Chem. 2022, 94, 11813—-11820


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02030/suppl_file/ac2c02030_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c02030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

0 mM 2 mM 4 mM 6 mM 8§ mM 10 mM

7
U
|
é
U
U
%
%
/
U
0
U
U
|
Nm
10 12

N\

0 Y (mM)8
Figure 1. (a) Confocal images of the SiINWs-FITC@SiO,-20-Rho-
100 treated with ATP (0—10 mM, scale bar: 10 ym). (b) Calibration
curve of the SiNWs-FITC@SiO,-20-Rho-100 in response to
concentrations of ATP (the red curve was the fitting curve; the
error bar was determined from the I,/1, at the points (n > 65 points
on the single sensor) along the axial direction of the SINWs-FITC@
Si0,-20-Rho-100; error bars represent standard deviation). (c)
Selectivity of the SiINWs-FITC@SiO,-20-Rho-100 to ATP (ATP,
ADP, AMP, glucose = 10 mM; GTP, CTP, UTP, Mg2+ =2 mM; K,
Na* = 100 mM; BSA, oligomycin = 10 uM; Ca>* = S mM; cisplatin =
S0 uM, n = 3, error bars represent standard deviation).

(Figure 1b, red line), which can be used in the following
experiments to determine the concentration of the ATP
according to the result of I,/I,.

The selectivity of the SiNWs-FITC@SiO,-20-Rho-100 to
ATP was evaluated (Supporting Information, method 8). As
shown in Figure lc, only the ATP of 10 mM can notably
increase the I,/I, of the SiNWs-FITC@SiO,-20-Rho-100,
while no obvious changes were observed as the samples were
treated with ADP (10 mM), AMP (10 mM), CTP (2 mM),
UTP (2 mM), GTP (2 mM), Mg** (2 mM), Ca** (§ mM), K*
(100 mM), Na* (100 mM), glucose (10 mM), BSA (10 uM),
oligomycin (10 M), or cisplatin (50 uM), respectively. The
above results evidenced that the SINWs-FITC@SiO,-20-Rho-
100 had an outstanding selectivity for ATP.

The photostability of the SiNWs-FITC@SiO,-20-Rho-100
in the presence of 4 mM ATP was examined (Supporting
Information, method 9). As shown in Figure S13, the I,/I, of
the SINWs-FITC@SiO,-20-Rho-100 was stable even though
the sample was continuously exposed to intense lasers (488
nm, 8 yW; 561 nm, 14 uW) for 10 min, being suitable to
monitor the cellular events for a long time. Moreover, as the
FITC moiety was pH- and polarity-sensitive, the responses of
the SINWs-FITC@SiO,-20-Rho-100 treated with 4 mM ATP
were examined under different pH values and polarities
(Supporting information, Figure S14, method 9). It was
observed that the SINWs-FITC@SiO,-20-Rho-100 exhibited
good pH stability in the range of 7.1-7.9 and good polarity
stability, which can well rule out the signal changes of the
sensor caused by the changes in the cell microenviron-
ment.** 7

Switching the ATP concentrations between 2 and 4 mM
(Figure 2a, Supporting Information, method 10), we can find a
reversible change of the I,/I, of the SINWs-FITC@SiO,-20-
Rho-100 (Figure 2b, black dotted line) and the ATP levels
determined from the I,/I, and calibration curves (Figure 2b,
red dotted line; Supporting Information, method 11). It
indicated that the SiNWSs-FITC@SiO,-20-Rho-100 had an

a
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Step 3/4

Step 5/6

Step 7/8

Step 9/10 4 St
Figure 2. (a) Confocal images of the SiNWs-FITC@SiO,-20-Rho-
100 treated with 2 and 4 mM ATP repeatedly (in steps 1, 3, S, 7, and
9, the ATP level was 2 mM, while the ATP level was 4 mM in the
other steps, scale bar: 10 ym). (b) Average I/1, (black dotted line) of
the SINWs-FITC@Si0,-20-Rho-100 and ATP level (red dotted line)
at each step (the error bars of I,/I, and ATP levels were determined

g

from the I,/I, and ATP levels at the points (1 > 80 points on a single

sensor) along the axial direction of the SiNWs-FITC@SiO,-20-Rho-
100; error bars represent standard deviation).

excellent reversibility in detecting ATP. Accordingly, the
SiNWs-FITC@SiO,-20-Rho-100 as an excellent ATP bio-
sensor was qualified to monitor ATP levels in living cells.

Determination of the ATP Distribution in Living Cells.
Two types of cells including L929 and HeLa cells were
incubated with the SINWs-FITC@SiO,-20-Rho-100. The cell
experiments were carried out according to the processes
presented in the Supporting Information, method 12. As
shown in Figure S15, owing to the existence of ATP in living
cells, the Rho-N;H; moiety on the SiNWs-FITC@SiO,-20-
Rho-100 that was incubated across the cells can be activated by
the ATP and an orange fluorescence was emitted, while the
green fluorescence from the FITC was quenched by the ATP.
Thereby, the SINWs-FITC@SiO,-20-Rho-100 located inside
the living cell showed mainly a strong orange fluorescence
(Figure S15a,b). In the same experimental condition, the Rho-
N;H; on the SiNWs-FITC@SiO,-20-Rho-100 cannot be
activated by little ATP existing in the cell culture medium.
As a result, the SiNWs-FITC@SiO,-20-Rho-100 located
outside of the cell showed mainly a green fluorescence emitted
from the FITC (Figure S15¢,d). Accordingly, it can be rational
to differentiate between the SiNWs-FITC@SiO,-20-Rho-100
located inside and outside of the living cell. Moreover, the
positions of the SINWs-FITC@SiO,-20-Rho-100 and nucleus
can also be determined by observing the fluorescence of the
SiINWs-FITC@Si0O,-20-Rho-100 and Hoechst 33342 (Figure
S16 and Movie S1). The different layers of a 3D image of a cell
from Z-axis scanning are presented in Figure S16. It can be
found that only the SiNWs-FITC@SiO,-20-Rho-100 and
nucleus were in the same layer; we could discern the
SiNWs-FITC@SiO,-20-Rho-100 and nucleus at the same
time, which demonstrated that the nanowire was in the
nucleus.

The ATP levels of the cytoplasm and nucleus in a single
L929 cell were investigated through penetrating the nucleus
with the SINWs-FITC@SiO,-20-Rho-100. To clearly observe
the cell, the nucleus was blue-stained by Hoechst 33342 before
observation and the cell outline is represented by a white
dashed line (Figure 3a,b). In Figure 3a, the intersections
between the SiNWs-FITC@SiO,-20-Rho-100 and the boun-
dary of the nucleus were marked with point 2, which
corresponded to point 2 in Figure 3c. We can find that the
points between point 1 and point 2 were in the nucleus and the
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Figure 3. (a) Confocal image of the SINWs-FITC@Si0O,-20-Rho-100,
which penetrated through the nucleus. (b) Confocal image of the
SiNWs-FITC@Si0O,-20-Rho-100, which is located in the cytoplasm
(scale bar: 10 ym). (c) ATP levels determined by the SINWs-FITC@
S$i0,-20-Rho-100 shown in (a) (points 1, 2, and 3 in (c) correspond
to points 1, 2, and 3 in (a)). (d) ATP levels determined by the
SiNWs-FITC@Si0,-20-Rho-100 shown in (b) (points 1 and 2 in (d)
corresponde to points 1 and 2 in (b)) (the black dots in (c) and (d)
are the calculated ATP levels, while the red lines in (c) and (d) are
the trend lines of the ATP level along the axial direction of the
SiNWs-FITC@SiO,-20-Rho-100 shown in (a) and (b)).

points between 2 and 3 were in the cytoplasm. Measuring the
I,/1, from the confocal images of the SINWs-FITC@SiO,-20-
Rho-100 and employing the calibration curve, we can
determine the ATP concentrations at the points along the
axial direction of the SINWs-FITC@SiO,-20-Rho-100 (Figure
3¢, black dots). To clearly observe the distribution tendency of
the ATP levels, a trend line of the ATP level along the SINWs-
FITC@Si0,-20-Rho-100 was drawn as the red line in Figure
3¢ (Supporting Information, method 11). Observing the ATP
levels along SINWs-FITC@Si0O,-20-Rho-100, we can find that
the ATP levels of most points located between point 2 and
point 3 were lower than that of the points located between
point 1 and 2, especially the ATP levels at the points around
point 1 (distance from 0 to 6 um). However, we also found
that the ATP levels of some points located between point 2
and point 3 were not lower than some points located between
point 1 and point 2. It seemed that the ATP level of the
cytoplasm was lower than that of the nucleus. Furthermore, we
averaged ATP levels at the points located in the cytoplasm and
nucleus. The ATP level of the cytoplasm and nucleus were 1.9
+ 0.4 (20 points) and 2.5 + 0.9 mM (95 points) determined
from the observed cell, in which the error bars were
determined from the ATP levels at the points located in the
cytoplasm and nucleus, respectively. Clearly, even though the
ATP levels of some points in the cytoplasm were higher than
that in the nucleus, the average ATP levels of the cytoplasm
were lower than that of the nucleus (P < 1075, Student’s t-test).
Observing the 14 parallel samples (Figure S17a), we found that
the ATP level of the cytoplasm was 21 + 8% lower than that of
the nucleus (n = 14, P < 0.0S, Student’s t-test), which was
consistent with the previous reports.”® More interestingly, it
seemed that the ATP levels slowly decreased from point 2 (2.5
mM) to point 3 (1.7 mM) in Figure 3c, implying a lower ATP
level at the site away from the nucleus than that at the site near
the nucleus. To confirm this point, the SINWs-FITC@SiO,-
20-Rho-100 with a terminal close to the nucleus was selected.
Two points at the SINWs-FITC@Si0,-20-Rho-100 located at

the cytoplasm were marked with points 1 and 2 in Figure 3b,
which correspond to points 1 and 2 in Figure 3d, respectively.
Meanwhile, the trend line of the ATP level along the SINWs-
FITC@SiO,-20-Rho-100 was also drawn as the red line in
Figure 3d. As shown in Figure 3b,d, although there was a slight
increase in the ATP levels at the sites near the cytomembrane
(around point 1), the ATP level near the nucleus (around
point 2) was still higher than that away from the nucleus (from
point 2 to point 1). It is known that the endoplasmic reticulum
is located mainly around the nucleus and is an important
organelle to support many cellular events.* Therefore, more
ATP has to be responsible to provide the energy for realizing
the function of the endoplasmic reticulum. This may be why
the ATP levels are higher around the nucleus. Likewise, the
ATP levels of the cytoplasm of the HeLa cells were determined
to be around 32 + 18% (n = 11, P < 0.0S, Student’s t-test)
lower than that of the nucleus (Figure S17b). The above
results demonstrated that the SINWs-FITC@SiO,-20-Rho-100
is a powerful tool to simultaneously detect the ATP levels of
the nucleus and cytoplasm with a high spatial resolution.
Real-Time Monitoring of the ATP Dependence of
Living Cells on the Stimulation of Ca?* and Oligomycin.
The SiNWs-FITC@SiO,-20-Rho-100 was employed to mon-
itor the dependence of the ATP inside 1929 and HeLa cells
under the stimulation of Ca** and oligomycin. According to
the previous reports, Ca’* can promote ATP production;
contrariwise, oligomycin can inhibit ATP production.”” The
pH changes of the L929 cells treated with Ca** and oligomycin
were first evaluated by using a commercial pH sensor (BCECF
AM). As shown in Figure S18 (Supporting Information,
method 13), no obvious changes in the fluorescence of the
BCECF AM were observed, suggesting that the pH changes of
the cells treated with Ca®* and oligomycin were negligible,
which would not affect the signal of the sensor. The ATP levels
of the cytoplasm and nucleus of the cells were high-spatially
and simultaneously monitored in real-time when S mM Ca* or
10 uM oligomycin was added into the cell culture medium
(Supporting Information, method 13). As shown in the
confocal images (Figure 4a,b), the fluorescence of the
SiNWs-FITC@SiO,-20-Rho-100 that was incubated across
the L929 cell turned from light green to orange after the cell
was incubated with $ mM Ca?". Meanwhile, in the ratiometric
images (Figure 4c,d), the color of most points on the SINWs-
FITC@Si0O,-20-Rho-100 turned from blue to cyan, suggesting
the increase of I,/1, at these points. According to the I,/I, and
the calibration curve, we can find that the ATP levels of the
cytoplasm and nucleus all increased with time and reached a
plateau within S min (Figure 4e). Among them, the ATP levels
of the nucleus and the cytoplasm increased from around 1.3 +
0.2 and 1.1 + 02 mM to 1.8 + 0.3 and 1.7 + 0.4 mM,
respectively, after the treatment of Ca®* for 5 min (Figure 4f).
Ca’*-induced ATP increments of 38 and 55% were exhibited in
the nucleus and cytoplasm, respectively. Two more parallel
experiments were performed, and the results presented in
Table S1 also supported the above observation. Clearly, the
increment in the ATP level of the cytoplasm was higher than
that of the nucleus after the L929 cells were treated with Ca**
of S mM, which might link with the mitochondria. It has been
reported that Ca®* can promote ATP production in the
mitochondria,*” which only existed in the cytoplasm. There-
fore, the Ca**-induced increase of ATP in the mitochondria
would elevate the ATP in the whole cytoplasm. Despite the
lack of mitochondria in the nucleus, the ATP level of the
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Figure 4. (a, b) Confocal images of the SINWs-FITC@SiO,-20-Rho-
100 inside a single 1929 cell treated (a) without and (b) with S mM
Ca?* for 5 min. (¢, d) Ratiometric images of the SINWs-FITC@SiO,-
20-Rho-100 inside a single 1929 cell treated (c) without and (d) with
5 mM Ca*" for 5 min (scale bar = 10 um, ratio bar: 0—5). (e)
Changes in the ATP levels of the nucleus (green dots, n = 25 points
on the single sensor) and cytoplasm (red dots, n = 37 points on the
single sensor) over time with an interval of 1 min. (f) ATP levels of
the nucleus and cytoplasm in the absence (stripe bars) and presence
of S mM Ca®* (S min, red bars) (the error bars represent the standard
deviations based on the ATP levels at the points located in the
cytoplasm and nucleus).

nucleus could be slowly elevated due to the diffusion of the
ATP from the cytoplasm to the nucleus. Moreover, a similar
dependence of the ATP fluctuation on the Ca®* stimulation
was also observed from the Ca**-stimulated HeLa cells (Figure
$19).

Observing the ratiometric images of the L929 cells treated
with oligomycin, we can find that the color of most points on
the SiNWs-FITC@SiO,-20-Rho-100 turned from green to
deep blue as the continuation of the treatment (Figure Sa),
indicating the decrease of the ATP levels at these points.
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Figure S. (a) Ratiometric images of the SINWs-FITC@SiO,-20-Rho-
100 inside a single L929 cell treated with oligomycin (10 uM) for
various times and (b) confocal image of the SINWs-FITC@SiO,-20-
Rho-100 inside a single 1929 cell (scale bar: 10 ym; ratio bar: 0—S5).
(c) ATP changes in the nucleus (green dots, n = 9 points on the
single sensor) and cytoplasm (red dots, n = 18 points on the single
sensor) over time in (a). (d) ATP levels of the nucleus and cytoplasm
in the absence (stripe bars) and presence of 10 yM oligomycin (10
min, red bars) (the error bars represent the standard deviations based
on the ATP levels at the points located in the cytoplasm and nucleus).

Combined with the confocal images, the ATP levels of the
nucleus and cytoplasm can be determined (Figure Sb). It was
found that the ATP levels of the nucleus (Figure Sc, green
dots) and cytoplasm (Figure Sc, red dots) all decreased with
time and reached a plateau within 10 min. Comparing the ATP
levels of the nucleus and cytoplasm before and after the
treatment (Figure Sd), we can determine that the ATP
decrements of 17 and 11% were induced by the treatment of
the oligomycin in the nucleus and cytoplasm, respectively. Two
more parallel experiments were performed, and the results
presented in Table S2 also propped up the above observation.
Obviously, the treatment of the oligomycin could decrease the
ATP level of the nucleus more than that of the cytoplasm. A
similar phenomenon was also observed in the oligomycin-
treated HeLa cells (Figure S20). The response of the nucleus
and cytoplasm to oligomycin may be related to the “self-
protection” of the cell itself.*' It is known that the replication
and transcription of DNA occurred in the nucleus and is
associated with cell multiplication. Meanwhile, the cytoplasm
was the main place to maintain the cell’s life, such as cell
signaling, protein synthesis, and enzymatic reactions.” When
the cells were stimulated by the oligomycin, the ATP
production in the cell was inhibited, which would result in a
shortage of ATP. In this state, the scarce ATP was primarily
used to maintain the cell’s basic life supported by the
cytoplasm, and the cell multiplication dominated by the
nucleus had to be suspended. As a result, the decrement in the
ATP level of the nucleus was more obvious.

The above investigation for the ATP dependence of the
nucleus and cytoplasm in L1929 and HeLa cells on the
treatment of the Ca®* and oligomycin verified that the SINWs-
FITC@SiO,-20-Rho-100 was qualified to simultaneously
monitor the ATP of the nucleus and cytoplasm of the cells
under the stimulation.

Real-Time Monitoring of the ATP Fluctuation during
Cell Apoptosis. The ATP fluctuation was monitored in real-
time by the SiNWs-FITC@SiO,-20-Rho-100 during the cell
apoptosis. The cell apoptosis was induced by 50 uM cisplatin
(Supporting Information, method 13),** which interacted with
the DNA strand and affected the DNA functions such as
transcription and translation.*” The pH changes of the 1929
cells treated with the cisplatin were also evaluated, and it
suggested that minor pH changes occurred in the cisplatin-
treated cells (Figure S21, Supporting Information, method 13),
which would not affect the signal of the sensor. After the 1929
cells were treated with the cisplatin, a turn from cyan to deep
blue can be observed from the ratiometric images of most
points of the SINWs-FITC@SiO,-20-Rho-100 that was
incubated across the cells, indicating the decrease of the
ATP levels at these points (Figure 6a). These results evidenced
that the ATP levels of the cells reduced during the apoptosis,
which was in accordance with the previous reports.***’
Combined with the confocal image (Figure 6b), the ATP
level of the nucleus (green dots, Figure 6¢) and cytoplasm (red
dots, Figure 6¢) can be determined at different times. We can
find that a more obvious ATP decrease was exhibited in the
nucleus compared with that in the cytoplasm (Figure 6d). Two
more parallel experiments were performed, and the results
presented in Table S3 also illuminated the above physiological
process. A similar phenomenon was also observed in the
cisplatin-treated HeLa cells (Figure S22). As cisplatin would
induce cell apoptosis and result in the shortage of ATP in
whole cells, understanding the behaviors of the ATP in the
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Figure 6. (2) Ratiometric images of the SINWs-FITC@SiO,-20-Rho-
100 inside a single L929 cell treated with cisplatin (50 uM) for
different times and (b) confocal image of the SINWs-FITC@SiO,-20-
Rho-100 inside a single L929 cell (scale bar: 10 ym; ratio bar: 0—5).
(c) Changes in the ATP levels of the nucleus (green dots, n = 37
points on the single sensor) and cytoplasm (red dots, n = S5 points on
the single sensor) over time. (d) Decrements in the ATP levels of the
nucleus and cytoplasm after the L929 cell was treated with cisplatin
(the error bars represent the standard deviations based on the ATP
levels at the points located in the cytoplasm and nucleus).

cells treated with cisplatin could refer to the above ATP change
in the cells stimulated by the oligomycin. During cell apoptosis,
the cells may protect themselves by preferentially lowering the
ATP levels of the nucleus. These results above evidenced that
the SINWs-FITC@SiO,-20-Rho-100 is capable of simulta-
neously monitoring the ATP fluctuation in the nucleus and
cytoplasm during a cellular event.

B CONCLUSIONS

In this work, we fabricated a nanowire-based ATP biosensor
and realized simultaneous monitoring of the ATP levels of the
nucleus and cytoplasm with a high spatial resolution. The as-
fabricated ATP biosensor exhibited a ratiometric and reversible
response to ATP and possessed a fine photo-stability and
outstanding selectivity toward ATP. Employing the ATP
biosensor, we simultaneously determined the ATP levels of
cytoplasm and nucleus inside a single cell. It was found that the
ATP level of the cytoplasm was 21 + 8% lower than that of the
nucleus in L929 cells, which was 32 + 18% in HeLa cells.
When treated with Ca®*, the L929 and HeLa cells performed
an increase of ATP levels, and the increments of the ATP level
of the cytoplasm were higher than that of the nucleus. On the
contrary, ATP decreased in both L929 and HeLa cells treated
with oligomycin, and the decrement of the ATP level of the
nucleus was higher than that of the cytoplasm. When the cell
apoptosis was induced by cisplatin, the ATP decreased in both
the cytoplasm and nucleus, and a higher decrement of the ATP
level was occurred in the nucleus. The results achieved in this
work would be beneficial to comprehensively elucidate the
ATP-related cellular events. Moreover, apart from cell
apoptosis, the ATP biosensor developed in this work can be
employed to investigate more cellular events.
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