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ABSTRACT: In contrast to one-photon microscopy, two-
photon probe-based fluorescent imaging can provide
improved three-dimensional spatial localization and
increased imaging depth. Consequently, it has become
one of the most attractive techniques for studying
biological events in living cells and tissues. However, the
quantitation of these probes is primarily based on single-
emission intensity change, which tends to be affected by a
variety of environmental factors. Ratiometric probes, on
the other hand, can eliminate these interferences by the
built-in correction of the dual emission bands, resulting in
a more favorable system for imaging living cells and tissues.
Herein, for the first time, we adopted a through-bond
energy transfer (TBET) strategy to design and synthesize a
small molecular ratiometric two-photon fluorescent probe
for imaging living cells and tissues in real time. Specifically,
a two-photon fluorophore (D-7-A-structured naphthalene
derivative) and a rhodamine B fluorophore are directly
connected by electronically conjugated bond to form a
TBET probe, or Np-Rh, which shows a target-modulated
ratiometric two-photon fluorescence response with highly
efficient energy transfer (93.7%) and two well-resolved
emission peaks separated by 100 nm. This novel probe was
then applied for two-photon imaging of living cells and
tissues and showed high ratiometric imaging resolution
and deep-tissue imaging depth of 180 um, thus
demonstrating its practical application in biological

systems.
O rganic small-molecule fluorescent probe-based imaging is

a widely used technology to study biological events with
high spatiotemporal resolution. However, most traditional
fluorescent probes have been single-photon-excited at short
wavelengths, which resulted in photobleaching, interference
from autofluorescence in cells and tissues, and shallow
penetration depth (<100 zm). A much more feasible alternative
would utilize two-photon probe-based fluorescent imaging,
which is an emerging technique that can realize deep-tissue
imaging with prolonged observation time.' Despite the
advantages of two-photon microscopy, such as increased
penetration depth (>500 pm), minimized fluorescence back-
ground, and less light scattering and tissue injury,” most
previously reported two-photon probes were designed on the
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basis of single-emission intensity changes, which could be
affected by instrumental efficiency, environmental conditions,
and the concentration of probe molecules.>™ However, the
advent of ratiometric probes eliminated most, if not all, such
interferences by a built-in correction of the two emission bands.
These probes subsequently proved to be more favorable for
intracellular imaging compared with other fluorescent probes.
Several strategies, including internal charge transfer, fluores-
cence resonance energy transfer (FRET), and through-bond
energy transfer (TBET), have been adopted to design
ratiometric probes. For ratiometric probes based on TBET,
the donor is linked directly by an electronically conjugated
bond with the acceptor, and energy transfer occurs through a
conjugated bond without the need for spectral overlap, thus
preventing donor and acceptor fragments from becoming
planar.®” As a result, such probes showed high energy transfer
efficiency, two well-resolved emission peaks with high imaging
resolution, less cross talk between channels because no spectral
overlap between donor and acceptor is needed in TBET,® and
dramatic amenability to molecular design. Again, however,
previous TBET-based probes were still designed as single-
photon probes with a rather short excitation wavelength,
making it difficult to image tissue. To the best of our
knowledge, no energy transfer-based ratiometric two-photon
fluorescent probes suitable for tissue imaging have been
previously reported.

The two-photon fluorescent activity of naphthalene deriva-
tives was first reported by Cho et al.’ (Figure 1). Based on their
research, our group previously proposed a naphthalene
derivative-based two-photon fluorescent probe, termed NHSI,
which had a large two-photon active absorption cross-section
(>120 GM) and could be used for rapid detection of H,S, both
in vivo and in vitro.'"’ In order to acquire a better bioimaging
result, we decided to combine the advantages of two-photon
fluorescent imaging with TBET to develop a TBET-based
ratiometric two-photon fluorescent probe. As a proof-of-
principle, naphthalene derivative a was chosen as the TBET
donor for its outstanding two-photon properties, while
rhodamine spirolactam b was selected as the acceptor for its
target-triggered “turn-on” fluorescent signal that can be easily
distinguished, even by the naked eye (Figure 1). Moreover,
TBET does not require spectral overlap between donor and
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Figure 1. Structures of naphthalene derivatives, donor a, acceptor b,
and two-photon TBET probe Np-Rh.

acceptor (see Figure S1) and can afford a large wavelength
difference between the two emissions with less cross talk
between channels® as well as higher energy transfer efficiency
compared to classical FRET systems. To demonstrate the
feasibility of this probe design, Cu®* was chosen as the model
target for its essential roles in the human body.>** This type of
TBET-based ratiometric two-photon fluorescent probe, which
we termed Np-Rh, exhibits a characteristic inertness toward pH
changes from 2.0 to 10.0 and a large spectral shift between the
two emissions (100 nm, from 475 to $75 nm), allowing for the
high-resolution and sensitive ratiometric detection of targets.
Np-Rh was then applied for ratiometric imaging in live cells
and intact tissues with a thickness over 180 ym, and both
achieved satisfactory results.

Np-Rh was synthesized via the Negishi cross-coupling
reaction between the boronic acid pinacol ester of a and b
with a yield of 85% (see Scheme S1 for synthetic route). All the
reaction products were fully characterized by '"H NMR, *C
NMR, and mass spectrometry (see Supporting Information).

Density functional theory (DFT) calculations for the probe
were first carried out by employing the B3LYP exchange
functional and 6-31G* basis sets. The results are shown in
Figure 2. When the spirocyclization is closed with rhodamine’s
conjugated structure being broken (for structures, see Figure
S9), it was found that Np-Rh possesses a large energy gap (2.50
eV), such that the dihedral angle between the donor and
acceptor is 30.74°. However, when it is opened with its
conjugated structure being recovered, the gap is 2.57 eV, and
the dihedral is 32.81°, demonstrating that the donor and the
acceptor fragments are not coplanar, which is favorable for
TBET.

The absorption property of Np-Rh (5 uM) was studied in
buffered (Tris-HCl, pH = 7.4) water/C,H;OH (9/1, v/v)
solution. In the absence of Cu**, only one absorption band at
395 nm was observed as a result of donor residue. When Cu**
(0—50 equiv) was added, a new absorption band appeared at
525 nm, which belonged to the acceptor (rhodamine b
residue). The solution’s color changed from light-yellow to
purple-red, allowing colorimetric detection of Cu®* by the
naked eye (Figure S2).

The changes in the Np-Rh fluorescence spectra upon the
gradual addition of Cu®* were further investigated (Figure 3).
In the absence of Cu®", the acceptor exists in a closed-ring,
colorless, nonfluorescent lactone form, and no energy transfer
was observed from donor to acceptor. As a result, only the
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Figure 2. Density functional optimized geometries of the closed and
opened forms of Np-Rh. (a, d) DFT-optimized structure of Np-Rh
with the closed and opened forms. (In the ball-and-stick
representation, carbon, nitrogen, and oxygen atoms are colored in
gray, blue, and red, respectively. H atoms are omitted for clarity.)
Molecular orbital plots (b, ¢) HOMO; (¢, f) LUMO; and HOMO/
LUMO energy gaps and dihedral of Np-Rh dyes in the closed or
opened form.
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Figure 3. One-photon-excited fluorescent changes of Np-Rh (5 uM)
in response to different concentrations of Cu** (0—50 equiv) in Tris-
HCI/CH;CH,0H (9:1, v/v, 10 mM), pH = 7.4. A, = 420 nm. The
inset picture shows fluorescence before and after the addition of Cu*".

green fluorescence of donor a was observed. However, adding
Cu’" generated an open-ring, colored, and fluorescent rhod-
amine b residue (acceptor), and the probe showed a strong
fluorescence in the emission region of rhodamine B. As the
addition of Cu*" increased, the donor’s characteristic emission
peak (475 nm) gradually disappeared, while the characteristic
emission peak (575 nm) of rhodamine B grew. In the present
study, the detection limit (30/slope)'" was estimated to be as
low as 3.0 X 10 77 M (Figure S3) for Cu®", which is lower or
comparable than those of previously reported fluorescent
probes'” and is sufficiently low for the detection of the
submillimolar concentration range of Cu?* found in many
chemical and biological systems.** At the same time, the energy
transfer efficiency was calculated to be 93.7% (see SI and Figure
S4). A previous report demonstrated that the TBET system was
sometimes accompanied by FRET, resulting in the failure of
energy transfer efficiency to reach 100%.%
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Selectivity experiments showed that only Cu®" could trigger
the receptor’s open ring, while other ions in environmental and
biological systems showed no perceptible effect, thereby
demonstrating a high selectivity of the probe (Figures 4 and
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Figure 4. (a) Fluorescence ratio (Fs;s/Fy;s) of Np-Rh (S M) in the
presence of various ions (50 uM) in CH;CH,OH/Tris-HCl (1/9, v/v,
pH = 74, 10 mM), Az, = 420 nm. The numbers from 1 to 1S
correspond to K* to Cu®", respectively. (b) Fluorescence change (top)
of Np-Rh (5 M) in CH,CH,OH/Tris-HCI (1/9, v/v, pH = 7.4, 10
mM) with metal ions: control, K*, Mg®*, Ag®, Ba**, Ni**, Pd**, Hg*",
Zn*, Co™, AP**, Mn*, Ca**, Na*, Fe**, and Cu®* (50 equiv, from left
to right) and change in color (bottom).

SS). We also studied the effect of pH on Np-Rh before and
after addition of Cu®. The results showed that pH changes
(from 2.0 to 10.0) had no obvious effect on the performance of
our probe (Figure S6), indicating that the hydrolysis depended
on copper ions, not pH value.

In order to study the two-photon properties of the probe, the
two-photon active absorption cross-section of Np-Rh was
calculated by using the following formula: & = 6r(S, @, ¢, c,)/
(S, @ ¢, c,),"® where the subscripts s and r denote the sample
and reference molecule, respectively. In the absence of copper
ions, the acceptor’s ring is closed, and Np-Rh was calculated to
have a two-photon active absorption cross-section of 115 GM
(1GM =107 (cm * s)/photon) at 475 nm upon excitation at
780 nm (Figure Sa). In the presence of Cu®*, the acceptor’s
ring is opened. Under laser excitation at 780 nm, the donor’s
fluorescent peak at 475 nm almost vanished, while a new strong
fluorescent peak appeared at 575 nm (Figure Sb).

In order to evaluate the imaging performance of Np-Rh, we
used this probe to detect Cu®" in living biological samples,
including cells and tissues. HeLa cells were chosen as the model
cell line. After incubation with Np-Rh (S uM) at 37 °C for 30
min, followed by laser excitation at 780 nm, the cells showed
both single-photon and two-photon excited intense fluores-
cence in the cyan channel and weak fluorescence in the red
channel, corresponding to strong fluorescence at 475 nm and
weak fluorescence at 575 nm. After treating Np-Rh-cultured
cells with 30 uM Cu®, the fluorescent signal intensity
decreased in the cyan channel and increased in the red
channel, corresponding to weak fluorescence at 475 nm and
strong fluorescence at 575 nm (see results in Figure 6). The
cytotoxicity experiment showed that the Np-Rh probe was
nearly nontoxic to live cells with its concentration less than 14.0
uM (Figure S7). All above results and data showed that Np-Rh
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Figure S. (a) Two-photon absorption cross-section of Np-Rh without
adding Cu**. Rhodamine b was used as reference.”>'* (b) Emission
spectra of Np-Rh (5 uM, red line); Np-Rh (S M) in the presence of
Cu®* (50 uM, blue line) and acceptor b (5 uM) in the presence of
Cu®* (50 uM, black line). Two-photon excitation at 780 nm in Tris-
HCI/CH,;CH,O0H (9/1, v/v), pH = 7.4.

Figure 6. Images of HeLa cells treated with Np-Rh: (a) bright-field
image of HeLa cells incubated with Np-Rh (S uM); (b) fluorescent
image of (a) from cyan channel; (c) fluorescence image of (a) from
red channel; (d) overlay image of (a—c); (e) two-photon fluorescent
imaging from cyan channel; (f) two-photon fluorescent imaging from
red channel; (g) bright-field image of HeLa cells treated with Np-Rh
(5 M) for 30 min and then incubated with Cu** (50 uM) at 37 °C
for 30 min; (h) fluorescent image of (g) from cyan channel; (i)
fluorescent image of (g) from red channel; (j) overlay image of (g—i);
(k) two-photon fluorescent imaging of cyan channel; (1) two-photon
fluorescent imaging from red channel. One photon: Ag, = 405 nm; two
Photon: Ag, = 780 nm. Cyan channel Ag,: 450—530 nm and red
channel Ag,,: 540—650 nm. Scale bar: 20 um.

was cell membrane-penetrable and could be used for both
single-photon and two-photon-excited live cell imaging.

We further used Np-Rh for tissue imaging of rat liver frozen
slices, with Np (compound a) as a control. The changes of
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fluorescence signal intensity with scan depth were determined
by confocal multiphoton microscopy (Olympus, FV1000) in
the z-scan mode. In the absence of Cu**, Np and Np-Rh were
capable of tissue imaging at depths of 70—180 um by TPM
(Figure S8), indicating that Np and Np-Rh exhibit similar
tissue penetration capability. When Cu®* was added, depth
scanning demonstrated that the corresponding Np-Rh product
was capable of tissue imaging at depths of 50—180 ym by TPM,
with tissue imaging results presented in two emission channels
with different colors (see Figures 7 and S8). These data showed

95.50pm

95.33um

Figure 7. Two-photon imaging of a rat liver frozen slice stained with
10 M Np-Rh at ~95 um for 60 min (a, b), followed by treatment
with 100 uM Cu®* and incubated for another 60 min (c, d). The
images were collected at 450—530 nm (green channel, a, c) and 540—
650 nm (red channel, b, d) upon excitation at 780 nm with
femtosecond pulses. Scale bars: 100 ym.

that Np-Rh has good tissue penetration and staining ability as
well as ratiometric two-color (green and red) imaging
performance with less cross talk between channels.

In summary, we have, for the first time, developed a novel
small organic molecular two-photon ratiometric fluorescent
probe, termed Np-Rh, which is based on TBET. This type of
probe has such outstanding properties as dramatic resistance to
pH changes, highly eflicient energy transfer, rapid response
time, and high selectivity. Moreover, since the two-photon
probe has a long excitation wavelength (NIR), it can greatly
reduce tissue injury and increase penetration depth, thus
improving imaging results. Our experiment demonstrated that
Np-Rh could be used as a robust two-photon TBET platform
for constructing a two-photon fluorescent ratiometric sensor.
We believe it will provide an effective tool for studying
significant biological processes at the molecular level.
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