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A novel D-m-A structure and near-infrared fluorescent probe (DCITT) with high polarity sensitivity and
membrane targeting was reported. The fluorescent spectra of DCITT were polarity dependent and Stokes
shift was greater than 300 nm. Due to its high fluorescence quantum yield, low cytotoxicity and photosta-
bility, DCITT could be used as a labeling probe in multicellular organisms. In particular, DCITT effectively
distinguished tumor cells from normal cells because it could specifically light up the cancer cells mem-
brane based on strong red fluorescence for a long time. On this basis, a polar-sensitive cell membrane
probe is developed to differentiate tumor cells from normal cells, which provides an idea and method for
the early diagnosis of tumor at cellular level.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer is one of the diseases threatening human health and
many people die of cancer every day [1,2]. Therefore, it is urgent to
find ways to diagnose cancer at an early stage [3]. However, some
traditional detection methods have been unable to meet the needs
of tumor diagnosis due to lack of sufficient sensitivity and selectiv-
ity at the cellular level [4,5]. It is imperative to development more
effective early diagnosing methods. At present, with the develop-
ment of fluorescence probe technology, it can provide reliable in-
formation for the visual detection of tumor cells due to its advan-
tages of non-invasive, high selectivity and sensitivity [6-11]. And it
is a promising method to design fluorescent probes based on mi-
croenvironmental differences (such as polarity and viscosity) be-
tween tumor and normal cells [12-14].

The cell membrane is located in the outermost layer of the
cell, which prevents extracellular substances from entering the cell
and ensures a stable intracellular environment [15]. Due to its spe-
cial semi-permeability, it has physiological functions such as sub-
stance transport, signal transmission and cell growth [16,17]. There
is a strong affinity between tumor cells and lipids and cholesterol
[18,19], so cell membrane polarity of tumor cells is lower than that
of normal cells, which can be used as a biomarker to differentiate
tumor cells from normal cells. Fluorescent probes that specifically
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light up tumor cell membranes have clinical significance for early
diagnosis. But it is extremely challenging to construct such fluo-
rescent probes. So far, few near-infrared fluorescent probes have
selectively light up tumor cell membranes [20-22].

Herein, we report a polarity sensitive and membrane targeting
probe (DCITT, Scheme S1 in Supporting information). Due to its
D-m-A structure, the fluorescence emission wavelength of DCITT
reaches near-infrared region (NIR) through the push-pull electron
effect, which can minimize photodamage and avoid cell autofluo-
rescence [23]. DCITT targets cell membrane through hydrophobic
and electrostatic interaction with the phospholipid bilayer of the
cell membrane. Moreover, DCITT is sensitive to polarity. In high-
polarity medium, DCITT and solvent have strong solvent effect, the
excited energy is lost through non-radiation, resulting in the red
shift of emission wavelength. Encouragingly, it can selectively im-
ages tumor cell membranes and shows bright and long-lasting red
fluorescence, but fluorescence is almost invisible on normal cell
membranes. Imaging of DCITT confirms that cell membrane polar-
ity is lower in cancer cells than in normal cells, which is consistent
with previous report [24]. The work provides an effective way for
early diagnosis of cancer.

DCITT is a D-m-A structure, triphenylamine and thiophene are
electron donors, -bridge and dicyanoisoflurone are strong elec-
tron acceptors. And DCITT is characterized by polarity sensitivity
due to the intramolecular charge transfer. The new compounds
were confirmed by nuclear magnetic resonance (NMR) and high
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Fig. 1. Normalized absorbance (a) and fluorescence spectra (b) of DCITT in mixture of water and THF. (c) Relationship between FL intensity and polarity (Af) of mixture

(water and THF).

resolution mass spectrometry (HRMS) (Figs. S1-S9 in Supporting
information).

The emission spectrum of DCITT is polar dependent, its wave-
length redshifts with increasing solvent polarity, indicating that
the excited state energy is released in non-radiative form [25,26].
However, its absorption spectrum does not change significantly in
polar solutions (Fig. S10 in Supporting information), showing that
the ground state dipole moment changes little in different solvents
[27]. Besides, the fluorescence quantum yield (®s) gradually de-
creases with the increase of solvent polarity (Table S1 in Support-
ing information). For instance, @; is 6.82% in tetrahydrofuran (THF)
but it decreases to 0.025% in H,O. The results show that DCITT is
sensitive to solvent polarity.

The polarity response of DCITT was further studied by detecting
its spectra in a mixture of THF and water. From Fig. 1a, ultraviolet-
visible (UV-vis) spectra of DCITT do not change significantly with
the increase of water content. However, the fluorescence spectra
change significantly, the fluorescence intensity of DCITT sharply
decreases by about 146 times when the solvent is converted from
THF to H,0 (Fig. 1b). What is more, the fluorescence intensity has
a good linear relationship with Af (Fig. 1c). Moreover, as shown
in Figs. 1a and b, DCITT yields a Stokes shift greater than 300 nm,
meaning that DCITT has strong penetration and little damage to
biological samples. The results indicate that DCITT is a polar-
dependent fluorescent probe.

Subsequently, fluorescence spectra of DCITT in glycerol (Gl) and
MeOH were studied. With the increase of Gl content (0-100%), the
viscosity of mixture also increases. In the intracellular viscosity
range, as viscosity (1) increases from 0.59 (Vyeon/vg = 100%/0%)
to 55.0 cP (Vpeon/Vg = 40%/60%), fluorescence intensity of DCITT
only increases by 1.33 times (Fig. S11 in Supporting information),
indicating that the viscosity effect is negligible. Because the vis-
cosity of THF and MeOH is similar, but the dielectric constant and
polarity are obviously different. Next, the fluorescence intensity of
DCITT in THF, MeOH and different proportions of Gl is compared
to further explore the influence of polarity and viscosity on DCITT.
From Fig. S11, the fluorescence intensity of DCITT in THF is obvi-
ously stronger than that in MeOH and GI, indicating that the in-
fluence of viscosity on DCITT is far smaller than that of polarity. It
has been reported that nystatin (Nys) can change ultrastructure of
cells, resulting in increased cell viscosity [28]. So, we chose Nys as
a stimulus to test the effect of cellular viscosity on DCITT. From Fig.
S12 (Supporting information), the fluorescence intensity of HeLa
cells treated with DCITT alone is the same as that of HeLa cells
treated with DCITT and Nys, further showing DCITT is only regu-
lated by polarity.

In view of the different pH of tumor and normal cells [27], we
studied the fluorescence spectra of DCITT in different pH solutions.
As a result, the emission fluorescence spectra do not change signif-
icantly (Fig. S13a in Supporting information). Then, we studied the
effects of common ions and amino acids including Nat, K+, Ca%t,
Mg+, Zn?+, Cu?t, Fe3+, Cl0—, OH', 10,, ONOO-, H,0,, lysine (Lys),
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Fig. 2. (a) Fluorescence imaging of tumor and normal cells incubated with DCITT
(10 pmol/L) for 20 min. (b) Fluorescence quantization. (c) Significant difference in
mean fluorescence intensity between tumor and normal cells. DCITT (Aex = 561 nm,
Aem = 620-750 nm). Scale bar: 10 pm. Error bars: mean =+ standard deviation (SD)
(n = 3). ****P < 0.0001.

leucine (Leu), methionine (Met), glycine (Gly), serine (Ser), valine
(Val), cysteine (Cys) and glutathione (GSH) on the fluorescence of
DCITT. From Fig. S13b (Supporting information), the fluorescence
intensity of DCITT do not change significantly. It is worth noting
that the low-polarity solvent (THF) is added to the test system, the
florescence intensity is immediately enhanced, meaning that DCITT
is unaffected by these molecules and ions.

We evaluated the toxicity of DCITT to tumor cells (MDA-MB-
231, HelLa and HepG2) and normal cells (HL-7702 and RAW264.7).
Even when DCITT reaches higher concentrations (50 pmol/L) and
cell survival rate is more than 85%, indicating DCITT has low cyto-
toxicity (Fig. S14a in Supporting information). Next, DCITT solution
(10 pmol/L) was continuously irradiated with a laser (535 nm) for
120 min, but the fluorescence intensity does not change signifi-
cantly (Fig. S14b in Supporting information), showing that DCITT
has good stability and it is suitable for long-term fluorescence
imaging of cells.

Then, we performed cell imaging experiments on cancer and
normal cells. From Figs. 2a and b, it is very meaningful that strong
red fluorescence signals of DCITT are observed only on the tu-
mor cells membrane but there is little fluorescence elsewhere in
the cells, indicating that DCITT can specifically target the tumor
cell membranes. Because the distinction is statistically significant,
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Fig. 3. The residence time of DCITT (10 pmol/L) and Dio (10 pmol/L) on Hela
cell membrane. DCITT (Aex = 561 nm, Aem = 620-750 nm), Dio (Aex = 488 nm,
Xem = 500-550 nm). Scale bar: 10 pm.
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Fig. 4. Fluorescence images of red channel of C. elegans without and with DCITT
(10 pmol/L) treatment. Scale bar: 100 pm.

DCITT can distinguish between tumor cells and normal cells by
specifically lighting up tumor cells membrane (Fig. 2c).

Next, we examined the residence time of DCITT on the cell
membrane. As shown in Fig. 3, after incubation for 2 h, DCITT
still shows obvious red fluorescence on the cell membrane. How-
ever, for the commercial cell membrane green fluorescent probe
Dio, after incubation for 1 h, part of Dio has penetrated the cell
membrane and entered the cell. And after continued incubation for
1 h, almost all Dio has entered the cell, the green fluorescence is
almost invisible on the cell membrane. Because Dio easily pene-
trates cell membrane and diffuses into the cell, it is not suitable
for prolonged cell membrane imaging [29]. Meanwhile, the imag-
ing of residence time on Hela cell membrane was also monitored
at the same location (Fig. S15 in Supporting information). All of
the results prove that DCITT can realize long-time imaging of cell
membrane.

Based on the unique transparent body and multicellular char-
acteristics of C. elegans, the potential of DCITT in vivo imaging was
examined. From Fig. 4, C. elegans fed with DCITT shows bright red
fluorescence, suggesting that DCITT is ingested with food and ac-
cumulated in the body of C. elegans. Therefore, DCITT is expected
to be a probe for labeling multicellular organisms.

In a word, we developed a polarity-sensitive and membrane-
targeted near-infrared probe (DCITT). DCITT has a large Stokes
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shift (=300 nm), high fluorescence quantum yield, low cytotoxic-
ity and photostability. Importantly, DCITT is environmentally polar-
dependent, can specifically light up cancer cells membrane and ef-
fectively distinguish between cancer cells and normal cells based
on red fluorescence. And reasonable molecular structure enables it
to be anchoring to the tumor cells membrane for a long time. In
addition, DCITT can be used as a label probe in multicellular or-
ganisms. The work provides an effective tool for the study of cell
membrane polarity and a new idea and method for the early diag-
nosis of cancer.
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