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The normal operation of lysosome, mitochondria, Golgi apparatus and endoplasmic reticulum plays a
significant role in maintaining cell homeostasis. Reflecting the state and function of lysosomes, viscosity
is a pivotal parameter to assess the stability of microenvironment. Herein, based on TICT mechanism,
a new NIR pH-dependent fluorescent probe DCIC with push-pull electronic moiety was synthesized to
identify the lysosomes viscosity. In viscous media, DCIC was highly sensitive to viscosity, fluorescence
intensity increased by 180 times as viscosity increased from 1.0 cp to 438.4 cp. In addition, DCIC have

NIR high localization ability for lysosome, mitochondria, Golgi apparatus, and endoplasmic reticulum and can

Lysosomal viscosity
PH-dependent
Multi-organelle localization

monitor lysosomal viscosity fluctuations with laser confocal microscopy.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lysosomes are digestive organs of cells, capable of removing
damaged organelles and digesting various endogenous and exoge-
nous biological macromolecules, which play a vital role in main-
taining cell homeostasis [1,2]. Mitochondria, as the “energy fac-
tory” of cells, not only participate in the production of adenosine
triphosphate (ATP), but also regulate cell growth, cycle and apop-
tosis, which are closely related to cell senescence and occurrence
of tumors [3-5]. The endoplasmic reticulum (ER), possessing the
largest membrane area compared with other organelles, is an in-
dispensable part of eukaryotic cells for being involved in plenty
of biological processes, including exogenous metabolism and pro-
tein synthesis [6-9]. The Golgi apparatus is a transporter organelle
which can manage and transport abundant proteins synthesized
by the ER, delivering them to other organelles or secreting them
outside the cells [10,11]. The normal function of these organelles
is fundamental to the maintenance of cellular homeostasis and
health of organism. The stability of intracellular microenvironment
provides basis for the normal operation of organelles. As a crucial
factor affecting the stability of microenvironment, viscosity plays
an important role in biomolecular interactions, enzyme catalysis,
signaling and other biological diffusion processes [12-14]. Abnor-
mal viscosity levels are associated with a variety of diseases, in-
cluding diabetes, cardiovascular disease, and even cancer [10,15].
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Traditional methods of viscosity measurement using mechani-
cals, such as rotary viscometer, can only be used to measure vis-
cosity of macroscopic materials. In recent years, fluorescent probe
technology has been popular with researchers because of its non-
invasiveness, in situ-imaging, real-time detection, high analytical
sensitivity and other advantages. Researchers have developed var-
ious viscosity fluorescent probes based on molecular rotors, and
these probes exhibit enhanced fluorescence or prolonged fluores-
cence lifetime as the system viscosity increases [16-18]. However,
the practical application of many probes which emit green or blue
fluorescence is limited due to short emission wavelength and poor
tissue penetration [19,20]. Moreover, many viscosity fluorescent
probes targeting lysosomes are highly dependent on acidic pH en-
vironment, and may lose their ability to trace lysosome when pH
increases owing to the resumption of photoinduced electron trans-
fer (PET) processes [21-23]. Due to its long emission wavelength,
the near infrared fluorescent (NIR) probe has the advantages of
deep tissue penetration, little background fluorescence interference
and weak fluorescence background [10,24,25]. Therefore, develop-
ment of near-infrared viscosity fluorescence probes with multi-
organelle localization ability is of great significance for biological
imaging and disease diagnosis.

In this contribution, DCIC (Scheme 1) was prepared by coupling
cyanogen modified hemicyanine group and pyrrolidine modified
coumarin group. The pyrrolidine modified coumarin unit served as
an electron donor, and the cyanogen modified hemicyanine acted
as an electron-withdrawing group, which make DCIC capable of
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Scheme 1. Molecular structure of probe DCIC and the proposed viscosity sensing
mechanism.

Table 1
Photophysical properties of DCIC.

Solvent  Agpsmax (NM)  Aemmax (nm) Stokes shift & (L moL~! em=!) QY (%)
DMSO 496 625 129 47,100 3.90
DMF 493 615 122 60,200 2.02
MeOH 490 617 127 34,500 1.08
EtOH 491 614 123 31,300 0.90
Acetone 486 605 119 51,900 1.29
CH3CN 489 614 125 50,700 1.10
THF 491 600 109 67,600 1.27
EA 478 600 122 64,900 0.92
DCM 486 608 122 67,400 0.88
CHCl3 484 599 115 65,700 0.85
Glycerol 505 620 115 47,000 19.69

viscosity sensitivity based on twisted intramolecular charge trans-
fer. The steps for synthesis of DCIC are shown in Scheme S1 (Sup-
porting information). Compounds C1, C2, D1 and D2 are prepared
according to our previous work [26]. Unlike many pH-dependent
lysosomal viscosity probes, fluorescence quenching of DCIC did not
occur with environment changing from acidic to neutral or alka-
line, providing the basis for multi-organelle localization. Besides,
DCIC also has the advantages of long emission wavelength, large
Stokes shift, high photostability and low cytotoxicity. These fea-
tures enable DCIC to locate lysosomes, mitochondria, Golgi, and ER
in cells and monitor lysosomal viscosity changes.

The photophysical property of DCIC was first investigated in
various organic solvents. As depicted in Fig. S1A (Supporting in-
formation), the maximum absorption wavelength of probe DCIC
dissolved in DMSO, DMF, MeOH, EtOH, Acetone, CH3CN, THF, EA,
CH,Cl,, CHCl3 and glycerol was around 500nm. Therefore, the
corresponding fluorescence emission spectrum was measured us-
ing 500 nm as the excitation wavelength. Fluorescence intensity of
DCIC in glycerol was obviously strong, comparing with the weak
fluorescence in DMSO, DMF, EtOH, CH,Cl, and other low-viscosity
organic solvents (Fig. S1B in Supporting information). Besides, as
depicted in Table 1, fluorescence quantum yield of DCIC in glycerol
(9 =19.69%) is much higher than those observed in other organic
solvents. These results show that probe DCIC can respond to vis-
cosity without polarity interference.

The sensitive response of DCIC toward viscosity was investi-
gated in PBS-glycerol solvents with volume ratio of glycerol in-
creased from 0 to 95 (1.0-438.4 cp). With the increase of sol-
vent viscosity, the absorption intensity of DCIC showed a general
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Fig. 1. (A) UV-vis absorption spectra of probe DCIC (10 pmol/L) in PBS-glycerol
mixed solvents. (B) Fluorescence spectra of probe DCIC (10 pmol/L) in PBS-glycerol
mixed solvents, insert: the picture of linear relationship between the log of max-
imum emission intensity of DCIC at 630nm (log Is30) and log n (viscosity), Aex
=500nm, slits: 5/5nm. (C) The color change of DCIC in PBS-glycerol mixed solvents
in the natural light and (D) the light of 365 nm portable UV lamp.

enhancement, and a slight red-shift of the maximum absorption
wavelength appeared, which can be ascribed to a lower energy
transition caused by enlarged conjugate planar (Fig. 1A). Mean-
while, fluorescence intensity of DCIC at 630 nm increased gradually
and showed 83 times enhancement in 95% glycerol compared with
that in pure PBS (Fig. 1B). The recovery of fluorescence could be
attributed to the high viscosity of glycerol limiting the intramolec-
ular rotation speed of hemicyanine and coumarin moieties along
vinyl group. Correspondingly, it can be observed under naked eyes
that the color of DCIC solution changed from light-orange to deep-
orange and under the irradiation of 365 nm portable UV lamp, flu-
orescence color became stronger with the increase of solution vis-
cosity (Figs. 1C and D). In addition, by fitting the Forster-Hoffmann
equation (Fig. 1B, inset), there was an excellent linear relationship
between fluorescence intensity (log Ig3g) and viscosity (log 1) of
DCIC (R?=0.99, x=1.12). All these findings illustrate that probe
DCIC was able to indicate solution viscosity quantitatively.

In order to investigate the effect of pH on the fluorescence re-
sponse performance of DCIC, the UV-vis spectra and fluorescence
spectra of DCIC in PBS buffer solutions with increasing pH values
were tested. As shown in Fig. S2 (Supporting information), flu-
orescence intensity enhanced for 5 times when pH of the solu-
tion changed from 8 to 2. Because DCIC possesses both pyrrolidine
nitrogen and hemicyanine nitrogen, it was difficult to determine
which nitrogen atom affected fluorescence emission. In order to
find out the structural and conformational changes during acidity
enhancement, Trifluoroacetic acid (TFA) was titrated into solution
of DCIC to confirm which nitrogen atom was protonated. The re-
sults in Fig. 2 showed that there were obviously gradual downfield
shifts of proton peaks in coumarin scaffold in addition to hemi-
cyanine scaffold after adding TFA, except for the proton peak at
the n position, indicating that when acidity increased, both pyrro-
lidine nitrogen atom and indole nitrogen atom were protonated
[27], resulting in fluorescence quenching of DCIC. The fluorescence
response in solutions with different viscosity at different pH was
tested to further explore the effect of viscosity and pH on DCIC.
The result in Figs. 3A and B showed that when the pH of DCIC so-
lution was the same, the fluorescence of DCIC enhanced as viscos-
ity increased; when the viscosity was constant, except for pure PBS
solution, the fluorescence spectrum of the probe DCIC kept almost
identical in the range of pH 3-9. These results indicated that when



H. Wang, Y. Sun, X. Lin et al.

Chinese Chemical Letters 34 (2023) 107626

fims
DCIC 2
n k GF i gl
% - W |

DCIC+20uL TFA

f
3 + g
e%D 35 I 8 .,(.j 5 [ D
A ;U )lt o ) E
8% &8 g g8 g g 5
-0 - o - ~ o o =]
DCIC+50uL TFA f N
2 M. T
e nkg 1 2 dg h
5310 ] 2oL
Moo b A ) N
8.7 85 83 8.1 79 77 75 73 71 69 6.7

1.02

=65 )

o

@
2
3
© 3 3
| P ~
A A A
A -
S i @
8 8 5 8
= - - w
©
e
<
3 @ =
© 0 -
@ o
ﬁ\ A A A
2 =3 © -
8 8 8 5
° - - ©
a)
2
~
5 v ®
© © -
© o
| A S S—
S = &
8 3 g
L g @«

30 25 20

©» 0.99

5.0 45
1 (ppm)

Fig. 2. "H NMR (600 MHz, CDCl3) spectroscopic titration of DCIC with trifluoroacetic acid (TFA).
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Fig. 3. (A) Fluorescence intensity of DCIC (10 umol/L) at 630nm in PBS/glycerol
mixed solvents at different pH (3-9) and viscosity (1.0-438.4 cp). (B) Fluores-
cence intensity of DCIC (10 pmol/L) at 630 nm in PBS buffer solution (1.0 cp) and
PBS/glycerol mixed solvents (7.9 cp) at different pH (3-9). (C) Fluorescence inten-
sity ratio of DCIC (10 pumol/L) upon addition of different biologically relevants (3
uL, 0.1 mol/L), 1. Ca2+, 2. Cu?*, 3. Fe?*, 4. Fe3+, 5. K+, 6. Mg+, 7. Mn?*, 8. Nat, 9.
Zn?*, 10. F-, 11. CI-, 12. §?7, 13. Cl0~, 14. CO3%-, 15. HSO;~, 16. Cys, 17. GSH, 18.
H,0;. (D) The time-dependent fluorescence changes of DCIC (10 pmol/L) at 665 nm
in PBS buffer solution (Aex =500nm, slits: 10/10nm) and in 95% glycerol solution
(Aex =500nm, slits: 5/5nm), respectively.

viscosity was high, the pH-dependence of DCIC would be weak-
ened and the TICT effect would be enhanced. Moreover, the lyso-
somes of normal cells are acidic (pH 3.8-5.5) [21,22], so the pH-
dependence of DCIC makes it especially suitable for the detection

of viscosity in intracellular acidic environment. Unlike the pH de-
pendence of many lysosomal probes [28,29], fluorescence of DCIC
was not quenched in neutral and alkaline environments, which
also provided the basis for the localization of various organelles.

The cellular microenvironment is a complex system, so probes
must have excellent specificity towards viscosity. We added inter-
fering substances to PBS buffer solution of the probe, including
Ca%t, Cu2*, Fe?t, Fe3+, Kt, Mg2*, Mn2*, Na*, Zn2t, F-, Cl-, $%-,
Cl0~, CO52-, HSO3™, Cys, GSH, H,0,. As depicted in Fig. 3C, these
species did not cause obvious fluorescence changes of DCIC, indi-
cating that the specificity toward viscosity of DCIC was satisfactory.
In addition, the photostability of DCIC was also tested. Fluores-
cence intensity at 665 nm was barely changed in 60 min no matter
in PBS buffer solution or 95% glycerol solution (Fig. 3D), proving
that probe DCIC was highly stable.

The cytotoxicity of probe DCIC was examined by the MTT as-
say before confocal imaging of cells. After 12h of incubation with
varied concentrations of DCIC in HeLa cells, no obvious cytotoxi-
city was observed (Fig. S3 in Supporting information), indicating
that probe DCIC can be applied to bio-imaging. To verify whether
DCIC can localize multiple organelles, we performed colocalization
experiments of DCIC with commercial mitochondrial probe (Mito-
tracker Green), lysosomal probe (Lyso-tracker Green), Golgi probe
(Golgi-tracker Green), endoplasmic reticulum probe (ER-tracker
Green). Following pretreatment with probe DCIC for 1h, HeLa cells
were then stained with these commercial dyes, respectively, and
images were obtained with a laser confocal microscope. As we
can see from Fig. 4, cells labeled by DCIC gave red fluorescence
and cells labeled by commercial dyes exhibited green fluorescence,
respectively. The red image of DCIC in mitochondria, lysosomes,
Golgi apparatus and ER merged very well with the green images,
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Fig. 4. Cell imaging of DCIC in Hela cells. (A, E, I, M) Images of DCIC (1 pmol/L)
in the red emission channel. (B, F, ], N) Fluorescence from commercial dyes in the
green emission channel. (C, G, K, O) Merged images of the red and green channels.
(D, H, L, P) The correlation plots of red and green channels.

resulting obvious yellow images. Additionally, the Pearson’s corre-
lation coefficients of probe DCIC with MTG, LTG, GTG and ERTG
were 0.96, 0.96, 0.87, and 0.87, respectively, which confirmed that
probe DCIC can accurately locate mitochondria, lysosomes, Golgi
apparatus and endoplasmic reticulum in HeLa cells.

The ability of fluorescence probe to localize mitochondria
is easily affected by mitochondrial membrane potential (A¥ )
[30,31]. In order to assess whether the mitochondrial localization
ability of DCIC will be affected by AW ,, HeLa cells were incubated
with mitochondrial depolarizing agent CCCP (carbonyl cyanide m-
chlorophenylhydrazone), which is commonly used in cell biology
[32,33], then colocalization experiment of DCIC was conducted
with Mito-tracker Green. The results displayed in Fig. 5 indicated
that after treatment with CCCP, the red fluorescence from DCIC
was still highly overlapped with the green fluorescence of MTG.
Moreover, Pearson’s correlation coefficient between them is 0.86,
which changed slightly compared with the control group without
CCCP incubation. These results revealed that the ability of DCIC to
locate mitochondria was not affected by AW .

In accordance with previous report [34], mitochondrial viscosity
increased after CCCP treatment. A slight enhancement of fluores-
cence intensity of DCIC was found in CCCP-treated cells (Fig. 5). To
further study the ability of DCIC to detect mitochondrial and lyso-
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Fig. 6. Confocal microscopic images of lysosomes (A

DXM
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) and mitochondria (

B) pretreated with DXM (20 pmol/L) and then incubated with DCIC (1 pmol/L) and Lyso-tracker
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Fig. 5. Fluorescence images of HeLa cells: (A-D) Cells were treated with DCIC (10
pmol/L) and Mito-Tracker Green (1 pmol/L) for 30 min. (E-H) Cells were pretreated
with DCIC (10 umol/L) and Mito-Tracker Green (1 pmol/L) for 30 min, then incu-
bated with CCCP (20 pmol/L) for another 30 min.

Merged PCCs

somal viscosity, DCIC-stained cells was treated with dexametha-
sone (DXM), an anti-inflammatory and immunosuppressive drug
that could increase lysosomal and mitochondrial viscosity [34,35].
The results in Fig. 6 revealed that fluorescence intensity of DCIC
in lysosome was weaker than that in mitochondria before dex-
amethasone treatment. However, though fluorescence intensity of
DCIC in both mitochondria and lysosomes increased after dexam-
ethasone treatment, the results of semi-quantitative analysis of in-
tracellular fluorescence intensity showed fluorescence intensity in
lysosomes increased more obviously than that in mitochondria af-
ter DXM treatment. Compared with mitochondria, lysosomes are
more acidic. Therefore, before DXM treatment, on account of the
protonation of nitrogen atoms in DCIC molecules, the fluorescence
intensity of DCIC in lysosomes was weak, and after the increase of
lysosome viscosity, fluorescence of DCIC in lysosomes obviously in-
creased due to TICT effect. These results were also consistent with
the results of spectral tests, suggesting that probe DCIC is suitable
for monitoring intracellular lysosomal viscosity changes.

In summary, we have synthesized a viscosity fluorescence probe
with hemicyanine structure based on molecular rotor. Probe DCIC
possesses large Stokes shift, excellent selectivity, good sensitivity,
near infrared emission (630nm) and good photostability. Because
the protonation of N atoms in probe DCIC, DCIC has unique pH de-
pendence, and the fluorescence will not be quenched in alkaline
environment. Cellular assessments revealed that DCIC had low cy-
totoxicity and could accurately locate mitochondria, lysosomes, en-
doplasmic reticulum and Golgi apparatus. In addition, due to the
joint action of pH-dependence and TICT mechanism, DCIC can de-
tect the change of lysosome viscosity. This probe provides a pow-
erful tool for multi-organelle localization and lysosomal viscosity
detection, and provides a promising strategy for the design of pH-
dependent lysosomal viscosity fluorescence probes.
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Green (1 pmol/L) and Mito-tracker Green (1 pmol/L), respectlvely (@) Semlquantltatlve analysis of ﬂuorescence intensity: 1. Hela cells treated with DCIC and LTG; 2. HeLa
cells pretreated with DXM and then incubated with DCIC and LTG; 3. HelLa cells treated with DCIC and MTG; 4. Hela cells pretreated with DXM and then incubated with

DCIC and MTG.
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