Chinese Chemical Letters 36 (2025) 109876

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Accurate visualization colorectal cancer by monitoring viscosity ®)
variations with a novel mitochondria-targeted fluorescent probe iy

Fan Zheng?®P!, Runsha Xiao®%&!, Shuai Huang®P, Zhikang Chen®%¢, Chen Lai®d¢,
Anyao Bi?P, Heying Yao®P, Xueping Feng®f¢, Zihua Chen“d¢* Wenbin Zeng?P*

a Xiangya School of Pharmaceutical Sciences, Central South University, Changsha 410013, China

Y Hunan Key Laboratory of Diagnostic and Therapeutic Drug Research for Chronic Diseases, Central South University, Changsha 410013, China
¢Department of General Surgery, Xiangya Hospital, Central South University, Changsha 410008, China

dHunan Key Laboratory of Precise Diagnosis and Treatment of Gastrointestinal Tumor, Xiangya Hospital, Central South University, Changsha 410008, China
¢ National Clinical Research Center for Geriatric Disorders, Xiangya Hospital, Central South University, Changsha 410008, China

fDepartment of Oncology, Xiangya Hospital, Central South University, Changsha 410008, China

& Department of Otolaryngology-head and Neck Surgery and Institute of Medical Sciences, Xiangya Hospital, Central South University, Changsha 410008,
China

ARTICLE INFO ABSTRACT

Article history:

Received 13 February 2024
Revised 2 April 2024
Accepted 8 April 2024
Available online 9 April 2024

Colorectal cancer (CRC) is one of the most prevalent malignant tumors worldwide, exhibiting high mor-
bidity and mortality. Lack of efficient tools for early diagnosis and surgical resection guidance of CRC
have been a serious threat to the long-term survival rate of the CRC patients. Recent studies have shown
that relative higher viscosity was presented in tumor cells compared to that in normal cells, leading to
viscosity as a potential biomarker for CRC. Herein, we reported the development of a series of novel

Keywords: viscosity-sensitive and mitochondria-specific fluorescent probes (HTB, HTI, and HTP) for CRC detection.
Fluorescent probe Among them, HTB showed high sensitivity, minimal background interference, low cytotoxicity, and sig-
Viscosity nificant viscous response capability, making it an ideal tool for distinguishing colorectal tumor cells from
Bioimaging normal cells. Importantly, we have successfully utilized HTB to visualize in a CRC-cells-derived xenograft

Colorectal cancer (CDX) model, enriching its medical imaging capacity, which laid a foundation for further clinical transla-

Cancer diagnosis

Mitochondrial-targeted tional application.
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Colorectal cancer (CRC), accounting for over 1.9 million new
cases and 0.9 million deaths each year, is the second most com-
mon cancer in global prevalence which presents a serious threat
to human health [1-3]. Among this, radical resection is an appro-
priate solution for about 75% of patients with CRC [4,5]. Never-
theless, the low rate of early diagnosis and the high rate of post-
operative failure extremely hinders the long-term survival rate of
the CRC patients [6]. In this scenario, numerous resources are de-
voted to advancing imaging technologies to assist early diagno-
sis and accurate surgical resection. So far, computed tomography
(CT), positron emission tomography (PET), and magnetic resonance
imaging (MRI) have made great contributions in the diagnosis of
CRC [7-9]. However, these imaging modalities generally suffer from
radiation, high cost, and low sensitivity [10,11]. Compared with
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these techniques, fluorescence imaging, providing real-time images
with high sensitivity and high resolution, has been widely applied
in distinguishing tumor area from normal tissue, further guiding
surgical resection [12-14].

Since the abnormal fluctuation in microenvironment might re-
sult in the occurrence and progression of cancer, it is of great sig-
nificance to monitor its alteration to early diagnose cancer [15-
17]. Viscosity, as a vital microenvironmental parameter, plays an
essential role in transmitting intracellular substances, transport-
ing chemical signals, and affecting biomacromolecular interactions
[18,19]. Unusual changes in viscosity could cause malignant growth
of cells [20-22]. Meanwhile, relative higher viscosity has been
found to be presented in tumor cells than in normal cells due to
the accumulation of lactic acid [23]. Thus, developing fluorescent
probes for monitoring the fluctuation in viscosity shows great po-
tential in tumor-targeted imaging.

To date, more efforts have been devoted in constructing
viscosity-responsive probes to distinguish tumors from normal tis-
sues [24-26]. For example, Li et al. reported a xanthene-based
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Scheme 1. Schematic illustration of specifically imaging colorectal cancer utilizing
a viscosity-sensitive and mitochondria-specific probe HTB.

probe which provided a tool for exploring the relationship between
viscosity and cancer [25]. Qi et al. connected the tetraphenylene-
like electron donor unit with the cyano-pyridinium salt electron
acceptor part to form a viscosity-dependent probe to specifically il-
luminate tumor cells [26]. However, these developed probes either
suffered from short excitation wavelength or small Stokes shift,
which limited their further application in clinic [26,27]. Therefore,
designing novel probes to meet these demands can provide safer
and lower signal-to-noise ratio imaging for the early clinical diag-
nosis of tumor-related diseases.

Recently, we had reported a novel mitochondrial viscosity
fluorescent probe (HTI) to meet this demand which was applied
for precise visualization and photodynamic therapy of colorectal
cancer [28]. However, its sensitivity towards viscosity, as well
as biocompatibility, remained room to improve. Here, we have
synthesized two more novel mitochondrial-targeted fluorescent
probes (HTB and HTP) through attaching different electron accep-
tor units to the fluorophore 2-(2-hydroxyphenyl)benzothiazole
(HBT) for sensitive detection of viscosity in CRC. Notably,
among these three probes, 2-(2-(5-(3-(benzo[d]thiazol-2-yl)—4-
hydroxyphenyl)thiophen-2-yl)vinyl)—3-methylbenzo[d]thiazol-3-
ium iodide (HTB) was demonstrated to display the most distinct
viscosity-response with the lowest cytotoxicity based on the
experimental and calculative data. As illustrated in Scheme 1,
HTB, with the advantages of its remarkable viscosity sensitivity,
minimal background interference, large Stokes shift, and excellent
mitochondria-targeted ability, was effectively utilized to distin-
guish colorectal tumor from normal part based on the difference
in mitochondrial viscosity and membrane potential. In a word,
HTB was deemed as a potential fluorescent probe for precise
detecting CRC in real-time.

Generally, a freely rotating group is important in the rational
molecular design strategy of viscosity fluorescent probes. Given
the intramolecular free rotation, the fluorescence of the probe will
be hard to record in the low viscous environment based on the
twisted intramolecular charge transfer (TICT) effect. In contrast, the
fluorescence will be extremely enhanced in the highly viscous en-
vironment since the rotation is restricted. Thus, we introduced dif-
ferent electron acceptor groups to the HBT fluorophore through a
freely rotating double bond to obtain probes HTB, HTI, and HTP.
The three probes were synthesized in three steps with the C=C
bond as recognition site for viscosity (Scheme S1 in Supporting in-
formation). Then, we screened out HTB with excellent properties
by spectral testing and calculation to provide remarkable viscosity-
response performance in tumor-specific imaging. The characteriza-
tion of the chemical structure of these probes was validated by
nuclear magnetic resonance imaging (NMR) and high-resolution
mass spectrometry (HRMS), as shown in the supporting informa-
tion (Figs. S8-S16 in Supporting information).
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With the probes in hand (Figs. 1A, E and I), the spectral prop-
erties were firstly investigated. As illustrated in Fig. S1 (Support-
ing information), the absorption peaks of HTB, HTI, and HTP were
around at 480, 500, and 440 nm. As displayed in Figs. 1B, F and
], the emission peaks of HTB, HTI, and HTP were at around 610,
615, and 585nm, reflecting large Stokes shifts of 130, 115, and
145 nm, respectively. Furthermore, it is worth noting that strik-
ingly strong fluorescence of these probes was only displayed in
glycerin rather than showing in other solvents, implying a capac-
ity of viscosity response. Under this circumstance, the quantita-
tive evaluation of the probes against viscosity was carried out in
different methanol/glycerol miscible systems from 1.57 cP (100%
methanol) to 2043 cP (100% glycerol). As shown in Figs. 1C, G and
K, the fluorescence intensity of the probes remarkably enhanced
with the increased fraction of glycerol. More importantly, the emis-
sion intensity showed an excellent linear relationship with viscos-
ity (Figs. 1D, H and L). The Forster-Hoffmann equation can typi-
cally reflect the values of viscosity sensitivity [22]. Among them,
HTB displayed the largest slope (0.3607) based on the Forster-
Hoffmann equation and the most significant change in the flu-
orescence intensity from methanol to glycerol (14-fold increase),
indicating the highest sensitivity towards viscosity. Then, the in-
terference of other biologically related species towards the probes
was explored. With the addition of various cations, anion, reactive
oxygen species, or amino acids, the changes in the fluorescence
were negligible (Figs. S2A-C in Supporting information). Moreover,
few fluctuations in fluorescence were depicted under physiological
pH conditions (Figs. S2D-F in Supporting information). Then, time-
dependent density functional theory (TDDFT) calculations were
performed to reveal the optimized geometry of the probes utiliz-
ing Gaussian 16 software (CAM-B3LYP/Def2-svp). The excited state
was analyzed by electron-hole analysis. As shown in Fig. S3 (Sup-
porting information), the hole was mainly located on the phenol
of HBT and the thiophene part, while electron was mainly located
on the positive-charged electron acceptor groups. It reflected that
this series of probes had a typical twisting intramolecular charge
transfer (TICT) effect. Collectively, these results demonstrated that
the three probes were feasible for sensitively and selectively mon-
itoring viscous changes, especially HTB.

Based on the fabulous properties of the three probes in vitro,
we further investigated the intracellular imaging capacity. Firstly,
we conducted the biocompatibility assessment in human colon
cancer cell line HCT-116 via cell counting kit-8 (CCK8) assay. The
cell viability of HCT-116 cells proved that the probes were negli-
gible toxic to live cells (Fig. S4 in Supporting information). More
importantly, the cell proliferation activity affected by HTB was ob-
served to be minimum which maintained over 85% at concentra-
tions up to 30 pmol/L.

Then, a colocalization experiment using confocal laser scanning
microscopy (CLSM) was conducted. Since a positive charge was in-
volved in the structure of the probes, it might enable them to tar-
get mitochondria through the electrostatic interaction with the mi-
tochondrial membrane [29]. In this scenario, we speculated that
the probes could accumulate in mitochondria. Thus, HCT-116 cells
were incubated with probes and Mitotracker Rhodamine-123 or
Lysotracker Green to evaluate the targeting capacity. As shown in
Fig. 2, the fluorescence signals of Rhodamine-123 were vigorously
overlapped with that of the probes with a Pearson’s colocalization
coefficient over 0.9. Comparatively, the Pearson’s correlation coef-
ficient between probes and Lysotracker Green was only around 0.4
(Fig. S5 in Supporting information). The results had verified our
hypothesis that the probes could predominantly achieve mitochon-
drial directing.

Inspired by the extraordinary targeting capacity of the probes
towards mitochondria, the practicality in monitoring mitochondrial
viscosity fluctuations was conducted. As reported, nystatin, a com-
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Fig. 1. (A) Chemical structure of HTB. (B) Fluorescence spectra of HTB (10 umol/L) in various solvents. (C) Fluorescence spectra of HTB (10 umol/L) in methanol contain-
ing an increasing proportion of glycerin. Aex =480 nm. (D) Dependence of Log(I) on Log(n). Log(Is10)=0.3607 x Log(n) + 1.733 (R? =0.9945). (E) Chemical structure of HTL
(F) Fluorescence spectra of HTI (10 pmol/L) in various solvents. (G) Fluorescence spectra of HTI (10 pmol/L) in methanol containing an increasing proportion of glycerin.
Aex =500 nm. (H) Dependence of Log(I) on Log(n). Log(ls17)=0.3419 x Log(n)+ 1.709 (R* =0.9935). (I) Chemical structure of HTP. (J) Fluorescence spectra of HTP (10 pmol/L)
in various solvents. (K) Fluorescence spectra of HTP (10 pmol/L) in methanol containing an increasing proportion of glycerin. Aex =440nm. (L) Dependence of Log(I) on
Log(n). Log(Isgs)=0.3032 x Log(n) + 1.899 (R?> =0.9860). Data are presented as mean =+ standard deviation (SD) (n=3).
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Fig. 2. CLSM images of HTB, HTI, or HTP (10 pmol/L) co-stained with Rhodamine
123 in HCT-116 cells separately. Green channel for Rhodamine 123, Ax =488 nm,
Aem =525+20nm. Red channel for HTB: Aex =546nm, Aepm =610420nm, HTI:
Aex =568 nNm, Aem =6204+20nm, HTP: Aex =405nm, Aem =580420nm. Scale bar:
10 pm.

monly used antifungal drug, can induce mitochondrial dysfunction
and cause viscous variation [30]. Prior to the intracellular appli-
cation of nystatin, no distinct fluorescence changes were recorded
after coexisting it with the probes in solution (Fig. S6 in Support-
ing information). Then, the cells were pretreated with 10 pmol/L
probe, followed by incubation with nystatin for different times. As
can be seen from Fig. S7 (Supporting information), the red fluo-
rescence of the probes gradually enhanced with the increased in-
cubation time with nystatin, indicating real-time imaging of mito-
chondrial viscosity by the developed probes. It is worth noting that
the most remarkable enhancement in fluorescence towards viscos-
ity was observed utilizing probe HTB. Comprehensively considering

A Hoechs33342

NCM-460

SW-620

HCT-116

Fig. 3. The capability of HTB to distinguish CRC cells from normal cells. (A) Viscos-
ity inspection using HTB (10 pmol/L) in epithelial cells (NCM-460) and in different
colon cells (SW-620 and HCT-116). Blue channel for Hoechst33342: A.x =405nm,
dem =455+20nm. Red channel for HTB: Aex =546nm, Aem =610+20nm. Scale
bar: 10pm. (B) The plots of relative fluorescence intensities in NCM-460, SW-
620, and HCT-116 cells. Data are presented as mean + SD (n=3). ***P<0.001,
P < 0.0001.

the results of the spectral properties, the theoretical calculation,
and the cells assessments, HTB exhibited high sensitivity, low cy-
totoxicity, and good intracellular imaging capacity to monitor vis-
cous changes, which was selected to be implemented for further
biological application.

Based on the urgent need for early screening of tumors, de-
tection means which can efficient discriminate tumor cells will
greatly contribute to clinical diagnosis and treatment. In this
fields, fluorescent probes perfectly meet this requirement, offer-
ing a choice at low cost, high sensitivity, and real-time monitoring
[31,32]. Therefore, HTB was applied in tumor cell discrimination
based on its ability to inspecting mitochondrial viscosity. As shown
in Fig. 3, significant red signals of HTB were captured in the colon
cancer cells compared to that in the normal colon epithelial cells.
This result indicated that HTB was capable of distinguishing tumor
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Fig. 4. The capability of HTB to label tumor in CRC-CDX mice model. (A) In vivo flu-
orescence image of HTB (100 umol/L, 100 pL) labelled tumor after the intertumoral
injection at different time points. (B) Comparation of tumor versus normal organs
(heart, liver, spleen, lung, and kidney) 1h after intertumoral injection of HTB.

cells from normal cells in view of the distinction of mitochondrial
viscosity with high spatiotemporal resolution, providing an innova-
tive tool for clinical practice to improve the early detection rate of
CRC.

Profit by the exceptional characteristics of HTB in vitro, we de-
cided to continue the assessment in vivo. Cells-derived xenograft
(CDX) model was established using HCT-116 cells in BALB/c nude
mice. All animal experiments were performed according to the rel-
evant ethical regulations of Xiangya Hospital, and this study re-
ceived approval from Experimental Animal Ethics Committee of Xi-
angya Hospital, Central South University. HCT-116 cells at a density
of 1x 107/mL were subcutaneously inoculated in right forelimb
armpit of mice 100 pL each. After the tumor grew up to approx-
imately 800mm3 under specific pathogen-free conditions, mice
were used to serve as a colorectal cancer CDX model. HTB (100
pmol/L, 100 pL) was previously intratumorally injected in tumor
region on mice, then, in vivo fluorescence images were captured at
the time point of 1 and 24 h. The bio-compatibility and metabolic
stability of HTB were depicted in Fig. 4A. High intensity signal, due
to the high viscosity environment in tumor site, was clearly cap-
tured 1h after the injection of HTB compared to the phosphate-
buffered saline (PBS) group. And bright fluorescence signal could
still be maintained in the tumor region even after 24 h. Mice were
euthanized after imaging, then main normal organs (heart, liver,
spleen, lung, and kidney) and tumor were isolated for ex vivo flu-
orescence imaging (Fig. 4B). Distinct fluorescence signal was only
observed on tumor which demonstrated the retention effect and
the specificity of HTB in vivo. These performances duly indicated
that HTB was a feasible and efficient real-time fluorescent probe
with tumor retention capability, further possessing clinical transla-
tional application prospects.

In summary, this study proposed the development of a series
of HBT-based fluorescent probes to evaluate for an efficient tool
for real-time and accurate diagnose CRC. It was demonstrated that
HTB exhibited large Stokes shift, as well as high viscous sensitivity
and selectivity. With its excellent physicochemical properties, HTB
could qualitatively and quantitatively detect mitochondrial viscos-
ity changes. Then, HTB was utilized to distinguish colorectal cells
from normal cells based on the difference in mitochondrial viscos-
ity and membrane potential. In addition, the imaging capacity of
the probe was validated in vivo. Collectively, this work has pro-
vided a potential tool for early CRC diagnosis and its versatility
held great promise for studying other viscosity abnormal-related
diseases.
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