A combined viscosity-restricted intramolecular motion and
mitochondrial targeting leads to selective tumor visualization
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We report a novel fluorescent molecular conjugate V-M1 enabling
an accurate visualization of tumor tissues. The emission
wavelength of V-M1 exceeds 650 nm, well within the near-infrared
therapeutic window. Tumor accumulation of this cationic dye
allows the visualization of cancerous cells as a function of
mitochondrial viscosity.

Surgical resection of tumorous tissues has remained the most
effective method for cancer treatment. During the procedure,
the success of the surgery greatly depends on the completeness
of the tumor removal. Incomplete tumor resection will lead to
tumor recurrence, causing further damage.! Therefore, the
accurate visualization of tumor tissue plays a crucial role during
an operation.? However, the majority of conventional imaging
methods, such as magnetic resonance (MR)3 and ultrasound
(US)* are still associated with an unsatisfactory resolution,
which translates into poor control over the precision of
distinguishing tumor tissue from normal tissue.? Imaging-guided
surgery using fluorescence has a comparatively better imaging
resolution and has the potential for a broad application in a
clinical setting.> However, the success of the method is
determined by the tissue selectivity of the fluorescent dye, as
well as the orthogonality of the fluorescence with tissue
autofluorescence.® This latter condition can be met by using
near-infrared fluorescence covering the first therapeutic
window (650-900 nm), where both absorbance, light scattering
and autofluorescence are low.”

Viscosity, as the single-most important factor in diffusion-
control processes, plays a vital role in chemistry and biological
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activities.® In fact, unusual variations in micro-viscosity of cell is
associated with many human-diseases, such as diabetes,
Alzheimer's disease, atherosclerosis and especially, cell
malignancy.® In general, compared to the vast majority of
normal cells, the relative micro-viscosity in tumor cells is higher,
which can be attributed to the accumulation of lactic acid in
tumors.1% Thus, imaging cellular viscosity could represent an
elegant solution to achieve the purpose of visualizing the tumor
tissue. However, the large viscosity of cell membranes,
particularly those bearing large amounts of glycoproteins or
mucous cells, would likely represent major sources of
interference.!

In order to overcome all the aforementioned challenges,
herein, we report a novel viscosity-sensitive fluorescence
molecule V-M1, which contains a positive charge (Scheme 1). As
we will demonstrate below, this positive charge, in combination
with the overall lipophilic nature of the dye, bestows a
mitochondrial selectivity to the molecular conjugate.’? In view
of the significantly higher mitochondrial membrane potential of
cancerous tissues,'3 this not only bypasses potential issues with
cell membrane viscosity, but inherently increases the selectivity
towards malignant tissues compared to other viscosity probes.

V-M1 was synthesized through a condensation reaction
between a 1,8-naphthalimide derivative and 4-(diethyl
amino)salicylic aldehyde. Through this ring-forming reaction,
the intramolecular conjugated system is expanded, causing the
maximum emission wavelength of V-M1 shift to 650 nm, with a
broad tail extending in the NIR region. The conjugation of the
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Scheme 1 Structure and mechanism of V-M1.



—_
)
-

o
a
=

Teg = 756,95 -8.124T
R =0.9280

@
]
o

FL Intonsity (648 nm)

500

FL Intensity (a.u.)
n
8

~
o

0+ 0
550 600 650 700 750 800 850 550 600 650 700 750 800 850
Wavelength (nm) Wavelength (nm)
() (d)

B: K,S; 15:Cys
9:LAP  16:Na
:DIA  AT:K'

: AZOR 18: Mg™
12:NTR  18: Ca™
13:GSH  20; Fe”
14:Hey  21:Cu®

08 12 18 20 24 28
togy

> 299 ps

85 ps

Hr\mﬂnnﬁumﬁ”—ﬂnn’HHﬂ
123935626 91p7TaT3gTsIglrIgledp 2y

Analytes

o

3 4 5 8 7 8
Time (ns)

Fig. 1 (a) Fluorescence spectra of V-M1 (10 pM, excited at 505 nm) in mixed solvents
with different proportions of methanol and glycerol at 25 °C. Inset: The linearity of the
relationship between the fluorescence intensity and viscosity in mixed solvents, R? =
0.9904. (b) Fluorescence spectra and ratio of V-M1 (10 uM, excited at 505 nm) at
different temperatures in methanol-glycerol (3/7, v/v). Inset: The linearity of the
relationship of the fluorescence intensity and the solvent temperature, R2=0.9879. (c)
Fluorescence lifetime spectra of V-M1 (10 uM) in methanol/glycerol mixed solvents
(excited at 470 nm) at 25 °C. Inset: Linear relationship of log T and log n, R2 = 0.9924. (d)
Fluorescent response of V-M1 (10 uM, excited at 505 nm) in the presence of various
analytes (50 pM, 2 mg/mL of serum albumin) at 25 °C.

two sub-components of the dye were effectuated through a
bond with a predominant single bond character to enable
intramolecular motion as a deexcitation pathway. The synthesis
is shown in Scheme S1 (ESIT). The chemical structure of V-M1
was confirmed by *H NMR, 3C NMR spectroscopy and mass
spectrometry. The NMR and Mass spectra of V-M1 are shown
in the Electronic Supporting Information (Fig S1-S6, ESIt).

The fluorescence of V-M1 demonstrated relatively minor
changes in several solvents with different polarities, but an
obvious fluorescence enhancement was observed in glycerol
(Fig. S7, ESIt). To confirm this enhanced fluorescence was a
result of the dramatically different viscosity, we performed two
complementary experiments. Firstly, the viscosity-dependent
response of V-M1 was studied in media consisting of different
ratios of methanol to glycerol. with viscosities ranging from 1.3
cP to 430 cP (Table. S1, ESIT). As show in Fig. 1a, V-M1 exhibits
a weak emission intensity at 650 nm in solvents with low
viscosities. However, the mission intensity of V-M1 is notably
enhanced as a result of the increased viscosity of the solvent. A
3-fold enhancement in fluorescence intensity can be observed,
with a good linear dependence between log lgsp and log n
(viscosity), evidenced by the correlation coefficient of 0.9904. In
a second approach, the temperature of a methanol-glycerol
(3/7, v/v) was regulated between 45 °C and -5 °C, to cause
temperature-dependent viscosity changes.'* The intensity of
the emission peak at 650 nm clearly increased as the
temperature decreased, and an excellent linear relationship
exists between lgso and the temperature (R? = 0.9879). Very
similar experimental results were obtained using ethanol and
glycerol as components of the mixed solvent media (Fig. S8,
ESIT). Furthermore, with increasing viscosity, the absorbance of
V-M1 in the mixed solvents with different proportions of
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ethanol/glycerol and methanol/glycerol both exhibit regular
enhancements at around 505 nm (Fig. S9 and S10, ESIT).

To exclude fluorescent responses from sources other than
viscosity, we performed an experiment in which the viscosity
was kept constant, but the polarity was varied. In different
proportions of 1,4-dioxane/water as a solvent, only minor
fluorescence changes were observed, as shown in Fig. S11
(ESIT). The influence of the pH on the fluorescence was studied
as well, and we further studied the pH stability of V-M1 in the
water/glycerol system (4:6, v/v, 0.01 M PBS buffer). The pH
titration scatter diagram demonstrates that V-M1 exhibits a
stable fluorescence intensity in the pH 3-8.5 range, indicating
that V-M1 is capable of working at all pH levels commonly
encountered in in vivo environments. (Fig. S12, ESIT). Finally, we
tested if any common biologically relevant small molecules and
commonly overexpressed enzymes could be excluded as
potential sources of interference. The results are summarized in
Fig. 1d. As can be seen potential interferents such as ONOO;,
NO;, H,0,, HCIO, H,S, K;Ss, leucine aminopeptidase (LAP),
diaphorase (DIA), azo reductase (AZOR), nitroreductase (NTR),
glutathione (GSH), Homocystine (Hcy), cysteine (Cys), some
cations (Na*, K*, Fe3*, Cu?*, Ca%*, Mg?*) and serum albumin (SAB)
only produced negligible fluorescent changes for V-M1, as
compared to the fluorescent response in a high viscous solvent
mixture.

Prior to cell imaging, the cytotoxicity of V-M1 was tested in
various cell lines, with 1Csg values ranging from 9.65 uM to 22.51
KM in cancerous cells and > 60 uM in a normal cell line (Fig. S13,
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Fig. 2 (a) CLSM imaging of Hela cells stained with V-M1 (10 uM), DAPI (10 uM).
Cells were treated with different concentrations of monensin (0 uM, 5 pM, 10 pM,
15 uM); (b) Average fluorescence intensity of each group of cells in panel (a), Bars
denote the average of n = 3 measurements of random cells, while error bars
denote the standard deviation; (c) Fluorescence lifetime imaging of V-M1 in Hela
cell. Cells were imaged with and without the addition of monensin (0 and 10 uM).
**¥p < 0.001.
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ESIT). This differential toxicity clearly hints at an intracellular
target important to cellular proliferation. In subsequent cell
studies, the concentrations of V-M1 never exceeded 10 pM to
avoid significant toxicity induction. In order to utilize V-M1 as
an efficient tool for the detection of intracellular viscosity, the
intracellular location of V-M1 was identified first. The
colocalization results of V-M1 were obtained using a CLSM
(Confocal laser scanning microscope) with Mito Tracker Green
(MTG), a commercial green-fluorescence marker for
mitochondria. As shown in Fig. S14 (ESIt), V-M1 shows a
distribution consistent with that of MTG, and the intensity
profile of linear regions of interest (ROIs) between V-M1 and
MTG also tends to be consistent, supported by an excellent
Pearson’s coefficient of 0.95. Furthermore, no interference
from the cellular membrane was observed for V-M1.

Monensin, well-known for its ability to increasing the
intracellular viscosity by causing structural changes or swelling
of mitochondria,® was used to study the ability of V-M1 to
respond to cellular viscosity changes. Upon treatment with
monensin, a distinct red fluorescence of V-M1 can clearly be
observed in Hela cells (Fig. 2a and S15, ESIT). Notably, as shown
in Fig. 2 b, with the concentration of monensin increasing, the
average fluorescence intensity is enhanced proportionally. All
these observations point to V-M1 as an effective fluorescent
molecular tool for detecting viscosity fluctuations in Hela cells.

To further confirm the changes in fluorescence as reported
in Fig. 2a and b are caused by the changes in the viscosity, cells
treated under similar conditions were subjected to fluorescence
lifetime imaging. As shown in Fig. 2c and S16 (ESIT), the average
fluorescence lifetime of V-M1 in Hela cells was measured as
130.32 ps, which indicates the viscosity of 64.6 cP on the basis
of the linear relationship in Fig. 1c. Upon treatment with
monensin (10 pM), a clear enhancement of the fluorescence
lifetime can be observed. The average fluorescence lifetime in
Hela cells increases to 157.06 ps, which corresponds to a
viscosity estimate of 104.0 cP. Importantly, these data
correspond well with a previously reported normal
mitochondrial viscosity of 63.5 cP and abnormal viscosity of 91.9
in Hela cells,*® thus validating V-M1 as a quantitative imaging
agent for intracellular viscosity.

(a) (b)
Control 160 e
2
2120
5
£
= T 80
@
o)
S a0
=
<
0
0 04 08 12
Concentration (M)

Fig. 3 (a) Fluorescence imaging of C. elegans stained with V-M1, in nematodes
subjected to increasing concentrations of NaNs. Images were obtained using an
excitation wavelength of 505 nm, with the emission being monitored in a spectral
window encompassing 600-650 nm. Scale bar: 20 um; (b) Average fluorescence
intensity of each group from panel (a). Bars denote the average of n = 3
measurements of similar regions of interest from the different part of the same
nematode, while error bars denote the standard deviation. ***p < 0.001.
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Fig. 4 (a) A photo of a mouse used in this experiment, and tumors are shown in the
circles; (b) Bright field and fluorescence signal imaging of the 4T1 xenographt
tumor 1; (c) Bright field and fluorescence signal imaging of the 4T1 xenographt
tumor 2. All organs and tumors were incubated with 100 uM of V-M1 in the
ethanol-PBS system (1:10, v/v) for 4 h at 37 °C. Images were obtained using an
excitation wavelength of 530 nm, with the emission being monitored in the 600-
650 nm spectral window. (d) The radiance efficiency of the tumor 1 compared to
other organs; (e) The radiance efficiency of the tumor 2 compared to other organs.
Bars denote the average of n = 3 measurements of similar regions of interest from
the same tumors or organs, while error bars denote the standard deviation. *p <
0.05, **p < 0.01.

As outlined above, we characterized V-M1 as an accurate
detection tool for viscosity at the cellular level. However, the
microenvironment of living animals is complex. Thus, we chose
C. elegans, a widely used biological model of invertebrates, to
conduct fluorescence imaging. NaNs is an anesthetic for C.
elegans, resulting of physiological
disfunction,'’ associated with abnormal viscosity levels. As

in different degrees

show in Fig. 3 and S17 (ESIt), the images of C. elegans belonging
to the control group hardly showed any fluorescent emission.
However, with the concentration of NaNjs increasing, a strongly
increased red fluorescence was observed, meaning that V-M1 is
capable of detecting the viscosity changes in vivo in multicellular
animals.

Based on experimental data, we anticipate the potential of V-
M1 for tumor visualization through its higher viscosity,
combined with mitochondrial targeting. Therefore, the
fluorescence signal imaging for visualization in mouse xenograft
model for tumor selective targeting and biodistribution was
conducted. We established 4T1 murine mammary tumor-
bearing BALb/c mice model. When the tumors grew up to the
experiment experiment-required size (8-12 mm in diameter),
mice were euthanized using the cervical dislocation method,
then the tumor and organs were separated from the mice with
a scalpel and divided into two groups, one group was placed on
glass-bottom culture dishes, incubated with 100 uM V-M1 in
ethanol-PBS (0.01 M, pH = 7.4) (1:10, v/v) under normoxia
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conditions at 37 °C for 4 h, the other was incubated with
ethanol-PBS (0.01 M, pH = 7.4) (1:10, v/v) under normoxia at 37
°C for 4 h. Tumors and organs were washed with PBS before
imaging.

As shown in Fig. 4, it is obvious that both tumor 1 and 2 show
a strong fluorescence-signal emission after being treated with
V-M1. By contrast, other vital organs such as the lungs, heart,
spleen and kidneys hardly show any fluorescence (Fig. 4b, c).
Importantly, the liver, which usually interferes with tumor-
specific detection, also exhibits a very weak fluorescent signal.
As a result of this significant signal intensity difference between
the liver and tumor (Fig. 4d, e), V-M1 would be very appealing
for tumor imaging. In a control experiment (Fig. S18, ESIt), no
fluorescent signal can be detected without the addition of V-
M1, demonstrating a clear lack of autofluorescence that may
exist in the tumor under these imaging conditions. This
phenomenon could be attributed to the inclusion of a cation in
the structure of V-M1.

Some cationic-molecules can be quickly internalized by
cancer cells through the adsorption-mediated transcytosis
(AMT), then those molecules would be intracellularly shifted
and exocytosed into the interstitium and finally internalized by
the surrounding cells and transferred to cells at the lower
layers. Thus, those cationic molecules can penetrate deeper
into the tumor tissues.'® In this way, the cationic V-M1 maybe
undergoes both endocytosis and transcytosis, which enabling
both transendothelial and transcellular transport. As a result, V-
M1 can be uniformly distributed throughout the tumor and
respond to the abnormal viscosity (Fig. 4b, c). The fluorescence
signal imaging of slices of tumor 1 and 3 (Fig. S19) further
supported this assumption.

Although the fluorescence signal of a slice of tumor 1 is
relatively wealk, it still demonstrated that a small portion of V-
M1 transfers deep into the tumor, compared to other organs,
and this result was consistent with our assumption. In addition,
there was no fluorescence signal could be detected in the
control group, ruling out tissue auto-fluorescence as a potential
source of interference. All these results indicate that V-M1 has
a capacity to penetrate the tumor through AMT and specifically
mark the tumor by sensing its abnormal viscosity.

In conclusion, V-M1, a novel fluorescence probe for the
visualization of tumor through monitoring viscosity was
presented. Spectral analysis, fluorescence and fluorescence
lifetime imaging of Hela cells provided a clear evidence for a
favorable biocompatibility and a quantitative measurement of
the micro-viscosity. The fluorescence imaging experiments with
C. elegans indicated that V-M1 has a capacity to detect the
fluctuation of viscosity in living multicellular animals. Notably,
during the ex vivo biodistribution imaging test, 4T1 xenographt
tumors were specifically identified among different tissues by
V-M1 fluorescence, demonstrating a potential for guiding
surgical resection of tumor through detecting an increased
viscosity, combined with mitochondrial targeting. All these
results suggest that V-M1 can be utilized as an efficient tool for
tumor visualization.
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