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Enriching the palette of high-performance fluores- T ne

cent dyes is vital to support the frontier of biomedical imaging. ® Nesoamino "y -(:{ijjz:w’ o a0

Although various rhodamine skeletons remain the premier type of —— : »

small-molecule fluorophores due to the apparent high brightness ISR exension ’ ’;T‘

and flexible modifiability, they still suffer from the inherent defect EaonEhedani .,
of small Stokes shift due to the nonideal fluorescence imaging  /improved Stablity & StokesShift  Flexible Modification e
signal-to-background ratio. Especially, the rising class of fluorescent laparctomy

dyes, sulfone-substituted xanthone, exhibits great potential, but low
chemical stability is also pointed out as the problem. Molecular
engineering of sulfone-xanthone to obtain a large Stokes shift and
high stability is highly desired, but it is still scarce. Herein, we
present the combination modification method for optimizing the
performance of sulfone-xanthone. These redesigned fluorescent
skeletons owned greatly improved stability and Stokes shift compared with the parent sulfone-rhodamine. To the proof of
bioimaging capacity, annexin protein-targeted peptide LS301 was introduced to the most promising dyes, J-S-ARh, to form the
tumor-targeted fluorescent probe, J-S-LS301. The resulting probe, J-S-LS301, can be an outstanding fluorescence tool for the
orthotopic transplantation tumor model of hepatocellular carcinoma imaging and on-site pathological analysis. In summary, the
combination method could serve as a basis for rational optimization of sulfone-xanthone. Overall, the chemistry reported here
broadens the scope of accessible sulfone-xanthone functionality and, in turn, enables to facilitate the translation of biomedical
research toward the clinical domain.

sulfone-xanthone, molecular engineering, fluorescence navigation

Fluorescence imaging technique has attracted more and more the apparent bulky molecular structure caused nonideal
attention in the preclinical medical research, clinical— solubility.'”~'* To solve the defect, it needs to encapsulate
pathological examination, and modern biological domain.' > to form nanomaterials that broadly limit the sufficient
As for the core of fluorescence imaging, small-molecule organic biodistribution and pharmacokinetics study. Hence, it is
fluorescent dyes that own preeminent optical and chemical obvious that only a few small-molecule fluorophores own the
properties are urgently needed, which could ensure high above optimal properties in all of these categories. The
fidelity and quality signal output. To be suitable for clinical use, development of newly designed organic fluorescent dyes that
the most critical characteristics for newly designed small- addressed the above defects is highly demanded.

molecule organic fluorescent dyes are large Stokes shift, high Among 'the numerous ﬂuc.)rescent dyes, thdaming d.eriva.tes
fluorescence efficiency in the near-infrared region, sufficient play an important role in the f01.1ndat10nall bioimaging
stability, and ideal solubility for complete biodistribution and experiment due to high fluorescent brightness. Since the first
pharmacokinetics research.® report on Si-substituted rhodamine analogues by Qian and co-
Regrettably, the three kinds of fluorescent dyes (indocyanine workers, phos_phine oxide, sulfone, and ketone moieties were
: : . introduced.”™*° Based on this, a lot of novel NIR—NIR II

green, fluorescein, and methylene blue) that are widely used in : 4

the clinical range all suffer from obvious small Stokes shift and

nonideal photostability.”~” Furthermore, for the range of October 10, 2023
biomedical research studies, the widely used rhodamine November 7, 2023
derivative emits photons in the visible spectrum region, November 20, 2023

which suffers from surface penetration depth and severe December 8, 2023

autofluorescence from biological tissues. Even though some of
the rhodamine derivates were extended to the NIR-II region,

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacsau.3c00613

v ACS Publications 3462 JACS Au 2023, 3, 3462-3472


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei-Fan+Xiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan-Zhao+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Jin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ding-Heng+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan-Hong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shan-Yong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shan-Yong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Qi+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.3c00613&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00613?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00613?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00613?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00613?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00613?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/3/12?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/12?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/12?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/12?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.3c00613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

emission rhodamine analogues are constructed.”'~*° It could
be seemed as a flexible method through altering the C-10
bridging atom of the xanthene skeleton to lead the significant
red shifts in absorbance and emission. However, the inherent
defects of the rhodamine derivate, small Stokes shift, are still
not solved. Much more importantly, with the electron-
withdrawing ability of the C-10 bridging atom increased
(silicon group, phosphorus oxide group and sulfone group),
the stability of rhodamine fluorophores decreased, causing
limited biomedical application, especially sulfone-rhod-
amine.'””*™* To increase the Stokes shift of rhodamine,
Burgess and co-workers utilized the meso-amino-substituted
method, and this kind of meso-amino-substituted rhodamine
analogues still possess high fluorescent brightness of the
original rhodamine skeleton.’® Unfortunately, the meso-amino
modification method could cause the hypsochromic shifts in
their emission and absorption spectrum. Hence, based on this,
the further method of altering the C-10 bridging atom is used
to develop large Stokes shift NIR emission fluorescent dyes in
Klan group’s work, Hell group’s work, Ahn group’s work, and
our previous work.>'73® Nevertheless, among these studies, the
emission wavelength of these redesigned meso-amino-sub-
stituted rhodamine derivatives was about 650 nm. The
fluorescence emission wavelength over 700 nm with a large
Stokes shift was still not reported.

To this end, in this article, we undertook a combination
method to optimize the performance of sulfone-xanthone. The
meso-amino-substituted and 7#-system-extending derivatives
were utilized to construct a series of new fluorescent
chromophores. Herein, as described in Scheme 1, we

Scheme 1. Rational Design of Meso-Amino-Substituted
Sulfone-Xanthone Derivatives
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demonstrate that meso-amino-substituted sulfone-xanthone
still possessed the high fluorescence efficiency of the parent
skeleton, and the Stokes shift was greatly improved (>4070
cm™!). J-S-ARh that owned the best combination optical
properties was selected as the fluorescent platform for further
testing of the bioimaging ability in vivo. J-S-ARh was
conjugated with the annexin A2 protein-targeted cyclic
octapeptide to form probe J-S-LS301. Probe J-S-LS301 could
not only distinguish cancer cells and normal cells in the mix-
cultured model but also accurately identify the hepatocellular
carcinoma tissue. The results could completely match the
results of pathological analysis, which displayed the character-
istic of simplifying the tumor diagnosis. This study reports the
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longest emission wavelength (>700 nm) in the range of meso-
amino-substituted rhodamine substrates with large Stokes shift
(>4070 cm™) and high fluorescence efficiency. It adds an
essential small-molecule dye category to classical dyes and
provides a new fluorescence tool for in vivo fluorescence
imaging.

In this work, our aim is to develop highly stable and large
Stokes shift sulfone-xanthone derivatives. According to the
previous work, to achieve improved stability and Stokes shift in
the parent sulfone-rhodamine skeleton, the key is to decrease
the electrophilicity at the C7—C8 position of the sulfone-
rhodamine skeleton.”’ > We first identified the role of the
meso-amino group substituted at the C7 position in
dimethylamino-xanthene-derived scaffolds (Figure la). Com-
putational calculations using multifin were performed for
meso-amino-substituted sulfone-xanthone according to the
previous method.””** As shown in Figure 2a, the Mulliken
charge on the C7 position of SRh was +0.644 au, whereas that
of M-S-ARh was +0.702 au. It was quite apparent that the
electrophilicity at the C7 position of the modified
chromophore was significantly lowered in the modified
chromophore compared to that in the parent skeleton.
However, the previous work reported that the meso-amino-
substituted derivative could cause an obvious hypochromatic
shift that was adverse for the sufficient depth of tissue
penetration.”” To this end, we further analyzed the electronic
excitation of these newly designed dyes. As shown in Figure 1b,
these dyes displayed gradually increased LUMOs and
increased HOMOs except for compound I-S-ARh. In addition,
the energy gap (Eg) of HOMO—LUMO showed an obvious
tapering characteristic (2.904—2.756 eV), which matched well
with the absorption bathochromic shift trend observed from
UV—vis—NIR spectra. This could be explained by the
modification of arylamine in the fluorescent skeleton and the
extension of the 7z-system.

To verify that the combination design method could improve
the stability and Stokes shift that form the high-performance
NIR emission fluorescent dyes, we constructed these new
meso-amino-substituted sulfone-xanthone derivatives. These
newly designed fluorescent dyes were synthesized in six steps
with acceptable yields. All of the synthetic details and other
characterization data are shown in the Supporting Information
(Schemes S1—S6 and Figures S19—S35).

With these S-ARhs in hand, the optical properties of these
dyes were first tested. As shown in Figure 1c—i, M-S-ARh, P-S-
ARh, N-S-ARh, J-S-ARh, and I-S-ARh showed a maximum
absorption peak at 505, 514, 522, 542, and 544 nm,
respectively. In addition, due to the similar structure of the
skeleton, all of these compounds possessed a shoulder peak at
350—430 nm. In addition, S-ARhs all obeyed the Lambert—
Beer law in the range of 1—10 zM in PBS (Figure S1) and thus
displayed the ideal water solubility for imaging in a practical
biomedical field. In addition, according to the Lambert—Beer
law, the molar absorption coeflicients of S-ARhs were tested
around 1.08 X 10* to 3.99 x 10* M™! cm™, which still
possessed the ideal property of the original sulfone-rhodamine.

The fluorescence emission wavelengths of these dyes were
tested subsequently. As shown in Figure 1g, the wavelengths
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M-S-ARh 505 638 4130 311 x10¢ 14.66 30.73 25.15

P-S-ARh 514 650 4070 1.39x10¢ 17.38 42.85 34.47

Q-S-ARh 522 675 4340 3.99 x10¢ 15.57 10.38 81.24

J-S-ARh 542 705 4260 3.64x10* 15.44 30.03 27.58

I-S-ARh 544 725 4590 1.08 x10¢ 215 16.94 7.08

Figure 1. (a) Structure of the S-ARh derivates. (b) Frontier orbitals and energy levels of the S-ARhs derivates calculated by DFT at the B3LYP/6-
31+G(d,p) level of Gaussian 09. (c—g) Normalized absorption and emission spectrum of M-S-ARh, P-S-ARh, N-S-ARh, J-S-ARh, and I-S-ARh,
respectively, in PBS solution pH 7.4 at 25 °C. (h) Normalized absorption spectrum of the S-ARh derivates. (i) Normalized fluorescence spectrum
of the S-ARh derivates. (j) Photostability of S-ARhs. (k) Correlation between the experiment emission wavelength, 4, and HOMO—-LUMO
orbital energies. (I) Correlation (R* = 0.97) between the signed C—N bond and Mulliken bond order in HOMO and the experiment emission

wavelength, A,,. (m) Optical properties’ summary of S-ARhs dyes.

were at 648, 653, 675, 705, and 725 nm. The obvious
bathochromic shift phenomenon could be observed with the 7-
system extended in the skeleton. Furthermore, the fluorescence
spectrum in MeOH and aprotic solvents DCM and DMSO
were also investigated (Figure S2). Obvious solvent effects
could be observed as a significant bathochromic shift with
increased solvent polarity. Based on the spectrum data, Stokes
shifts were calculated as 4130, 4070, 4340, 4260, and 4590
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cm™". The Stokes shifts were larger than the previous reports
of sulfone-rhodamine derivates (Table S1).'”***** Further-
more, it was reported that rhodamines derivates owned the pH
sensing characteristic.”*"** Hence, the fluorescence intensities
of these dyes were also tested at different pHs. As shown in
Figure S3, all of the reconstructed dyes showed gradually
decreased emission intensities in the pH range from 6 to 8.
The pH-sensitive characteristic of these dyes could be
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Figure 2. (a) Schematic presentation of the instability in PBS buffer of SRh and the improved stability of the S-ARh derivatives. (b,c) Normalized
fluorescence spectrum of SRh (5 #uM) and J-S-ARh (S #M), respectively, in PBS solution pH 7.4 at 25 °C. (d) Normalized fluorescence time curves
of SRh and J-S-ARh. (e) Photostability of SRh (1 #M) and J-S-ARh (1 yM) in living cells.

explained by the protonation and deprotonation process under
the different solution. As shown in Figure S4, the imine form
was nonfluorescent, and it was protonated to form the high-
fluorescent enamine form in the acidic solution. Hence, it
could be utilized as a kind of pH response fluorescent probe.
Subsequently, the fluorescence quantum yield of these dyes
was measured. The highest absolute fluorescence quantum
yield could reach 17.38 in PBS and even 81.24 in EtOH. The
high brightness characteristics were enough for further
fluorescence imaging applications.

Indeed, the further quantified C—N bond orders in HOMOs
correlate well with the experimental emission energies (Figure
1k—1), and it showed an obvious decreased tendency,
indicating that emission energies are lowered as the aryl-
amine-group 7-electronegativity increases.

After the basic optical properties were sufficiently inves-
tigated, the stability of these newly designed fluorescent dyes
was further studied. It is known that the C7 position of
sulfone-rhodamine is more susceptible to nucleophilic attack
compared to that of the Si-substituted and phosphorus-
substituted rhodamine dyes.”'”** Even in the PBS buffer, H,O
could also attack the sulfone-rhodamine skeleton due to
fluorescence quenching, which limited further application."
To this end, we tested the stability in the PBS buffer of these
reconstructed S-ARh derivates. As shown in Figure 2a—d, as
time went on, sulfone-rhodamine displayed obvious fluores-
cence quenching, which represented the apparent unstable
characteristic. On the contrary, the redesigned meso-amino-
substituted sulfone-xanthone derivates owned the improved
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stability, which could avoid the attack of H,O. Furthermore,
the GSH stability of SRh and S-ARh derivates was also tested.
As shown in Figure S5, SRh showed obvious fluorescence
quenching after GSH was added to the testing buffer.
However, after introducing the propylamine unit, the
fluorescence of these redesigned dyes was almost not affected,
which displayed obvious enhanced stability in the presence of
GSH. From the structural stability point of view, it could be
explained by the strong electron-withdrawing sulfone moiety
causing an enhanced electrophilic property toward nucleo-
philic attack, and the electron-donating propylamine decreases
the electrophilicity. Subsequently, the photostability of SRh
and S-ARh derivatives in living cells was investigated. It is
shown in Figures 2d and S6 that only M-S-ARh displayed
slightly photobleaching feature; the other fluorophores
possessed high photostability.

As for the basic prerequisite of the bioimaging application, the
cytotoxicity of these fluorescent dyes must be investigated well
to not perturb the normal cellular process. Hence, the standard
CCK-8 assays were carried out to assess the cytotoxicity. As
shown in Figures S7 and S8, when the HepG2 cells were
incubated for 1.25—5 uM S-ARhs for 24 h, the cell viability was
more than 80% except for the P-S-ARh and I-S-ARh. These
results indicated the ideal biocompatibility of M-S-ARh, N-S-
ARb, and J-S-ARh.

Subsequently, we tested the subcellular localization of these
dyes. As shown in Figure S9, all of the stained structures
possessed the typical lysosomal morphology, and the Pearson

https://doi.org/10.1021/jacsau.3c00613
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J-S-LS301 to ANXA2. J-S-LS301 (5 uL, 10 M) were incubated with 1 g recombinant ANXA2 recombinant protein.

colocalization coefficients were calculated as 0.87, 0.93, 0.86,
0.87, and 0.89, respectively. To verify the lysosomal stained
mechanism, Bafilomycin Al (Baf-Al, a kind of inhibitor of V-
ATPases that could inhibit the lysosomal acidification process)
was used to increase the pH value of lysosomes. As shown in
Figure S10, the fluorescent signal of the group that pretreated
with Baf-Al did not exhibit the lysosomal morphological
feature, and it could demonstrate the pH-dependent staining
mechanism of these fluorophores. The results were matched
with the pH-intensity-dependent fluorescence data shown in
Figure S3, which indicated that the probe was suitable for the
lysosome imaging.

To the proof of bioimaging capacity, we utilized J-S-ARh
which owned the best combination optical properties as the
fluorescent platform to test the capacity for the biomolecule
labeling. The 4-aminobutyric acid was introduced to the
skeleton as shown in Figure 3a; ANXA2 was proved as a kind
of calcium-dependent phospholipid-binding proteins that
belong to the member of the annexin protein family.*' It is a
widely studied protein because of the cancer-associated
PTM.** 1t is upregulated in many cancers including breast,
colon, liver, pancreatic, and brain tumors, suggesting that it has
a key function in tumor proliferation, angiogenesis, invasion,
and metastasis.”””*’ In 2020, Samuel and co-workers described
a cyclic octapeptide that could bind the ANXA2 protein and
thus as a useful reporter for the pANXA2-positive cancer
cells."® Hence, J-S-ARh-COOH was utilized to link the cyclic
octapeptide, LS301, to realize the high-fidelity tumor imaging.
After being synthesized, the pH-sensitive experiment of this
probe was tested. It is shown in Figure S11 that the fluorescent
signal was not affected from pH 4—pH 7.5 and could be used
for tumor imaging. Furthermore, molecular docking of probe J-
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S-LS301 and targeted protein ANXA2 was performed. As
shown in Figure 3b,c, the results of molecular docking showed
that the probe possessed a good binding effect and high
matching degree (binding energy —8.10 kcal/mol) with the
targeted ANXA2. The selected conformation with the lowest
energy according to the score reveals the binding mechanism
of the probe and ANXA2. The complexes formed by the
docked compounds and ANXA2 were visualized using
Pymol2.1 software to obtain the binding pattern of the
compounds and ANXA2. Based on the binding pattern, it
could be observed that J-S-LS301 could form hydrogen bonds
with residues of ASP-109, GLN-137, GLU-138, GLN-107, and
ASP-69, with short distance and strong binding ability, making
important contributions to stabilize the probe. In addition,
according to Figure 3b, it can be found that small molecules
match well with protein cavities. We next used in vitro binding
experiments of the human recombinant ANXA2 proteins and
J-S-LS301, and in Figure 3d, gel electrophoresis assays clearly
showed the binding ability of ANXA2 proteins with the probe.

Subsequently, we chose HepG2 cells, A549 cells, and NCI-
H460 cells to assess the time of the internalization. As shown
in Figure S12, cancer cells were pretreated with J-S-LS301 and
incubated for 15 min, 2, and 6 h. The group of 15 min could
observe only the weak fluorescent signal, which represented
the relatively low uptake. As for the 2 and 6 h groups, the much
more intense fluorescent signal could be detected. Hence, for
the further cellular imaging experiment, J-S-LS301 was
incubated for 2 h to ensure sufficient cellular uptake. In
order to verify the ANXA2 binding ability of J-S-LS301 which
could facilitate the uptake of cancer cells, we used probe J-S-
LS301 and the fluorescent skeleton without the binding
peptide to test the imaging ability in diverse cancer cells. As
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Figure 4. (a) Assessment of cellular uptake of J-S-LS301 and J-S-ARh-COOH in different cancer cell lines. All the concentrations of probes were 10
uM and stained at 37 °C for 2 h. (b) Structure of targeted probe J-S-LS301 and comparison compound J-S-ARh-COOH. (c) Ratio of the uptake
counted by the relative fluorescence intensity between the J-S-LS301-stained group and the fluorescent skeleton-stained group.
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Figure S. (a) Schematic presentation of probe J-S-LS301 to distinguish the cancer cells in the mix-cultured cancer—normal cell models. (b)
Fluorescent images of mix-cultured EGFP-transfected HL-7702 cells and HepG2 cells; the green signal was the EGFP fluorescence; the red signal
was the J-S-LS301 fluorescence (10 M) and stained at 37 °C for 2 h; and the blue signal was the Hoechst-33342 fluorescence (10 pg/mL) and
stained at 37 °C for 30 min. (c) Fluorescent images of mix-cultured HL-7702 cell and HepG2 cell 3D tumor spheroids. (d) Cross-sectional images
of the x- and y-axes of the mix-cultured 3D tumor spheroids. (f) 3D reconstructed images of the mix-cultured 3D tumor spheroids (taken by the
10X objective lens). (e) 3D-reconstructed images of the mix-cultured 3D tumor spheroids (taken by the 63X objective lens). (g) Flow cytometric
analysis of J-S-LS301 fluorescence intensity in HL-7702 cells and HepG2 cells.

shown in Figure 4a, 12 kinds of cultured cancer cell lines were the obvious elevated uptake, all other cancer cell lines showed
both imaged; only Bel-7402 cells and U87 cells did not show higher fluorescence intensity than the fluorescent skeleton-
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Figure 6. (a) Fluorescent images of subcutaneous xenotransplanted tumor-bearing nude mice at the indicated time points after i.v. administration
of J-S-LS301. (b) Fluorescent images of the organ biodistribution of subcutaneous xenotransplanted tumor-bearing nude mice. (c) Quantitative
time—course assessment of TBR of subcutaneous xenotransplanted tumor-bearing nude mice. (d) Fluorescent images in vivo at different time
points after probe J-S-LS301 (5 X 10™* M, 100 uL, in 5:95 DMSO/saline, v/v) was injected to the liver-tumor bearing nude mice models through
the tail vain. (e) Relative fluorescent tumor-to-background ratio counted through the fluorescent images in vivo; error bars represent SD. (f)
Fluorescent images of the laparotomy of liver-tumor-bearing nude mice after injecting the probe for 24 h. (g) Fluorescent images of typical ex vivo
biodistribution of the representative organs. (h) Fluorescence-guided tumor excision from the ex vivo liver. (i) H&E-stained results of the normal

liver tissues and the resected tumor.

stained group. Furthermore, the relative fluorescence intensity
in different cancer cell lines was counted and is shown in
Figure 4c¢; it could be seen that HepG2 cells, Caki-1 cells, NCI-
H460 cells, and KB cells possessed a relatively high ratio of the
uptake, which may represent the relatively high expression of
ANXA?2 proteins in these cancer cell lines. All these results
indicate that the synthesized probes, J-S-LS301, could
internalize into the cancer cell lines and thus is a promising
candidate for fluorescence imaging agent for accurate tumor
imaging and the screening of pro-drug for the upregulated
ANXA2 activities in cancer tissues in the clinical context.

It is clear that the upregulated ANXA2 in cancer cells could
elevate the uptake of J-S-LS301. Hence, we further evaluated
the distinguishing abilities of cancerous cells and normal cells
of the probe. For this purpose, the mix-cultured cancer—
normal cell models were constructed. As shown in Figure Sa,
for easy identification of the normal cells in the mix-cultured
cell models, the normal cells were transfected with EGFP to
emit the obvious green fluorescent signal. Then, the mix-
cultured cells were stained by the probe, J-S-LS301, to perform
fluorescence imaging. The HL-7702/HepG2 mix-cells were
constructed first. To our delight, the probe displayed excellent
characteristics for specific lighting of the cancer cells in the
mix-cultured models, which could be seen in Figure Sb; there
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were almost no red fluorescent signal in the normal cells, which
exhibited the intense green fluorescent signal; however, cancer
cells HepG2 showed the intense red fluorescent signal.
Nevertheless, the monolayer cells could not represent the
typical complexity of tumors, 3D-structured spheroids, as a
valid intermediate between the monolayer in in vitro cells and
in vivo tissue, and are heterogeneous cell aggregates that have
been applied to study the multicellular aggregation of tumors
and avascular metastasis in vivo.”~ Hence, mix-cultured 3D-
structured spheroids were constructed. As shown in Figure
Sc—e, the red fluorescent signal in the HL-7702 cells was very
weak, and the red fluorescence intensity in the HepG2 cells
was extremely strong, and the fluorescence intensity was
detected from the spheroid up to 126 um, which illustrates the
deep tissue penetration capability of J-S-LS301. Furthermore,
in order to test the universality of the cancerous cellular
identification ability, we also constructed the mix-cultured
HEK-293/Caki-1 cells and 3D-structured spheroids. As shown
in Figures S13—S15, the same as the results of mix-cultured
HL-7702/HepG2 cells, J-S-LS301 still performed well in
distinguishing cancer cells. There was almost no red
fluorescence in the normal cells. That is, the excellent
cancerous cellular imaging ability was fully demonstrated,

https://doi.org/10.1021/jacsau.3c00613
JACS Au 2023, 3, 3462—-3472


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00613/suppl_file/au3c00613_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00613?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00613?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00613?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00613?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

JACS Au

pubs.acs.org/jacsau

Tumour Cells.
Derived Xenografls ~

@

N A N ¥

»

/ Clinicopathalogle 'm‘
' Frozen Slica { <°,
o —

1—\‘. Analysig ﬁ

pidlucrescence

X108

J-8-L5301

J-8-LS301

Figure 7. (a) Schematic presentation of the construction of the cell-derived xenograft hepatocellular tumor model and the imaging process of J-S-
LS301 in tumor recognition. (b) Ex vivo fluorescent image of the mice after intravenous injection of J-S-LS301 (5 X 10™* M, 100 uL, in 5:95
DMSO/saline, v/v) for 12 h. (c) Fluorescent images of typical ex vivo biodistribution of the representative organs. (d) H&E staining results of the
frozen slice prepared from the resected liver. (e,f) Fluorescent images of the frozen slice prepared from the resected liver. (g) Bright images of the
frozen slice prepared from the resected liver. (h—k) Enlarged region of the H&E staining images and the fluorescent images.

and according to the results, it could be utilized as for a
powerful tool for the cancerous cellular identification.
Benefiting from the excellent fluorescence imaging ability of
J-S-LS301 in the cell, the further evaluation of tumor
fluorescence imaging in vivo was administered. We constructed
the subcutaneous tumor model in nude mice, as shown in
Figure 6a—c; probe J-S-LS301 was injected through the tail
vein, and the fluorescent images were collected. In vivo
fluorescence imaging revealed the gradually accumulated
process of J-S-LS301 within 24 h, and the fluorescent signal
in the normal tissues was diminished gradually. The mice were
euthanized to perform ex vivo organ fluorescence imaging. It
could be obviously observed that substantial probe accumu-
lation in the solid tumor tissues caused the intense fluorescent
signal. On the contrary, a relatively low uptake and retention
were displayed in other organs such as the heart, brain, spleen,
and lungs. In addition, excretory organs such as the liver and
kidneys showed relatively higher fluorescence intensity (1.678
X 107) than other organs but obviously lower than the tumor
(5.729 X 107, shown in Figure S16). It could be explained by
the metabolized process of J-S-LS301 in vivo. Hence, to study
the biodistribution of J-S-LS301, normal Blab/c nude mice
were tested. As shown in Figure S17, the fluorescent images of
the major organ showed that J-S-LS301 was mainly
metabolized through the kidney and liver. J-S-LS301 is a
small fluorescent molecule, which showed obvious variable
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retention in the excretory organs such as the liver and kidneys.
With the consideration that the subcutaneous tumor model
could not mimic the real pathophysiology of cancer, we
constructed the orthotopic transplantation tumor model of
hepatocellular carcinoma. HepG2 cells were transplanted to
the axilla of the right limb. The tumors were cut into 2—3 mm®
sections and retransplanted to the liver to establish the
orthotopic hepatocellular tumor model. Upon tumor for-
mation, mice were used for fluorescence imaging. Probe J-S-
LS301 was also injected to the tail vein, as shown in Figure
6d,e; the fluorescence intensity in the tumor region was
gradually enhanced. The tumor-to-background ratio gradually
increased. It reached the maximum, around 3.3 after 12 h
postinjection, followed by the decreased TBR ratio as time
went on. These in vivo biodistribution studies indicated that 12
h postinjection was the ideal time for fluorescence-guided
tumor surgery. Hence, laparotomy was performed, as shown in
Figure 6gh; the tumor was clearly lighted by J-S-LS301. It
exhibited the ideal TBR ratio for fluorescence-guided tumor
surgery. Moreover, the major organs were excised for ex vivo
fluorescence imaging. Only in the tumor could be detected the
strong fluorescent signal, which represented the superior
targeted characteristic for the cyclic octapeptide. Meanwhile,
the hematoxylin—eosin (H&E) stain pathological analysis was
executed to prove the tumor identity results in vivo (Figure

6i).
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Encouraged by the ideal fluorescence imaging results in the
cancerous lump transplanted orthotopic hepatocellular tumor
model, cancer cell-derived xenografts were carried out to
construct the multinodular orthotopic hepatocellular carcino-
ma. As shown in Figure 7, probe J-S-LS301 was injected for 12
h, and the liver region of mice could observe a strong
fluorescent signal. Furthermore, ex vivo organ fluorescence
imaging showed the inhomogeneous fluorescent signal in the
liver region, which should represent the multinodular tumor
region. To prove the accuracy of J-S-LS301 in identifying this
kind of multinodular tumor tissue, the liver tissues of the mice
were prepared for frozen sections. The current gold standard
pathological analysis of tumor tissues in tumor surgery was
carried out, as shown in Figure 7d—f, the fluorescent signal
displayed in several areas of the liver, and the H&E staining
results also displayed the corresponding results; these areas
owned the irregular cell arrangement shape and an obvious
much more darker bluish-purple color. Much more impor-
tantly, the enlarged images of fluorescence and H&E results
showed highly analogous results; the fluorescent region in the
liver-frozen slice could match the results of pathological
analysis in the H&E staining images. It indicated that probe J-
S-LS301 could be of value for accurately identifying various
malignant lesions of the liver, and our probe can clearly
distinguish these lesions from normal tissue regions.

As the most widely used premier type of small-molecule
fluorophores, rhodamine dyes have caught great development
owing to their high brightness and flexible modification
characteristic. Nevertheless, among the palette of rhodamine
fluorophore, the longer emission wavelength sulfone-rhod-
amine still suffered from nonideal stability, which caused
limited biomedical application. To this end, based on the study
of meso-amino-substituted rhodamine, we have developed the
combination method by incorporating the amino group into
the structure at the meso-position and extending the z-system,
yielding the meso-amino-substituted sulfone-xanthone deriva-
tives. These new designed organic fluorescent dyes display a
lower band gap, contributing to a larger Stokes shift of about
4070—4590 cm™" than that of a traditional sulfone-rhodamine
skeleton (<1000 cm™'). Both the substituents and steric
hindrance effect play an essential role in the spectroscopic
properties of the dyes. Especially, J-S-ARh owned the ideal
fluorescence quantum yields and longer fluorescence emission
wavelength, which shows the great potential on the
fluorescence imaging in vivo. For the further imaging capability
study, the J-S-ARh skeleton was modified with cyclic
octapeptide LS301. Probe J-S-LS301 could high fidelity
identify the tumor cells and normal cells because of the
different cellular uptake caused by the different expression of
ANXA2 proteins. In addition, J-S-LS301 exhibited the specific
strong fluorescent signal on tumors in the subcutaneous tumor
model and the orthotopic transplantation tumor model of
hepatocellular carcinoma. For the multinodular orthotopic
hepatocellular carcinoma, J-S-LS301 could also identify the
boundaries between the tumor tissues and normal tissues,
which could match the results of the gold standard
pathological analysis of H&E staining. Hence, ]-S-LS301
could be utilized for accurate tumor imaging, fluorescence
navigation surgery, and the frozen tissue slice identification to
identify the tumor boundaries and reduce surgical trauma.
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In summary, based on the combination methods, these new
fluorescent dyes addressed the inherent defects, small Stokes
shift, and nonideal stability of sulfone-rhodamine. In addition,
the biomolecular labeling ability of the fluorescent platform
was proved by modifying the tumor-targeted cyclic octapep-
tide, LS301. It showed specific and strong targeted fluorescent
tumor imaging ability, confirmed by the optical imaging of the
orthotopic transplantation tumor model of hepatocellular
carcinoma and multinodular orthotopic hepatocellular carci-
noma. It showed great promise in the biomedical reach field
and could be a useful tool for fluorescence tumor surgical
navigation.

Unless otherwise noted, all chemical reagents were purchased from
commercial suppliers and used without further purification. The
detailed synthesis route could be found in the Supporting
Information. All solvents were dried according to the standard
methods prior to use.

The transformation of ketone into amino derivative was synthesized
through general methods. The compound ketone (1 mmol) was
dissolved in 20 mL of DCM, and oxalyl chloride (10 mmol) was
added dropwise to the solution and stirred at room temperature for
12 h. Then, the solution was concentrated under vacuum.
Subsequently, the residue was dissolved in 5 mL of DCM, and it
was added dropwise to the solution of propylamine (25 mmol). The
solution was stirred at room temperature for 30 min, and then the
solution was concentrated under vacuum. The residue was purified by
column chromatography on silica gel (DCM: MeOH) to afford the
target product.

In the optical spectroscopic studies, all of the solvents were of either
HPLC or spectroscopic grade. Thin-layer chromatography (TLC)
was performed on silica gel plates, and spots were visualized under
UV light. Column chromatography was carried out using 200—300
mesh silica gel (Qingdao Ocean Chemicals). NMR spectra were
recorded on a Bruker AMX-400 spectrometer at 25 °C ('H NMR:
400 MHz, 3C NMR: 101 MHz), and chemical shifts (1) are
expressed in parts per million (ppm) using internal standard
tetramethylsilane or the deuterated solvent (CDCl;, CD,OD) as
reference. High-resolution mass spectrometry (HRMS) spectra were
obtained on a Finnigan LCQDECA. The pH values were determined
by a pH-3c digital pH meter (Shanghai Lei Ci Device Works,
Shanghai, China) with a combined glass-calomel electrode. UV
absorption spectra were recorded on a Persee TU-1901 UV—visible
spectrophotometer. Fluorescence spectra were recorded on a Hitachi
F-7000 fluorescence spectrophotometer. Cell imaging was performed
on a Zeiss LSM 780 confocal laser scanning microscope.

All cells were maintained at 37 °C in 5% CO,. HepG2 and U87 were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%
penicillin—streptomycin solution. Bel-7402, NCI-H460, SKOV-3,
AS549, SW620, Caki-1, and HL-7702 were cultured in Roswell Park
Memorial Institute 1640 medium (RPMI 1640) supplemented with
10% fetal bovine serum (FBS, Gibco) and 1% penicillin—
streptomycin solution.

Confocal imaging was carried out using 20 mm glass-bottom confocal
dishes with cells incubated at 37 °C and 5% CO, for 24 h. Cell
imaging was performed on a Zeiss LSM 780 confocal laser scanning
microscope.
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All animal procedures were conducted in accordance with Approval
no. 20230220037 of the West China Hospital of Sichuan University
and the Animal Ethics Committee on the protection of animals used
in research. All mice were housed with a 12 h light/dark circadian
cycle with ad libitum access to food and water. Vivo image was taken
on an IVIS PerkinElmer Instruments.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00613.
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