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Abstract: We designed and prepared the imidazoline-2-thione
containing OCI™ probes, PIS and NIS, which operate through
specific reactions with OCI" that yield corresponding fluores-
cent imidazolium ions. Importantly, we demonstrated that PIS
can be employed to image OCI™ generation in macrophages in
a co-culture system. We have also employed two-photon
microscopy and PIS to image OCI in live cells and tissues,
indicating that this probe could have wide biological applica-
tions.

R eactive oxygen species (ROS) are important and prevalent
mediators of many biological processes.?! The brain is
particularly sensitive to ROS-induced oxidative stress, which
results from an imbalance between the aberrant formation of
ROS and defense against these substances provided by
antioxidants.’>) Hypochlorite (OCI"), a prominent member
of ROS/®" is mainly produced by the myeloperoxidase
(MPO) catalyzed reaction of H,O, and CI~ in immunocytes.!
OCl" plays an important role in controlling invading
microbes.’” ™ On the other hand, OCI™ reacts rapidly with
a variety of biomolecules!">' and is connected with various
disorders.™ To understand the physiological and pathological
roles of OCIl™, it is crucial to be able to monitor and image the
location of OCI™ at the cell, tissue, and organism levels.
Small molecule fluorescent probes serve as superior tools
in imaging studies.”” Fluorescent probes for detecting
H,0,,' NO," ONOO~ "™ 10, .0, and OCI P!
have recently been developed. However, these probes have
limitations imposed by short excitation wavelengths in the
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UV to visible range, which result in shallow tissue penetration
depths, autofluorescence, and artificial ROS generation.””!

Two-photon microscopy (TPM) is an attractive approach
for detecting OCI™ in live cells and tissues.” ! In contrast to
one-photon microscopy, TPM has many advantageous fea-
tures such as greater tissue penetration depths (> 500 um),
higher spatial resolution, and lower phototoxicity.?***! How-
ever, to the best of our knowledge, no report exists describing
a TPM-based probe for direct imaging of endogenous OCI™
produced in both live cells and tissues.

A fundamentally important yet challenging feature of
studies in this area is the design of new chemorecognition
processes. Imidazolium salts with good water solubility and
stability, have been utilized as fluorescence sensors in
aqueous solution.”*! Taking advantages of imidazolium
salts, we designed imidazoline-2-thiones, PIS and NIS, as
fluorescent OCI™ probes. The probes display highly selective
and sensitive fluorescence turn-on responses to OCl™ and
they can be utilized to image OCI™ generation in macrophages
co-cultured with HeLa cells. More importantly, PIS can be
combined with TPM to image OCI™ in cells and tissues.

The preparation of PIS and NIS is shown in Scheme 1.
One sequence begins with reaction of the fused imidazole
1 and CH;I to form the N-methyl derivative 2 (55 %), which is
then subjected to reaction with CH;I under reflux conditions
to generate the imidazolium salt 3 (29 % ). Treatment of 3 with
sulfur leads to the formation of PIS (62 % ). In the other route,
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Scheme 1. a) Synthesis of imidazoline-2-thiones and b) the proposed
reaction mechanism with OCI™. Reagents and conditions: i) CHsl,
NaH/THF, RT; ii) CH;l, reflux; iii) potassium tert-butoxide, sulfur/
CH;0H, 65°C; iv) NaOCl; v) CH;l/CH,CN, reflux.
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Figure 1. a) UV/Vis and b) fluorescence spectra changes of PIS solution during the titration
of OCI™. ¢) Fluorescence intensity at 505 nm of PIS solution with titration of OCI~ and

d) fluorescence intensity at 505 nm of PIS solution over various ROS: OCI~ (10 um), ROO*
(1 mm), NO- (1 mm), H,0, (1 mm), TBHP (1 mm), ONOO™ (100 pm), -OH (200 pm).
[PIS]=2 pum, in PBS buffer (50 mm, pH 7.4), excitation wavelength: 378 nm (slit widths:

5nm/10 nm). ppur=0.1%.

reaction of naphthoimidazole 4 with CH;I gives the imidazo-
lium salt 5 (89%), which is then converted to NIS by
treatment with sulfur (93 % ). The stock solutions of PIS and
NIS were prepared using DMF as solvents.

The spectroscopic responses of the probes to ROS were
monitored by UV/Vis absorption and fluorescence emission
spectroscopy. Analysis of the spectra displayed in Figure 1a
shows that the absorbance peak for PIS, centered at ca.
420 nm, dramatically decreases and a new peak at ca. 378 nm
appears upon addition of up to 5 pm OCI1™. The new peak at
378 nm matches that of 3 (Figure S1). In addition, in PBS
(pH 7.4) PIS has a low fluorescence efficiency (Figure 1b and
¢, Table S1). Addition of OCI" to give final concentrations of
0-10 uM causes a rapid rise in a new emission band centered at
around 505 nm. The fluorescence intensity was stable over
a period of 2.5 h (Figure S2). The detection limit of PIS for
OCI"™ was determined to be 0.071 pum. Importantly other ROS
including H,0,, NO-, ROO-, ONOO™, "OH, and tert-butyl
hyperoxide (TBHP) even at higher concentrations and after
incubation for 30 min, do not induce obvious fluorescence
changes of PIS solutions (Figure 1d). The UV/Vis and
fluorescence spectral changes of NIS brought about by
OCI™ were also probed (Figure S3). The absorbance peak of
NIS at 342 nm was found to decrease and a peak at ca. 325 nm
appears upon addition of OCI . The fluorescence intensity of
NIS solution increases significantly upon addition of OCI .
Finally, '"H NMR monitoring of preparative reactions of PIS
and NIS with OCl™ shows that the processes generate
imidazolium salts 3 and 5, respectively (Figures S4 and S5);
the proposed reaction mechanism is shown in Scheme 1b. The
above results suggest that reactions of the probes with OCl™
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phages is 93% after 2 h incubation with
100 um PIS, indicating that PIS has low
cytotoxicity. Then HeLa cells were treated
with NaOCl (100 um and 200 um), fol-
lowed by incubation with PIS, and fluo-
rescence images of the cells were acquired.
Inspection of the images displayed in
Figure S8 shows that green fluorescence
arises from cells that are treated with
OCl ™, whereas cells incubated only with PIS do not fluoresce.
Although HelLa cells were reported to produce OCI™
(8.23 nm),”! we think the concentration is too low to be
imaged sufficiently by PIS. These observations show that PIS
penetrates into the living cells, in which it produces a turn-on
fluorescence response to OCl™.

We chose RAW 264.7 macrophages to use PIS for the
visualization of OCl™ generation. RAW 264.7 macrophages
were activated by incubation with lipopolysaccharides (LPS)
and then IFN-y.B!! Phorbol myristate acetate (PMA) were
used to produce H,O,, which is then transformed to OCI™ by
MPO. Then RAW 264.7 macrophages were treated with PIS
before being subjected to fluorescence microscope analysis.
As the images in Figure 2b reveal, bright green fluorescence
occurs from RAW 264.7 macrophages, while no emission is
observed from cells that are not subjected to the OCl™
producing conditions outlined above (Figure 2a). Additional
evidence to support the imaging results described above was
gained in studies using the known MPO inhibitors, 4-amino-
benzoicacid hydrazide (ABAH) and flufenamic acid
(FFA).Fl RAW 264.7 macrophages, which are treated with
the two inhibitors along with PMA and then PIS under
otherwise identical conditions, display highly attenuated
fluorescence intensities (Figure 2¢ and d). The results dem-
onstrate that PIS can be employed to visualize OCl™
production in macrophages.

Macrophages in tumor tissue, referred to as tumor-
associated macrophages (TAMs), have been found to have
pro-tumorigenic and antitumor activity.*” As a result, the
ability to image macrophages in tumor tissue should enable
clarification of the interaction network connecting cancer
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Figure 2. Fluorescence (upper) and differential interference contrast
(DIC; lower) images of RAW 264.7 macrophages treated with various
stimulants and then PIS (10 uMm, ppys=0.5%) for 20 min. a) PIS;

b) LPS (100 ngmL™") for 16 h, IFN-y (50 ngmL™") for 4 h, PMA

(10 nm) for 30 min, and then PIS; c) LPS, IFN-y, PMA + 4-ABAH

(50 um) for 16 h, and PIS; and d) LPS, IFN-y, PMA+ FFA (50 um) for
16 h, and PIS. Scale bar: 10 um.

cells and TAMs. To explore this feature, we designed a co-
culture system to serve as a platform for imaging macro-
phages through PIS-promoted detection of produced OCl™.
For this purpose, RAW 264.7 macrophages were cultured
together with HeLa cell, and then the cell mixtures were
incubated with stimulants to generate OCl™, and then with
PIS. Inspection of the resulting fluorescence images displayed
in Figure 3b shows that the macrophage and HeLa cell types
have distinguishably different shapes. In addition, clear green
fluorescence is emitted from the small round cells (blue
arrow) that correspond to RAW 264.7 macrophages, whereas
the large spindle cells (red arrow) corresponding to HeLa
cells show negligible fluorescence. When the inhibitors
ABAH and FFA are added along with PMA to the mixture
of HeLa cells and RAW 264.7 macrophages, fluorescence
emanating from the latter is greatly attenuated (Figure 3 ¢ and

Figure 3. Fluorescence (upper) and bright-field (middle) and merge
(lower) images of RAW 264.7 macrophages and Hela cells treated
with various stimulants and then incubated with PIS (10 um,
Pome=0.5%) for 20 min. a) PIS; b) LPS (100 ngmL™") for 16 h, IFN-y
(50 ngmL™") for 4 h, PMA (10 nwm) for 30 min, and then PIS; c) LPS,
IFN-y, PMA +4-ABAH (50 pum) for 16 h, and PIS, and d) LPS, IFN-y for
4 h, PMA+FFA (50 pm) for 16 h, and PIS. Scale bar: 10 pm.

RAW 264.7 macrophages: small round cells (blue arrow), Hela cells:
large spindle cells (red arrow).
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d). We also quantified and compared the fluorescence
intensity from RAW 264.7 macrophages and HeLa cells
using super-resolution microscopy. The results show that
after treatment of stimulants, the fluorescence intensity from
RAW 264.7 macrophages is 3.7-fold of that from HeLa cells
(Figure S9). The results demonstrate conclusively that PIS
can be employed to detect endogenous OCI™ produced in
macrophages.

In the final phase of this study, we explored the utility of
PIS to detect OCI™ by using TPM. The TP-excited fluores-
cence (TPEF) spectrum of PIS measured in RAW 264.7 cells
has an emission maximum at 480 nm (Figure S10a), which is
slightly blue-shifted from that measured in PBS buffer and
nearly identical to those measured in EtOH (479 nm, Fig-
ure S1 and Table S1). This result suggests that EtOH can
adequately represent the cellular environment of the probe.
The TP action cross-section values (@0, in which @ is the
fluorescence quantum yield and o is the TP absorption cross
section) of PIS and 3 in EtOH were determined to be 0.4 and
8.4 GM at 800 nm, whereas the 9,,, values were 42 and
30 GM, respectively (Figure S10b and Table S1). The higher
D0, value of 3 is due to the higher @ value (0.010 for PIS
versus 0.28 for 3). This predicts a significant TP turn-on
response of the probe upon OCI -induced 3 formation, as was
observed (see below). Upon excitation at 800 nm with
femtosecond (fs) pulses, the RAW 264.7 cells labeled with
PIS display a dim TPEF (Figure 4a). When the cells are
pretreated with OCl , the TPEF intensity is increased by
more than 3-fold (Figure 4b and g). Similar observations were
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Figure 4. TPM images of RAW 264.7 cells labeled with a—e) PIS and

f) 3 (10 uM, ppwe=0.5%). a) Control image. b) Cells pretreated with
NaOCl (200 um) for 30 min and then incubated with PIS. c) Cells
pretreated with LPS (100 ngmL™") for 16 h, IFN-y (400 UmL™") for 4 h,
PMA (10 nm) for 30 min, and then PIS. d) Cells pretreated with LPS,
IFN-y, and 4-ABAH (50 um) for 4 h, and then incubated with PIS.

e) Cells pretreated with LPS, IFN-y, and FAA (50 um) for 4 h and then
PIS. g) Average TPEF intensities in (a—f), n=5. Scale bar: 20 um.
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made in the TPM analysis after addition of the stimulants
(100 ngmL~" LPS, 400 UmL™" IFN-y) followed by 10 nm
PMA (Figure 4c and g). Furthermore, the increase in
emission intensity is suppressed when the MPO inhibitors,
4-ABAH and FAA (Figure 4d, e, and g), are present. These
average intensities are between those measured in PIS and 3-
labeled cells (Figure 4 f and g), confirming that the fluores-
cence signals in the TPM images directly reflect the presence
of OCl™. Moreover, the TPEF intensities of PIS-treated cells
remain nearly the same after continuous irradiation with fs
pulses for 60 min, even when the cells are pretreated with
OCI". This observation demonstrates the high photostability
and staining ability of PIS (Figure S11).

Finally, an investigation was conducted to evaluate the
usefulness of PIS in monitoring OCl™ in a fresh rat hippo-
campal slice. The TPM images of a slice that had been
incubated with PIS and 3 display weak and strong fluores-
cence, respectively, in the CA1 and CA3 regions (Figure 5a,d
and c,f). When tissue slices were first treated with different
amounts of OCI~, the TPEF intensities in both the CA1 and

Ayisuayu|

Control

10 ng/mL
PMA

Figure 5. Images of a rat hippocampal slice stained with PIS and 3
(100 uMm, Ppye=2.2%). a—f) TPM images of a rat hippocampal slice
stained with a,d) 100 um PIS and c,f) 100 um 3 for 1.5 h, and b, e) pre-
treated with 10 ngmL™"' PMA for 30 min before labeling with 100 um
PIS. TPM images were taken at 40 x magnification in the neuron layer
of the a—c) CA1 and d—f) CA3 regions. g) Bright-field image of the CA1
and CA3 regions at 10x magnification. h) Average TPEF intensities in
(a—f), n=5. Scale bar: 48 um.

CA3 regions increase in a dose-dependent manner (Fig-
ure S12). In addition, the TPEF intensity increased when the
tissue was stimulated with PMA (10 ngmL!; Figure 5b, e and
h).** Moreover, the intense TPEF in PMA-treated tissue was
mainly from microglia, rat hippocampus resident macro-
phages, as evidenced by immunostaining tests using the
microglia-selective Tbal antibody (Figure S$13).**! Moreover,
the TPM images show that OCl™ can be observed in the
individual cells at a depth of more than 100 pm. These results
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conclusively demonstrate the capability of PIS to monitor
OCI  in live tissues through the use of TPM.

In summary, we developed new, late-mode, turn-on
fluorescent, imidazoline-2-thione probes for OCl™ detection.
One of these probes, PIS, was employed to image generated
OCl™ macrophages in a co-culture system. We also utilized
a combination of this probe and TPM to image OCI™ in cells
and tissue.

Keywords: co-culture systems - fluorescence probes -
hypochlorite generation - two-photon microscopy
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