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Iron (Fe) species play a humber of biologically and pathologically important roles. In particular, iron is a key
elementin oxygen sensing in living tissue where its metabolism is intimately linked with oxygen metabolism.
Regulation of redox balance of labile iron species to prevent the generation of iron-catalyzed reactive
oxygen species (ROS) is critical to survival. However, studies on the redox homeostasis of iron species
are challenging because of a lack of a redox-state-specific detection method for iron, in particular, labile
Fe2*. In this study, a universal fluorogenic switching system is established, which is responsive to Fe2*
ion based on a unique N-oxide chemistry in which dialkylarylamine N-oxide is selectively deoxygenized
by Fe?* to generate various fluorescent probes of Fe?*—CoNox-1 (blue), FluNox-1 (green), and
SiRhoNox-1 (red). All the probes exhibited fluorescence enhancement against Fe2* with high selectivity
both in cuvette and in living cells. Among the probes, SiRhoNox-1 showed an excellent fluorescence
response with respect to both reaction rate and off/on signal contrast. Imaging studies were performed
showing the intracellular redox equilibrium shift towards labile iron in response to reduced oxygen
tension in living cells and 3D tumor spheroids using SiRhoNox-1, and it was found that the hypoxia
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anaerobic conditions especially in the presence of reductants.”™®
Intracellular labile iron, which is defined as iron species bound

Introduction

Iron, the most abundant transition metal in our bodies, is
involved in a number of biologically important processes such
as respiration, oxygen transport, and energy production in
collaboration with oxygen, based on its electrochemical prop-
erties with interconvertible multiple oxidation states."” In living
cells, iron exists mainly as ferrous (Fe*") and ferric (Fe*") ionic
forms, the redox homeostasis of which is strictly regulated by
iron-regulatory transcription factors and their related
proteins.>* On the other hand, the chemical equilibrium
between Fe®'/Fe** is susceptible to oxygen concentration in
a neutral aqueous buffer and Fe** ion exists stably under

Laboratory of Pharmaceutical and Medicinal Chemistry, Gifu Pharmaceutical
University, 1-25-4, Daigaku-nishi, Gifu-shi, Gifu, 501-1196, Japan. E-mail:
hirayamat@gifu-pu.ac.jp; hnagasawa@gifu-pu.ac.jp

T Electronic  supplementary  information  (ESI)
10.1039/c6sc05457a

} Present address: Laboratory of Bioorganic & Natural Products Chemistry, Kobe
Pharmaceutical University, 4-19-1, Motoyama-kita, Higashinada, Kobe 658-8558,
Japan.

available. See DOI:

4858 | Chem. Sci., 2017, 8, 4858-4866

to small molecules or weakly bound to proteins, mainly consists
of Fe*" ion because of a high cellular abundance of reductants
such as glutathione,*’ existence of chaperones and transporters
recognizing Fe>*,'*'2 and high aqueous solubility of Fe>*.'*'* As
a major contributor to oxidative damage of cells, Fe>" is impli-
cated in serious diseases such as cancers and neurodegenera-
tive disorders, because of its ability to produce harmful reactive
oxygen species via contact with oxygen, superoxide, and
hydrogen peroxide (H,0,).>** Iron also has a key role as a sensor
of cellular redox status, which is closely coupled with cellular
oxygen sensing via regulation of expression and activation of
various transcription factors and proteins sensitive to oxygen
tension or redox states in cells such as hypoxia inducible factors
(HIFs), heme oxygenases, and prolyl-hydroxylases among
others."**®* When cells suffer from low oxygen availability, various
cellular signaling pathways are activated or inactivated to over-
come the hypoxic stress. In particular, several tumor cells can
adapt to the harsh conditions of hypoxia, resulting from imma-
ture angiogenesis in solid tumors, by developing sophisticated
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protective machinery against hypoxia through activation of HIF-
1‘19—21

To study the dynamics of intracellular iron in living cells, cal-
cein®” and PhenGreen-SK'**** have been widely used as fluo-
rescent probes for Fe ions in living cells, and have facilitated
development of the important concept of “labile iron species”.
However, their turn-off response as well as poor metal selectivity
limits their utility. The majority of other examples of fluorescent
probes for Fe ions show response to Fe’* and/or a turn-off
readout,”** both of which characteristics are not suitable for
measurement of the delicate alteration of labile iron consisting of
Fe*" in living cells. Recently, several redox state-selective fluores-
cent probes for Fe>* with a turn-on readout have been developed.®
RhoNox-1, reported by our group, is the first example of detection
of labile iron in live cells with a turn-on response, where N-oxide
acts as a selective fluorogenic switch to Fe**.' Subsequently,
Chang et al. reported IP-1 on the basis of a chelation-assisted
oxidative C-O bond cleavage, which was successfully applied to
detection of biologically stimulated accumulation of labile iron.**
Wang et al. reported that acetylhydroxylamine-modified naph-
thalimide, the N-O bond of which is cleaved by Fe*" as in the case
of N-oxide, could work as a fluorogenic probe for Fe*" to visualize
Zn-induced accumulation of Fe*" as well as ischemia-mediated
Fe** accumulation.®® Very recently, Wells and Renslo et al. re-
ported a unique puromycin analogue, the activity of which is
stimulated through O-O bond cleavage of trioxolane selectively by
Fe**. Using this analogue, the authors reported that cancer cells
have higher labile Fe** level than non-cancerous cells.* Among
these successful strategies, our N-oxide chemistry-based approach
offers the advantage of high selectivity for Fe**. The previous
examples of N-oxide based probes have a rhodamine scaffold,**
which limits their utility to only a single color region (A =
555 nM, Aey, = 575 nm).

Herein, development of a series of fluorescent probes of Fe>*
with emission at the blue (CoNox-1), green (FluNox-1 and
FluNox-2), and deep-red (SiRhoNox-1) regions is reported, veri-
fying the versatility of the N-oxide chemistry. The N-oxide
chemistry-based approach, involving deoxygenation of dia-
Ikylarylamine N-oxide by Fe>*, worked well as a universal fluo-
rogenic switch for all the dyes tested and the deep-red dye,
SiRhoNox-1, showed a remarkable response among the
probes. Moreover, application of SiRhoNox-1 to image the
fluctuation of redox balance of Fe**/Fe®" in tumor cells under
hypoxia revealed that redox equilibrium shifts towards Fe>*
along with a decrease in oxygen tension. This is the first
example of use of a redox state-selective fluorescent probe for
Fe”* for elucidation of hypoxia-mediated alteration in the
intracellular redox balance of labile iron.

Results and discussion

Design and synthesis of N-oxide-based fluorescent probes of
Fe2+

Previously, RhoNox-1 and HMRhoNox-M were reported to be
useful fluorescent probes for detecting labile Fe>* in living cells
by exploiting N-oxide chemistry (Scheme 1a); however, their
wavelength range is limited to the orange region (Aex/Aem = 555/
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575 nm).** After careful consideration of the principle of fluo-
rescence switching enabled by the N-oxide chemistry, it was
found that isolation of a nitrogen atom from the m-conjugation
system of xanthene chromophore by N-O bond formation at
one of the dialkylarylamines is the critical factor for achieving
the dark turn-off state of the probes (Scheme 1a) and an efficient
turn-on response to Fe** during Fe**-mediated deoxygenation.
Using this principle, it was predicted that the N-oxide-based
fluorogenic switch could be applicable to other fluorophore
scaffolds bearing dialkylarylamine(s) in their m-conjugation
system. To prove this concept, coumarin-6H (Aey/Aern = 403/495
nm), morpholinorhodol (510/535 nm), and Si-rhodamine B
(645/660 nm) were chosen as parent fluorophores because they
satisfied the following structural and photophysical require-
ments: (1) more than one dialkylarylamine(s) involved in their 7-
conjugation system, (2) high quantum yields under aqueous
conditions, and (3) excitation/emission wavelength at blue,
green, and deep-red regions. CoNox-1, FluNox-1, and SiRhoNox-1
were synthesized from coumarin-6H, morpholinorhodol, and Si-
rhodamine B in modest yields, 63%, 57%, and 55%, respectively,
by treating the corresponding dyes with m-CPBA. Diethylamino
rhodol N-oxide was also synthesized as a rhodol-based probe, but
its fluorescence response was not sufficient because of bright
background signal as well as a low response rate (see ESIT on
FluNox-2, vide infra). These results indicate that the N-oxidation
reaction works universally for oxygenation of dialkylarylamines
within fluorophores.

Photophysical properties and fluorescence response of the
probes

Photophysical properties of the probes as well as their parent
fluorophores were evaluated (Table 1), and their performances
were measured in physiological aqueous buffer system (50 mM
HEPES bulffer, pH 7.4). CoNox-1 exhibited an absorption peak at
295 nm (¢ = 29 500 M~ " cm ") with a shoulder at 335 nm, while
coumarin-6H had an intense absorption at 402 nm with ¢ =
43 500 M~ ' em ! (Fig. S1at). Similarly, FluNox-1 and SiRhoNox-1
showed absorption peaks at 450 nm and 575 nm, respectively,
with relatively or extremely small molar absorptions (¢) of 15 000
M ' em ™" and 1250 M~ em ™, while the corresponding parent
dyes, morpholinorhodol and Si-rhodamine B have strong
absorption bands at 510 nm with 48 500 M~ ' cm ™" and 645 nm
with 12 500 M~ em ™", respectively (Fig. S1b and ct). The hyp-
sochromic shifts concomitant with a decrease in molar absorp-
tions compared with the parent chromophores indicate that the
N-oxidation resulted in isolation of the nitrogen atoms from T-
conjugation of the fluorophores. Similar hypsochromic shifts
were observed previously in the cases of RhoNox-1 and rhoda-
mine B.*

The N-oxide compounds showed considerably lower
quantum yields (@) of 0.04 (CoNox-1), 0.08 (FluNox-1), and 0.08
(SiRhoNox-1), than the parent fluorophores; 0.92 (coumarin-
6H), 0.15 (morpholinorhodol), and 0.34 (Si-rhodamine B) (Table
1). As suggested by their relatively low extinction coefficients
and quantum yields, N-oxidation resulted in suppression of
brightness (@ x ¢) as shown in their fluorescence spectra
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Scheme 1 (a) Concept of fluorescence switching based on N-oxide chemistry represented by RhoNox-1. (b—d) Design and synthesis of various

colored Fe?* fluorescent probes based on N-oxide chemistry.

(dotted lines in Fig. 1a-c). Addition of Fe** to an aqueous
solution of each of the probes triggered fluorescence spectral
changes, with 10-, 30-, and 60-fold increases in maximum
intensity for CoNox-1, FluNox-1, and SiRhoNox-1, respectively,

4860 | Chem. Sci., 2017, 8, 4858-4866

suggesting that all the probes could detect Fe*" with a turn-on
response. It was also found that FluNox-2, derived from dieth-
ylaminorhodol as its parent fluorophore, did not show an effi-
cient response against Fe*>" because of its slow reaction rate as

This journal is © The Royal Society of Chemistry 2017
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Table 1 Photophysical properties of probes and their parent fluo-

rophores in 50 mM HEPES buffer

Dye /\abs (nm) /\em (nm) € (M71 cmil) o°

Coumarin-6H 402 495 43 500 0.92
CoNox-1 295 495 29 500 0.04
Morpholinorhodol 510 535 48 500 0.15
FluNox-1 450 530 15 000 0.08
Si-rhodamine B 645 660 12 500 0.34
SiRhoNox-1 575 660 1250 0.08

“ Quantum yields were determined in 50 nM HEPES buffer (pH 7.4).
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Fig.1 Fluorescence spectral change of (a) CoNox-1, (b) FluNox-1, and
(c) SiRhoNox-1 on addition of FeSO,4. Dashed and solid lines indicate
spectra at 0 min (dashed lines) and 60 min (solid lines) after reaction
with FeSO,, respectively. (d) Kinetics of fluorescence response of
CoNox-1 (blue), FluNox-1 (green), RhoNox-1 (orange), and Si-Rho-
Nox-1 (red). Relative fluorescence intensities are plotted every 300 s.
All the data were acquired using a 2 pM probe concentration and 20
uM FeSO4 in 50 mM HEPES buffer (pH 7.4). Aex = (a) 405 nm, (b)
488 nm, and (c) 630 nm.

well as high basal fluorescence (Fig. S21). Among the probes,
SiRhoNox-1 showed a distinctly fast response as well as a high
off/on contrast. The response rates of the probes bearing
diethylarylamine N-oxide structure were in the order of
SiRhoNox-1 (kops = 1.7 x 107° s7') > RhoNox-1 (kops = 7.0 x
10~* s7") > FluNox-2 (kops = n.d.). It is hypothesized that the fast
response and high off/on fluorescence contrast of SiRhoNox-1 is
attributed to its closed spirolactone form at neutral pH. In
accordance with its extremely low extinction coefficient (1250
M 'em ' at 575 nm) at neutral pH (Fig. S3c and ft), SiRhoNox-1
exists predominantly in spirolactone form (Scheme 1d), which
shows significantly weak absorption in visible region. The spi-
rolactonization causes no emission and thus has a low back-
ground signal because of a loss of -conjugation, resulting in
effective off/on contrast. Meanwhile, FluNox-2 exhibits strong
absorbance (16 500 M~" ecm™" at 450 nm, Fig. S3b and ef)
resulting from its xanthene structure (see ESIt). Furthermore, it
was found that N-oxide-based probes with a closed configura-
tion at neutral pH tend to react with Fe** faster than those

This journal is © The Royal Society of Chemistry 2017
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having an open quinoid configuration. For example, HMRho-
Nox-E,* which is a hydroxymethylrhodamine derivative of
RhoNox-1 and exists predominantly in spirocyclic form, showed
a better reaction rate (kops = 7.0 x 10~* s7') than RhoNox-1,
which exists predominantly in quinoid form (kops = 3.6 X
10~* s7') in neutral buffer. These factors synergistically
improved the reaction kinetics and off/on contrast of SiRhoNox-1
for Fe".

Based on the measured absorbance spectral change and
extinction coefficients of each of the probes and their parent
dyes, CoNox-1, FluNox-1, and SiRhoNox-1 were converted to the
corresponding fluorescent compounds at approximately 35%,
17%, and 90%, respectively, after incubation with Fe** for 1 h
(Fig. S41). LC-MS analysis of the reaction mixtures of each of the
probes and Fe*" revealed that the de-oxygenation reaction pro-
ceeded almost exclusively to produce the corresponding dyes
(Fig. S51). A trace amount of byproducts in which the ethyl
group was cleaved, was observed in the case of SiRhoNox-1. The
generation of these byproducts might be attributed to Fe-
induced oxidative dealkylation.***”

The biggest advantage of an N-oxide-based strategy is the
high metal selectivity for Fe**. Fig. 2 depicts metal selectivity
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Fig. 2 Fluorescence response of 2 uM (a) CoNox-1, (b) FluNox-1, and
(c) SiRhoNox-1 against various metal ions (1 mM of alkali and alkaline
earth metal ions, and 20 uM of all other metal ions). All the data were
acquired 1 h after reaction with the indicated metal ions in 50 mM
HEPES buffer (pH 7.4, 0.2% DMSO). Bars represent relative fluores-
cence intensities at 495 nm (a), 535 nm (b), and 660 nm (c); Aex =
405 nm (a), 488 nm (b), and 630 nm (c).
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data for the probes against biologically relevant first row tran-
sition metal ion species, alkali, and alkaline earth metal ion
species. All three probes (CoNox-1, FluNox-1, and SiRhoNox-1)
showed prominent fluorescence response to Fe*" only, while
other metal ions including Fe®", alkali, and alkaline earth metal
ions did not trigger any increase in fluorescence. Moreover,
none of the probes exhibited a significant fluorescence response
against biologically relevant reductants such as glutathione and
ascorbate as well as reactive oxygen species (Fig. S61), suggest-
ing that all three probes have high selectivity for Fe*>" and
adequate stability for biological applications. The parent fluo-
rophores also showed good stability against highly reactive
oxygen species such as hydroxyl radical and hypochlorite, which
potentially oxidize alkylarylamines (Fig. S77). Overall, it was
established that the design strategy based on N-oxide chemistry
works as a universal fluorogenic molecular switching system
selective for Fe*" using various fluorophores bearing a dia-
lkylarylamine in a m-conjugation system.

Live-cell imaging experiments

Next, a live-cell imaging study was performed with the probes.
Although treatment with CoNox-1 for 1 h was not enough to
gain detectable signal because of its high hydrophilicity and low
off/on contrast, prolonging the treatment time up to 2 h caused

(a) CoNox-1

)
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significant signal enhancement in Fe**-treated cells compared
with the control cells (Fig. 3a1 and a2). Meanwhile, 1 h treat-
ment was sufficient to obtain adequate signals for the other two
probes. FluNox-1 was impermeable across the cellular
membrane, and thus it was converted to a cell-permeable
analogue, Ac-FluNox-1, by acetylation of the hydroxyl group of
morpholinorhodol followed by N-oxidation (see ESIT). CoNox-1,
Ac-FluNox-1, and SiRhoNox-1 showed significantly higher
signals in Fe*"-treated cells than in the control cells (Fig. 3a1/a2,
b1/b2 and c1/c2). In particular, distinctly high signal contrast
was observed between the control and Fe**-treated cells in the
cells stained by SiRhoNox-1 (Fig. 3c1/c2). The Fe**-induced
enhancements of fluorescence signal were completely sup-
pressed to the basal level by treatment with Bpy (2,2’-bipyridyl),
which acts as a Fe** ion chelator (Fig. 3a2/a3, b2/b3 and c2/
¢3).2>?* Although CoNox-1 and Ac-FluNox-1 were not sensitive
enough to detect endogenous labile Fe>* (Fig. S8a and bt), the
cells treated with SiRhoNox-1 in the presence of Bpy without
supplementation of Fe®" exhibited significantly lower signal
than the basal level (Fig. S8ct), suggesting that SiRhoNox-1
could detect endogenous labile Fe**. These results are consis-
tent with the observation of distinctly high sensitivity of Si-
RhoNox-1 compared with the other dyes in the cuvette
(Fig. 1d). Ac-FluNox-1 showed cytosolic localization with

(b) FluNox-1 (Ac-FluNox-1)
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Fig.3 Confocal fluorescence microscopy analysis for detection of Fe?* in HepG2 cells using (a) CoNox-1, (b) Ac-FluNox-1, and (c) SiRnoNox-1.
(1) Images of the cells treated with probe for 2 h (CoNox-1) or 1 h (Ac-FluNox-1 and SiRhoNox-1). (2) Images of the cells supplemented with Fe2*
for 30 min prior to probe. (3) Images of the cells treated with Fe?* prior to probe in the presence of 2,2'-bipyridyl (Bpy). (4—6) Differential
interference contrast (DIC) images for the same microscopic fields as (1-3). (d) Quantification of data in (al—a3). (e) Quantification of data in (b1-
b3). (f) Quantification of data in (c1-c3). Statistical analyses were performed with a Student's t-test. **P < 0.01, *P < 0.05 (n = 3). Error bars
indicate £+ S.E.M. All the data were acquired with 5 uM probe, 1 mM Bpy, and 100 uM Fe2* [supplemented as (NH4),Fe(SO4),-6H,0 (FAS)]. Scale

bars indicate 25 um.
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punctate staining pattern of cells (Fig. S9bt), while CoNox-1 and
SiRhoNox-1 have a similar localization pattern, which was
identical with endoplasmic reticulum (ER)-staining dyes
(Fig. S9a and cf).

Detection of intracellular Fe** by flow cytometry

Next, SiRhoNox-1 was applied to flow cytometry analysis of
subcellular labile Fe*". As observed in the imaging study, when
the cells were supplemented with Fe** the population distri-
bution shifted from a low fluorescence signal region to a high
signal region [Fig. 4a (red/blue) and Fig. 4b]; the shift was
negated by treatment with Bpy [Fig. 4a (blue/green) and Fig. 4b].
However, in contrast to the imaging study, flow cytometry
analysis was not sensitive enough to detect endogenous labile
Fe?". It is posited that instrumentation limit or a sample prep-
aration factor, such as treatment with trypsin, resulted in the
relatively low sensitivity of flow cytometry analysis compared
with microscopic analysis of live cells.

Detection of hypoxia-induced fluctuation of labile Fe**

Live-cell imaging experiments and the flow cytometry analysis
revealed SiRhoNox-1 to be the most efficient and promising
fluorescent sensor for Fe>*. Thus, SiRhoNox-1 was applied to
monitor minute fluctuations of labile Fe*" during cellular stress
response. Previously, it was reported that oxidative stress causes
fluctuation of redox balance of Fe*" during light-induced retinal
cell death in a cellular model of aged-macular degradation.®® As
stability of Fe*" in aqueous buffer is highly dependent on
concentration of dissolved oxygen,*® it was hypothesized that
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Fig. 4 (a) Representative flow cytometry histograms of control cells
treated with 5 uM SiRhoNox-1 for 1 h (red), cells treated with 100 uM
Fe2* (FAS) for 30 min prior to staining with 5 pM SiRhoNox-1 for 1 h
(blue), and cells treated with 100 pM Fe?* (FAS) for 30 min prior to
staining with 5 uM SiRhoNox-1 in the presence of 1 mM Bpy for 1 h
(green). A total of 10 000 cells was analyzed for each histogram. (b)
Mean intensities of fluorescence observed by flow cytometry. Statis-
tical analyses were performed with a Student's t-test. **P < 0.01 (n =
5). Error bars indicate + S.E.M.
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intracellular redox balance between Fe**/Fe*" could be altered
under hypoxic conditions. An imaging study was conducted to
evaluate intracellular fluctuation of labile Fe** under various
oxygen concentrations (1%, 5%, and 20% O,) at various time
points (2 h, 4 h, 8 h, and 12 h) using SiRhoNox-1 as an indicator
of labile Fe** (Fig. 5). As expected, distinctly higher fluorescence
signals were observed after incubation for just 2 h under 1%
and 5% O, compared with 20% O, (Fig. 5a and b). The fluo-
rescence signals were enhanced under hypoxia (1% and 5% O,)
at all time points (Fig. 5a and c). The signal enhancement pla-
teaued at 8 h when the cells were incubated under 1% O,, while
similar signal enhancements were observed at each time point
under 5% O,.

To evaluate whether the signal increase was caused by an
alteration of the redox balance of the labile Fe*" level, Bpy was
employed as a Fe*" chelator and diphenyliodonium chloride
(DPI) as an inhibitor of NADPH-dependent reductases*** such
as NADPH-cytochrome c reductase, the enzymatic activity of
which is strongly activated under hypoxic conditions. In the
presence of Bpy, the signal enhancement was completely sup-
pressed for cells incubated under 1% and 5% O, (Fig. S10a-ct),
indicating that the observed enhancements in signal were
distinctly triggered by labile Fe** under hypoxic conditions.
Prior to employing DPI as an inhibitor of reductases in cells, it
was confirmed that SiRhoNox-1 is inert against nitroreductase
even in the presence of excess NADPH in cuvette (Fig. S117). As
observed in the cuvette assays, DPI did not interfere with the
hypoxia-triggered fluorescence response in cells, suggesting
that intracellular NADPH-dependent reductases including
nitroreductase did not contribute to enhancement of the fluo-
rescence signal (Fig. S121). This behavior is distinctly different
from the previously reported hypoxia-sensitive fluorescent
probes, the detection mechanisms for which are based on
hypoxia-specific enzymatic reduction.””** Contrary to previous
reports that hypoxia regulates the ferrous iron uptake via up-
regulation of divalent metal ion transporter 1 (DMT1),*
a direct importer of Fe*" ion, no significant increase was
observed in total iron contents of the cells incubated under
hypoxia (1% O,), as quantified by atomic absorption spectros-
copy (Fig. 5d). These findings clearly demonstrate that the
observed up-regulation of labile Fe** levels induced by hypoxia
is independent of total cellular iron uptake but dependent on
shift of Fe**/Fe’* chemical equilibria in cells. Moreover, the
change of redox balance may not be mediated by HIF-mediated
protein expression at an early stage (2 h). Western blot analysis
of HIF-1a showed that the protein expression level of HIF-1a
increased and reached a maximum at 4 h under 1% O,; no
significant protein expression of HIF-1o. was observed in the
cells incubated under 5% O, (Fig. S131) while a stabilization of
Fe®" was observed by the fluorescence imaging at any time point
tested for cells incubated under 5% O, (Fig. 5a and c). The
stabilization of Fe?* under low oxygen concentrations as
generally observed in cuvette may also occur in living cells.
These results suggests that the intracellular redox balance
between Fe®>"/Fe’* occurs independently of a well-known
cellular response to hypoxia such as HIF-regulated signaling.*
Accordingly, visualization was successful of the intracellular
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(@) Confocal fluorescence microscopy images of HepG2 cells after incubation for 2 h, 4 h, 8 h, and 12 h under various oxygen

concentrations (1%, 5%, and 20%). All the cells were stained with 5 uM SiRhoNox-1. Scale bars indicate 25 um. (b) Quantification and evaluation of
fluorescence signals at each oxygen concentration (1% O,, 5% O,, and 20% O,) at each time point. (c) Quantification and evaluation of time-
dependency (2, 4, 8, and 12 h) at each oxygen concentration. Statistical analyses were performed with a Student's t-test. **P < 0.01, *P<0.05 (n =
4). Error bars indicate + S.E.M. (d) Measurement of total iron contents of the cells (per 10 cells) incubated under 1% O, by atomic absorption. No

significant increase was observed (n = 3).

redox equilibrium shift towards labile Fe** in response to
reduced oxygen tensions in tumor cells using a novel Fe®'
selective fluorescent probe, SiRhoNox-1. The hypoxia-induced
redox shift of labile iron was also observed in 3D cultured
HepG2 spheroids (Fig. $S1471). The spheroids with diameters of
approximately 500 pm cultured for 5 days contained regions of
hypoxia detected by immunochemical analysis using the
hypoxic marker pimonidazole (PIMO).*>** The fluorescent
images of a central slice of the spheroids treated by SiRhoNox-1
showed specific staining around a central hypoxic core. Taken
together, the new Fe**-selective fluorescent probe, SiRhoNox-1
provided an insight into hypoxia-induced up-regulation of
labile Fe*" level in a time- and O,-concentration-dependent
manner and revealed that the elevation of labile Fe** levels is
caused by an alteration in redox balance of the Fe ion in hypoxic
cells. Although the imaging study of the spheroids required
a sequence of fixation process, embedding, and sectioning
process, the fluorescence signal from SiRhoNox-1 was retained
with a detectable level, indicating that SiRhoNox-1 could be
applicable not only to living cells but also to fixed and sectioned
samples. The source of labile iron is likely to be intracellular
ferritin, which stores thousands of iron ions in one protein and
releases labile iron**° by responding to acute cellular require-
ments of iron independent of any protein expression. Actually,
it was observed that hypoxic treatment (1%0,) did not affect
intracelluar ferritin level (Fig. S15%), supporting the idea that

4864 | Chem. Sci., 2017, 8, 4858-4866

up-regulation of Fe*" level mainly depends on alteration of
intracellular equilibrative system for iron homeostasis but not
on ferritin degradation. Further investigation is necessary to
explore the regulation of iron metabolism depending on the
intracellular redox environment in cancer cells.

Conclusion

Using N-oxide chemistry a color series of Fe*'-fluorescent
probes was established. N-oxidation of dialkylarylamine
involved in the m-conjugation system of the chromophores
could convert each chromophore to a Fe**-selective fluorescent
probe, and the principle worked for a wide range of fluo-
rophores to generate CoNox-1 (coumarin), FluNox-1 (rhodol),
and SiRhoNox-1 (Si-rhodamine B) in addition to the previously
described probe, RhoNox-1 (Rhodamine B). All the probes pre-
sented here exhibited a selective turn-on response against Fe**
in aqueous buffer, with SiRhoNox-1 characterized by a distinctly
high off/on contrast as well as preferred reaction kinetics. All
the probes were applicable to live-cell imaging, and SiRhoNox-1
also showed extremely high signal/background ratio and good
response rate within cells. Using SiRhoNox-1, it was observed
that the redox balance of labile Fe species is altered under
hypoxic conditions and that the up-regulation of labile Fe*" is
clearly dependent on O, level but independent of total cellular
amount of iron (iron uptake), ferritin degradation, HIF-1a-

This journal is © The Royal Society of Chemistry 2017
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mediated signal transduction, and hypoxia-activated enzymes.
Furthermore, it was demonstrated that these phenomena
occurred in the central hypoxic core of the 3D spheroid tumor
models by means of SiRhoNox-1. This is the first fluorescent
imaging tool capable of capturing a slight equilibrium shift of
cellular redox balance to labile Fe*" under hypoxia. Successful
development of this series of Fe**-selective fluorescent probes
with various color emissions on the basis of the N-oxide
chemistry would encourage and enable the progress of biolog-
ical study in iron-related physiological and pathological events.
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