Volume 55 | Number 81 | 18 October 2019

Pages 12115-12268

ChemComm

Chemical Communications
rsc.li/chemcomm

ISSN 1359-7345

£ »
ROYAL SOCIETY

Celebrating
OF CHEMISTRY

COMMUNICATION
2019 Jong Seung Kim, Kitae Kim et al.

Enhanced sensitivity of fluorescence-based Fe(il) detection
. by freezing



Published on 03 September 2019. Downloaded on 11/1/2019 7:12:18 AM.

ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2019,
55, 12136

Received 26th July 2019,
Accepted 3rd September 2019

Jong Seung Kim

DOI: 10.1039/c9cc05809e

rsc.li/chemcomm

The first example of combining the fluorescent probe-based
freeze concentration effect with N-oxide chemistry is reported for
the highly sensitive and selective detection of ferrous ion (Fe()).
Interestingly, our preliminary results demonstrated that the fluores-
cence intensity of Fe(i) was markedly enhanced upon freezing, and
the location of Fe(n) in the freezing state was visualized by confocal
microscopy using a cryostage.

Iron, a biologically abundant transition metal in living organisms, is
widely distributed in nature, with some common sources including
seawater, underground water, soil, and industrial waste."”* In
particular, bioavailable iron (mainly Fe(u)) is regarded as a limit-
ing factor for marine primary producers and phytoplankton
growth in several oceans, including the Southern ocean.’ In
nature, dissolved iron in water is mainly present in two redox
states, namely the ferrous (Fe(u)) and ferric (Fe(m)) forms.* Despite
the universal distribution of iron, excessive or insufficient quan-
tities of iron can cause significant issues to living organisms and
the environment.> As such, the quantity of iron in the biosphere
should be maintained at an appropriate level, and so the accurate
and precise detection of iron is the key to understanding the
factors that regulate its concentration in nature.

Unlike in the case of industrial waste, the concentration of
iron present in the natural water system generally ranges from
61 to 2680 ppm.° In addition, although the accurate separation and
measurement of divalent and trivalent iron ions is challenging,
the selective detection of the more water soluble Fe(u) is necessary
due to its importance in redox processes.’
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Thus, to accurately and sensitively measure Fe(u), the quanti-
tative and qualitative analysis of analytes can be achieved using
atomic absorption spectroscopy (AAS), inductively coupled plasma
mass spectrometry (ICP-MS), potentiometric stripping analysis
(PSA), X-ray fluorescence (XRF), and radioisotopes.® Since the
above methods are expensive and sophisticated, a simple colori-
metric method has been used as an alternative; however this is
cumbersome and less selective. To overcome such issues, a rapid
and accurate fluorescence method has been proposed for the
detection of Fe(u), which allows the selective detection of certain
substances present in the analytes."°

In addition, in 2013, Nagasawa and co-workers reported
the first turn-on fluorescent probe for the selective detection
of Fe(n) using N-oxide chemistry in aqueous solution.'* The
installation of an N-oxide on the fluorophore induces fluores-
cence attenuation by twisted intramolecular transfer (TICT) and
photo-induced electron transfer (PET). The oxidized dialkyl-
arylamine moiety is selectively reduced by only Fe(u)-mediated
deoxygenation, thereby resulting in a dramatic increase in fluores-
cence due to the recovery of m-conjugation in the fluorophore.
Indeed, an N-oxide chemistry-based approach for the selective
detection of Fe(u) has been widely employed in various biological
applications.'*™*® However, this method also has limitations since
it has low sensitivity and low response rate to Fe(u) present in
aqueous solutions.

To resolve this issue, a new fluorescence-based approach
employing the freeze concentration effect was proposed. More
specifically, Kim et al. reported that the freezing method
increased the interactivity through the concentration of the
various components in the quasi-liquid layer around the ice
crystals, thereby significantly increasing the rate of the reaction
compared to that in the liquid phase.'”” This system has
therefore aroused great interest in recent chemical and environ-
mental studies. For example, a unique reaction between organic
and inorganic matter takes place in a specific ice region accom-
panied by low pH conditions."®" More recently, this strategy
has been applied by Choi et al. for investigating the degradation
mechanism of organic pollutants.??
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Scheme 1 Proposed reaction between the probe 1-Ox and Fe(i).

Thus, we herein propose a novel idea based on the combination
of the freeze concentration effect and N-oxide chemistry to sensi-
tively and selectively detect Fe(u) (Scheme 1). More specifically, we
report the design and synthesis of an Fe(u)-specific fluorescent
probe (1-Ox) by the combination of a naphthalimide fluorophore
and oxidized morpholine as an Fe(u)-selective reaction site
(Scheme S1, ESIt). The proposed sensing mechanism of 1-Ox with
Fe(u) is based on the modulation of the intramolecular charge
transfer (ICT) character of 1, compared to the PET-quenched
oxidized morpholine probe 1-Ox, as supported by DFT calculations
(Fig. S1 and S2, ESIt). The target compound, 1-Ox, is synthesized
according to a previously reported 3-step procedure with minor
modifications, as shown in the ESIf (Scheme $1).>* The iden-
tities of the newly synthesized compounds are confirmed by
"H NMR, "*C NMR, and ESI-MS (ESI{).

To evaluate the response to Fe(u) and the effect of freezing,
spectroscopic characterization of the probe 1-Ox and its mother
compound 1 was carried out. As shown in Fig. 1A, absorption
bands with the maxima of 340 and 395 nm were found for 1-Ox
(e=13x10"M ' em ) and 1 (¢ =09 x 10* M ' em™ %),
respectively. This indicates that a blue shift took place due to a
less pronounced ICT character during the excitation, caused by
the presence of the N-oxide moiety. Moreover, the quantum
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Fig.1 (A) UV-vis absorption spectra of 1 (5 uM) and 1-Ox (5 pM) in
aqueous solution. Fluorescence spectra of 1 and 1-Ox in the absence
and presence of Fe(i) (5 uM) (B) at 25 °C for 60 min, and (C) under freezing
(=20 °C) for 30 min, and (D) after thawing (25 °C) for 30 min in aqueous
solution containing 0.5% (v/v) acetonitrile. Excitation was at 395 nm.

Wavelength (nm)

This journal is © The Royal Society of Chemistry 2019

View Article Online

ChemComm

yields (@) of 1 and 1-Ox with an excitation at 360 nm were
measured to be 0.31 and 0.02 (quinine sulphate as a standard),
respectively (Table S1, ESIf).

In addition, 1-Ox exhibited a weak emission band as a result
of the PET quenching effect, while 1 exhibited a relatively
strong fluorescence at 540 nm with an excitation at 395 nm
(Fig. 1B). When 1-Ox was treated with 1 equivalent of Fe(u) for
60 min, the fluorescence spectra showed negligible changes
due to the low reactivity, in addition to the short reaction time
(Fig. 1B). Based on the previous results for the combination of
an Fe(u)-selective fluorescent probe with N-oxide chemistry,
a reaction time of at least 60 min is required in addition to
>10 equivalents of Fe(i).">

To overcome this limitation, we introduced freezing and
thawing methods for more efficient fluorescence detection.
Preliminary experiments were carried out to determine the
optimal conditions and the maximum freeze concentration
effect was reached under buffer-free and slightly acidic condi-
tions. As the reaction time of 1-Ox with Fe(n) was increased
from 0 to 60 min, the change in the fluorescence intensity at
25 °C was negligible (Fig. S3, ESIt). Upon extending the freezing
time from 30 to 60 min, the fluorescence intensity of the
mixture of 1-Ox with Fe(u) increased significantly (Fig. S4, ESIT).
The fluorescence intensity was then measured after thawing at
25 °C for 30 min (Fig. S5, ESIt). Furthermore, the fluorescence
intensity of free 1-Ox was found to be stable under freezing
conditions up to 60 min (Fig. S6, ESIt) as well as under solution
conditions at 25 °C (Fig. S7, ESIt).

Examination of the above results allowed us to determine that
the freezing and thawing times of 30 min each were suitable.
Using this novel analytical method, a mixture of 1-Ox with 5 pM
Fe(n) exhibited a remarkable 130-fold fluorescence enhancement
upon freezing (30 min) compared to the previously reported results
presented in Fig. 1C. Although the fluorescence intensity of free
1-Ox also increased with scattering, a significantly greater enhance-
ment in fluorescence (4 x ) was observed upon the addition of Fe(u).
These results indicate that the fluorescence intensity increased due
to the freeze concentration effect. In addition, Fig. 1D shows the
fluorescence spectra of 1-Ox after thawing in the absence and
presence of Fe(u). Almost no fluorescence was observed for the free
1-Ox, whereas the fluorescence intensity of 1-Ox was increased up
to 8-fold in the presence of Fe(u). This observation suggests that
the deoxygenation reaction between 1-Ox and 1 equivalent of Fe(u)
was enhanced upon freezing.

The fluorescence response of 1-Ox (5 pM) to Fe(u) over other
metal ions was investigated under freezing and thawing con-
ditions, where the fluorescence intensity at 540 nm is plotted in
Fig. 2. The obtained results indicate that 1-Ox can detect Fe(u)
selectively over other metal ions. Likewise, none of the other
tested biologically relevant reductants caused a notable change
in the fluorescence intensity (Fig. S8, ESIt)."’"* Moreover, in the
presence of ethylenediaminetetraacetic acid (EDTA) as an Fe(u)
capping agent, a low fluorescence was observed, indicating that
Fe(u) switched on the fluorescence. In addition, the fluorescence
titration spectra of 1-Ox with increasing concentrations of Fe(u)
are shown in Fig. S9 (ESIt). Upon treatment with Fe(u), the
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Fig. 2 Metal ion selectivity of 1-Ox (5 uM) toward 5 uM of Fe(i) (1), 50 uM
of various chloride salts (2 Fe(n); 3 Ba(i); 4 Co(n); 5 Cr(n); 6 Hg(n); 7 Cu(u);
8 Cu(); 9 Ni(); 10 Pb(u); 11 Zn(n); 12 Na(n); 13 K(); 14 Mg(); 15 Ca(i)), only 1-Ox
(16) and Fe(i) (5 uM) with 50 pM of EDTA (17), under (A) freezing conditions
(=20 °C) for 30 min, and (B) after thawing (25 °C) for 30 min in aqueous
solution containing 0.5% (v/v) acetonitrile. The results show the fluorescence
intensities of 1-Ox at 540 nm upon excitation at 395 nm.
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fluorescence intensity of 1-Ox at 540 nm gradually increased,
reaching saturation around 5 puM under freezing and thawing
conditions. The fluorescence response therefore demonstrates
a linear relationship between the signal intensity and the Fe(u)
concentration, allowing the detection limit to be determined as
0.27 uM under freezing and thawing conditions (Fig. S10, ESIT).
However, a detection limit of 1.02 pM was obtained at 25 °C
(Fig. S11, ESIY), thereby indicating that the freezing method is
favorable for the detection of low concentrations of Fe(u).

As evident from HPLC analysis, the generation of 1 from the
deoxygenation of 1-Ox was induced by Fe(u) using the freezing
method (Fig. 3). The retention time of 1 was observed to be
4.30 min upon excitation at 360 nm, whereas the peak of 1-Ox
was detected at 5.50 min. Upon the addition of Fe(n) to 1-Ox under
freezing and thawing conditions, the initial peak at 5.50 min almost
disappeared, while a new peak was observed at 4.30 min, ie., at the
same retention time as 1. These results therefore confirm that
Fe(n)-mediated deoxygenation took place to give 1 from 1-Ox.

To visualize the accumulation of the probe in the liquid-like
layer (LLL), freezing was carried out using a cryostage (Linkam
FDCS196) and the localization was confirmed by confocal laser
microscopy. As can be seen in Fig. S12 (ESIT), it shows the
optical and fluorescence images of 1, where accumulation was
observed in ice. In addition, the fluorescence emission of 1-Ox
was found to be lower than that of 1 in the ice phase (Fig. 4A),
while the fluorescence intensity of 1-Ox in the presence of
1 equivalent of Fe(un) was significantly increased (Fig. 4B). In
particular, the merged images show an overlap of fluorescence

/\ 1-Ox
“ 1-Ox + Fe(ll)
_A !

4 5 6 7 8
Time (min)

Fig. 3 HPLC analysis of 1 and 1-Ox in the absence and presence of Fe()
at a single wavelength (360 nm). The eluent was a binary mixture of a 0.1%
phosphoric acid solution and acetonitrile (30 : 70 by volume) at a flow rate

of 1.0 mL min™™.
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Fig. 4 Confocal microscopy images of 1-Ox (5 pM) in the (A) absence
and (B) presence of Fe(i) (5 uM) on the cryostage at —20 °C for 30 min.
Merged images were obtained using the DIC and fluorescence images.
The excitation and emission wavelengths were 405 and 450-600 nm,
respectively. Scale bar = 20 um.

with differential interference contrast (DIC) from 1-Ox with that
of Fe(u), indicating that the probe settled in the LLL. Indeed,
the magnification images confirm this in detail. Additional
studies of these Z-stack images were then carried out for the
probes, where the 3-dimensional images of 1-Ox in the
presence of Fe(u) (depth range = 0-80 um) revealed evidence
of localization in the LLL (Fig. S13, ESIt). It was therefore
apparent that these microscopic images gave results similar to
the spectroscopic data obtained in ice, thereby implying that
the deoxygenation reaction occurred in the LLL.

Based on the promising imaging results obtained in ice, we also
investigated the applicability of the 1-Ox probe for the detection of
Fe(u) generated by the freezing-enhanced chemical reaction in a cold
environment. Indeed, Choi’s group previously reported an enhance-
ment in the reduction to Fe(u) from iron oxide in the presence of
iodide ions in a frozen solution and its implication on iron
bioavailability in cold environments.>* Thus, the production of
Fe(u) was carried out according to the previously reported procedures
with minor modifications.® Prior to the application of 1-Ox in an
environmental system, free 1-Ox and iron oxide were measured by
confocal microscopy. A weak fluorescence in 1-Ox was observed,
whereas iron oxide was clearly concentrated in the LLL (Fig. 5).
Moreover, the effect of iodide on the fluorescence change of 1-Ox
was negligible (Fig. S14, ESIt). When the iron oxide was pre-treated
with iodide for 24 h at —20 °C and subsequently thawed at 25 °C and
then incubated with 1-Ox for 30 min at —20 °C, the fluorescence of
1-Ox was significantly enhanced via production of Fe(u) from
dissolution of iron oxide with iodide. These results indicate that
1-Ox is a valuable tool not only for monitoring labile iron ions but
also for understanding the accelerated chemical reaction in ice.

In conclusion, we designed and synthesized a novel Fe(u)-
selective fluorescent probe, 1-Ox, which is composed of naphthal-
imide and an oxidized morpholine moiety. Even in the presence of
only 1 equivalent of Fe(u), the probe exhibited a highly sensitive
fluorescence enhancement toward Fe(u) upon freezing as opposed to
under 25 °C conditions. These results imply that an increased
deoxygenation reactivity by Fe(u) in ice was closely related to the
freeze concentration effect. Due to its favorable photophysical
properties, 1-Ox therefore appears to be a promising candidate for
the sensitive detection of labile Fe(u) in environmental samples,

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Confocal microscopy images of iron oxide treated with 1-Ox
(5 uM) in the absence and presence of iodide on the cryostage at
—20 °C for 30 min. Merged images were obtained from the DIC and
fluorescence images. The excitation and emission wavelengths were 405
and 450-600 nm, respectively. Scale bar = 20 um.

owing to a large Stokes shift, a low detection limit, and a high
selectivity. As demonstrated by confocal laser microscopy, the addi-
tion of Fe(u) resulted in probe localization in the LLL in addition to
an enhancement in fluorescence. As such, the combination of 1-Ox
with the appropriate freezing method demonstrates potential for
application in the tracking of environmental Fe(u) in nature, and in
particular in polar and cold environments. Furthermore, the
reported combined strategy is described here for the first time,
and we note that this method could be used to provide a better
understanding of the environmental implications of Fe(u), while
1-Ox could be considered a potential analytical tool for identification
of the microstructure of ice.
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