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Naphthalimide—coumarin conjugate: ratiometric
fluorescent receptor for self-calibrating
quantification of cyanide anions in cells¥

Yasuhiro Shiraishi, 2 *® Naoto Hayashi,? Masaki Nakahata,® Shinji Sakai°
and Takayuki Hirai®

Quantitative determination of toxic cyanide anions (CN™) in biological samples is an important subject. We
synthesized a naphthalimide—coumarin conjugate with a simple imine linker (1), which behaves as
a fluorescent receptor for ratiometric quantification of CN™. It exhibits green naphthalimide fluorescence
at 533 nm, originating from the excited-state intramolecular charge transfer (ESICT) from coumarin to
naphthalimide fluorophores. Selective CN™ addition to the imine linker affords an a-amino nitrile
product. This suppresses ESICT and creates coumarin fluorescence at 444 nm and naphthalimide
fluorescence at 533 nm originating from direct photoexcitation of the respective fluorophores. The
emission intensity at 533 nm is maintained upon CN™ addition and can be used as an internal standard
for analysis. This ratiometric response enables self-calibrating CN™ quantification based on the intensities
of two emissions in solution and in cells. This facilitates rapid (within 3 min), selective, and sensitive

rsc.li/rsc-advances

Introduction

The cyanide anion (CN") is very toxic' and its binding to cyto-
chrome units causes paralysis of cellular respiration®> and
significant damage to the nervous system.* Absorption of a very
small amount of CN™, as little as 0.5-3.5 mg per kilogram of
body weight, is enough to cause human death.* Cyanides are,
however, versatile reagents for synthesis® and metallurgy.® This
often causes a release of CN™ into the environment. The World
Health Organization (WHO) therefore sets the maximum
permissive level of cyanide in drinking water at 1.9 uM.”
Quantitative determination of CN™ in environmental and bio-
logical samples by simple and rapid pretreatment and inex-
pensive instrumentation is a challenge.

Fluorometric analysis with a CN™-selective receptor is one
promising method for this purpose because it facilitates simple
quantification of CN~ with a common fluorescence spectrom-
eter. So far, a variety of off-on type fluorescent CN™ receptors
have been proposed;®* however, many of them show single-
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ratiometric detection of very low levels of CN™ (>1.8 uM).

wavelength fluorescence and its intensity is used for quantifi-
cation. The emission intensity is strongly affected by several
factors such as instruments and receptor concentration; there-
fore, tedious calibration procedure is necessary on the respec-
tive instruments. In contrast, ratiometric receptor, which shows
a new fluorescence in addition to the inherent one by the
interaction with CN~, allow quantification just by monitoring
the intensities of two emissions, where the effects of instru-
ments and receptor concentration can be eliminated. Some
ratiometric CN™ receptors, which can be used in bulk solution,
have been proposed;’ however, to the best of our knowledge,
none of the receptor facilitates ratiometric CN~ quantification
in cells.

Here we report a first example of a fluorescent CN™ receptor
enabling ratiometric quantification in cells. Our strategy for
the receptor design is a simple m-conjugation of two fluo-
rophores with donor and acceptor characters, respectively,
which are in the excited-state intramolecular charge transfer
(ESICT). As shown in Scheme 1, a naphthalimide-coumarin
conjugate with a simple imine linker (1), when dissolved in
neutral media, exhibits a green naphthalimide fluorescence at
533 nm via ESICT. CN addition to the imine moiety
suppresses ESICT and allows direct photoexcitation of the
respective fluorophores, creating a coumarin fluorescence at
444 nm and a naphthalimide fluorescence at 533 nm. The
533 nm emission maintains its intensity. This facilitates
ratiometric quantification of CN™ in solution and cells based
on the intensity of 533 nm emission as an internal standard.*®
This allows rapid (3 min), selective, and sensitive detection of

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Proposed mechanism for ratiometric fluorescence
response of the receptor 1 upon reaction with CN™.

CN™ as low as 1.8 uM, lower than the permissive level in
drinking water set by WHO.

Results and discussion
Synthesis and fluorescence properties

The receptor 1 was synthesized by the procedure depicted in
Scheme 2. 4-Amino-N-butyl-1,8-naphthalimide'* and 8-formyl-7-
hydroxy-4-methylcoumarin'> were dissolved in EtOH, and the
solution was stirred at 80 °C for 4 h. The solid formed was
recovered by filtration and washed thoroughly with EtOH and
CH,Cl,, affording 1 as orange solids with 14% yield. The purity
of 1 was confirmed by "H NMR, '*C NMR, and FAB-MS analysis
(Fig. S1-S3, ESIT).

1 (10 uM) was dissolved in a buffered water/MeCN mixture
(1/1 v/v) with pH 7.0 (HEPES 0.1 M) and subjected for fluo-
rescence measurements at 25 °C. As shown in Fig. 1a (green
line), 1, when photoexcited at 385 nm, shows a green fluo-
rescence centered at 533 nm with fluorescence quantum
yield (®y) = 0.16. Addition of 200 equiv. of CN~ (as n-Bu,N"*
salt) to this solution followed by stirring for 5 min (blue line)
creates a new emission at 444 nm (@ = 0.05) while main-
taining the intensity of the 533 nm emission (@ = 0.17). It is
noted that addition of other nucleophiles scarcely changes
the spectrum, indicating that CN~ selectively creates the
444 nm emission. It is also noted that, as shown in Fig. 1b,
the 444 nm emission enhanced selectively by CN™ is unaf-
fected by the other nucleophiles. This clearly suggests that 1
selectively detects CN~ even in the presence of these
contaminants.

Fig. 2 (top) shows the change in fluorescence spectra of 1 at
pH 7.0 with CN™ concentrations. Stepwise addition of CN™
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Scheme 2 Synthesis of the receptor 1.

NHy

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

none, F~, CI-, Br-, I, H,PO,~, NO5~
AcO-, SCN-, CIO4, HSO,~, S2-, NCO™
Cys, thiophenol, n—propanethiol

(O e LI I e e o o o e

400

450 500 550

Alnm

600 650

Il 1 + other nucleophiles
[ 1+ CN-+ other nucleophiles

Fl 444/ Fl 535

Fig. 1 (a) Fluorescence spectra (Aex = 385 nm) of 1 (10 uM) with 200
equiv. of each nucleophile in a buffered water/MeCN mixture (1/1 v/v;
HEPES 0.1 M, pH 7.0) at 25 °C. (b) Intensity obtained (black) with 200
equiv. of each nucleophile and (white) 200 equiv. of CN™ and other
nucleophiles.

increases the intensity of the 444 nm fluorescence, while
maintaining the intensity of the 533 nm fluorescence. As
shown in Fig. 2 (bottom), plots of the ratio of fluorescence
intensities (Fl444/FIs33) versus the CN~ concentrations show
linear relationship, indicating that 1 allows accurate CN™
sensing at ~4000 uM. The detection limit is determined to be
1.8 uM based on the signal-to-noise (S/N) ratio using the
equation (DL = 3 x SD/S),** where SD is the standard devia-
tion of blank analysis (SD = 2.77 x 10™%, n = 10) and § is the
slope of the intensity versus the CN™ concentrations (S = 4.47
x 10~* uM ). This detection limit is lower than the maximum
permissive level of cyanide in drinking water (1.9 uM) set by
WHO,” although the present method cannot use pure water
due to the low solubility of the receptor and requires a water/
MeCN (1:1) mixture for the analysis. Nevertheless, the
receptor 1 facilitates sensitive CN~ detection by ratiometric
analysis. It must also be noted that 1 detects CN™~ very rapidly.
Fig. S4 (ESIt) shows the time course of the fluorescence
intensity of 1 after addition of CN". The intensity increases
immediately after the CN™ addition and almost terminates
within 3 min, suggesting that only 3 min assay facilitates CN—
sensing.
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Fig. 2 Change in (top) fluorescence spectra (lex = 385 nm) and
(bottom) the ratio of fluorescence intensity (Flz44/Fls33) of 1 (10 uM)
with CN™ concentration, measured in a buffered water/MeCN mixture
(1/1 v/v; HEPES 0.1 M, pH 7.0) at 25 °C. The right figures show the
enlarged images of the left figures.

Mechanism for reaction with CN™

As summarized in Scheme 1, the CN™-induced enhancement of
the 444 nm emission for 1 is triggered by the addition of HCN to
the imine moiety of 1’ species, the deprotonated form of 1,
producing [1'-HCN]™ species. At pH > 7, 1 undergoes deproto-
nation of its -OH group since pK, of 7-hydroxycoumarin moiety
is 7.8.1 The deprotonated 1’ reacts with HCN,* and gives an o-
amino nitrile product [1'-HCN]". The HCN addition is
confirmed by fluorescence analysis of 1 with CN™ at different
PH. As shown in Fig. S5 (ESIt), the fluorescence enhancement of
1 by CN™ is very small at pH > 10. This suggests that deproto-
nation of HCN (HCN + OH™ <« H,0 + CN; pK, = 9.2)
suppresses the HCN addition to 1’, clearly supporting the
reaction mechanism in Scheme 1.

The HCN addition to the imine moiety of 1/, producing the
[1'-HCN] ™ species, is confirmed by NMR analysis. "H NMR
charts of 1 and [1'-HCN]™ were shown in Fig. 3, where the 2D
COSY spectra were used for the assignment of the respective
chemical shifts (Fig. S6 and S7, ESIf). As shown in Fig. 3a, 1
measured in DMSO-dg shows imine H® proton at 9.5 ppm. As
shown in Fig. 3b, the [1'-HCN]™ species shows significant
upfield shift of the H* proton (6.1 ppm). This suggests that the
imine moiety of 1’ reacts with HCN. As shown in Fig. 4, *C NMR
charts of 1 also show upfield shift of the imine CH carbon
(160 ppm — 42 ppm) by the reaction with HCN and creates
a new peak for the -CN carbon at 119 ppm. This further
supports the HCN addition to the imine moiety. The 1:1
reaction of 1/ with HCN is confirmed by FAB-MS analysis. As
shown in Fig. S8 (ESIt), the product shows a peak at m/z 481.2
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Fig. 3 H NMR chart of 1 (10 mM) measured (a) without and (b) with 1
equiv. of CN™ (400 MHz, 30 °C, DMSO-dg).

attributable to the [1' + HCN]™ species. The result strongly
supports the 1 : 1 reaction between 1’ and HCN.

Mechanism for fluorometric response

The ratiometric fluorescence response of 1 upon CN~ addition
can be explained by the mechanism summarized in Scheme 1.
Without CN ™, the deprotonated 1’ shows the 533 nm fluores-
cence from the excited-state naphthalimide moiety, formed by
the excited-state intramolecular charge transfer (ESICT) from
the coumarin to naphthalimide moiety. In contrast, the
formation of [1'-HCN]~ by the HCN addition to the imine
moiety of 1’ leads to a cleavage of the 7t-conjugation between the
coumarin and naphthalimide moieties and suppresses ESICT.
This thus creates two emissions from the directly photoexcited
coumarin and naphthalimide moieties, respectively. Ab initio
calculations based on the time-dependent density functional
theory (TDDFT)® confirm the mechanism. As shown in Table S1
(ESIY), singlet electronic transition of 1’ is mainly contributed
by HOMO—2 — LUMO (S, — S;) transition. Its energy (2.99 eV,
415 nm) is similar to the observed Amax (425 nm) of the
absorption spectrum of 1’ (Fig. S9, ESIt). As summarized in
Fig. 5 (left), -electrons of HOMO—2 of 1’ are delocalized over
the two fluorophores, but those of LUMO are localized on the
naphthalimide moiety. This indicates that the ESICT from the
photoexcited coumarin to naphthalimide moiety indeed creates
the 533 nm naphthalimide fluorescence.

In contrast, as shown in Table S1 (ESI{), singlet transition of
[1'-HCN]™ species is contributed predominantly by HOMO—1
— LUMO (Sy — S,) and HOMO — LUMO+1 (S, — S,) transi-
tions. The former transition energy (2.88 eV, 431 nm) is close to
that for the observed A,y (425 nm) in the absorption spectrum
of [1'-HCN]™ (Fig. S9, ESIT). As shown in Fig. 5 (right, green), -
electrons of both HOMO—1 and LUMO are localized on the
naphthalimide moiety, indicating that this absorption is
attributable to m,7*transition of naphthalimide moiety. The
533 nm fluorescence of the [1'-HCN] species therefore

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 C NMR chart of (a) 1 and (b) 1 with 1 equiv. of CN™ (100 MHz, 30 °C, CDClz).

originates from the directly photoexcited naphthalimide
moiety. In contrast, the energy for HOMO — LUMO+1 transi-
tion (3.43 eV, 361 nm) is also close to the observed Ayax (368 nm)
for the [1'-HCN]™ absorption. As shown in Fig. 5 (right, blue), 7c-
electrons of both HOMO and LUMO+1 are localized on the
coumarin moiety, indicating that this is attributable to 7,7*-
transition of the coumarin moiety. The 444 nm fluorescence of
[1'-HCN]™ therefore originates from the directly photoexcited
coumarin moiety. These findings suggest that 1’ shows 533 nm
naphthalimide fluorescence through ESICT, while the [1'-
HCN]™ species shows the 533 nm and 444 nm fluorescence from
the directly photoexcited naphthalimide and coumarin moie-
ties, respectively. The intensities of the 533 nm emission from
both species are identical and, hence, the emission can be used
as an internal standard for ratiometric quantification of CN™.

CN™ quantification in cells

The receptor 1 also facilitates quantification of CN™ in cells.
HeLa cells were incubated in DMF containing 1 (100 pM) and
different concentrations of CN™ (0-90 uM) for 30 min at 37 °C,
and were washed with PBS (pH 7.4). The obtained cells were
monitored by fluorescence microscopy at a blue channel (Aex =

Eiumo =-0.14 8V

360 nm; A, = 460 nm) and a green channel (Aex = 470 nm; Ay,
= 535 nm), respectively. As shown in the bottom of Fig. 6, the
cell images monitored at a green channel show similar emis-
sion intensities regardless of the CN~ concentrations. In
contrast, as shown in the blue channel images (top), the emis-
sion intensity increases with increasing the CN~ concentra-
tions. The emission intensities of each cell (at least 10 cells)
were determined by the equipped BZ-II Analyzer software
(Keyence), and their average intensities (Fl;5, and FIs;5) were
calculated. Fig. 6k shows the change in the ratio of the emission
intensity (Fl;60/Fls35) with the CN™ concentrations. A linear
relationship (R> = 0.9979) indicates that 1 facilitates accurate
quantification of CN™ in cells based on the self-calibrating
method.

To clarify the toxicity of the cell treatment, viability of the
HeLa cells before and after treatment with DMF solution con-
taining 1 was determined. A Trypan blue solution was added to
the cells, and the respective live and dead cells were counted by
Countess II FL Automated Cell Counter. As reported,**¥ some
early-reported CN™ receptors exhibit low cytotoxicity after the
treatment with aqueous solution containing the receptors.
However, in our case, the cell viability after the treatment was
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Fig. 5 Energy diagrams and interfacial plots of main molecular orbitals of (left) 1’ and (right) [1'-HCN] ™, calculated at the DFT level (B3LYP/6-

31+G*).
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Fig.6 Fluorescence microscope images of Hela cells incubated with 1 (100 pM, DMF) and different concentration of CN™ (0—90 uM), monitored
(a—e) at a blue channel (Aex = 360 NM; Aem = 460 Nm) and (f—j) at a green channel (Aex = 470 NmM; Aem = 535 Nm). The respective images were
obtained after incubation for 30 min at 37 °C, followed by washing with PBS (pH 7.4). (k) Change in the ratio of fluorescence intensity (Fl4g0/Fls3s)
of 1 as a function of CN™ concentrations. The scale bars are set at 20 um.

only ca. 4%, as summarized in Fig. S10 (ESIt). This means that
the cell treatment with DMF solution containing 1 leads to
a loss of the functionality for almost all of the cells. In our case,
the use of DMF with high cytotoxicity is necessary for perme-
ation of the receptor into the cells due to its low solubility in
water. Living cell imaging is therefore not facilitated by the
present receptor 1.

Conclusion

We synthesized a simple naphthalimide-coumarin dyad (1)
behaving as a ratiometric fluorescent receptor for CN™ quanti-
fication. The original longer-wavelength fluorescence is unaf-
fected by CN~, while the shorter-wavelength fluorescence
selectively increases by the CN™ addition. This thus allows self-
calibrating quantification of CN~ with the longer-wavelength
emission as an internal standard. The receptor facilitates
rapid, selective, and sensitive CN™ quantification even in cells.
The molecular design presented here based on simple conju-
gation of two fluorophores controlling the invariable and vari-
able emissions towards CN~ would contribute to the creation of
more efficient receptors for accurate CN™~ quantification in
environmental and biological samples.

Experimental
General

All anions were used as n-Bu,N' or Na® salts. Fluorescence
spectra were measured on a JASCO FP-6500 fluorescence spec-
trophotometer with a 10 mm path length cell (both excitation
and emission slit widths, 5.0 nm) at 298 + 1 K using a temper-
ature controller. All measurements were performed under
aerated condition."” Absorption spectra were measured on an
UV-visible  photodiode-array ~ spectrometer  (Shimadzu;
Multispec-1500) equipped with a temperature controller (S-
1700).** "H and "*C NMR charts were obtained using a JEOL
JNM-ECS400 spectrometer. FAB-MS analysis was performed on
a JEOL JMS 700 Mass Spectrometer. Fluorescence images of
HelLa cells were obtained on fluorescence microscopy (BIOREVE
BZ-9000, Keyence).” Mean fluorescent intensities on the

32308 | RSC Adv., 2017, 7, 32304-32309

obtained images were determined using BZ-II Analyzer software
(Keyence) by measuring the fluorescent intensity of at least 10
cells per photograph. Fluorescence quantum yields (9r) were
determined with Rhodamine B (in EtOH) as a standard.*

Synthesis of the receptor 1 [7-hydroxy-4-methyl-8-((N-butyl-
1,8-naphthalimide-4-ylimino)methyl)coumarin]

4-Amino-N-butyl-1,8-naphthalimide (57 mg, 0.2 mmol)"* and 8-
formyl-7-hydroxy-4-methylcoumarin (43 mg, 0.2 mmol)'* were
dissolved in EtOH (3 mL), and the solution was stirred at 80 °C
for 4 h. The solid formed was recovered by filtration and washed
thoroughly with EtOH and CH,Cl,, affording 1 as orange solids.
Yield: 13.4 mg (14.1%). 'H NMR (400 MHz, DMSO-dg, TMS),
6 (ppm): 14.10 (1H, s), 9.41 (1H, s), 8.58 (3H, t,J = 7.1 Hz), 7.97-
7.95 (2H, m), 7.87 (1H, d, J = 7.8 Hz), 7.09 (1H, d, J = 8.8 Hz),
6.33 (1H, d, J = 1.0 Hz), 4.08 (2H, t, ] = 7.8 Hz), 2.48-2.45 (3H,
m), 1.68-1.61 (2H, m), 1.43-1.35 (2H, m), 0.95 (3H, t,/ = 7.1 Hz).
'C NMR (100 MHz, DMSO-dg, TMS) 6 (ppm): 165.3, 164.1, 163.7,
160.3, 159.7, 154.8, 153.0, 150.3, 132.1, 131.8, 130.5, 129.3,
128.9, 127.4, 126.5, 123.0, 121.5, 116.0, 114.4, 111.9, 111.7,
107.4, 40.4, 30.3, 20.4, 19.0, 13.9. FAB-MS: m/z: caled for
Cy7H,3N,05" (1 + HY)' 455.5; found: 455.2; HRMS (FAB'): m/z:
caled for C,,H,3N,05" (1 + H')": 455.1601; found; 455.1605.

Calculation details

Ab initio calculations were performed with tight convergence
criteria at the DFT level within the Gaussian 03 package, using
the B3LYP/6-31+G(D) basis set for all atoms. The excitation
energies and oscillator strengths of the compounds were
calculated by TDDFT at the same level of optimization. Carte-
sian coordinates are summarized at the end of ESL.}

Cell culture and fluorescence microscopy

HelLa cells were grown in Dulbecco's modified eagle's medium
(DMEM) supplemented with 10% fetal bovine serum on cover
slip in 60 mm dishes. The trypsinized cells were incubated with
DMF containing 1 (100 uM) and required amount of CN™ for
20 min at 37 °C in humidified air containing 5% CO,. The cells
were then washed with PBS for three times and subjected for

This journal is © The Royal Society of Chemistry 2017
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observation using BIOREVE BZ-9000 Fluorescence Microscope
apparatus.

Cell viability test

Trypsinized HeLa cells were incubated with DMF containing 1
(100 pM) for 20 min at 37 °C in humidified air containing 5%
CO,. After washing with PBS for three times, a Trypan blue
solution was added to the cells. The respective live and dead
cells were counted using the Countess II FL Automated Cell
Counter.
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