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ABSTRACT: A ‘turn on’ fluorescence-based probe for sensing
H,S in water via a coordinative-based approach has been successful-
ly devised. The probe can selectively detect H,S in aqueous solu-
tions over other anions, biothiols and common oxidants such as
H,0,. '"H NMR and ESI MS experiments provide evidences that
the turn-on response in the presence of H,S is due to binding of
the target anion to the copper center.

For centuries, hydrogen sulfide (H,S) has been viewed primarily
as a noxious chemical species.'* More recent studies have broa-
dened its traditional view as a noxious chemical species and patent-
ly established H,S as an essential physiological mediator and cellu-
lar signaling species,"® but our understanding of H,S chemistry and
its far-ranging contributions to physiology and pathology is still
mostly unknown.” The complex biological roles of H,S and poten-
tial therapeutic implications constitute a challenging motivation for
devising new ways to monitor its production, trafficking, and con-
sumption in living systems. Recently, fuorescence-based systems for
H,S detection have been proposed as selective probes for biological
applications.””® These probes can detect H,S in aqueous solution
with high sensitivity and selectivity. Existing fluorescence-based
probes implemented so far have been subdivided into four differ-
ent categories (depending on the reaction mechanism by which

analyte recognition occurs):"!” i) azide-to-amine reduction;'*?!?*7 ii)

nucleophilic addition;*®?! iii) copper displacement;*>*® iv) nitro-to-
amine reduction.’™® All the sensors belonging to the above catego-
ries make use of organic molecules which change their fluorescence
intensity when interacting with H,S. Sensors belonging to category
iii constitute an exception since in this case the molecule acting as
the recognition element is a metal complex. In this case recognition
builds on the displacement of the metal from the fluorophore’s
environment to generally produce fluorescence turn-on changes via
H,S-mediated precipitation of MtS.192343%41 Despite all the advan-
tages of the above mentioned probes, some shortcomings typically
involve slow response and poor water solubility. In our opinion a
limitation of the fluorescent sensors developed so far is the irrever-
sibility of the reaction by which H,S recognition occurs, which
renders the devices not reusable. With a coordinative-based ap-
proach one may, in principle, be able to remove H,S from the met-
al center of the sensor and ensure a reversible H,S binding process.
This would be advantageous for practical sensing applications al-
lowing reusability of the sensing device. It is well known that H,S
can bind to heme proteins, inducing different responses that in
turn modulate its cytotoxic and cytoprotective activities.** Thus, the
first system we devised as a fluorescent H,S sensor by exploiting a
coordination-based approach makes use of a heme protein. In par-
ticular, we employed myoglobin from horse skeletal muscle (Mb).*
A limitation of our Mb monitoring system was the low amplitude

for the fluorescence signals. Furthermore, by subsequent additions
of H,S, Mb(Fe*") was reduced to the ferrous form: the cuvette sam-
ple resulted in a mixture of Mb(Fe*")-H,S, Mb(Fe?")-H,S and
Mb(Fe?). A similar reduction had been observed by Scheidt et al.
for the hydrosulphide (HS") coordination in iron porphyrinates.**

More recently we reported that cobalt containing peptide deformy-
lase (Co-PDF) can be implemented as a H,S sensor by the same
coordinative-based approach.* The Co-PDF system operates as a
“turn-off” devise which is a limitation for real applications.

This time, to improve our H;S sensors and overcome some of their
limitations we focused on designing a simple copper porphyrin
complex.

The target copper complex (CuPPIX) was obtained in good yield
by mixing an equimolar amount of protoporphyrin IX and
Cu(CH;COOQ0), in glacial acetic acid by following a literature pro-
cedure (see Scheme 1).%

Scheme 1

The stoichiometry was confirmed by ESI-MS where the major peak
at 663.1 m/z units corresponds to the mononuclear [(CuPPIX)K]
species. Less intense peaks at 647.2 and 623.7 were visible and were
attributed to the species [(CuPPIX)Na]® and [CuPPIX]". No evi-
dence for binuclear species in solution was found. Because of the
paramagnetism of the copper center, the 'H NMR spectrum of
CuPPIX showed featureless broad resonances.

CuPPIX was further characterized by UVwvis and fluorescence
spectroscopy in MilliQ water solution (Figures S1 and S2 in the SI).
The UV.vis spectrum of CuPPIX (which resembles those of similar
metal porphyrin complexes**?) exhibits the B-band (Soret band) at
385 nm with a shoulder at 343 nm. The Q-bands appeared col-
lapsed into two transitions at 538 nm and 575 nm, due to an in-
crease in symmetry of the molecule upon addition of the metal ion
(fig S1 in the SI). The fluorescence spectrum displayed intense flu-
orescence originating from the first (S;) excited singlet state (the Q
state). The band with two peaks at 623 nm and 682 nm is mirror
symmetric to the absorption spectrum in the Q region. The fluo-
rescence originating from the second (S,) excited singlet state (the B
state) is generally quenched in copper porphyrins because of an
efficient relaxation pathway ending on a triplet state. The fluores-
cence spectrum of CuPPIX is consistently weaker than that of the
free porphyrin ligand (fig S2 in the SI) which is most likely due to



the coordination of the free ligand to the paramagnetic Cu®* cen-
40
tre.

H,S binding to CuPPIX was firstly assessed via UV-vis spectros-
copy. When KSH (a commonly employed H,S donor) was added
to a MilliQ water solution of CuPPIX a clear change of the initial
spectrum was observed. Fig. 1 shows a typical UV.vis spectrum of a
solution containing 2*10° M of CuPPIX in which the hyperchrom-
ic shift of the Soret band is particularly evident.
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Figure 1. Electronic absorption spectra of CuPPIX free and upon
addition of an excess of KSH (rt, MQ water, pH = 12.6 ). [CuPPIX]
=2*10° M; [KSH] = 2*10* M.

Then the system was studied via fluorescence spectroscopy. In the
presence of KSH, a significant enhancement of the S, fluorescence
emission was observed. Fig. 2 shows a typical fluorescence emission
spectrum of a solution containing 2*10° M of CuPPIX when ex-
cited at 386 nm.
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Figure 2. Emission spectra of CuPPIX free (A, = 386 nm) and
upon addition of an excess of KSH (rt, MQ water, pH = 12.6 ).
[CuPPIX] = 2*10° M; [KSH] = 2*10° M.

To assess whether the amount of the fluorescence enhancement of
CuPPIX varies with the concentration of the analyte, the fluores-
cence intensity of the system was monitored after the addition of
increasing amounts of KSH solution. Figure S3 in the SI shows
that there is a clear dependence of the fluorescence intensity dis-
played by the CuPPIX on the KSH concentration.

To obtain an indication on the selectivity of the construct, the
fluorescence intensity of CuPPIX in the presence of biologically
relevant and potentially competing thiols [e.g., L-cysteine (L-cys)
and glutathione (GSH)] or of a range of anions or of common oxi-
dants was checked. Figure 3 shows the obtained results. For the
species investigated we observed fluorescence trends completely

different than that found with KSH suggesting a good selectivity of
our probe in the experimental conditions tested.

In order to gain independent evidence for the binding of H,S to
CuPPIX we examined the reaction via NMR spectroscopy. At first
we analyzed the '"H NMR spectrum of complex CuPPIX in the
presence of an excess H,S. No significant change in the initial 'H
NMR spectrum was observed upon addition of H,S to a D,O solu-
tion of CuPPIX, excluding that the excess of anion can extract the
metal from the complex causing the release of the porphyrin li-
gand. It is well known that metals can catalyze the oxidation of HS
to polysulfides and also that copper easily undergoes redox chemi-
stry. To exclude a possible oxidation of HS to HSSH*® (see fig S4
in the SI), we tracked the reaction between the title complex and
H,S via quantitative NMR analysis. We followed a literature proto-
col for detecting and determining the possible presence of polysul-
fide species in solution which consists in the alkylation of the poly-
sulfide ions with dimethyl sulfate.*”*° The reaction was carried out
in water with a complex/KSH molar ratio of 1/20 at room temper-
ature under aerobic conditions. At the same time a control reac-
tion (without complex) was also performed. No peaks ascribable to
disulfides or polysulfides could be detected. Perfectly superimposa-
ble 'H and »C NMR spectra for the two reactions were obtained
(see fig S5 in the SI). This clearly indicates that HS  is not oxidated
to disulfides/polysulfides by the title complex. Then we studied the
reaction between CuPPIX and H,S by electrospray ionization mass
spectrometry in aqueous solution. No peaks ascribable to the free
ligand could be detected which confirms what we had already seen
via NMR. The major peak at 679.24 m/z units is consistent with
the mononuclear [(CuPPIX)NaHS] species which suggests analyte
binding to the copper complex. To the best of our knowledge, this
is the first example for such a reaction. Typically, in the presence of
H,S, literature copper complexes undergo to a demetallation reac-
tion with concomitant release of the organic ligand.*® Coordina-
tion of organic bases to copper porphyrins had been already ob-
served by Glazkov et al.>!2

Figure 3. Relative fluorescence emission at 430 nm (Aex= 386 nm)
of CuPPIX (20 pM) in the presence of KSH (20uM), Glutathione
(GSH), Cysteine, NaCl, NaF, CH;COOK, H,0, (1.2 mM) in

aqueous solution.

In conclusion CuPPIX can be successfully used as a ‘turn on’,
sensitive and selective fluorescence probe for the detection of H,S
in aqueous environments via a coordinative-based approach. The
probe can selectively and sensitively detect HS™ anions in water
over other anions, biothiols and common oxidants such as H,O,.
"H NMR and ESI MS experiments provide clear evidence that the
turn-on response in the presence of H,S is ascribed to binding of
the target analyte to the copper center. We are currently investigat-
ing the mechanism by which the S, fluorescence in CuPPIX is



prompted by the coordination of the hydrogen sulfide to the cop-
per center.

Experimental Section

Materials: All chemicals used for the synthetic work were ob-
tained from Sigma-Aldrich or Strem Chemicals and were of reagent
grade. They were used without further purification.

Synthesis of CuPPIX: 0.5 g (0.89 mmol) of protoporphyrin IX
in 300 ml of glacial acetic acid is boiled gently with about 1.5 g (8.9
mmol) of copper(Il) acetate. The solution is left under stirring and
at reflux for 4 hours and then overnight at ambient temperature.
After conversion to the Cu(Il)-protoporphyrin is complete, as indi-
cated by the absence of free base absorption bands in a visual spec-
troscope, the solution is transferred to a separatory funnel with
about 400 cc. of benzene. Water is added to the separatory funnel,
and the resulting benzene layer is washed several times with water
to completely remove the reaction solvent and inorganic salts. The
resulting benzene solution is evaporated to dryness under vacuum
to yield the purple-brown solid. Yield: 84%. C34H32CuN404:
caled. C 65.42, H 5.17, N 8.98; found C 65.52, H 5.22, N 8.78 MS
(ESI acetonitrile): m/z (%) 663.1 (100) [CuPPIX-K]", 647.2 (80)
[CuPPIX-Nal", 623.7 (50) [CuPPIX]".

Quantum yield, ®F (H,O, Aexc = 386 nm): 9,510*.

Absorbance and fluorescence measurements. Absorption spec-
tra were recorded on a Cary-50 Spectrophotometer, using a 1 cm
quartz cuvette (Hellma Benelux bv, Rijswijk, Netherlands) and a
slitwidth equivalent to a bandwidth of 5 nm. Fluorescence spectra
were measured on a Cary Eclipse Spectrophotometer in a 10 x
10mm2 airtight quartz fluorescence cuvette (Hellma Benelux bv,
Rijswijk, Netherlands) with an emission band-pass of 10 nm and an
excitation band-pass of 5 nm. Both absorption and fluorescence
measurements were performed in MilliQ water at room tempera-
ture. Fluorescence quantum yield (OF) value was measured in opti-
cally diluted solutions using phenol (®F = 0.014 in MilliQ water)
as standard, according to the equation:

®p s = Op r (Is/Ir)(Ar/As)( N /Np)*

where indexes s and r denote the sample and reference, respec-
tively. [ stands for the integrated emission intensity, A is the absor-
bance at the excitation wavelength, and n is the refractive index of
the solvent.
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SYNOPSIS TOC.

We devised a new, fast, simple and cost-effective probe for monitoring hydrogen sulphide. Proof-of-principle results that a copper por-
phyrin complex can be successfully implemented as a turn-on sensing system for H,S via a coordination-based approach are reported.
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