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Abstract We report here a water-soluble metal cation
sensor system based on the as-prepared or reduced form of
an expanded porphyrin, texaphyrin. Upon metal com-
plexation, a change in the redox state of the ligand occurs
that is accompanied by a color change from red to green.
Although long employed for synthesis in organic media,
we have now found that this complexation-driven redox
behavior may be used to achieve the naked eye detectable
colorimetric sensing of several number of less-common
metal ions in aqueous media. Exposure to In(IIl), Hg(II),
Cd(11), Mn(II), Bi(IIT), Co(1I), and Pb(II) cations leads to a
colorimetric response within 10 min. This process is
selective for Hg(Il) under conditions of competitive
analysis. Furthermore, among the subset of response-
producing cations, In(IIl) proved unique in giving rise to a
ratiometric change in the ligand-based fluorescence
features, including an overall increase in intensity. The
cation selectivity observed in aqueous media stands in
contrast to what is seen in organic solvents, where a wide
range of texaphyrin metal complexes may be prepared. The
formation of metal cation complexes under the present
aqueous conditions was confirmed by reversed phase high-
performance liquid chromatography, ultra-violet-visible
absorption and fluorescence spectroscopies, and high-
resolution mass spectrometry.
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indium, mercury

1 Introduction

The rapid and selective sensing of specific analytes
remains a formidable challenge. This is particularly true
for heavy metal cations under conditions of aqueous
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analysis. Precise methodologies, including liquid chroma-
tography, atomic absorption, and mass spectrometry (MS),
can provide quantitative analyses, but are not always
amenable for field use. There is thus a need for new
detection paradigms. Within this latter context, chemical-
based approaches are particularly attractive. They offer the
possibility of rapid analyses, often via the production of an
easy-to-monitor fluoro- or colorimetric response. Chemi-
cal-based sensing systems are typically characterized by a
high degree of portability. Traditional chemical sensor
systems (referred to as “chemosensors”) involve a
detection or so-called read-out element coupled to a
recognition motif via one or more chemical linkers.
Common sensing moieties (read-out elements) include
stimuli responsive moieties, functional polymers, biomo-
lecules, or metal complexes, and various dyes or
fluorescent chromophores [1-6]. The diversity of sensing
mechanisms this approach provides, coupled with the large
number of linkage and recognition motifs currently known,
affords ample opportunities for modification and, in
favorable cases, can be used to tune both the analyte
selectivity and the signal output to a given sensing need.
However, as a general rule, each modification requires a
new iterative round of synthesis. The use of an all-in-one
system, where both complexation and signal readout are
provided by the same chemical construct, could obviate
this latter limitation. It may also offer advantages in terms
of ease of use. Here, we show that an expanded porphyrin
precursor, namely the reduced form of texaphyrin, may be
exploited as an all-in-one optical sensor for certain heavy
elements in aqueous solution, including the Hg(II) and In
(IIT) cations.

To date, heavy metal ion detection has received
considerable attention due to concerns associated with
environmental contamination arising from industrial
processes and the associated negative impacts on orga-
nismal health [5—15]. Significant progress has been made
towards the rapid detection of mercury, cadmium, lead,
aluminum, and arsenic, among other toxic metal species
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[15-17]. Sensors for Hg(Il), in particular, have received
considerable attention due to the ability of mercury (in
several forms) to permeate membranes, accumulate, and
persist in biological systems [18,19]. Indeed, the detection
of this ion has been the subject of numerous research
endeavors and reviews [20-22]. Ongoing efforts in the
mercury sensor area are focused on improving selectivity
and sensitivity and it is likely that further advances in the
area will be forthcoming.

In contrast to what is true for mercury, little progress has
been made towards the development of indium-targeted
chemical sensor systems. Indium has a low natural
abundance with concentrations in the earth’s crust below
those of gold [23]. Nevertheless, indium is a key
component in a number of semiconductor-based technol-
ogies (e.g., indium tin oxide ITO substrates). As '''In, this
metal also plays a role in bioimaging [24-26]. However, it
is not benign. In fact, it is subject to bioaccumulation [27].
Toxic effects (mainly nephrotoxicity) associated with
indium contamination have been noted [28,29]. Simple
detection of indium in waste streams is thus of paramount
importance. However, there are very few reports of
chemical-based indium sensors in the literature [30-32].
The majority of these do not function in aqueous media. In
fact, to the best of our knowledge, the phosphoserine-based
fluorescent probe designed by Lee and co-workers remains
the only indium sensor that functions under aqueous
conditions [30]. New In(IIl) detection systems that allow
for the rapid, naked eye-detectable sensing of In(Ill) in
water are thus needed. As detailed below, we believe that
the reduced form of a specific porphyrin analogue,
texaphyrin, may have a role to play in terms of meeting
this need.

Porphyrins and its analogues (generally termed porphyr-
inoids) are appreciated for their versatile coordination
chemistry. Often metal insertion is accompanied by easy-
to-visualize changes in the ultra-violet-visible spectro-
scopy (UV-Vis) and fluorescence profile of the core ligand.

OH

These species have thus found widespread use in both
metal cation recognition and anion detection [33].
Attempts to fine-tune the selectivity of the parent
porphyrin core have resulted in modification to the
heterocyclic constituents and expansion of the internal
lacuna. The larger cavity of these so-called expanded
porphyrins has led to the discovery of chemical features
not recapitulated in simple porphyrins. The penta-aza
Schiff-base expanded porphyrin known as texaphyrin (2;
Fig. 1) stands as a canonical example of this paradigm,; it
has allowed the synthesis and structural characterization of
stable 1:1 complexes with a wide range of larger metal
cations, including members of the trivalent lanthanide
series, that are not effectively coordinated by simple
porphyrins [34]. Metal complexation, typically carried out
in organic media, is accompanied by a change in color
from red to dark green as the precursor ligand (sp3-Tex, 1;
Fig. 1) undergoes cation coordination-induced oxidation to
the corresponding aromatic form (2; Fig. 1). This inherent
color change has led us to explore whether the reduced
texaphyrin might not act as a new scaffold for the
fluorometric or colorimetric sensing of metal ions in
aqueous media. As detailed below, these efforts have led to
the discovery of what could emerge as a useful “all-in-one”
optical sensor for certain heavy metal cations, in particular
Hg(1I) and In(III), that functions in acetate buffered water.

Texaphyrin has been extensively explored as a potential
therapeutic, diagnostic, and theranostic agent [35—41].
Within this context, texaphyrin has most frequently been
complexed (in methanol) with trivalent lanthanide cations
and a small selection of other metals [34]. The Gd(III) and
Lu(III) texaphyrin complexes were tested in clinical trials
and were found to be tolerated at the administered doses.
Ongoing efforts are exploring the use of texaphyrins as
cancer-localizing drug delivery agents and as redox
cycling triggers [42—46]. However, to date the redox
features of texaphyrins and the electronic changes that
accompany metal insertion have not been applied to the

\

Fig. 1 The reduced form of texaphyrin, referred to as sp3-Tex (1), is red. It turns green upon metalation and concomitant oxidation. This
color change results from the aromatization of the initial ligand (left) to produce the corresponding metal complex 2 (right).
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problem of metal ion sensing. A limitation is that the
original cation coordination chemistry required the use of
organic solvents (typically methanol) and was thus not
amenable to ion sensing in aqueous environments.
Recently, we reported that insertion of Bi(Ill) could be
accomplished in water [36]. This has led to the present
study.

The precursor to texaphyrin is a non-aromatic penta-aza
tripyrrolic Schiff base (Fig. 1). Upon metal cation
complexation this ligand undergoes oxidation (in the
presence of O,). This oxidation serves to induce conjuga-
tion throughout the macrocycle and produce what is
formally an aromatic system. This results in a change in
color from red to green. Exploitation of this inherent
property alleviates the need for an additional chromophore.
The ability of texaphyrin to bind a metal cation and
produce concurrently an observable spectral change makes
this system attractive as an “all-in-one” sensor whose use
would obviate some of the synthetic burden associated
with more traditional multi-component chemical sensors.
We have now found that texaphyrin is capable of
stabilizing complexes with In(IIl), Hg(II), Cd(II), Mn(II),
Bi(Il), Co(Il), and Pb(Il) (studied as their respective
acetate forms obtained by dissolving commercially avail-
able chloride, acetate, or nitrate salts in aqueous acetic
acid/acetate buffer solution and exposing to sp3-Tex), with
a marked color change accompanying complexation.
When exposed to a mixture of metal ions, the formation
of the Hg(II) texaphyrin complex was found to dominate.
Exposure of sp3-Tex to In(IIl) under aqueous conditions
led to an increase in the fluorescent signal that was visible
by the naked eye. These findings are detailed further
below.

2 Experimental
2.1 General procedures

Starting materials were purchased from Fisher Scientific,
Acros, Alfa Aesar, Strem Chemicals or Sigma Aldrich and
used without further purification unless otherwise noted.
Solvents were purified using a solvent purifier system
(vacuum atmospheres). Dichloromethane was freshly
distilled after being dried over CaH, under argon.
Analytical and semi-preparative reversed phase high-
performance liquid chromatography (RP-HPLC) analyses
were performed on a Thermo scientific Dionex Ultimate
3000 instrument equipped with photo-diode array detector
(set at 254, 400, 470 and 740 nm). The analytical column
was a Syncronis C18 column, 5 um, 4.6 x 250 mm
(Thermo Scientific); the mobile phase consisted of an
increasing gradient (from 10% to 99% in 10 min) of
acetonitrile in water, both containing 0.1% acetic acid. In
this case the flow rate was set to 1.2 mL-min"'. Low-
resolution and high-resolution electrospray mass spectro-

metric (ESI-MS) analyses were carried out using Thermo
Finnigan LTQ and Qg-FTICR (7 Tesla) instruments,
respectively. Fluorescence spectra were recorded on an
Agilent Technologies Cary Eclipse fluorescence spectro-
photometer; excitation and emission slit widths were both
5 nm and the samples were excited at 470 nm. UV-visible
spectra were recorded on a Varian Cary 5000 NiR-UV-Vis
instrument.

Aqueous buffers were prepared using deionized water
and NH4OAc (0.1 mol-L ™). The pH was adjusted to 7.44
using NaOH,, as determined by a pH-meter.

2.2 Synthesis of sp3-Tex

The two key precursors tripyrrane (A) and the dinitro
aromatic derivative (B) were obtained as gifts from
Pharmacyclics, Inc. (now an Abbvie subsidiary). Com-
pound B was reduced to the corresponding bis-amine
product using hydrogen gas with the reaction carried out
either at 100 psi in a sealed reactor or at 1 atmosphere using
an H,-filled balloon in the presence of palladium on carbon
(10%). After 15 h, the reaction mixture was filtered
through a paper filter and the product was condensed with
A in the presence of a catalytic amount of HCI in methanol.
After stirring for 1 h at 50°C, the volatiles were removed
under reduced pressure to give a dark red solid residue that
was not purified and which was used directly for the
complexation studies (Scheme 1).

Stock solutions (100 mmol L™ in a 1 : 1 mixture of
acetic acid : aqueous NH4OAc buffer) of Nd(NOj)s,
Lu(NOs);, Eu(NOs);, La(NOs);, Y(NOs);, Dy(NOs)s,
Ho(NOs);, Ga(NO3);, Cd(NO3)3, Pb(NOs),, Mn(OAc),,
Gd(OAc);, Er(OAc);, Hg(OAc),, Zn(OAc),, Bi(OAc)s,
Ni(OAC)z, IHC13, SnCl4, A1C13, FCC13, MgClz, COC13
and Co(NO;); were prepared. A 10 uL aliquot of a
10 mmol L™ stock solution of sp3-Tex in methanol
(0.1 mmol-L") was added to 980 uL of NH;OAc
(0.1 mol-L™) in an Eppendorf tube. To each tube, 10 pL
of a 100 mmol-L ' stock solution of the metal salt under
consideration in an aqueous buffer (1 : 1 mixture of acetic
acid and NH4OAc in water; pH = 5-6) were added to
ligand 1 and the mixture was heated open to the air at 90°C
for 10 min. The crude mixture was then directly analyzed
by RP-HPLC, UV-visible spectroscopy, MS, and fluores-
cence emission spectroscopy. The acetate buffer described
above was used so as to convert all metal cations to their
acetate forms independent of the original salt form
employed.

3 Results and discussion

Of the 23 metal salts screened, only 7 elicited a
colorimetric response (Fig. 2). This selectivity for certain
cations stands in stark contrast to the metalation protocols
carried out in organic media, where a large number of
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Fig. 2 Photographs of solutions obtained when the indicated metal salts (10 equiv. from a 100 mmol-L™" solution in an acetic acid:
NH4OAc =1 : 1 aqueous buffer) are mixed with sp3-Tex (0.1 mmol- L 'in 0.1 mol-L ' NH,OAc buffer) and heated at 90°C for 10 min
(pH = 5-6). Cations that were found to provide a response were Mn(OAc),, Co(NO3);, CoCl;, Cd(NO3)s, InCl;, Hg(OAc),, Pb(NO3),,
and Bi(OAc);. The acetic acid : NH4OAc =1 : 1 aqueous buffer was used to convert all cations to their respective acetate derivatives and to

control for putative anion effects.

metal complexes were readily formed (Fig. 1) [34]. The
samples produced under the present aqueous conditions
were subject to UV-Vis spectroscopic, RP-HPLC, and MS
analyses to confirm the formation of the proposed metal
complex.

The solutions giving rise to a colorimetric response were
further tested by fluorescence emission spectroscopy. Only
the sample produced by exposing sp3-Tex to In(III)
produced a fluorescence signature that was readily
apparent to the naked eye when exposed to a small
laboratory UV light (i.e., a TLC lamp). The only other
metal cation that produced a fluorescence increase as
measured by a fluorimeter was Cd(II) (cf. Electronic
Supplemental Information (ESM), S3); however, this
fluorescence increase was undetectable to the naked eye
under a UV lamp. This selectivity led us to test sp3-Tex as
a fluorometric sensor for In(III).

When a solution of sp3-Tex (0.1 mmol-L " in aqueous

acetate buffer) is treated with In(IlT) (I mmol-L™" in
aqueous acetate buffer) a marked increase in the intensity
of the fluorescence signal centered at around 752 nm is
seen (Fig. 3). This increase is ascribed to formation of the
In(Ill) texaphyrin complex (In(IIl)-Tex). To provide
support for this conclusion, the fluorescence spectrum of
In(IIT)-Tex (synthesized according to a literature procedure
[34]) was also recorded in methanol (Fig. 3, right). In
aqueous media, texaphyrin molecules are known to
aggregate. Aggregation has been shown to quench
fluorescence in some systems, whereas in methanol, the
extent of aggregation of texaphyrins is reduced [47,48].
Likely as a consequence of such aggregation effects, the
fluorescence of the complex in methanol is far more
intense than in aqueous media. Additionally, there is a shift
in the A, from 748 nm in methanol to 752 nm in water.
This red shift in the emission is thought to be caused by
aggregation with the higher energy band being ascribed to
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Fig. 3 Fluorescence spectra at different concentrations of a solution of sp3-Tex (0.1 mmol-L ™' in aqueous acetate buffer) and InCl; (1
mmol-L ! in aqueous acetate buffer), then diluted to the indicated concentrations (Ap.x = 752 nm, left) and fluorescence of pre-formed In
(III)-texaphyrin complex (In(Ill)-Tex) in methanol (A.x = 748 nm, right).
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Fig. 4 (a) Fluorescence spectra of sp3-Tex recorded in the presence of increasing concentrations of In(Ill); (b) Change in fluorescence
intensity at 525 nm and 752 nm seen in the presence of increasing concentrations of In(III); (c) Ratio of fluorescence signal at 752 nm and
525 nm as a function of increasing In(IIl) concentration.
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the less aggregated species present in methanol [49].

Varying the concentration of InCl; under the conditions
where sp3-Tex was being tested as a possible sensor
revealed a ratiometric fluorescence response (Fig. 4).
Initially, a fluorescence signal at ca. 525 nm can be
observed when sp3-Tex is subjected to testing (90°C for 10
min). Upon increasing the concentration of InCl; in the
system, the fluorescence signal at 525 nm is seen to
decrease as the peak attributed to the In-texaphyrin
complex (752 nm) increases. This response reaches
saturation at around 2000 pmol-L™ (20 equivalents) of
InCl;. At saturation, the signal at 752 nm is roughly 12
times the signal at 525 nm.

The fluorescence signal was used to estimate the limit of
detection (LOD). For a [sp3-Tex] = 0.1 mmol-L™" the
In(I1T)-texaphyrin fluorescence signature was observable at
concentrations as low as 2.5 pmol-L™ (288 ppb) and
0.1 pmol-L™ (11.5 ppb) in water and methanol,
respectively. Visually, the fluorescence signal produced
by In(Ill)-texaphyrin is easily observed in methanol at
concentrations as low as 10 umol-L™' when the solutions
are subject to irradiation with a handheld UV lamp (Fig. 5).
Introducing methanol into aqueous solutions containing
sp3-Tex prior to treatment with In(II) led to an increase in
the fluorescence intensity; however, the complexities
associated with adding methanol and the accompanying
dilutions led us to conclude that such a strategy was likely
to be ineffective in terms of producing an optimized system
suitable for field use (cf. ESM). Although further study is
warranted, we suggest that simple buffered aqueous
solutions of sp3-Tex may prove adequate for this latter
purpose.

The reaction of InCl; with sp3-Tex (1) and spectra of the
as-prepared solution were shown in Fig. 6. When
monitored by UV-vis spectroscopy, the complexation of
In(II) showed a shift in the Soret band from 365 nm to

100 pmol-L™!

10 umol-L™! 1 pmol-L™" 0.1 pmol-L™"!

Fig. 5 The fluorescence emitted by In(Ill)-texaphyrin can be
observed by the naked eye down to a concentration of roughly
10 pmol~L71 in methanol when solutions containing low
concentrations of sp3-Tex and an In(Ill) source are subject to
illumination using a simple handheld UV lamp.

467 nm, as well as the emergence of a Q-type band at 735
nm. Other metal cations that provided for an observable
color change upon exposure to sp3-Tex gave rise to similar
spectral features. Evidence of complexation came from
RP-HPLC analyses in conjunction with MS studies. The
RP-HPLC trace of the In(Ill)-texaphyrin complex was
characterized by a single peak with a retention time of 9
min. Additionally, high resolution MS revealed a parent
peak consistent with complex formation. Specifically, the
In(IIT)-texaphyrin complex was observed as a 2+ species,
which is expected upon loss of the two labile axial anionic
ligands (Fig. 6(c)). Other metallotexaphyrin derivatives
eluted at similar, but distinctly different, retention times
when subject to analogous RP-HPLC analysis. The forma-
tion of the other metal complexes produced under aqueous
metal insertion conditions was confirmed via low-resolution
MS (cf. Figs. S6-S14, ESM). It is worth mentioning that
each of the complexes prepared in this study proved stable
for several days at room temperature when kept as aqueous
solutions under slightly acidic conditions (i.e., at pH = ca. 5).

Further studies were carried out to determine the
selectivity of the sensor system. Upon exposure of sp3-
Tex to a mixture of metals (InCl;, Hg(OAc),, Mn(OAc),,
Cd(NOs);, and Pb(NOs),) in the same aqueous acetate
buffer as used above, the only ion seen to complex was
Hg(1I) (as confirmed via UV-Vis spectroscopic, HPLC, and
MS analyses; ESM). This selectivity is believed to be a
consequence of the kinetics of the complexation reaction.
Hg(ID) is a rather small cation and thus coordinates to the
texaphyrin rapidly (i.e., more quickly than either degrada-
tion of sp3-Tex or complexation of other metal cations).
The selectivity for Hg(Il) over lanthanides is thought to be
more thermodynamic in origin. The hydration energies of
the trivalent lanthanide cations are relatively high and
complexation by sp3-Tex cannot outcompete the stabiliza-
tion provided by the aqueous environment, at least under
the conditions of the present experiments.

Transmetalation, where a Cd(II)-texaphyrin complex
was tested as a precursor to produce a lanthanide
texaphyrin in aqueous solution, was attempted. Here, 10
equivalents of gadolinium(IIl) acetate were added to a
preformed solution of the Cd(II)-texaphyrin complex. The
resulting solution was heated for 10 min. No Gd-Tex was
observed via mass spec analysis. In contrast, an analogous
experiment carried out using Hg(OAc), led to formation of
Hg(I)-Tex (cf. Figs. S13 and S14, ESM). This was taken
as further evidence that the hydration energies of the
trivalent lanthanide cations are simply too high to allow for
effective metal insertion under aqueous conditions.

Of note is that exposure of sp3-Tex to Hg(Il) per the
above protocols complex does not lead to a discernible
change in the fluorescence of the system (cf. Fig. S3,
ESM). This may reflect a heavy metal quenching effect or
vibronic relaxation pathways favored in the case of a metal
cation that is not bound in a fully rigid fashion. In the
event, this finding, which stands in contrast to what was
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Fig. 6 (a) Reaction scheme, (b) HPLC trace Agegector = 470 nm, (c) high-resolution mass spectrum (d) fluorescence change A.x =470 nm,
and (e) UV-Vis absorption for solutions prepared by mixing InCl; with sp3-Tex (1) under the indicated experimental conditions.

seen for In(Ill), leads for a sensing selectivity: Depending
on the measurement modality employed, sp3-Tex is a
selective sensor for either Hg(II) or In(III). Moreover, since
the Hg(Il) and In(Ill) texaphyrin complexes have very
different retention times via HPLC analysis, it is possible
to differentiate between the two metalated species with
analytical precision if desired. We thus propose that our
system (i.e., texaphyrin precursor sp3-Tex) can act as a
fluorometric probe in waste water streams where In(III) is
suspected of being present and as a colorimetric probe for
detection of mercury(Il) in aqueous mixtures where
various metal cation contaminants are present. As needed,
RP-HPLC analyses can provide an unambiguous con-
firmation of the results obtained from such qualitative
screening studies.

4 Conclusions

In conclusion, we have developed an optical chemical

sensor system based on the reduced texaphyrin scaffold
that may be used to sense both the In(IIT) and Hg(II) ions
by the naked eye. Upon exposure of the texaphyrin
precursor, sp3-Tex, to an indium(IIl) cation source in
aqueous media, a ratiometric fluorescence response,
including an overall “turn-on” in the overall intensity and
color, was seen under conditions of simple UV illumina-
tion. The detection limits of these metals were found to be
as low as 288 ppb in water, mimicking real-world analysis
situations, and even lower in the presence of methanol.
Competition and transmetalation studies demonstrated a
preference for the mercury(Il) cation with attendant
colorimetric sensing via UV-vis spectroscopic analysis.
These studies demonstrate what is to our knowledge the
first instance of using the easy-to-visualize color change
associated with oxidation-metalation of the texaphyrin
core to detect preferentially certain heavy metal ions in
aqueous buffer. The rich chemistry of porphyrinoid
species, coupled with the inherent color change seen in
many instances upon metalation, might render this broad
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class of compounds useful as field-compatible sensors for
toxic and hazardous metal ions.
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