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Selective picomolar detection of mercury(11) using optical sensors{
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The rational design of a mercury(i) ligand consisting in a
1-(4’-oxyphenyl)-4(1’-pyrenyl)-2,3-diaza-1,3-butadiene receptor
unit, optimizes the sensitivity and reliability of a SPR sensor by
the formation of a well packed SAM over the gold surface. SPR
analysis allows detecting mercury(i1) concentrations in aqueous
systems in the picomolar range, meliorating on three orders of
magnitude the EU mercury(i1) detection limit in drinkable water.

In spite of causing serious and detrimental effects on the
environment and living beings, the world’s contamination
with mercury has increased in the recent decades. Mercury
pollution can occur as a result of a variety of natural and
anthropogenic sources.! Even though elemental and inorganic
mercury species are hazardous for mammals the risk increases
once these substances are introduced into the aqueous environ-
ment. There, some aquatic microorganisms are able to transform
mercury(i) ions into liposoluble methylmercury, which sub-
sequently bioaccumulates into the adipose tissue of fishes and
marine mammals,” to be later spread out into the nutritional
chain. Methylmercury has a high potential neurotoxic activity
and is involved in several mercury pollution-related diseases.’
In order to control the presence of such a pernicious substance
and to increase our understanding on the deleterious effects of
exposure to mercury, monitoring the presence of mercury(ir)
ions in water sources has become a priority task for governmental
agencies and regulatory commissions. In addition, stringent
regulations have been imposed in terms of maximum permitted
limits of mercury ions in water. Thus, the European Union has
dictated 1 ppb as being a tolerable limit for mercury(ir) ions in
drinking water.'>

Although there are several molecular mercury detectors,
those based on the use of a solid substrate are limited.* Many
have shortcomings in terms of real applications, such as a lack
of selectivity, complexity, water stability, or high costs. The
development of an affordable, practical and reliable mercury
sensor will represent a major leap for the “in situ” control of
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contaminated water, and will strongly reduce the fine need
for the detection time. Among the available optical sensing
techniques, surface plasmon resonance (SPR) is one of the
most sensitive.’ Highly specific SPR sensors are usually based
on the proper modification of a metal surface with a self-
assembled monolayer (SAM) containing ligand molecules as
recognizing elements.® Most of the SPR-based sensors
available in the market or reported in the literature are focused
on the recognition and detection of large biomolecules’ and
only a few have been shown to work with analytes of low
molecular weight,8 let-alone those for metals or ions.

Herein we present, to the best of our knowledge, the first
reusable mercury(i1) SPR sensor able to perform “on flow”
detection of concentrations of this highly toxic metal ion in
aqueous systems in the picomolar range, meliorating on two
orders of magnitude results obtained on previous optical
sensors**8? reaching detection levels of atomic adsorption
techniques without losing the receptor core intrinsic selectivity
versus the most common mono, di and trivalent cations
(Scheme 1).

Previous published works*® have demonstrated that certain
derivatives of 2,3-diaza-1,3-butadiene can act as sensitive and
very selective molecular probes for mercury(ir). Although the
use of fluorescent methods has allowed us to reach mercury(ir)
sensitivities matching the legal concentration limit for drinkable
water,*” the use of more sensitive techniques might permit
going to even lower concentrations. Herein we present the
comparison of two mercury(i) molecular receptors (1 and 2)
as novel SPR sensing systems. While 1 consists only in a simple
modification of the sensor core bearing a thioether group,
compound 2 presents a rational design (see ESI 1) where the
1-(4’-oxyphenyl)-4(1’-pyrenyl)-2,3-diaza-1,3-butadiene receptor
unit has been extensively modified with the purpose of
ameliorating its self-assembling properties without modifying
the sensing characteristics. In order to increase the final
wettability and flexibility of the sensor a layer of hydrophilic
triethyleneglycol spacer has been attached to the receptor core
followed by a hydrophobic alkyl linker used as packing driving
force for the assembling. A thioacetyl unit has been used to
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Scheme 1 SAMs building blocks for mercury(i) recognition.
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anchor the molecule to the gold surface of the sensor chip.
This design can also prevent unspecific absorption,'® increase
selectivity, and optimize sensitivity and reliability of the sensor
by formation of a well packed SAM (Scheme 1).

Next, redox coupled assisted cyclic voltammetry (CV) studies
of freshly prepared SAMs were carried out'' (see ESI 2t) in
order to determine the quality and packing of SAMs derived
from receptors 1 and 2. Results obtained with compound 2
show a slightly higher coverage (97.5%) if compared with the
91.5% of compound 1.

The coverage results are in agreement with those obtained
for advancing and receding contact angle (CA) measurements
for both monolayers (see ESI 31) which indicate high hysteresis,
and therefore a worse packing and stability, for the SAM of
compound 1. It is also possible to observe that static CA
measurements show hydrophobic values (97.6° and 92.9°) for
the monolayers of compounds 1 and 2, respectively, in agree-
ment with those expected for pyrene-terminated compounds.'?
However, after contacting the SAMs with an aqueous solution
of mercury(i1) perchlorate (see ESI 3f) the wettability was
increased to 75.4° and 71.6° which is explained by the process
of mercury(11) recognition.

The presence of mercury(i1) ions may affect the stability of
the sulfur—gold bond,'? and thus, the integrity of the monolayer.
This was investigated by measuring the time dependence of the
CV curves of a mercury enriched (107> M Hg(1r)) aqueous
electrolyte solution and using SAMs of 1 and 2 on gold as
working electrodes (see ESI 2f). Results obtained for the
two freshly prepared SAMs show desorption of compound 1
(22% after 10 min, 100% after 30 min). Data obtained for the
monolayer of the probe 2, in contrast, indicate no desorption
even after 30 min of exposure. Thus, it is possible to establish
that SAMs of compound 2 are arranged in better packing and
are stable even in the presence of mercury(ir) ions despite their
high affinity to sulfur species.

Due to the low stability of SAMs of compound 1 in the
presence of mercury ions, further experiments were carried out
with SAMs of compound 2. X-Ray photoelectron spectro-
scopy (XPS) reveals the characteristic signals for C 1s and
N 1s corresponding to the C and N atoms of the SAM of
compound 2 (see ESI 4%). Thus, a freshly prepared SAM of
compound 2 was immersed for two hours into an aqueous
10 uM solution of Hg(ClOy),, rinsed with MilliQ water, and
dried with a stream of nitrogen. The XPS measurements
showed that the peaks related to the C 1s were not affected
by mercury(i1) ions, but that the N s spectrum revealed a
small shoulder at higher binding energies (400.9 eV), charac-
teristic of a N atom that is complexing a metal ion.'* This
observation is in line with the appearance of two peaks at
100.2 and 104.4 eV which agrees with the expected signals of a
complexed mercury(i) ion (see ESI 47).'*!> Therefore, one
can conclude that the sensing properties of the receptor remain
unchanged upon formation of the monolayer. In order to
further characterize the SAMs, they were submitted to matrix-
assisted laser desorption/ionization time of flight (SAMDI-TOF)
mass spectrometry'® before and after mercury treatment
(10 uM Hg(ClO)4),). The SAMDI-TOF mass spectrum of
the mercury-free SAM of compound 2 (see ESI 5%) reveals a
peak at m/z 709.28 corresponding to the molecular peak.

Furthermore peaks are observed at mi/z values of 492.99,
380.01, 347.90, 241.96, and 227.76 which are assigned to
fragments of the attached chain of the receptor core. If
compared to those obtained after mercury(1) treatment two
new peaks at m/z 478.22 and 283.03 appear, which can be
assigned to a2 : 1 and 2 : 2 ligand:mercury(i1) stoichiometry.
These two stoichiometries were corroborated by DFT quantum
mechanics calculations that show the existence of two energy
minima corresponding to ligand-mercury ratios of 2 : 1 and
2 : 2 (see ESI 67).

Having probed the recognition properties and stability of
the SAMs in the presence of mercury(ir) ions, we proceed to
establish the mercury recognition properties of the designed
monolayer using a commercial BIOSUPLAR SPR instrument
working in Kretschmann configuration equipped with a flow
cell through which the control and test solutions were pumped
at a constant injection flow of 100 pL per minute.

Control experiments were carried out using a freshly
prepared monolayer of compound 3 in order to maximize
the similarity of the surfaces (see ESI 7f). No signs of
unspecific adsorption were observed. The same procedure
was followed using a freshly prepared SAM of 2 on a gold
SPR sensor chip. Upon injection of five different mercury(ir)
ion solutions in the concentration range from 107" t0 1077 M, in
ionic strength controlled media (aqueous solution of 0.1 M NaCl),
an increase of the SPR signal was observed (Fig. 1).

Calibration of the SPR signal to refractive index units
(RIU) was performed by injecting solutions of NaCl of
different concentrations with known refractive index (Fig. 2a).
Equilibrium values of the SPR signal for each concentration
were used to calibrate the sensor (Fig. 2b). Sensitivity of the
azine 2 based Hg?> " sensor was obtained from the slope of the
calibration curve (Fig. 2b). The value obtained indicates an
increase of the analytical signal of 4.58 x 10~> RIU per decade
by increasing mercury(i) concentration. The extremely low
detection limit of 2 ppt is quite remarkable, as it reaches some
atomic absorption techniques and lowers the detection limit
set by the European Community by three orders of magnitude.
Selectivity was tested by the injection of solutions of different
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Fig. 1 (a) SPR response of a sensor chip functionalized with a SAM
containing receptor 2. Symbol I indicates the injection of 0.2 M NaCl
aqueous solution as a reference solution. Symbol II (at time 42 min)
denotes washing with NaCl buffer (0.1 M). After 54 min (denoted as
I1I) the sensor was exposed to 0.1 nM Hg(ClO,), solution. (b) Time
dependent SPR signal variation after the injection of all the concen-
trations probed (a, base line; b, 107" M; ¢, 1071 M: d, 107° M:
e, 1078 M; f, 1077 M).
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Fig. 2 (a) Calibration curve corresponding to the injection of
Hg(ClO,), aqueous solutions ranging from 107" M to 1077 M;
(b) selectivity tests of the sensor chip versus different solutions of
cations at concentrations 100 times higher than that of mercury(i).

cations. As shown in Fig. 2a, the sensor can distinguish mercury(ir)
from all the other mono- and divalent cations tested, even though
its concentration is 100 times lower. Interference coefficient values
lower than 5.0 x 10~ with respect to the mercury(i) signal were
found for solutions of Pb(i1), Zn() and Ni(u) ions, as well as for
the rest of tested ions (see Fig. 2 for concentrations used in the
interference experiments). Regeneration tests of the used mono-
layers are also remarkable, as they indicate the possibility of
reusing the same chip up to 4 times, which brings an additional
value to the feasibility of the sensor chip (see ESI 87).

The ultrasensitive detection of mercury(i1) by this technique is
attributed to the interaction between mercury(i) ion and the
well-structured SAM of compound 2. The recognition of Hg(r)
ions by the receptor not only increases the mass of the chip
surface, but also separates the counter ion, thus forming a
charged complex, which, according to the literature,'” may cause
a change in the dielectric constant of the sensing layer. Previous
studies on mercury(i1) recognition in solution for the receptor
core®™ showed the change of colour and the appearance of
fluorescence, factors that may also influence the SPR signal.

Kinetic studies of the mercury(ir) absorption by the 2-Au
monolayer were performed using the linearization method'®
(see ESI 9%). Results obtained depict estimated values of
0.1168 s~! and 3.16 x 10° M~ s7! for kinetic dissociation
(kq) and kinetic association (k,) constants, respectively, in
agreement with previous k, data achieved for the mercury(ir)
complexation process by the receptor core in solution.!'
Moreover, the high value obtained for the association process
allows us to comprehend the extremely high sensitivity observed
for the complexation process.

In summary, a new ultrasensitive and highly selective and
recyclable SPR mercury(i1) sensor chip, with a detection limit
at the picomolar level, which is three orders of magnitude
better than the allowable limit specified by the European
Community for drinkable water, has been obtained by applying
rational chemical design principles of metal-organic and
surface chemistry. The lack of any sample pretreatment and
low sample volume (ca. 1 ml) required by this method makes it
suitable for in-field analysis. Furthermore, if compared with
other existing techniques, the excellent analytical properties
and the efficiency of our SPR sensors make it a good alter-
native for the developing of infield sensor for the detection of
mercury(1I) ions in water sources.
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