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A B S T R A C T   

Tenuazonic acid ((5S)-3-acetyl-5-[(2S)-butan-2-yl]-4-hydroxy-2,5-dihydro-1H-pyrrol-2-one, TeA) is a wide
spread Alternaria fungi mycotoxin in food produce. This toxin may be allergenic and provoke hay fever and 
asthma. Therefore, rapid methods to selectively detect TeA are needed. With this aim, we have engineered a 
novel trifunctional (red-luminescent, polymerizable, TeA-sensitive) ruthenium(II)-bipyridyl complex with 2,2′- 
biimidazole. Its peripheral N–H moieties recognize the enolate form of 1,3-dicarbonyl compounds (including 
TeA) in partially aqueous media. Such a binding decreases the luminescence intensity and lifetime (0.2 μs) of the 
Ru(II) probe. The probe also bears acrylate groups that allow radical copolymerization with methacrylamide and 
ethylene glycol dimethacrylate in the presence of TeA, to yield 9-nm thick luminescent molecularly imprinted 
polymer (MIP) shells onto 200-nm silica cores. The SiO2@Ru-MIP nanocomposite displays a very fast response 
(<5 s) suitable for real-time detection of TeA. No cross-sensitivity to other common food mycotoxins that also 
contain a β-hydroxycarbonyl moiety (alternariol, β-zeranol, cyclopiazonic acid) is observed. Detection limits of 
63.8 μg L⁻1 and 75.2 μg L⁻1 under steady-state and time-resolved luminescence detection, respectively, have been 
measured without further optimization. The use of emission lifetime variations to monitor the levels of a target 
analyte has never been reported for a luminescent MIP-based sensor.   

1. Introduction 

Tenuazonic acid, (5S)-3-acetyl-5-[(2S)-butan-2-yl]-4-hydroxy-2,5- 
dihydro-1H-pyrrol-2-one or TeA (Scheme 1a), is a widespread myco
toxin produced mainly by Alternaria fungi that grow on vegetables, 
oilseeds, fruits and cereal grains among other foods [1,2]. This ubiqui
tous species is often allergenic to humans, grow indoors and may cause 
hay fever or hypersensitivity reactions leading to asthma. In addition to 
TeA, Alternaria fungi produce other toxic secondary metabolites such as 
alternariol (AOH), alternariol monomethyl ether and altenuene [3]. TeA 
is the most toxic chemical of the family (e.g. LD50 81–186 mg kg− 1 body 
weight for mice, 168–180 mg kg− 1 b.w. for rats, and 0.55 mg per egg for 
chicken embryos) [4]. Different studies have confirmed the 
co-occurrence of Alternaria toxins in high levels, from μg kg− 1 to mg 
kg− 1, in food [5,6]. No guideline limits for TeA in foods have been set so 
far by the regulatory authorities, despite this mycotoxin has been 

identified as toxicologically relevant for public safety [7]. 
Several methods for TeA quantification have been described. The 

simplest ones are those based on high performance liquid chromatog
raphy (HPLC) with UV absorption detection. Nevertheless, due to the 
faint absorption of TeA in this region, they display low detectability and 
reproducibility that are improved by addition of ZnSO4 to the mobile 
phase to carry out metal complexation with the analyte [8]. Much more 
sensitive HPLC-mass spectrometry (MS) methods with double or even 
triple mass detector have been developed [9–11]; however, in addition 
to the cost of the instrumentation, they often require previous clean-up 
and preconcentration steps using solid phase extraction [10] or the so 
called ‘QuEChERS‘ [11]. Therefore, the development of sensitive, se
lective, straightforward analytical methods for rapid inexpensive 
quantification of TeA, applicable to in situ determinations, is highly 
desirable. 

Luminescence is arguably one of the best choices to develop novel 
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chemosensing platforms, thanks to its high sensitivity, good selectivity, 
versatility (intensity, lifetime and polarization measurements are 
possible), and long-term stability (if ratiometric-intensity or emission 
lifetime-based measurements are used) [12,13]. In this regard, we have 
devoted significant efforts to the molecular tailoring, preparation and 
photochemical characterization of red-luminescent polypyridyl ruthe
nium(II) complexes for industrial, environmental and clinical sensing 
[14]. These dyes show unique properties such as high (photo)chemical 
stability, long emission lifetimes (up to 7 μs), large Stokes shifts (>150 
nm), and luminescence quantum yields between 0.4 and 0.04. 
Furthermore, their photochemical properties and polymer-supporting 
method may be finely tuned to the target analyte by a judicious selec
tion of the ligands. 

In order to recognize the target species, at least an analyte-selective 
ligand must be introduced in the Ru(II) complex coordination sphere. 
TeA displays keto-enol tautomerism because of its triple β-dicarbonyl 
structure (Scheme 1a, pKa = 3.5) [15]. Considering the chemical 
structure and properties of TeA, we propose the 2,2′-biimidazole (bim) 
ligand as a suitable receptor. Its double bidentate feature allows incor
poration to the metal coordination sphere while keeping its role as re
ceptor of bidentate anions of adequate geometry by establishing two 
simultaneous hydrogen bonds (Scheme 1b) [16]. Several studies confirm 
the use of transition metal-bim complexes as luminescent probes for 
optical transduction upon molecular recognition [17], but their inter
action with 1,3-diketonate anions has not been investigated so far. The 
use of Ru(II)-bim complexes as probes of β-diketonates may be of in
terest not just in the analysis of food contaminants (the 
above-mentioned TeA, the related cyclopiazonic acid, or the β-zear
alenone and zeranol mycotoxins) [18], but also in other fields such as 
sensing of fluoroquinolone antibiotics [19] and sensitizers for photo
dynamic therapy (PDT) like curcumin and curcuminoids [20]. 

The probe selectivity towards TeA can be further improved through 
combination of the luminescent features of Ru(II) complexes with a 
molecularly imprinted polymer (MIP) as recognition element. MIPs are 
biomimetic materials synthesized in the presence of a template mole
cule, normally the target analyte or a structural surrogate of it, by 

copolymerization of complementary functional monomers and a cross- 
linker [21,22]. The template is removed after the polymerization, 
leaving behind empty cavities into a highly cross-linked matrix which 
are complementary in size, shape, and functional groups to the template. 
The MIPs long-term stability, high selectivity, low cost and robustness 
[23], have led to their success in different applications such as sensors 
[24,25], enzyme mimicking and catalysis [26], and solid-phase extrac
tion [27]. Regarding their application to chemical sensing, one of the 
main handicaps of using MIPs is their highly crossed-linked nature. 
While required to provide rigidity to the binding cavity, it yields slow 
analyte diffusion rates. A way to circumvent this problem is to increase 
the surface-to-volume ratio of the MIP materials, so that mass-transfer 
processes speed up. The latter can be achieved, for example, by using 
core-shell nanoparticles where the MIP is grown as a few-nm layer onto 
a non-imprinted core substrate such as a silica, quantum dot, or carbon 
dot nanoparticle [28–30]. Furthermore, the template is efficiently 
removed, an issue of utmost importance for the analysis of trace levels 
[31]. 

Incorporation of a luminescent probe in the MIP backbone allows 
detection of the target analyte if binding to the latter changes the probe 
emission features. Intensity-based luminescence measurements are very 
sensitive and straightforward to use. However, they may display poor 
reproducibility for particulate materials due to light scattering, probe 
photobleaching or excitation light source drift. These drawbacks are 
suppressed if the probe luminescence lifetime as a function of the ana
lyte concentration is monitored instead [32]. 

In this paper we describe a luminescent MIP based on a tailored 
multifunctional Ru(II) complex containing a biimidazole ligand as the 
β-diketonate recognition moiety. The polymerizable probe belongs to 
the MIP scaffold, grown as a nanolayer onto SiO2 nanobeads for ten
uazonic acid sensing. Fast diffusion of the analyte through the few nm- 
thick MIP shell provides a selective instantaneous optical response. The 
system allows detection of ng mL⁻1 amounts of TeA in partially aqueous 
media by measuring changes in either the luminescence intensity or 
lifetime of the Ru(II)-doped material. 

Scheme 1. a) Structure of the most abundant tautomer of Tenuazonic acid (TeA) mycotoxin in aqueous solution. b) Synthesis of the trifunctional [Ru(dab)2(bim)]2+

monomer-probe in three steps, and proposed interaction of the latter with the diketonate form of tenuazonic acid (TeA–). 
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2. Experimental 

2.1. Materials 

The precursor 2,2′-biimidazole (bim) and 2,2′-bipyridin-4,4′-diyldi
methyl diacrylate (dab) ligands were synthesized by literature proced
ures [33,34]. The intermediate cis-[Ru(dab)2Cl2] complex was prepared 
by adapting a general method (see below) [35]. All reactions involving 
Ru(II) were carried out under argon. The ‘synthetic’ tenuazonic acid, a 
mixture of the 5S and 5R (81:19) diastereoisomers (as per HPLC analysis 
of the diastereoisomers mixture), was obtained from L-isoleucine methyl 
ester by a reported procedure [36]. 

Lithium chloride and Ru(III) chloride trihydrate, were purchased 
from Acros Organics (Belgium). Butylhydroxytoluene (BHT), acryloyl 
chloride, tetrabutylammonium hydroxide, tetrabutylammonium fluo
ride, ethyleneglycol dimethacrylate (EDMA), tetraethyl orthosilicate 
(TEOS), carbon disulfide, and phenylmagnesium bromide (1 M solution 
in THF) were from Merck (Germany). 4,4′-Bis(hydroxymethyl)-2,2′- 
bipyridine was from TCI (Japan), whereas tetrabutylammonium acetate 
and 4-(chloromethyl)phenyltrichlorosilane were from Alfa Aesar (Ger
many). Methacrylamide (MAM) was supplied by Fluka (Switzerland). 
Ammonium hexafluorophosphate was from Fluorochem (UK). The 
initiator N,N-azobis(2,4-dimethyl)valeronitrile (ABDV) was purchased 
from Wako (Germany) and used as received. Alternariol (AOH) was from 
Apollo Scientific (UK), while cyclopiazonic acid (CPA) and β-zeranol 
(β-ZOL) were from Merck. The natural TeA was isolated from the com
mercial Cu(II) bis-chelate complex (Cayman Chemical, USA; +98%) by 
dissolving the complex in methylene chloride and slowly passing it 
through a column containing Dowex 50X8 resin. m-Xylene, anhydrous 
dimethylformamide (DMF) and anhydrous tetrahydrofuran (THF) were 
from Merck, whereas toluene, methanol (MeOH) and acetonitrile 
(MeCN) (all HiPerSolv Chromanorm HPLC grade) were from VWR 
(Germany). Trifluoroacetic acid (99%) was from Fluorochem, hydro
chloric acid (37%) was from Fisher Scientific (UK), and ethylene glycol 
(+99%) from Scharlau (Spain). Type I ultrapure water was produced 
with a Merck Millipore (US) Direct-Q-3UV system. Deuterated solvents 
with tetramethylsilane (TMS) as internal reference were from VWR. 

2.2. Instrumentation 

UV–vis absorption spectra were recorded with a Varian Cary 3-Bio 
spectrophotometer (CA, USA). Steady-state luminescence spectra of 
the indicator dyes in solution were measured with either a FluoroSENS 
(Gilden Photonics, UK) or a Horiba (Japan) Fluoromax-4TCSPC spec
trofluorometer, both fitted with a red-sensitive R928 photomultiplier 
(Hamamatsu, Japan; response up to 850 nm) and equipped with a 150 W 
xenon lamp. The excitation wavelength was always set at 500 nm and 
the luminescence spectra have been corrected for the instrument 
response in all cases. Luminescence lifetime measurements were per
formed on an Edinburgh Instruments (UK) FLS980-Xd2-T spectrometer 
equipped with a Horiba 470LH diode laser (463 nm, <1 ns pulse width), 
an excitation 467-nm bandpass interference filter, a 500 nm-blazed 
double monochromator in the emission channel, and a Hamamatsu 
R928P photomultiplier thermoelectrically cooled at − 21 ◦C. 

2.3. Synthesis of cis-Ru(dab)2Cl2 

143 mg (0.69 mmol) of ruthenium(III) chloride hydrate, 450 mg 
(1.39 mmol) of dab, 118 mg (2.77 mmol) of lithium chloride and 2 mg of 
BHT (9.07 x 10⁻3 mmol) were dissolved in 3 mL of anhydrous DMF. The 
solution was kept at 80 ◦C for 2 h under argon with stirring. When TLC in 
silica (MeCN–water–KNO3 satd. aq. soln. 50:2:1 v/v/v) showed a com
plete consumption of the starting materials, the reaction mixture was 
cooled down and the dichloro Ru(II) complex was precipitated by slow 
addition of a mixture of dichloromethane and diethyl ether (1:1 v/v). 
The resulting deep purple solid was collected by filtration and dried 

overnight in a vacuum oven (30 ◦C, 0.01 Torr; 85% yield). UV–vis 
(MeCN): λmax (ε/M⁻1cm⁻1) 498 (2950), 380 (4550), 300 nm (19200). 

2.4. Synthesis of [Ru(dab)2(bim)]2+

650 mg (0.79 mmol) of cis-Ru(dab)2Cl2, 108 mg (0.79 mmol) of 2,2′- 
biimidazole and 2 mg of BHT (9.07 x 10− 3 mmol) were dissolved in 4 mL 
of ethylene glycol. The solution was kept at 80 ◦C for 1 h under argon 
until the TLC (silica; MeCN–water–KNO3 satd. soln. 50:2:1 v/v/v) 
showed complete consumption of the starting materials. Then, the re
action mixture was cooled and 2 mL of water was added. The hetero
leptic complex precipitated upon addition of a saturated aqueous 
solution of ammonium hexafluorophosphate and was collected and 
washed with water. The resulting solid was purified by column chro
matography (silica gel; methylene chloride–methanol 9:1 v/v) to afford 
a deep red product in 30% yield. 1H NMR (300 MHz, CD3CN, TMS) δ: 
8.41 (s, 4H), 7.91 (d, J = 6 Hz; 2H), 7.81 (d, J = 6 Hz; 2H), 7.41 (d, J = 5 
Hz; 2H), 7.30 (d, J = 5 Hz; 2H), 7.21 (s, 2H), 6.44 (m, 4H), 6.30 (m, 6H), 
5.99 (m, 4H), 5.37 (s, 4H), 5.33 ppm (s, 4H). 13C NMR (500 MHz, 
CD3CN, TMS) δ: 164.2, 164.1, 162.5, 161.7, 159.7, 158.7, 154.0, 153.5, 
142.8, 142.7, 141.7, 135.5, 135.4, 128.8, 126.46, 125.8, 122.3, 122.1, 
122.0, 116.28, 43.22 ppm. MS (ESI) m/z: [M+ − H] calcd. for 
C42H37N8O8Ru, 883.2; found, 883.3. UV–vis (MeCN): λmax (ε/M⁻1cm⁻1) 
485 (8448), 346 (10570), 292 nm (56932). 

2.5. Preparation of the RAFT agent-bonded SiO2 particles 

200-nm dia. SiO2 nanobeads were obtained by a modified Stöber 
method [37]. Briefly, TEOS (8.0 mL) was quickly added to a solution of 
ethanol (800 mL), water (200 mL) and 32% ammonia aq. solution (54 
mL). The reaction mixture was kept for 24 h at room temperature under 
stirring (300 rpm). The nanobeads were isolated by centrifugation (11, 
000 rpm), washed with 20 mL of ethanol (3x), and resuspended in 
ethanol (54 mg mL− 1). 

Before modifying the Stöber nanoparticles surface, an activation/re- 
hydroxylation step is needed. To achieve it, the ethanol was removed, 
and the nanoparticles were washed with 20 mL of water and resus
pended in 30 mL of water. Then, 7.5 mL of 37% HCl was added, and the 
mixture was kept under reflux for 5 h. The reaction mixture was cooled 
down to room temperature and the particles were washed by centrifu
gation (11,000 rpm) with ca. 20 mL of water (3x), 20 mL of MeOH (3x) 
and 20 mL of toluene (2x), and resuspended in toluene. After activation 
of the nanobeads surface, the silanization procedure follows. 4-(Chlor
omethyl)phenyltrichlorosilane (3.0 mL) was added to 40 mL of an 
argon-sparged anhydrous toluene suspension of ca. 2 g of activated 
beads placed in a two-neck round-bottom flask. Then, a solution of 
triethylamine (1.86 mL) in dry toluene (10 mL) was incorporated 
dropwise, and the reaction mixture refluxed overnight under argon. 
Finally, the silanized nanoparticles were washed by centrifugation with 
toluene (3x), MeOH (3x) and THF (3x), using ca. 20 mL for each 
washing. 

To covalently attach the RAFT agent, carbon disulfide (4.6 mL) was 
added dropwise to a solution of phenylmagnesium bromide (30 mL; 1.0 
mol L− 1 in THF), previously sparged with argon for 15 min, to give a 
deep red solution. The reaction mixture was stirred at 50 ◦C for 1 h. 
Then, ca. 2 g of silane-modified SiO2 nanobeads suspended in 40 mL of 
dry THF was added, and the mixture was stirred at 50 ◦C for 3 h. Finally, 
the functionalized particles were washed by centrifugation with THF 
(3x) and MeCN (3x), using ca. 20 mL for each washing. 

2.6. Preparation of SiO2@Ru-MIP nanobeads 

Synthetic tenuazonic acid (TeA, 1.0 mg; 0.005 mmol), tetrabuty
lammonium hydroxide solution in dry MeOH (5 μL; 5 μmol), and [Ru 
(dab)2(bim)]2+ monomer (6.0 mg; 5 μmol) were combined in 5 mL of 
MeCN. The mixture was cooled at 8 ◦C for 1 h to favor interactions 
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between the functional monomer and the template molecule. Then, 
MAM (9.4 mg, 0.11 mmol), EDMA (90 μL, 0.47 mmol), and ABDV (5 mg, 
0.02 mmol) were added, plus a suspension of 7.5 mg of RAFT agent- 
functionalized SiO2 beads in 5 mL of MeCN. The mixture was sparged 
with argon and kept at 70 ◦C for 24 h. For removing the template (TeA), 
the beads were washed with a MeOH–TFA mixture (9:1 v/v) (3 x 15 mL) 
and then with acetonitrile (3 x 15 mL). The non-imprinted polymer 
(NIP) particles were synthesized under the same conditions but without 
adding the template molecule. 

3. Results and discussion 

3.1. Synthesis of the [Ru(dab)2(bim)]2+ trifunctional monomer 

Scheme 1b depicts the chemical structure and procedure to prepare 
the luminescent [Ru(dab)2(bim)]2+ dye containing four polymerizable 
acryloyl groups in two dab ligands to allow its covalent incorporation 
into the MIP matrix, and the bim ligand for recognizing TeA. The dab 
ligand was readily synthesized in 60% yield from commercial bipyr
idine-4,4′-dimethanol and acryloyl chloride [34]. The cis-Ru(dab)2Cl2 
precursor was prepared by adapting a general procedure to synthesize 
cis-Ru(bpy)2Cl2 [35], in which the stoichiometric amount of dab was 
mixed with RuCl3 in the presence of a small amount of butylhydrox
ytoluene (BHT) to inhibit the untimely radical polymerization, and a 
large excess of LiCl to prevent formation of the tris-dab complex. The 
target Ru(II) probe was synthesized by reacting cis-Ru(dab)2Cl2 and 2, 
2′-biimidazole (bim) in hot ethylene glycol for solubility reasons. The 
trifunctional metal complex was isolated by precipitation as its PF6⁻ salt. 
Fig. S1− S4 show the NMR, MS and FTIR data that confirm the identity of 
the [Ru(dab)2(bim)](PF6)2 complex. 

3.2. Spectroscopic characterization of the [Ru(dab)2(bim)]2+

luminescent probe 

Ru(II) complexes containing the 2,2′-biimidazole ligand have 
already been described as receptors for simple anions such as bromide, 
fluoride, phosphate or acetate based on hydrogen bonding interactions, 
but not for β-dicarbonyl compounds [17]. These studies show that their 
absorption, emission and redox properties depend on the protonation 
state of this ligand, as it includes two peripheral N–H moieties that may 
undergo double deprotonation with strong bases such as fluoride in 
organic media [38,39]. For acetate detection, Cui et al. employed 
luminescent [Ru(bpy)2(bim)]2+ (bpy stands for 2,2′-bipyridine) in neat 
acetonitrile and observed a 32-nm red shift of the absorption of the free 
complex at 475 nm upon addition of AcO− , with an isosbestic point at 
486 nm, and significant quenching of the probe emission (that moved 
from 635 to 648 nm) [40]. 

In the case of our [Ru(dab)2(bim)]2+ complex, addition of acetate 
leads to similar effects. Figs. S5a–b shows that addition of increasing 

amounts of acetate (as its tetrabutylammonium or “TBA” salt) in neat 
acetonitrile induces a red shift of the [Ru(dab)2(bim)]2+ probe absorp
tion from 485 nm to 524 nm, with isosbestic points at 413 and 503 nm. 
When the same study was performed with the target anion, namely the 
TBA salt of the synthetic TeA (Fig. 1a), very similar changes of the ab
sorption profile were observed: the absorption band of the Ru(II) probe 
at 485 nm decreases gradually while a new peak at 524 nm appears upon 
the TeA– addition, with isosbestic points at 412 nm and 500 nm. The 
clear isosbestic points obtained are indicative of a defined 1:1 stoichi
ometry for the [Ru(dab)2(bim)]2+–TeA– adduct. The titrations displayed 
in Fig. S5a and Fig. 1a have been employed to determine the binding 
constants (Kb) of the Ru(II) complex to AcO− and TeA– with the HypSpec 
software (v1.1.50, Protonic Software, www.hyperquad.co.uk) [41]. The 
best fit of the experimental spectroscopic titration data yields log 
Kb(AcO− ) = (6.08 ± 0.01) and log Kb(TeA–) = (6.83 ± 0.03). These 
results evidence a stronger interaction between the Ru(II)-bim probe 
and the deprotonated 1,3-dicarbonyl toxin than that with the acetate 
anion in the same organic medium. This result suggests a more efficient 
hydrogen bonding of the biimidazole ligand to the 1,3-diketonate anion. 

Upon excitation at the 500 nm isosbestic point (Fig. 1b), the free [Ru 
(dab)2(bim)]2+ shows luminescence at 700 nm in acetonitrile. The 
emission is dramatically quenched upon addition of either AcO− or TeA– 

(Fig. S5b and Fig. 1b, respectively), with progressive band broadening. 
The latter suggests the existence of distinct emissive species that result 
from the interaction via hydrogen bonding and deprotonation of the Ru 
(II) complex. Favorable electrostatic interactions between RuL2(bim)2+

and TeA– or AcO− also contribute to the probe association to these 
species in acetonitrile. 

The emission quenching and band broadening of the [Ru 
(dab)2(bim)]2+ indicator dye is also observed in acetonitrile solutions 
upon addition of small amounts of water (Figs. S5c–d). As it is expected 
for a recognition system relying on hydrogen bonding interactions, an 
increase of the water content from 0 to 10% in acetonitrile leads to 
significant changes of the probe luminescence, since water is a strong 
hydrogen bond donor and acceptor. Water efficiently solvates [Ru 
(dab)2(bim)]2+ and provokes its (partial) deprotonation, similarly to the 
effect of bases such as AcO− (Figs. S5a–b) and TeA– (Fig. 1a and b), 
yielding different emissive species. In order to confirm deprotonation of 
the bim complex, a test with fluoride (a well-known strong base in 
organic media) in dimethyl sulfoxide solution was carried out (Fig. S6). 
Upon addition of a 10-fold excess of F− , the observed 50-nm blue shift of 
the [Ru(dab)2(bim)]2+ emission confirms its deprotonation. Neverthe
less, this hypsochromic shift of the luminescence is not paralleled by the 
expected blue-shift of the probe absorption (Fig. S6). This is not without 
precedent for Ru(II) heteroleptic complexes: due to the combined sol
vent reorientation and geometry relaxation that occur after intersystem 
crossing to their luminescent 3MLCT triplet state, an increase of the 
downwards transition energy upon deprotonation may occur [42]. 

Fig. 1. Changes in the UV–Vis absorption (a) and emission (b) spectra (λexc = 500 nm) of [Ru(dab)2(bim)]2+ (9.0 x 10− 6 mol L− 1) in acetonitrile upon addition of 
increasing amounts of the TeA– anion (as TBA salt). 
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3.3. Preparation and characterization of the luminescent core-shell 
SiO2@Ru-MIP nanoparticles 

The procedure to prepare the MIP core-shell nanoparticles doped 
with the [Ru(dab)2(bim)]2+ luminophore is summarized in Fig. 2. 
Monodisperse silica nanobeads of ca. 200 nm synthesized by the Stöber 
method [37] were used as the core material. Then, a MIP nanolayer was 
grown over the activated silica surface. To obtain a thin homogeneous 
MIP shell, growth of the latter on the spherical SiO2 particles was per
formed by reversible addition-fragmentation chain-transfer (RAFT) 
polymerization [43]. Firstly, the silica cores were activated with 
4-(chloromethyl)phenyltrichlorosilane and then functionalized by 
nucleophilic substitution with dithiobenzoate to yield a typical RAFT 
agent [44,45]. The silica-bonded alkyl dithiobenzoate (Fig. 2a) pro
motes the controlled growth of the MIP around the silica nanobeads by 
sequential incorporation of monomer units until there are no free 
monomers left in the medium. RAFT polymerization allows the prepa
ration of polymers with narrow molecular-weight distributions [46]. 

In this way, the luminescent MIP layer was grown in acetonitrile at 
70 ◦C under an inert atmosphere using a mixture of the synthetic TeA– 

(as TBA salt) as template, [Ru(dab)2(bim)]2+ as functional monomer, 
methacrylamide (MAM) as diluent monomer, and ethylene glycol 
dimethacrylate (EDMA) as cross-linker, in a 1:1:22:94 mol ratio 
(Fig. 2a). This is a similar ratio to those employed for growing MIP layers 
onto silica nanoparticles [31,47]. 2,2′-Azobis(2,4-dimethyl)valeronitrile 
(ABDV) was used as the low-temperature radical initiator. 
Non-imprinted polymer (NIP) core-shell nanoparticles were also pre
pared by following the same procedure but without addition of the 
template. After 24 h at 70 ◦C, the resulting MIP/NIP beads were thor
oughly washed with a MeOH− TFA (9:1 v/v) mixture to remove the 
template molecule. Transmission electron microscopy (TEM) images 
(Fig. 2) confirm the successful growth of a homogenous 10-nm thick MIP 
layer onto the silica nanoparticles (8 nm in the case of the NIP material). 
In addition, the presence and homogeneous distribution of Ru in the 
SiO2@Ru-MIP (and -NIP) nanoparticles was further confirmed by TEM 
elemental mapping (Fig. S7). 

3.4. Spectroscopic properties of the MIP and NIP nanolayers and their 
response to TeA 

In the first place, the luminescent SiO2@Ru-MIP nanoparticles to 
recognize TeA were characterized in acetonitrile for the sake of com
parison with the free [Ru(dab)2(bim)]2+ probe. The emission spectrum 
of the nanoparticles suspended in acetonitrile (Fig. 3) resembles that of 
the free [Ru(dab)2(bim)]2+ (λem

max = 700 nm), displaying a broader 
band centered at 695 nm. In the case of the control NIP particles, very 
similar results are obtained, with their luminescence band peaking at 
685 nm. 

When increasing amounts of TeA– (as TBA salt) are added, an 
important quenching of the luminescent MIP- and NIP-coated silica 
beads is observed (Fig. 3). This quenching is accompanied by a 35-nm 
red shift of the emission of the SiO2@Ru-MIP nanoparticles, but only a 
10-nm red shift for the control SiO2@Ru–NIP. As it has been discussed 
above for the free dye in solution, these changes suggest hydrogen 
bonding between the Ru(II)-bim complex and the diketonate molecule 
also in the polymer matrix. Fig. 3c shows the relative change of the 
luminescence as a function of the analyte concentration for the MIP and 
the NIP coatings. In acetonitrile, the TeA-imprinted sites of the MIP 
nanoparticles do not seem to provide any difference with respect to the 
unspecific NIP sites. It is important to underline that the sensor response 
is almost instantaneous: the observed luminescence quenching occurs 
within just a few seconds after adding TeA–, showcasing the very fast 
diffusion of the target molecule through the MIP (or NIP) nanolayer. 

Since the final application of the sensing system will probably 
require the use of some water, we also evaluated the response of the 
nanobeads to TeA– in partially aqueous media. In this case, due to the 
presence of water in the solvent mixture, the use of the tetrabuty
lammonium tenuazonate was not necessary. The pKa of TeA is 3.5 [15], 
so that its anionic form is expected to occur in water. Preparation of 
water-compatible MIPs whose optical response relies on non-covalent 
interactions such as electrostatic attraction and hydrogen bonding is 
challenging. This is particularly relevant if we aim to bind a small 
molecule such as TeA–, as water can efficiently compete with the sub
strate for the binding sites, potentially decreasing the sensitivity and 
selectivity of the MIP-based chemical sensor [48]. Furthermore, as we 
discussed above, the optical properties of the luminescent probe are 
dependent on the water content of the partially organic medium 

Fig. 2. a) Scheme of the preparation of the luminescent SiO2@Ru-MIP core-shell nanoparticles for TeA– recognition (see text). The RAFT polymerization is initiated 
with ABDV (2,2′-azobis(2,4-dimethyl)valeronitrile) and heat; b) and c) are the TEM images of the obtained MIP and NIP core-shell nanoparticles, respectively. The 
orange circle represents the tenuazonic acid (TeA) molecules. 
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(Figs. S5c–d). 
Remarkably enough, addition of 5% water to the acetonitrile sus

pensions had no substantial effect on the luminescence maximum of the 
SiO2@Ru-MIP nanobeads, remaining centered at 695 nm (Fig. 3d). This 
fact suggests that the polymer backbone is preferentially solvated by the 
organic solvent. However, the addition of water induces a noticeable 
blue shift from 685 to 650 nm for the NIP nanoshells (Fig. 3e). As it was 
discussed above for the free Ru(II) complex in organic solvents, the 
addition of water leads to significant deprotonation of its biimidazole 
ligand, resulting in a blue shift of the emission band as the water content 
increases. The dramatic effect of the presence of 5% water in acetonitrile 
on the Ru–NIP luminescence points out the very different nature of the 
TeA binding sites in the imprinted and non-imprinted materials, the 
latter displaying a higher exposure to the water leading to extensive 
deprotonation of the coordinated bim ligand. 

The TeA dose-response profile of the imprinted luminescent beads is 
similar in neat acetonitrile and in 5% water− MeCN (Fig. 3c and f); 
however, the response of the Ru–NIP is much weaker in the presence of 
water as a result of its loosened interaction with the TeA– when the 
probe undergoes deprotonation. The imprinting effect enhancement was 
also tested with a higher water content (10%, Fig. S8) but, despite the 
small additional decrease of the non-specific interactions with the NIP, 
the sensitivity of the MIP system drops significantly. Therefore, a solvent 
mixture with 5% water in MeCN was chosen for further assays as it 
provides the best compromise between sensitivity and imprinting effect. 

Additionally, since Ru(II) dyes are appreciated for their advanta
geous long emission lifetimes, we also characterized the sensor system 
by time-resolved luminescence measurements (Table 1 and Fig. S9). The 
free [Ru(dab)2(bim)]2+ in aerated acetonitrile requires the sum of two 
exponentials to successfully fit its luminescence decay. This result 

suggests that the protonated (short lifetime component) and deproto
nated (long lifetime component) forms of the photoexcited dye are 
contributing, and that there is no fast equilibration between them 
(otherwise just an exponential decay would be observed [49]). In the 
case of the Ru-MIP (or NIP) nanolayers, the microheterogeneity around 
the Ru(II) luminescent probe caused by the polymer scaffold leads to a 
more complex multi-exponential decay; in that case, a third component 
with a longer emission lifetime has to be added for a good multi
exponential fit of the excited state decay profile for both the MIP and NIP 
materials. 

For the sake of comparison between the luminescence kinetics of [Ru 
(dab)2(bim)]2+ in different solvents and within the polymers, we 
calculated the so-called “pre-exponentially weighted” average lifetime 
(τm; see Table 1 for its definition) of each decay profile. Similar values of 
τm were obtained for the free [Ru(dab)2(bim)]2+ dye and for the lumi
nescent NIP beads in neat MeCN (141 ns and 147 ns, respectively, 
Table 1) pointing out to a similar solvation of the probe. A comparable 
situation occurs upon addition of 5% water (209 ns and 240 ns, 
respectively), being the increase of the excited state lifetime in agree
ment with the observed emission blue shift (see above) and the energy- 
gap rule. However, a significantly shorter τm occurs when the Ru(II) 
indicator is covalently tethered to the MIP (141 ns in neat MeCN vs. 102 
ns for the MIP in the same solvent). A further lowering is observed when 
5% water is added to the organic solvent (209 ns vs. 72 ns). These results 
are a consequence of the notably less polar microenvironment around 
the Ru(II) luminophore when intimately attached to the MIP backbone 
within its analyte-templated cavities. The decrease of the luminescence 
lifetime of Ru polypyridyls in going from highly polar organic solvents 
and water to non-polar media has been documented [50,51]. Interest
ingly, the probe emission lifetime shows again that the NIP does not 

Fig. 3. Changes of the luminescence spectra 
(λexc = 500 nm) of 1.12 mg mL− 1 suspen
sions of a) SiO2@Ru-MIP in acetonitrile 
(MeCN); b) SiO2@Ru–NIP in MeCN; d) 
SiO2@Ru-MIP in MeCN–H2O (95:5 v/v); e) 
SiO2@Ru–NIP in MeCN–H2O (95:5 v/v), 
upon addition of increasing amounts of 
TeA–. Plots c) and f) depict the area under 
the emission curve, normalized to the area in 
the absence of TeA–, as a function of the 
TeA– concentration; black squares for 
SiO2@Ru-MIP and red triangles for 
SiO2@Ru–NIP in MeCN (c) and MeCN–H2O 
(95:5 v/v) (f).   

Table 1 
Luminescence lifetimes of photoexcited [Ru(dab)2(bim)]2+, SiO2@Ru-MIP and SiO2@Ru–NIP core-shell nanoparticles at (25 ± 1 ◦C) in air-equilibrated media.a).  

Luminophore Solvent (v/v) τ1/ns (B1) τ2/ns (B2) τ3/ns (B3) τm/nsb) 

[Ru(dab)2(bim)]2þ MeCN (100) 93 (19923) 248 (8827) – 141 
[Ru(dab)2(bim)]2þ MeCN + TFA 95 (26339) 259 (5689) – 124 
[Ru(dab)2(bim)]2þ MeCN–H2O (95:5) 81 (5453) 253 (13943) – 209 
Ru-MIP MeCN (100) 36 (5543) 126 (6173) 393 (754) 102 
Ru-MIP MeCN–H2O (95:5) 20 (6673) 110 (2746) 650 (426) 72 
Ru–NIP MeCN (100) 55 (5893) 195 (5531) 582 (651) 147 
Ru–NIP MeCN–H2O (95:5) 76 (3004) 283 (4220) 645 (768) 240  

a The luminescence decays are fitted to the equation IL = B0 +
∑

i
Biτi, being i the number of required exponentials to achieve a χ2 

≤ 1.2. 
b Pre-exponentially weighted average luminescence lifetime: τm =

∑

i
Biτi/

∑

i
Bi; estimated uncertainties of the individual lifetimes: bi-exponential fit, ± 2%; tri- 

exponential fit, ± 3%; of, ±1.5%. 
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provide the same degree of protection from solvation by water mole
cules than the MIP (Table 1), pointing out major differences between the 
structure of the MIP and NIP binding sites. 

Regarding the luminescence lifetimes, the most remarkable aspect of 
the sensor material we have prepared is probably the fact that TeA in
duces changes in τm that can be correlated with its concentration (Fig. 4a 
and b). To the best of our knowledge, the use of emission lifetime var
iations to monitor the levels of a target analyte has never been reported 
for a MIP-based luminescent sensor. Actually, accounts of a fluorescent 
MIP for cAMP recognition describing emission decays [52,53] did not 
measure any analyte-related lifetime change. Luminescence lifetime 
measurements are independent of common disturbances such as light 
source intensity fluctuations, dye leaching or photobleaching, detector 
ageing, and interference of the light scattering from the indicator layer. 
Therefore, lifetime-based sensing is a much more robust analytical 
method than those relying on luminescence intensity changes, except 
when ratiometric measurements are used [32]. 

Fig. 4a shows the τm values of the Ru-MIP and Ru–NIP nanoparticles 
upon addition of TeA– in MeCN–H2O (95:5 v/v). These measurements 
differentiate between specific and non-specific polymer-analyte in
teractions more clearly than the emission intensity values (Fig. 3f). The 
presence of TeA– does not induce any significant change of the τm of the 
SiO2@Ru–NIP beads (245 ± 5 ns), while a 30% decrease of the average 
emission lifetime (from 61 ns to 43 ns) is observed for the MIP. Fig. 4b 
depicts the TeA– dose-response plot in the 0.50–400 μmol L− 1 range for 
the SiO2@Ru-MIP nanobeads, demonstrating the wider concentration 
range of the luminescence lifetime-based analytical measurements 
(compare to those in Fig. 3f). The dose-response curve in the low con
centration range was fitted to a 3-parameter rational function [54], and 
a 382 nmol L− 1 limit of detection (LOD) was calculated thereof as three 
times the standard deviation of the blank measurements [55]. 

3.5. Analytical performance of the SiO2@Ru-MIP luminescent sensing 
nanomaterial 

Due to the high cost of the mycotoxin, up to this stage we carried out 
all titration experiments with the home-made TeA that contains ca. 80% 

of the natural toxin (see Experimental Section). However, to demon
strate the performance of the novel MIP-based TeA-sensitive nano
material, we also carried out measurements with the natural toxin. It is 
worth mentioning that TeA is most often sold as the Cu(II) bis-chelate 
complex due to the isolation procedure and its intrinsic instability in 
free form. Obviously, the copper complex cannot be used for our sensing 
purposes. Therefore, we have isolated natural TeA from the commercial 
(TeA)2Cu complex after dissolution in methylene chloride and subse
quent elution through a strong cation exchange column [9]. 

To perform the sensor calibration, the luminescent SiO2@Ru-MIP 
nanobeads were suspended in MeCN–H2O (95:5 v/v) and exposed to 
increasing concentrations of natural TeA in the 0–0.44 mmol L− 1 range 
(Fig. 4c and d). The sample luminescence was recorded immediately 
after mixing and shaking the cell for a few seconds (longer contact times 
did not change the results). The same experiments were carried out with 
the control Ru–NIP beads. The area under the luminescence spectrum 
against the TeA concentration (Fig. 4d) was fitted to a 3-parameter 
rational function in the low concentration range [54], and a 324 
nmol L− 1 LOD was calculated thereof as three times the standard devi
ation of the blank measurements [55]. The reproducibility of the sensor 
response was evaluated by measuring three calibration curves for each 
one of the different batches of the SiO2@Ru-MIP beads (Fig. S10). No 
significant differences were observed between the dose-response plots, 
demonstrating the robustness of the photonic sensing material. 

The potential cross-reactivity of the sensing system was evaluated in 
the presence of other mycotoxins that may also be present in food 
commodities as a consequence of fungi contamination. In this regard, 
cyclopiazonic acid (CPA), alternariol (AOH) and β-zeranol (β-ZOL), all of 
which contain a β-hydroxyenone moiety like that of TeA (Fig. 5a), were 
tested as potential interferents. The selectivity of the TeA-targeted Ru- 
MIP is demonstrated from the weaker response to those other myco
toxins (Figs. 5b and S11): while natural TeA provoked up to a 35% 
quenching of the MIP emission, the tested related mycotoxins only 
caused less than a 10% signal change. The remarkably poor response 
towards CPA, the molecule with the closest characteristic structure 
(tetramic acid) to that of TeA, suggests the important contribution of the 
size selectivity in the target recognition process by the MIP. The same 

Fig. 4. a) Luminescence lifetimes of SiO2@Ru-MIP 
(black squares) and SiO2@Ru–NIP (red triangles) 
(λexc = 463 nm) upon addition of TeA– in MeCN–H2O 
(95:5 v/v) (1.12 mg mL− 1 of nanoparticles in both 
cases); the numerical values are collected in Tables S1 
and S2 b) TeA– dose-response plot (n = 3) of the 
luminescent SiO2@Ru-MIP particles. The red curve in 
the zoom inset is the best fit in this concentration 
range to a three-parameter rational function f(x) =
(a+bx)
(1+cx), being the best fit (r2 = 0.993) defined by the 
following parameters: a = (60.8 ± 0.6), b = (4 ± 1) x 
104 L μmol− 1 and c = (8 ± 2) x 102 L μmol− 1. c) 
Changes of the luminescence intensity (λexc = 500 
nm; SL is the area under the emission band) upon 
addition of natural TeA (nTeA) to a suspension of 
SiO2@Ru-MIP (black squares) or SiO2@Ru–NIP (red 
triangles) nanoparticles in MeCN–H2O (95:5 v/v) 
(1.12 mg mL− 1 of nanoparticles in both cases). d) 
nTeA dose-response plot (n = 3) of the luminescent 
SiO2@Ru-MIP particles. The red curve in the zoom 
inset is the best fit in this concentration range to a 
three-parameter rational function f(x) =

(a+bx)
(1+cx), being 

the best fit (r2 = 0.998) defined by the following 
parameters: a = (6.54 ± 0.02), b = (2.0 ± 0.1) L 
μmol− 1 and c = (0.46 ± 0.03) L μmol− 1.   
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assay performed with the non-imprinted core-shell nanoparticles 
(Fig. 5c) shows the residual non-specific interactions in the MeCN–H2O 
(95:5 v/v) solvent mixture. 

The difference between the maximum quenching of the Ru-MIP 
luminescence attained with the natural TeA (35%, Fig. 5b) and the 
65% quenching (Fig. 3f) reached with the synthetic TeA demonstrates 
the exquisite recognition of the TeA molecule by the novel MIP material. 
Since the synthetic TeA that has been used as template for the Ru-MIP 
synthesis is an 81:19 mixture of the natural TeA and its diastereomeric 
5R epimer (see Materials and Methods section), part of the recognition 
sites where the Ru indicator dwells remain empty in the presence of the 
natural TeA leading to lesser quenching of the luminescent material. 

A number of optical sensors for TeA detection have been reported 
(Table S3). However, only one MIP has been described for this purpose. 
Even without a thorough analytical optimization (not the aim of this 
study), our TeA-sensitive material improves by an order of magnitude 
the detectability of that MIP-based luminescent sensor. Other reported 
sensors are based on immunoassays. In spite of their low LODs, immu
nosensors require the use of expensive fragile antibodies, diminishing 
their attractiveness. 

4. Conclusions 

Thanks to a novel MIP made of a trifunctional acrylate monomer that 
contains a luminescent Ru(II) complex with a biimidazole ligand in its 
coordination sphere, tenuazonic acid can be sensed with extraordinary 
selectivity and speed. Even in partially aqueous medium, the biimida
zole moiety forms probably a double hydrogen-bonded adduct with the 
β-diketonate anionic form of the ionized TeA. Such interaction provides 
selectivity on top of that imparted by the molecular imprinting effect of 
the polymer material. Thanks to this feature, closely related toxins such 
as cyclopiazonic acid are barely recognized. A very fast response to the 
presence of TeA, achieved by the growth of the luminescent MIP 
nanoshell onto a 200-nm silica core, would allow real-time sensing of 
the mycotoxin. The novel optical sensor system can detect down to 63.8 
and 75.2 μg L− 1 of TeA by steady-state and time-resolved luminescence 
measurements, respectively, for utmost versatility and robustness of the 
measurements. We expect our first-of-type work will provide the basis 
for further MIP-based sensors that capitalize on luminescence lifetime 
rather that absolute emission determinations to free them from instru
mental factors that affect the latter. Further work is in progress to exploit 
the powerful analytical applications of the novel nanomaterials. 
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