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ABSTRACT

A new fluorescent Pb(II) imprinted polymer (Pb(II)-IIP) was synthesised for the selective detection of
this contaminant in natural water. To play the sensing role, a fluorescent probe specific to Pb(Il), based
on anthracene coupled to 5-amino-8-hydroxyquinoline and a styrene moiety, was used as a functional
monomer. It was associated with ethylene glycol dimethacrylate as cross-linker (EGDMA) to prepare
microbeads of IIP and NIP (corresponding non-imprinted polymer) via precipitation polymerisation in
DMSO-2-methoxyethanol (1:1, v/v) mixture. Solid-state '*C NMR spectroscopy was used to analyse
the structure of the polymers and attest the integration of the fluorescent monomer in the polymer matrix.
The morphology of the prepared materials was analysed by scanning electron microscopy and nitrogen
adsorption/desorption. Results showed high mesoporous materials with important surface areas of 346
and 232 m2.g! for IIP and NIP, respectively. Polymers fluorescence properties revealed that the obtained
ITP showed remarkably selective fluorescent on-off characteristics towards Pb(Il) compared to NIP,
emphasizing an imprinting effect. IIP fluorescent calibration curve exhibited a linear range from 7.1 to
60 pg.L! in pure water with a low limit of detection of 2.1 ug.L". The synthesized ITP was successfully

applied to the determination of Pb(Il) in tap water, mineral water and seawater samples.

Keywords: Ion imprinted polymer; Fluorescence; Sensor; Lead
1. Introduction

Heavy metals accumulate in the environment and living bodies and pose significant threats to human
health and the environment [1,2]. Lead is one of the most toxic heavy metals, presenting a huge impact
on the global balance and food chains [3,4]. If inhaled or ingested, it may cause brain damages, anaemia
or mental deficiency [5,6]. The major sources of lead pollution are mainly due to human activities like
mining, fuel combustion and industrial processes [7]. The World Health Organization (WHO) sets the

maximum lead concentration in drinking water at 10 ug.LL"! [8]. Therefore, the determination of this
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element is highly required for environmental sustainability and human health protection. Some
analytical techniques such as atomic adsorption spectrometry (AAS) [9], inductive coupled plasma
spectrometry (ICP-MS) [10] or anodic stripping voltammetry [11] are routinely used for lead detection.
But these techniques are unsuitable for on-site analyses, with complex and expensive operation costs.
Consequently, the development of new materials to design sensors for quick, sensitive and selective
detection for lead is highly needed.

Molecularly imprinted polymers (MIPs) are synthetic polymers designed to mimic natural biological
receptors to selectively recognize a target molecule [12]. The imprinting technology has been further
extended to the recognition of other templates such as ions or proteins [13—15]. Thanks to their selective
binding properties, the potential of imprinted polymers to act as recognition phases in biosensors was
early identified [16] and they are new currently studied for that purpose with continuous and increasing
efforts to improve their performances [17]. In this aim, MIPs or IIPs (ion imprinted polymers) can be
turned into smart materials by introducing inside the polymer network a sensing probe that will directly
transform the target binding into a measurable signal. This was achieved by a few teams for the
electrochemical detection of organic compounds thanks to the use of a redox probe incorporated in MIPs
as a functional monomer [18-20]. In a similar way, the use of fluorescent monomers becomes
widespread to design fluorescent sensors based on MIPs [21-23]. Important advantages can be found
through this concept as it does not require any external competiting probes, as in traditional indirect
methods, and as it can be applied to the sensing of even non-fluorescent analytes. Furthermore, thanks
to the direct interaction between the target molecule and the fluorescent probe, the sensitivity of the
detection is improved. Although this model has been extensively used for the design of fluorescent MIPs
[23], it remains more confidential for the detection of metal ions thanks to IIPs, with less than ten
published works up to now. Hg(Il) is the most studied ion, through exaltation [24,25] or quenching
[26,27] of the fluorescence signal. Fluorescent IIPs have also been prepared for the detection of other
metal ions such as AI(IIT) [28], Cu(I) [29,30], Ag() [31], Cd(ID) [32] and Zn(II) [32].

To the best of our knowledge, no fluorescent IIP, incorporating a fluorescent monomer as the sensing
element, has been prepared up to now for the selective detection of lead ions. In this work, the choice
was made to use a fluorescent probe with a “turn-on” mode, that is to say, presenting an enhancement
of its fluorescent signal upon Pb(II) binding. Indeed, such a mode was demonstrated to increase the
sensitivity because of a lower optical background and higher signal-to-noise ratio [23]. This off-on effect
can be produced thanks to an intramolecular photoinduced electron transfer (PET) process [33]. Upon
this process, the binding of Pb(II) ion is expected to inhibit the electron transfer from the chelating group
of the fluoroionophore towards the fluorescent moiety. This will result in an enhancement of the
fluorescent signal. Based on this PET mechanism, ANQ, a fluoroionophore bearing a 5-amino-8-
hydroxyquinoline group as the chelating group for Pb(II) recognition and anthracene as the fluorescent
dye was chosen because of its intrinsic affinity for Pb(II) [34]. ANQ was modified into two fluorescent

monomers: in ANQ-ST, ANQ was functionalized by a styrene polymerizable group and in ANQ-MMA
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by a methyl methacrylate one [35]. A novel fluorescent IIP specific to Pb(II) could be developed by
precipitation copolymerization of ANQ-ST with ethylene glycol dimethacrylate (EGDMA) as a
crosslinker. The binding and selectivity properties of the IIP were investigated by three-dimensional
fluorescence through the realisation of fluorescence excitation-emission matrices (EEMs). Thanks to
this kind of analysis, the most favourable (Aex/Aem) couple was optimized for each measurement which
led to an improved quality and sensitivity of the analysis. In order to highlight the potential use of this

IIP for the detection in real conditions, its performances were investigated on natural water samples.

2. Materials and methods
2.1. Reagents

AgNO3, CaCOs3, ZnSO4 and NaNOs were purchased from Fisher Scientific (Analytical grade), AI(NO3)3,
CdS 04, Co(NO3), and CuSOs4 from Merck (pro analysis grade), Pb(NOs), and Fe(NO3); from Carlo Erba
(Analytical grade). Ethylene glycol dimethacrylate (EGDMA) was purchased from Fischer Scientific
(98 %, contains 90-110 ppm monomethyl ether hydroquinone as inhibitor), methyl
methacrylate (MMA) from Merck (99 %, contains 30ppm MEHQ as inhibitor) and
azobisisobutyronitrile (AIBN) from Merck (98 %). AIBN was purified prior use by recrystallization
from methanol.

Solvents were purchased from Fischer Scientific (reagent grade). Dry solvents were purchased as extra

dry grade (Fischer Scientific).
2.2. Instruments

BC CP-MAS NMR spectra were recorded using Bruker Avance 400 MHz Ultrashield spectrometer at
100 MHz with magic angle spinning (MAS) frequency w1r/2n = 10 kHz. Scanning Electron Microscopy
(SEM) images were taken using Supra40 VP microscope. Surface areas and pore volumes were
determined by nitrogen adsorption/desorption experiments on a volumetric adsorption analyser
Quantachrome Nova2200e (Quantachrome Instruments USA), at liquid nitrogen temperature.
Inductively coupled plasma mass spectrometry ICP-MS (NexION® Series 300) was used for metals
concentration determination. The Excitation-Emission Matrices (EEMs) of fluorescence were measured
on a HITACHI F4500 spectrofluorimeter. The excitation wavelength ranged from 320 to 460 nm, with
a step of 10 nm and an excitation slit of 1 nm. The corresponding emission spectra were acquired from
350 to 550 nm with a scan speed of 2400 nm.min~! and a slit of 1 nm. The photomultiplicator tension
was fixed at 950 V and the integration time set at 0.1 s. The extraction of the 5 nm stepped emission was

obtained by FL-Solution software. All the EEM of fluorescence were cleaned from the diffusion signals:



Rayleigh by cutting the diffusion band (20 nm) and Raman from first and second order by applying
Zepp procedure [36].

2.3.  Copolymerization of ANQ-ST and ANQ-MMA with MMA

30mg of either ANQ-ST (((10-((4-vinylbenzyloxy)methyl)anthracene-9-yl)methyleneamino)
quinoline-8-ol) or ANQ-MMA ((10-(8-hydroxyquinolin-5-ylimino)methyl)anthracen-9-yl)methyl
methacrylate) were solubilized in 30 mL of THF in a 100 mL flask. 20 equivalents of MMA (121 mg
for ANQ-ST polymerization and 134 mg for ANQ-MMA) were added and the mixture was purged with
gentle flow of argon for 15 min. 20 mg of AIBN were added to the polymerization mixture and the
solution was purged again with argon for 5 min and refluxed under argon for 24 hours. After cooling,
the mixture was poured dropwise into 100 mL of ethanol. The formed precipitate was analysed by 'H

NMR spectroscopy.
2.4. Synthesis of fluorescent Pb(II)-IIPs particles

ITIP and NIP particles were prepared by precipitation polymerization. In order to obtain particles, a total
monomer weight fraction (ANQ-ST + EGDMA) versus solvent of 10% was chosen. AIBN was
introduced with a 2% weight fraction towards the monomers. For IIP, ANQ-ST (0.46 mmol) was
dissolved in 20 mL of DMSO-2-methoxyethanol (1:1, v/v) mixture in a 120 mL cylinder-shaped Pyrex
tube. Pb(NOs3), (0.23 mmol) was added and the solution was stirred for 30 min. Then EGDMA
(8.40 mmol) was added and the solution was purged with a gentle flow of argon for 15 min. AIBN
(0.25 mmol) was added to the polymerization mixture and the solution was purged again with argon for
5 min. The tube was introduced in a hybridation oven (HB-100 Hybridizer from UVP, UK) preheated
at 30°C and rotated with a stirring rate of 8 rpm. The temperature was raised from 30 to 80°C with a
ramp of 5°C every 15 min. The polymerization was stopped after 24 h. These parameters were intrinsic
to the optimized precipitation polymerization. The resultant polymers were collected by filtration. They
were sequentially washed four times with three different solvents: DMSO, dichloromethane and
acetone, to remove the residual monomers. Then, to extract the template ion Pb(Il), the polymer was
placed in Corning® tubes and 20 mL of 0.1 mol.L"" EDTA solution were added. After 2 h of stirring
and 2 h in an ultrasonic bath, the polymer was filtered. To assess the efficiency of the procedure, a
control of the filtrate was performed by ICP-MS. Before the analyse, the filtrate was acidified with
20 pL of pure nitric acid. This washing step was repeated until Pb(II) concentration in the filtrate was
close to the detection limit. Finally, the polymer was slightly ground (to disperse the particles) and dried
under vacuum overnight. The microbeads of NIPs as a control polymer were prepared under identical

conditions except for the omission of the template Pb(II).



2.5. Fluorescence measurements

The selectivity and binding properties of the IIP and the NIP were studied by three-dimensional
fluorescence measurements. For all analysis, 3 mg of polymer were suspended in 3 mL of solvent in a
quartz cuvette and the fluorescence was measured after 24h of stirring.

The fluorescence of the monomer ANQ-ST in a water-acetone (1:4, v/v) mixture was also measured in
the presence of these different ions. Water-acetone mixture was optimised for the monomer
fluorescence, as this molecule was not soluble in water [35]. Solutions containing 50 pmol.L"! of ANQ-
ST and 200 umol.L! of an ion species were prepared and analysed for their fluorescence signal.

To study the polymers selectivity, 241 nmol. L' of Ag(I), Na(I), Ca(Il), Cd(II), Co(II), Cu(Il), Pb(Il),
Zn(Il) or AI(IIT) was added to the suspension of polymer in a water-acetone (1:4, v/v) mixture. The
fluorescence of IIP (or NIP) in presence of Pb(II) and an interfering ion was studied in a water-acetone
(1:4, v/v) mixture. 241 nmol.L"' of Pb(IT) and 1 or 2 equivalents of interfering ions (i.e. Ag(I), Na(I),
Ca(II), Cd(II), Co(II), Cu(Il), Zn(II) or AI(III)) were added. These ions were chosen because of their
potential competition towards Pb(Il) retention, due to their higher concentration in ecosystems (major
ions), their increasing concentration (e.g. Ag) or their similar charge (divalent metallic ions).

The fluorescent signal as a function of increasing lead concentration was studied in pure water, in water-
acetone (1:4, v/v) mixture, in buffered water (HEPES buffer) at pH = 7.0 and 8.1, as well as in seawater
(sampled in Toulon harbour (France)) and tap water (sampled in Toulon (France)). The last two matrices
were filtered (0.2 um syringe filters, cellulose nitrate, Sartorius®) before use. Increasing amounts of
Pb(II) were added in the cuvette and after 24 h of stirring, the fluorescence signal was measured. The
operation was repeated to obtain the complete range ([Pb*] = 0-100 pg.L™").

Validation of lead determination was finally performed in seawater (sampled in Toulon harbour), tap
water (sampled in Toulon) and in a mineral water (Evian®). All tested water samples were filtered
through 0.2 um syringe filters (cellulose nitrate, Sartorius®) before use. 10 ug.L!' of Pb(Il) was added

and after 24 h of stirring, the fluorescence signal was measured with 3 replicates.
3. Results and discussions
3.1.  Synthesis of fluorescent Pb(I)-11P

As ANQ-ST and ANQ-MMA were new monomers that had never been incorporated in IIP, it was
important to check their ability to polymerize. However, the characterization of highly crosslinked IIP
is more difficult than the characterization of linear copolymer due to their insolubility. For this reason,
polymerization tests were carried out with each monomer and MMA in THF to prepare linear
copolymers which can easily be eastly characterized by liquid phase NMR spectroscopy. MMA was
chosen because its chemical structure is close to that of EGDMA, the crosslinker used for the preparation

of the IIP particles. After 24 hours of reaction, the signals of "H NMR spectra corresponding to the vinyl
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protons of ANQ-ST located at 6.77, 5.82 and 5.31 ppm disappeared (Fig. S1), whereas in the case of
ANQ-MMA, the signals corresponding to the vinyl protons located at 6.10 and 5.57 ppm, remained
unmodified (Fig. S2). These results showed that only ANQ-ST copolymerized with MMA in conditions
similar to the preparation of imprinted polymers. As a consequence, ANQ-ST was selected for the

preparation of the fluorescent Pb(II)-IIP particles.
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The IIP and its corresponding non-imprinted polymer (NIP) were prepared by precipitation
polymerization. This technique, widely used for the synthesis of imprinted polymers, offers the
advantage to give micro or submicrosized particles [37] without the addition of any additive like
surfactant [38]. It requires the wise choice of the polymerization solvent that will ensure both the
solubilisation of the monomers in the initial stage of the polymerization and the precipitation of the
polymer particles. Moreover, as far as imprinted polymers are concerned, the solvent must also act as a
porogen agent. In the present case, highly polar DMSO was chosen to solubilise Pb(II) ions. However,
attempts to copolymerize EGDMA and ANQ-ST in pure DMSO did not lead to the formation of
particles, thus requiring the use of a co-solvent to ensure the precipitation of IIP. Further trials were
carried out in DMSO-acetonitrile and DMSO-2-methoxyethanol mixtures (1:1, v/v). Only this last one
was suitable to obtain IIP particles with a molar fraction of 5% of ANQ-ST. Although previous studies
showed that higher amounts of functional monomer could optimize binding capacities [39], it was
impossible to prepare IIP particles with higher rates of ANQ-ST fluorescent functional monomer. The
synthesis scheme of the preparation of Pb(II)-IIP is shown in Fig. 1.a. Pb(Il) ions and ANQ-ST were
introduced with a 1:2 molar ratio to prepare the complex of stoichiometry 1:2. NIP was prepared
according to the same procedure but without the presence of Pb(II). The IIP was obtained as a yellow-
orange powder with a yield of 87 %. The NIP was obtained as a yellow powder with a yield of 98 %
(Fig. 1.b). The colour difference could be attributed to the presence of Pb(Il) template ions.

3.2.  Chemical structure and morphology characterization of Pb(II)-1IP

The integration of the functional monomer ANQ-ST was assessed by the colour of the polymer since
the yellow-orange colour is the tint of ANQ-ST and differs from the white colour of a poly(EGDMA).
The integration was also confirmed by using the solid-phase *C CP-MAS NMR spectroscopy. Fig. 1.c
shows *C CP-MAS spectra of poly(EGDMA), IIP and NIP. All these polymers presented signals of the
poly(EGDMA) back-bone: the peak at 185.1 ppm assigned to the carbonyl of the ester function, the
signal at 70.7 ppm to the carbons bound to the ether oxygen (-O-CH>-CH>-O-) and the peaks at 53.3,
32.7 and 26.3 ppm assigned respectively to quaternary, methylene and methyl carbons of the polymer
chains. The integration of the functional monomer was evidenced by the peaks at 144.6 and 134.5 ppm,
typical of aromatic carbons that were present only in ANQ-ST, not in EGDMA.

ITP and NIP morphologies were characterized by scanning electron microscopy (SEM) (Fig. 1.d). The
synthesized IIP and the NIP consisted of aggregated nano-sized particles of 30-100 nm in diameter. This
type of morphology is commonly observed in the literature for the synthesis of IIPs by precipitation
polymerization [40-42]. From SEM observation, the polymers appeared to be very porous. Their
textural properties were further investigated by nitrogen adsorption/desorption measurements, applying
BET model for surface area determination and the BJH method for the evaluation of pore sizes and

volumes. Polymers showed high surface areas of 346 and 232 m%.g! and pore volumes of 0.536 and
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0.507 cm?.g"! for IIP and NIP, respectively. According to the IUPAC classification, the obtained curves
were type IV isotherms [43] (Fig. 1.e). This indicated that the polymers are mainly mesoporous, in
accordance with the pore size diameters, measured at 6.0 and 8.3 nm. The highly porous structures of
both IIP and NIP prove that the chosen polymerization solvent mixture correctly played the role of

porogen, due to a high thermodynamical compatibility with the synthesized polymers [44].

3.3. Study of the Pb(I)-IIP selectivity

At first, the selectivity of the IIP and the NIP was evaluated in a water-acetone solution (1:4, v/v) in the
presence of several ions, taken independently, such as Ag(I), Na(I), Ca(Il), Cd(Il), Co(II), Cu(II), Pb(II),
Zn(Il) or AI(III) (Fig. 2.a). Before Pb(Il) addition, the EEMs showed a massive peak located at
(Aex/Aem) = 395/430 nm (with Acx = excitation wavelength and Aem = emission wavelength) for IIP and at
(Aex/hem) = 375/450 nm for NIP. Concerning IIP, it could be observed that only the addition of the
template ion, Pb(II), induced a significant enhancement of the fluorescence signal. By comparison with
the fluorescent probe, ANQ-ST which was as sensitive to Pb(I) as to Co(II), polymerisation therefore
led to an improvement of the selectivity. Moreover, the signal increase caused by Pb(Il) ions was more
than twice more important in the case of IIP than for ANQ-ST. These observations proved that there
was indeed an imprinting effect due to the chelation of Pb(II) by ANQ-ST during the synthesis of the
imprinted polymer. This was in agreement with the study of the NIP behaviour. For this polymer, a
fluorescent enhancement was also observed for Pb(II) but other ions like Zn(II) and Fe(III) had a more
significant impact on the fluorescence signal. Besides, on the EEMs of NIP, it could be observed that
the maximum of fluorescence intensity was sensitive to the tested ion, a variation which was not
observed for IIP.

The sensing efficiency of the developed Pb(I)-IIP depends on its selectivity towards Pb(II) in the
presence of competitive metal ions. Therefore, the fluorescence of the polymers was measured with
Pb(I) and one or two equivalents of other interfering ion including Ag(I), Na(I), Ca(Il), Cd(I), Co(Il),
Cu(Il), Zn(II) and Al(III) (Fig. 2.c). Regarding the results, the impact of the addition of one equivalent
of interfering ion was negligible on the IIP fluorescence in presence of Pb(II), which was not the case
for NIP. The difference of binding behaviour of IIP compared to NIP was even more important in the
presence of an excess (two equivalents) of interfering ion. For Cd(Il), Zn(Il) and AI(II), NIP
fluorescence signal was strongly enhanced: up to 202% for Zn(II). These results emphasized the

imprinting effect for IIP and its interesting properties to be used as a sensing element for Pb(II) detection.
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Fig. 2. a) Relative fluorescence intensity (I-1p)*100/1, of IIP/NIP in presence of various ion species and the corresponding fluorescence
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of ANQ-ST in the presence of an ion species, With (Ae/Aem) = 400/430 nm and c) Relative fluorescence intensity (I-1y)*100/1, of IIP and NIP

in presence of Pb(Il) and other interfering ions with I, the fluorescence intensity of IIP/NIP in the presence of Pb(Il) alone and I the
Sfluorescence intensity of IIP/NIP in the presence of Pb(Il) and an interfering ion, with (Aed/%em) = 395/430 nm for IIP and (Aed2.em) = 375/450
nm for NIP.

3.4. Study of Pb(II)-IIP binding capacities

To evaluate the fluorescent on-off properties and sensing capacities of the Pb(Il)-IIP to Pb(Il) ions, 1IP
and the NIP fluorescence were monitored in a water-acetone (1:4, v/v) mixture and in pure water at
different concentrations of Pb(Il). In water-acetone (1:4, v/v) mixture, the EEMs showed a massive peak
located at (Aex/Aem) = 395/430 nm for IIP and at (Aex/Aem) = 375/450 nm for NIP. In pure water, the EEMs
of fluorescence showed a massive peak located at (Aex/Aem) =395/430nm for IIP and at
(Mex/Aem) = 370/450 nm for NIP. In both solvents, the relative peak intensities of the EEMs of IIP and
NIP underwent a high enhancement upon Pb(Il) binding. Fluorescence increase with increasing lead
concentration came from the enhanced inhibition of electron transfer between the chelating group and
the fluorescent moiety of the fluoroionophores corresponding to the PET process (as described in the
Introduction). Fig. 3.a shows the fluorescence response of IIP and NIP at different concentrations of

Pb(II) (from 0 to 100 ug.L'") in water-acetone (1:4, v/v) mixture and Fig. 3.b in pure water. The relative



fluorescence intensities were found to linearly increase up to 60 ug.L"!, according to the equations (1)

and (2) for IIP and NIP in water-acetone (1:4, v/v) mixture, and (3) and (4) in pure water:

—2=0.0398 % [P] (ng. L") + 0.069 (1
% = 0.0197 * [Pb] (ng.L™1) + 0.052 )
% =0.0279  [Pb] (ug.L™1) + 0.017 3)
% = 0.0095 * [Pb] (ng.L™1) + 0.005 (4)

High correlation coefficients of 0.9907 and 0.9424, in water-acetone mixture, were found for IIP and
NIP, respectively, and 0.9719 and 0.9839 in pure water. In both solvents, the slope of the calibration
line was higher for IIP than for NIP. The imprinting factor was evaluated as the ratio of the slopes of IIP
upon that of NIP. Values of imprinting factor of 2.2 and 2.9 were determined in water-acetone (1:4, v/v)
mixture and pure water respectively. These results proved that the imprinted polymer presents better

properties for Pb(Il) detection than NIP, with a higher imprinting effect in pure water.

a) 35 5 « |IP b) 25 -
« NIP = |IP
* NIP
3 1
E ; } Z 2 |
- 3
= ‘ c
E 25 ¥=0.02386+0.060, . ' } g y=0.0279x + 0.017
E =097 'E RE-09718 o ] T
o b g 15
c 24 c
] o - 1]
e 3 8
§ s y = 0.0197x - 0.052 5 %
9 15 4 R*=0.9424 3 1
o < T ¥ =0.0095x - 0.005
¢ kS 5 ¥ 3 » > P R =0.583% i L
= 14 3 = -
< k4 e . s & ] *
> e 0.5 I
05 1 e e
0 T T T T | 0 T T T T |
0 20 40 650 80 100 0 20 40 60 20 100
[Pb] (pg.LY) [Pb] (pg.L7)

“ - F MB-L-I
Pb = 40 pg.it Pb =50 pg.L* Pb = 60 pg.L! Pb=70 pg.lt Ph = 40 pgd g.L Pb = 60 pgiii g.L°
Ak A AK° BT AR AR |

Fig. 3. Calibration curves plotting the relative fluorescence intensity(I-1y)/Iy of IIP/NIP versus the concentration of Pb(I1l) and the
corresponding fluorescence EEMs of IIP in a) a water-acetone (1:4, v/v) mixture with (Ae/2em) = 395/430 nm for IIP and (Aef/Lem) = 375/450
nm for NIP and b) in pure water with (Ae/Aem) = 395/430 nm for IIP and (Ae/Aem) = 370/450 nm for NIP. With I the fluorescence intensity at a

given concentration of Pb(Il) and I, the intensity in the absence of Pb(II).

With the aim of evaluating the analytical performance of the developed Pb(II) IIP, the limit of detection
(LOD) was also investigated. Calculated as the concentration of Pb(Il) that enhances three times the
standard deviation of the blank signal as defined by IUPAC [45,46], the LOD was determined to be

2.1 ug.L'! for IIP in pure water. This value is below the control level recommended by WHO for tap

water (10 ug.Lh). Up to now, only few papers report on ion determination via fluorescent IIPs and none

10



for Pb(II) detection. Table 1 focuses on works giving LOD and linear range data. Thus, compared to the
literature, the Pb(II)-IIP designed in the present study appears to be the fluorescent IIP showing the best

performances in terms of LOD and linear range of detection.

Table 1. Fluorescent IIPs described in the literature and in the present work, and their main characteristics for metal detection

agetion O Horescence(nmol) ol Ref
Cu(ll) Quenching 40 0.16-8.29 [29]
Cu(ll) Quenching 140 0-70 [30]
Hg(Il) Quenching 20 0.05-1.2 [27]
Ag(l) Exaltation / 10-60 [31]
Hg(I1) Exaltation 150 0.28 [25]
Pb(I1) Exaltation 10 0.034-0.29 This work

In order to determine the effect of pH and of different matrices on the fluorescence signal, IIP spectra
were carried out for Pb(Il) concentrations varying from 0 to 50 ug.L! in pure water (pH =5.9), in
buffered water at pH = 7.0 and at pH = 8.1, in seawater (pH = 7.9) and in tap water (pH = 7.6). As shown
in Fig. 4, under the different studied conditions, the obtained calibration curves present very close slopes.
This proved that both pH and matrices have only little impact on the signal of fluorescence and thus on

the detection and quantification of Pb(Il) by the designed sensor.

2 - ultra pure water [pH=5.9)

x buffered water (pH=7.0)

z 5 g1 ¥=0.0283x+0.053
5 * buffered water (pH=8.1) =0 051 ! -;{1-0 SS“JE;
§ 15 R2=0 =0.350
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Fig. 4. Plots of IIP relative fluorescence intensity versus the concentration of Pb(Il) in different matrices with (Je/Aem) = 395/430 nm.

3.5. Application to real sample analysis

In a final stage, the potential application of the developed fluorescent IIP as a IIP was validated by
testing it on real water samples to selectively detect Pb(Il). The samples were tap, mineral and seawater
samples spiked with 10 pg.L! of Pb(II). The calibration curves previously established for tap water and

seawater were used to quantify Pb(Il) in these matrices by the fluorescent IIP. In the case of mineral
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water, the calibration curve of buffered water (pH=7.0) was used. Excellent recovery rates in the range
of 98-108 % were found (Table 2), demonstrating the real potential for IIP to be used as a sensor for
direct Pb(II) detection in natural waters. It is noteworthy that even the high amounts of Ca(Il) (80 mg.L"
1, MgI) (26 mg.L") and Na(I) (6.5 mg.LL'") ions present in the mineral water did not affect the

measurements.

Table 2. Determination of Pb(Il) in real water samples spiked with lead.

Sample Spike (ug.L')  Found (ug.L?)  Recovery (%)

Tap water
(Toulon city, 10.0 9.8+0.7 98
France)
Mineral
water 10.0 10.8+2.2 108
(Evian®)
Sea water
(Toulon
harbor,
France)

10.0 10.3+1.3 103

4. Conclusions

In the present paper, we aimed to design some new IIP including a fluorescent probe covalently attached
to the polymer matrix for the detection of Pb(Il). For this purpose, ANQ-ST was implemented as a new
fluorescent probe functionalised by a styrene moiety. After optimisation of the solvent choice and the
molar ratios of monomers, IIP particles were obtained by precipitation copolymerization of ANQ-ST
with EGDMA as a crosslinker. The study of the selectivity properties of the IIP towards Ag(I), Na(l),
Ca(Il), Cd(II), Co(II), Cu(Il), Pb(I), Zn(II) and AI(III) ions was achieved by three-dimensional
fluorescence. It proved that, thanks to the imprinting effect, the selectivity was enhanced in the IIP
compared to the initial molecular probe ANQ-ST and the NIP. The designed IIP presented a low limit
of detection of 2.1 pg.L"! in pure water with a linear range of 7.1-60 pg.L"!. Calibrations curves were
established in various types of water: pure water, buffered waters (pH =7.0 and 8.1), tap water and
seawater. The very slight variations of slopes showed that the quantification of Pb(II) thanks to the IIP
was not sensitive to matrix effects. The good recovery rates determined in these various samples proved

that the designed fluorescent IIP is an efficient sensor for Pb(Il) detection in environmental samples.
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