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Quantum dot-imprinted polymers with size and shell-selective recognition properties
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The development of appropriate tools for the detection of manufactured nanoparticles disseminated in the environment has become an important societal challenge driven by the ubiquity of nanoparticles in everyday products and innovative technologies. If a large number of methods have been reported for the sensing of small molecules or macromolecules, the implementation of sensitive and selective methods for the detection of nanoparticles is still in its infancy. Current analytical techniques rely on electron microscopy, dynamic light scattering, [START_REF] Eiser | Multi Length-Scale Characterisation[END_REF] coulter counters, [START_REF] Henriquez | [END_REF] centrifuge particle size analysis 3 or electrochemical detection, 4 which mainly differentiate nanoparticles on the basis of their size and shape. However, similar nanoparticles exhibiting different coatings are generally not distinguishable using these techniques. Moreover, these analytical methods are expensive and for most of them unsuitable for field analysis.

To afford a real speciation of nanoparticles and differentiate nanoparticles with various size, shape and surface chemistry, recent works reported the use of two-dimensional or surface-imprinted polymers. [5][6][7] The imprinting concept consists in creating cavities of roughly the same size and shape as that of the template on the surface or in the bulk of a chemical matrix. [8][9][10][11][12][13][14][15] These cavities formed in the polymer are complementary, both sterically and chemically to the template. It is inspired by the "lock & key" principle used by enzymes for substrate recognition. For nanoparticles, this involves the formation of a polymer matrix where nanoparticles are imprinted, followed by their removal to form cavities, which match their size, shape and chemical functionalities. The matrix is then able to selectively reuptake the removed nanoparticles. For example, the group of Lieberzeit used sedimentation surface imprinting in combination with mass-sensitive measurements on quartz crystal microbalance to detect Ag nanoparticles. 5 In another example, the group of Mandler used the Langmuir-Blodgett technique to transfer gold nanoparticles concomitantly to polyaniline or cellulose acetate monolayers onto a conducting indium-doped tin oxide support. [6][7] The gold nanoparticles were then dissolved by electrochemical oxidation, leaving nanocavities embedded in the polymer film, which fit the size and shape of the etched nanoparticles. This strategy afforded ultra-thin layers (1 to 5 nm) of nanoparticle-imprinted polymers for size and shell-selective recognition of nanoparticles. In their study, the authors observed that the shell and size exclusion properties of these nanoparticleimprinted polymers improve with the number of layers, that is, the depth of the cavities. Therefore, bulk imprinting of nanoparticles would be expected to further improve their selective recognition properties. Nevertheless, to the best of our knowledge, the concept of nanoparticle-imprinted polymers has been confined to surface-imprinting and has never been extended to bulk-imprinting so far. We address this issue in the present work by elaborating bulk quantum-dot imprinted polymers and evaluating their size and shellselective recognition properties. Colloidal quantum dots (QDs) were chosen here to provide a simple proof-of-concept of bulk nanoparticle-imprinting strategy because their intense and stable photoluminescence 16,17 allows a clear demonstration of the QDs uptake but the method could be extended to nonfluorescent nanoparticles. Moreover, it is worth mentioning that these QDs have stimulated both tremendous research efforts these past years for applications in biology and medicine 18 and a great deal of concern about their potential hazards due to their heavy-metal content. 19 The selective recognition of QDs is therefore important from clinical and health viewpoints. Carboxyl-functionalized QDs were chosen as the template in order to favour strong hydrogen bonds between the imprinted polymer matrix and the QD templates. The QD templates used in this work are commercially-available colloidal carboxyl-functionalized CdTeSe/ZnS quantum dots with a fluorescence peak maximum at 702 nm and width at half maximum of 60 nm. They display an elongated shape with an average length L of ca. 10 nm and a small axis d of ca. 5 nm (see TEM image in Fig. 1a). The bulk QDs-imprinted polymers (QD@IPs) were prepared by photopolymerization of a prepolymer mixture composed of methacrylic acid (MAA) as the functional monomer, ethylene glycol dimethacrylate (EGDMA) as the cross-linker and azobisisobutyronitril (AIBN) as a photoinitiator, in the presence of QDs (see illustration in Fig. 1). The QDs were then removed from the polymer matrix by immersing the QD@IPs in aqueous acetic acid, breaking the interactions between the target QDs and the imprinted cavity. A reference non-imprinted polymer sample (NIP) was prepared using the same procedure, but without addition of the QD templates (see details of the experiments in the supporting information).

As-synthesized macrogels of QD@IPs display a homogeneous and intense photoluminescence under UV light (at 254 nm) testifying to the incorporation of QDs within the whole nanocomposite gel (see Fig. 1b). After incubation in acetic acid for 5 hours, the luminescence of the gel was observed to decrease starkly, demonstrating the efficient release of the QDs from the polymer matrix. [R2-1] To characterize the structural parameters of QD@IPs and estimate the porosity of the polymer matrix after extraction of the QDs, the equilibrium degree of swelling of QD@IPs and NIP was measured (see details in supporting information). From these experiments, the mesh size () 11 , corresponding to the size of the nanopores inside the polymer matrix, could be deduced. A  value of ca. 71 Å was estimated for QD@IPs and 48 Å for NIP. As the small axis of the QDs template (d ≈ 50 Å) is inferior to the mesh size of QD@IPs, their diffusion in the polymer network is possible, enabling the QDs to move through the free spaces between the polymer chains.

In order to perform reproducible optical characterizations, we prepared layers of QD@IPs and NIP on 2x2 cm² PMMA plates. For this purpose, a 30 µL droplet of the prepolymerization solution was fully spread on the PMMA plate and let to polymerize. By weighing the sample before and after QD@IP formation, we estimated the QD@IP layer weight to 3.5 mg, so that ca. 5,22 nmol of QDs per gram of polymer have been incorporated in the matrix. The luminescence spectra were then recorded on several portions of the obtained samples. The spectra were identical in peak position and width for different portions of a given sample (with ±15% intensity variations indicating inhomogeneities of the polymer film thickness). To reduce the uncertainty due to these variations, all spectra displayed in the following are the result of the average of seven measurements on different areas of the samples. Fig. 2 shows representative photoluminescence spectra of a QD@IPs film, before and after removal of the QDs templates. It should be noted that the spectra were normalized by the fluorescence intensity maximum value before extraction of the QDs templates. The luminescence spectrum of the NIP matrix was also recorded as a reference. Its signal is very weak in the 600-800 nm domain with a small peak appearing below 600 nm (the blue-side tail of this peak is cut by a 520 nm high-pass optical filter). For the QD@IPs spectrum before QDs removal, the peak at 689 nm corresponds to the fluorescence of the QDs within the polymer matrix (and). Interestingly, this band is blue-shifted compared to the fluorescence of free QDs, which display a λ max = 702 nm (see Fig. S1), underlying the presence of chemical interactions between the polymer matrix and the nanoemitters. After the acetic acid treatment, the QD@IPs spectrum (dotted line) is reduced by 90 %, showing that almost all of the QDs are extracted using this soft chemical procedure.

The recognition properties of QD@IPs were investigated by measuring the uptake of QDs in water over a range of concentrations from 8.10 -8 to 6.10 -6 mol.L -1 (see Fig. 3). After uptake of the QDs and gentle washing with water, the fluorescence intensity of the main emission band at 689 nm was recorded and plotted as a function of QDs concentration. All the spectra were normalized by the fluorescence intensity maximum value corresponding to the QD@IP before extraction of the QDs templates. One observes a progressive increase of the fluorescence intensity at 689 nm with rising concentration of QDs, indicating the efficient uptake of QDs by the imprinted polymer film. It is worth noting that the same sample was used for the measurement at five concentrations, with QDs extraction in acetic acid between each measurement: it is remarkable that almost all of the QDs are eliminated by immersion in acetic acid, even after the fifth QDs uptake-extraction cycles (see Fig. S2). This shows the robustness of the sample and holds promising prospects for reproducible QD@IPs applications. A plateau value was reached at ca. 10 -6 M (see insert in Fig. 3) indicating a saturation of all the recognition sites. The height of this plateau (1 in normalized intensity) is almost the same as the amplitude of the peak recorded on the as-synthesized QD@IPs (see Fig. 2), indicating that all the QDs sites which were created during the QD@IPs synthesis are now occupied again after QDs uptake. In contrast, the fluorescence intensity detected on the NIP films after QDs uptake remains very low whatever the QDs concentration (see Fig. S3). Moreover, the QDs emission band appears at the same wavelength as the one observed for free QDs ( max = 702 nm) confirming the poor affinity of the non-imprinted polymer matrix towards the QDs.

The selectivity of QD@IPs was investigated by evaluating their ability to discriminate between different populations of QDs. The first population, labelled QD size was made of similar commercial carboxyl-functionalized CdTeSe/ZnS QDs differing in size compared to the initial template QDs (see Fig. S5): they display an average length L of ca. 18 nm and a small axis d of ca. 7 nm, leading to a red-shifted emission wavelength at 780 nm. The other sample, labelled QD NH2 , consisted of the same QDs as the initial template, functionalized with amino end groups (with a fluorescence peak maximum at 702 nm; see details of functionalization and characterization of QD NH2 in the supporting information). QD@IPs were first synthesized using the initial QDs. QD size and QD NH2 were then used separately as analytes during uptake by the QD@IPs. Fig. 4 shows three independent reuptake experiments using the same QD@IPs after incubation with the various types of QDs. The selectivity appears to be remarkable as there is a large difference between the reuptake of the template QDs and the other nanoparticles, QD size and QD NH2 . Indeed, the intensity of the fluorescence emission band is around 6 times lower for the uptake of QD size and QD NH2 than for the initial QDs, and of the same order of magnitude as for the non-selective QD incorporation by the NIP. Moreover, when the QD@IPs were incubated in an aqueous mixture of QD size and the original QDs templates, 2 M/2 M (see Fig. 4a), the fluorescence spectrum retains the main characteristic of the QDs analytes, with only a small shoulder at 780 nm due to the closely related QD size . In comparison, the luminescence spectrum of the QDs+QD size solution shows two peaks of close amplitudes confirming that the two QDs populations emit with similar efficiencies (See Fig. S3). These results highlight the capacity of QD@IPs to discriminate between various kinds of QDs, even in a mixture of closely related QDs. This high selectivity is presumably due to a tight entrapment of the QDs within the polymer matrix during the synthesis of QD@IPs, resulting in cavities retaining the shape and surface chemistry memory of the template QDs. These nanocavities could therefore not accommodate particles with different sizes and presumably did not interact strongly with particles exhibiting a different surface chemistry, which therefore were washed away. Figure 5 summarizes these results and compares the reuptake of the various kinds of QDs by the QD@IPs and the NIP reference. The fluorescence intensities (left axis) were converted to a concentration of QDs incorporated in the polymer mass (right axis, in nmol/g), knowing that the initial sample (QDs concentration of 5.22.10 -9 mol/g) shows a peak amplitude normalized to 1 (Fig. 2). From this plot, it is clear that the QDs templates are specifically and selectively recognized by the imprinted polymer nanocomposites. In summary, bulk quantum-dots imprinted polymers were de-signed by imprinting QDs functionalized by carboxylic acid groups in a poly(MAA-co-EGDMA) matrix and removing them using a soft acetic acid treatment. The recognition ability of QD@IPs was demonstrated by photoluminescence spectroscopy after exposing it to the original QDs. The QD@IPs was shown to efficiently uptake the QDs, which remain in the nanocavities after the QD@IPs has been washed. This observation evidences the existence of attractive interactions between the target QDs and the matrix, due presumably to hydrogen bonding. The selectivity properties of the QD@IPs were demonstrated using two different populations of QDs varying in size and shell chemistry. These closely related QDs were almost not uptaken by the QD@IPs. These results emphasize the importance of the template structure for the recognition of the imprinted nanoparticles by the QD@IPs, with excellent size and shell-exclusion recognition properties. 
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Fig. 1 .

 1 Fig. 1. Schematic illustration of the elaboration of bulk QDs-imprinted polymers QD@IPs. (a) TEM image of the QDs tem-plates and (b) photography under UV light (at 254 nm) of bulk as-synthesized QD@IPs immersed in distilled water.

Fig. 2 .

 2 Fig. 2. Photoluminescence spectra of QD@IPs before (full line) and after (dashed line) extraction of the QDs in acetic acid and the reference NIP (dash-dotted line).

Fig. 3 .

 3 Fig. 3. Photoluminescence spectra showing the uptake of QDs by QD@IPs over a range of concentrations from (a) 8.10 -8 ; (b) 1.10 -7 ; (c) 4.10 -7 ; (d) 1.10 -6 ; (e) 6.10 -6 mol.L -1 . The dashed line corresponds to QD@IPs after extraction of the QDs templates. In inset are shown the corresponding images under UV light of QD@IPs and the plots of the fluorescence intensity maxima versus [QDs] for QD@IPs and NIP.

Fig. 4 .

 4 Fig. 4. Fluorescence spectra of QD@IPs after incubation with (a) QDsize alone (dashed line) at 1 M or a mixture of QDs and QDsize (full line) at 2 M/2 M. The dash-dotted line correspond to the fluorescence of QD@IPs after extraction of the templates in aqueous acetic acid; (b) QDNH2 (dashed line) or QDs templates (full line) at 1M.

Fig. 5 .

 5 Fig. 5. Efficiencies of the QDs uptake, in normalized fluorescence intensity (left axis) and in QDs concentration inside the polymer (right axis, nmol.g -1 ), after immersion in a 1µM solution of QDs, QDsize and QDNH2, for the QD@IPs and the NIP.
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