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Abstract: Advanced tools for cell imaging are of great interest to detect, localize and quantify molecular biomarkers of cancer or infection. We describe a novel photopolymerization method to coat quantum dots (QDs) with polymer shells, in particular molecularly imprinted polymers (MIPs), using the visible light emitted from QDs excited by UV light. Fluorescent core-shell particles specifically recognizing glucuronic acid (GlcA) or N-acetylneuraminic acid (NANA) were prepared. Simultaneous multiplexed labeling of human keratinocytes with green QDs conjugated with MIP-GlcA and red QDs conjugated with MIP-NANA was demonstrated by fluorescence imaging. The specificity of binding was verified with a non-imprinted control polymer and by enzymatically cleaving the terminal GlcA and NANA moieties. The coating strategy is potentially a generic method to functionalize QDs to address a much wider range of biocompatibility and biorecognition issues.


Fluorescent semiconductor nanocrystals, so-called quantum dots (QDs), have unique optical and electronic properties: size- tunable light emission, high signal brightness with reduced photobleaching, long-term photostability and possible multiplexing due to narrow, symmetric and well resolved emission spectra. They have broad absorption spectra allowing simultaneous excitation of multiple QDs by a common excitation wavelength. QDs have been used as luminescent probes in bioassays, biosensors, and medical diagnostics[1-4] such as cell imaging for cancer detection.[5-7] QD nanocrystals are generally synthesized in apolar solvents and are hydrophobic. Substantial progress in surface chemistry for rendering them soluble in aqueous media has been the key to their biocompatibility and functionalization for coupling of specific affinity ligands (antibodies, nucleic acids, peptides). Different QD-solubilization strategies have been devised, including ligand exchange with small monodentate or polydentate thiol-containing molecules and encapsulation by a layer of amphiphilic polymers, polysaccharides or proteins, silica shells and phospholipid micelles.[1,2,4,8]



Herein, we present a novel versatile solubilization and functionalization strategy, which consists of creating a  stable and robust hydrophilic cross-linked polymer coating directly on QDs by photopolymerization using the particles as individual internal light sources. Green and red-emitting InP/ZnS QDs, hereafter referred to as green-QDs and red-QDs, which are less toxic than Cd-based QDs,[7,9] were  employed.  Emitted fluorescent light from green (550 nm) or red (660 nm) QDs,  when excited with a UV lamp (365 nm), locally photopolymerizes a thin polymer shell around the QDs surface, yielding core-shell nanoparticles (Figure 1A).


Since emission from QDs is weak compared to direct light, polymerization is confined to the QD surface; however appropriate initiator systems must be used.[10] The emission wavelength of the QD must overlap the absorption wavelength  of the initiator (Figures S1, S2A), and the latter must not be activated by the UV light. Preliminary experiments confirmed that this is the case for the systems described (Figure 1 and SI for details). At the same time, we verified that there was no self- initiated polymerization, a phenomenon frequently observed in the presence of numerous monomers and under lower UV light wavelength.[11]

A MIP shell specific for glucuronic acid (GlcA) (green-QDs)  or N-acetylneuraminic acid (NANA) (red-QDs) was grafted on top of the hydrophilic first shell (Figure 1B) to  target  glycosylation sites on cells since altered glycosylation levels or distributions  are indicators  of  infection or  malignancy.  Recent advances in glycobiology and cancer research have defined the key processes underlying aberrant glycosylations with sialic acids or hyaluronan in cancer and its consequences.[12-15] These include effects on tumor growth, escape from apoptosis, metastasis formation and resistance to therapy. Polysaccharides involved in the glycosylation procedure have a highly conserved simple composition and are ubiquitously expressed in  all animals that have a developed immune response. Natural production of antibodies that specifically recognize these “weak antigens” is difficult,[16] hence traditional immunohistochemical methods for detecting glycosylations on cells are rare. An alternative would be ‘plastic antibodies’ or MIPs.[17,18] MIPs are tailor-made synthetic antibody mimics that can recognize and bind target molecules specifically. They are synthesized by co- polymerizing functional and cross-linking monomers in the presence of a molecular template, resulting in the formation of binding sites with affinities and specificities comparable to those of natural antibodies. Their molecular recognition properties, combined with a high chemical and physical stability, make them interesting substitutes for antibodies in immunoassays,[19] biosensors,[20] bioseparation,[18,21] controlled drug release[22] and bioimaging.[23-25]

Herein, MIP-coated QDs were applied for the first time for simultaneous multiplexed pseudoimmunolabeling and imaging of human keratinocytes. Core-shell MIP nanoparticles for GlcA and NANA, 125 ± 17 nm in size, were obtained, allowing for specific targeting of both the intracellular and pericellular terminal glycosylations. We have previously reported 400 nm rhodamine- labeled MIP particles specific for GlcA that could only target the extracellular hyaluronan of the cell glycocalix.[23] We have now synthesized a dedicated stoichiometric functional monomer,[26] (4-acrylamidophenyl) (amino)methaniminium acetate, a polymerizable benzamidine referred to as AB in the text (see SI for synthesis and Figure S3), which can form strong electrostatic interactions with the –COOH moiety of GlcA and NANA. Commonly, boronate-based monomers are employed[25,27] for targeting NANA and other monosaccharides, but using only non- covalent interactions is preferred for sugar imprinting in terms of binding and exchange kinetics.[28]

Green-QDs were prepared according to a previous report [29] (see SI). A water-compatible shell was synthesized using the hydrophilic monomers, 2-hydroxyethyl methacrylate (HEMA) and N,N’-ethylenebis(acrylamide) (EbAM), the initiator couple eosin Y/triethylamine (TEA) and green-QDs, in toluene:dimethyl sulfoxide (DMSO) (1:1). This shell stabilizes the QDs for their further conjugation in polar solvents. Its presence (HEMA-QDs) was confirmed by transmission electron microscopy (TEM) and dynamic light scattering (DLS) (Figure 2A, B). Further evidence was provided by another experiment where propargyl acrylamide was added to the polymerization mixture described above. The resulting propargyl-functionalized shell was then labeled with azido-fluorescein (see SI for synthesis) by click chemistry. Fluorescein (ex = 495 nm) was incorporated, as shown by the emission spectrum of the core-shell particles (Figure 2C).

A MIP was photopolymerized on top of the first shell, again using green light emitted by the QDs. The HEMA-QD particles were resuspended in DMSO and the second shell (MIPGlcA-QDs) obtained by irradiation with UV light using a MIP precursors mixture containing GlcA, AB, methacrylamide (MAM), ethylene glycol dimethacrylate (EGDMA) and eosin/TEA. MAM was added to provide hydrogen bonding interactions with GlcA and to render the MIP more hydrophilic to prevent aggregation in the aqueous cell imaging medium. Control non-imprinted polymer (NIP) was prepared in the same way but without the addition of GIcA. The stoichiometry and binding constant of the AB-GlcA complex were deduced from NMR titration studies in DMSO-d6, yielding a 1:1 ratio and a high association constant Ka of 7.1 x 103 M-1 (Figure S4).

Recognition properties of MIPGlcA-QDs were evaluated by equilibrium radioligand binding assays using [14C]glucuronic acid in water. Figure 3A shows that MIPGlcA-QDs bind much more GlcA than NIPGlcA-QDs, indicating the creation of imprinted sites. MIP selectivity was confirmed by competitive binding assays comparing binding of GlcA with other monosaccharides such as N-acetylgalactosamine, N-acetylglucosamine, galactose, glucose and NANA, present at the terminal parts of glycolipids or glycoproteins that could potentially interfere during cell imaging. Due to the amount of particles needed to conduct competitive studies, MIPGlcA and MIPNANA polymers obtained by precipitation polymerization were employed instead of MIP- coated QDs. Less than 1% cross-reactivity was observed (Figure S6 and Table S1). For quantitative cell imaging, a standard immunostaining protocol was adopted for visualizing the MIP-QDs on human keratinocytes (HaCaT cells). To avoid possible interference from entrapped residual eosin Y fluorescence, the dye was photobleached prior to imaging experiments (see SI for details). After cell fixation, MIPGlcA-QDs were added and left to incubate for 90 min before imaging (Figure 3C). Fluorescent particles on the cells were quantified after background subtraction by epifluorescence microscopy (see SI for sample preparation, cell fixation and fluorescent image analysis). MIPGlcA-QDs showed 42% more binding to the cells than NIPGlcA-QDs (Figure 3B). MIPGlcA-QDs were also applied to another cell type, leukemia KU812, showing the versatility of the staining method (Figure 3D).

To confirm the selectivity of MIP-QDs staining, cells were treated with hyaluronidase to remove terminal glucuronic acid moieties from the glycosylation sites (Figure S8). Quantitative analysis of images revealed a 40% reduction in the fluorescence signal of hyaluronidase-treated versus untreated cells, whereas no change was observed for NIP-QD stained cells (Figure 3B). These results were validated by comparing with a reference method using a biotinylated hyaluronic acid binding protein (HABP).[30] The protein was revealed with fluorescein isothiocyanate-labeled streptavidin. Quantitative analysis of the images revealed a 52% reduction in the fluorescence signal of hyaluronidase-treated versus untreated cells (Figure S10), comparable to the reduction in recognition obtained with MIPs. To prove the versatility of our method for functionalizing QDs, commercially available red-QDs emitting at 660 nm were tested.  Methylene blue/TEA was used for initiation to ensure spectral overlap between QD emission and initiator absorption.  A HEMA/EbAM shell was grafted around the QDs followed by a MIPNANA-shell, by the same procedure as described for green- QDs. The polymers were then photobleached to eliminate any methylene blue fluorescence. The increase in size of the QDs after coating was verified by DLS measurements (Figure S2B). The stoichiometry and binding constant of the AB-NANA  complex were obtained by NMR titration studies in DMSO-d6, yielding a 1:1 ratio and a high Ka of 41 x 103 M-1 (Figure S5).

The specificity of MIPNANA-QDs was evaluated by equilibrium binding assays using [3H]sialic acid in water. Figure 4A shows that MIPNANA bound more sialic acid than NIPNANA indicating the creation of imprinted sites. Competitive equilibrium binding assays showed that there was <10% cross-reactivity with GlcA and negligible cross-reactivity with other terminal sugars: N-acetylglucosamine, N-acetylgalactosamine, galactose and glucose (Figure S7, Table S1). When quantitative cell imaging was applied, MIPNANA-QDs showed 48% more binding than NIPNANA-QDs. MIP staining selectivity was confirmed by enzymatic treatment of the cells with neuraminidase (Figure S9), yielding a fluorescence profile similar to that of NIP-QD stained cells (Figure 4B).

Our next step was to investigate whether multiplexed imaging of GlcA and NANA on fixed keratinocytes was possible. The spatial distribution of MIP-QDs targeting GlcA or NANA on keratinocytes was determined with epifluorescence microscopy (Figure 3C and 4C). As expected, the particles were found almost exclusively in regions where cells were present. Confocal microscopy was then used to study the distribution of MIP-QDs along the z-axis. The MIPGlcA-QDs (green) were localized extracellularly, pericellularly and intracellularly, even within the nucleus in some cases (Figure S11A). Nuclear staining, due to the distribution of hyaluronan in nuclear clefts, has previously been reported.[31] MIPNANA-QDs (red) were localized mainly extra- and pericellularly (Figure S11B), in accord with the localization of terminal sialic acids in human cells.[24,32] The use  of organic dyes to stain the nucleus shows that MIP-QDs  staining can be easily coupled with other staining methods without interference or loss of specificity (Figure 5). This work demonstrates for the first time the potential of molecularly imprinted polymers when conjugated to quantum dots of different emission colors as a versatile multiplexed imaging tool.
In conclusion, we have developed a convenient and generic strategy to coat QDs with thin polymer shells to impart functionalization and biocompatibility by photopolymerization using the visible fluorescent light emitted from QDs upon excitation by UV light. MIP-coated QDs, imprinted with glucuronic and N-acetylneuraminic acid were used for the recognition of hyaluronic acid and sialylated glycoproteins and glycolipids on keratinocytes as an illustrative example for the multiplexed detection of glycosylations in cells. The application of MIP-coated QDs as artificial receptors and imaging agents for glycosylation sites paves the way for new applications in diagnostics, theranostics and therapeutics.

Experimental Section
Experimental details (reagents and materials, synthesis and characterization of MIP-QDs, equilibrium and competitive binding assays, TEM and DLS analysis, 1H NMR studies of AB-template complex, cell and tissue staining and imaging) can be found in the Supporting Information.
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