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Manganese Doped Fluorescent Paramagnetic Nanocrystals for Dual-Modal Imaging Vijay Kumar Sharma, Sayim Gokyar, Yusuf Kelestemur, Talha Erdem, Emre Unal, and Hilmi Volkan Demir*



In this work, dual-modal (fluorescence and magnetic resonance) imaging capabilities of water-soluble, low-toxicity, monodisperse Mn-doped ZnSe nanocrystals (NCs) with a size (6.5 nm) below the optimum kidney cutoff limit (10 nm) are reported. Synthesizing Mn-doped ZnSe NCs with varying Mn2+ concentrations, a systematic investigation of the optical properties of these NCs by using photoluminescence (PL) and time resolved fluorescence are demonstrated. The elemental properties of these NCs using X-ray photoelectron spectroscopy and inductive coupled plasma-mass spectroscopy confirming Mn2+ doping is confined to the core of these NCs are also presented. It is observed that with increasing Mn2+ concentration the PL intensity first increases, reaching a maximum at Mn2+ concentration of 3.2 at% (achieving a PL quantum yield (QY) of 37%), after which it starts to decrease. Here, this high-efficiency sample is demonstrated for applications in dual-modal imaging. These NCs are further made water-soluble by ligand exchange using 3-mercaptopropionic acid, preserving their PL QY as high as 18%. At the same time, these NCs exhibit high relaxivity (≈2.95 mM−1 s−1) to obtain MR contrast at 25 °C, 3 T. Therefore, the Mn2+ doping in these water-soluble Cd-free NCs are sufficient to produce contrast for both fluorescence and magnetic resonance imaging techniques.
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because of their exceptional optical properties. These include high quantum yield (QY), broad absorption with narrow photoluminescence (PL) spectra, and a high resistance to photobleaching. This greatly enhances their potential of fluorescence-based imaging (FI).[1,2] However, in bio-imaging, FI cannot provide three-dimensional (3D) anatomical information. In contrast, magnetic resonance imaging (MRI) is an important diagnostic tool with its ability to generate 3D images of opaque and soft tissues with sufficient spatial resolution and tissue contrast.[3,4] Nevertheless, despite its imaging capability, the inherent low sensitivity of the MRI technique demands the synthesis of high relaxivity contrast enhancement agents. Contrast agents are currently applied in 30 to 40% of clinical MRI scans. Most of the commercial MR (T1 weighted) contrast agents contain the paramagnetic Gd3+ ion, which has seven unpaired electrons and a long electronic relaxation time.[5,6] These contrast agents are intravenously administered to patients, reducing the relaxation time of water protons in the tissue of interest and increasing signal intensity. Recently, there have been efforts reported to combine different imaging techniques so that more information
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can be obtained from the sample under study.[7–9] With two functionalities integrated into a single type of NCs, a sensitive contrast agent for two very powerful and highly complementary imaging techniques can be obtained. Therefore, multimodal imaging has stimulated intense interest for accurate medical diagnosis. There are few reports in the literature on multimodal imaging based on the conjugation of QDs and magnetic nanoparticles (NPs).[10–16] Most of these use cadmium (Cd) based QDs, for example, CdSe/ZnS,[10–14] CdTe/CdS,[15] CdSeTe/CdS[16] for FI. For MRI, Gd3+[10,11,16] ion is commonly used for T1 weighted imaging and Fe3O4[12–15] NPs for T2 weighted imaging in these previous reports. Cadmium is a toxic element, which limits its potential applications, especially related to human health.[17] Although gadolinium (Gd) has been the most popular choice among the paramagnetic metals, it has been recently linked to a medical condition known as nephrogenic systemic fibrosis (NSF).[18] NSF is a rare but potentially harmful side effect observed in some patients with severe renal disease or following liver transplant. For obvious reasons, this has led to concerns over the safety of Gd-based T1 contrast enhancement agents in MRI applications.[19,20] Recently, Mn-doped NCs have been regarded as a promising new class of nanophosphors, owing to their superior luminescent properties and potential applications in optoelectronics[21] and bio-imaging.[22] They exhibit a broad emission peak at 585 nm, with a large stoke`s shift of 160 nm, avoiding the issue of self-absorption. The Mn2+ (S = 5/2) is also used as a paramagnetic probe in several solids with a magnetic moment of 5 µB. Manganese is considered to be safe for use in MRI contrast agents with no relation to NSF. The only issue is with the overexposure to free Mn ions, which must be avoided not to risk neurode-generative disorder.[18] There are only two known reports[23,24] of Mn-doped NCs used for dual-modal imaging. Wang et al.[23] reported high QY (≈21% in water) and high relaxivity for CdSe/Zn1−xMnxS QDs. However, the problem with these QDs is the intrinsic toxicity of Cd, which limits its widespread applications. Another issue is that, Mn is present in the shell, which is again potentially toxic if released from the shell.[18] Recently, there is another report on dual imaging contrast agent by Gaceur et al.[24] using Mn-doped ZnS NPs. This work reports blue-green emission in Zn0.9Mn0.1S NPs with a high relaxivity ≈20 mM−1 s−1, but the QY of these NPs has not been studied in the paper. This report used Mn2+ doping for the MRI imaging, but not for the FI. Different than the previous literature, here we are reporting smaller, water-soluble and low toxicity Mn-doped ZnSe NCs exhibiting high PL QY for FI and high relaxivity for MRI. These NCs are Cd-free and have Mn2+ doping mostly localized in the core of the NCs, which is confirmed by elemental characterization. Thus, our NCs can be considered to be less toxic with a sufficient Mn2+ concentration in the core region enabling both high QY and high contrast in MRI. Moreover, these NCs also meets another important criterion related to their size. They are 6.5 nm in size, well below the optimum kidney cutoff limit, which is 10 nm. Therefore, these NCs can be used in most parts of the human body.[25] Here, these NCs are unique in that, together
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Figure 1. PL spectra of Mn-doped ZnSe NCs for different Mn2+ concentrations. The excitation wavelength used is 300 nm.
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