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Abstract 

 

Aptamers are synthetic single-chain DNA or RNA oligonucleotides capable of adopting stable 3D 

conformations and thus binding chosen targets tightly and with great specificity. Owing to the 

chemical tunability of their nucleic acid backbone, they can be functionalized at selected sites with 

small compounds, metal ions, or nanomaterial constructs for deployment in molecular imaging, 

diagnostics and targeted delivery applications. Aptamer based metal tagging is an emerging strategy 

to translate molecular recognition into spatially resolved elemental signals for mass spectrometric 

bioimaging. Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) is an 

elemental imaging technique that in a biological context enables quantitative, micrometer scale 

mapping of endogenous trace elements and exogenously introduced metal tagged biomarker species 

in two dimensions. 

 

The goal of this study was to synthesize a stable diarylmercurial compound which would be suitable 

for aptamer conjugation followed by bioimaging. Initially a diarylmercury solid support with DMTr 

protecting group was synthesized, but it did not survive oxidative and acidic conditions.  

 

Another, azide-linked, dimeric diarylmercury molecule was synthesized to avoid the above 

mentioned conditions. When separated from the analogous monoarylmercury molecule at room 

temperature, this compound demonstrated chemical stability. Single-stranded and double-helical 

oligonucleotides were utilized for conjugation, along with a recently created 76-mer DNA aptamer 

that is specific to GFAP. The aptamer attaches to the particular protein while bearing the metal tag 

when the dimeric diarylmercury-aptamer combination is administered to tissue that contains that 

particular protein. The presence of the protein can then be verified by using LA-ICP-MS to identify 

and visualize the metal tag. 
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1. Introduction 

1.1 Aptamers 

Aptamers are single-stranded DNA or RNA oligonucleotides typically containing ≤100 nucleotide 

units. These single-stranded DNAs or RNAs can fold into desired three-dimensional shapes (loops, 

bulges, G-quadruplexes, double-helical stems) to create a binding pocket. [1, 2] Moreover, aptamer 

domains can be placed on one strand of a duplex (e.g. as a hairpin or overhang) in more complex 

designs. [2] 

Aptamers are typically isolated in vitro from very large random nucleic acid libraries (of the order of 

10¹³–10¹⁶ unique sequences) using SELEX (Systematic Evolution of Ligands by Exponential 

Enrichment), in which target-binding sequences are progressively enriched over successive selection 

cycles. In each round of SELEX, the library is incubated with the target, bound strands are separated 

from non-binders, and the selected pool is amplified (by PCR or transcription) to generate the input 

for the next cycle. Repeating this bind–partition–amplify scheme drives a Darwinian-style enrichment 

that yields a small set of high-affinity, target-specific aptamer sequences from the initial random pool. 

[3-6] 

Aptamers were first reported by Tuerk and Gold for RNA ligands to bacteriophage T4 DNA 

polymerase and by Ellington and Szostak for organic dyes [1, 7] Subsequent work has demonstrated 

that both RNA and DNA aptamers can be selected against a wide variety of targets. 

Aptamers can be used for different purposes (e.g. as targeting domains in diagnostics, therapeutics, 

and imaging probes) as they are nucleic acid ligands and available to conjugate with amines, azides, 

alkynes, thiols etc. [6, 8-10] 

1.1.1 Aptamers as targeting ligands 

Aptamers make effective targeting ligands. They are small in size with low immunogenicity and their 

chemical modification is easier than antibodies for desired conjugation to show high, antibody-like 

binding specificity. Aptamers can be prepared accordingly to show effective, specific targeting in 

therapeutic, delivery, and imaging settings in vivo. [11-13] 

Specifically for protein targets, aptamers are attractive targeting ligands as they can be modified for 

affinity and selectivity towards specific protein epitopes. [14, 15] The anti-VEGF aptamer pegaptanib 

(2′-fluoropyrimidine RNA aptamer) is a key example which recognizes a defined isoform (VEGF₁₆₅) 

with high affinity and selectively inhibits pathological angiogenesis in patients with neovascular 
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age-related macular degeneration, demonstrating precise protein isoform targeting in the clinic. [16, 

17] 

Similarly, the DNA aptamer AS1411 targets the cell-surface form of nucleoli on cancer cells, binds 

specifically, is internalized, and has progressed to phase II trials, showing that aptamers can recognize 

and functionally engage protein receptors in vivo. [18, 19] 

Numerous preclinical studies have further shown that protein-binding aptamers can be conjugated to 

drugs, siRNA/ASO (small interfering RNA /antisense oligonucleotide) cargo, nanoparticles, or 

imaging agents, using them as modular recognition domains to deliver attached payloads selectively 

to cells expressing the cognate protein. [13, 20-24] 

1.1.2 Aptamers with metal tags for imaging 

There are several studies on metal tagged aptamers which proves the suitability of aptamers to carry 

metal-containing moieties for several purposes.  

In optical and CT (computed tomography) imaging, El-Sayed and coworkers showed the 

accumulation of PSMA (prostate-specific membrane antigen) -targated aptamer-gold nanoparticle 

conjugate on PSMA positive cancer cells. They got strong optical reflectance contrast for in vitro 

imaging. They also proved that an aptamer can localize a metallic core to specific cell-surface 

markers. [25] 

Another relevant CT/fluorescence approach showed the use of aptamer-targeted gold probes in vivo 

to direct tumor resection. [26] Gadolinium chelate-aptamer conjugates have been used as targeted 

metal-based contrast agents for MRI. A DNA aptamer (ob5) selected for oligomeric amyloid-β was 

chemically linked to Gd-DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), and the 

resulting Gd-DOTA–ob5 probe produced stronger, more localized T1-weighted MRI signal in 

Alzheimer’s model mouse brains than non-targeted Gd-DOTA, particularly in regions rich in 

oligomeric Aβ deposits. This demonstrates that an aptamer can direct a metal-based contrast agent to 

its protein target in vivo, effectively turning the aptamer–chelate conjugate into a site-specific MRI 

contrast agent without abolishing target binding. [27] 

In mass-based imaging and cytometry, Chen and co-workers used a metal-labeled RNA aptamer 

probe, obtained by attaching a DTPA (diethylenetriaminepentaacetic acid) to a PSMA-binding 

aptamer, in imaging mass cytometry of FFPE (formalin-Fixed Paraffin-Embedded) prostate cancer 

tissue. [28] 
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Another study on aptamer-based single-cell mass cytometry demonstrated that metal-tagged aptamer 

panels have the ability to distinguish disease subtypes with high accuracy. [29] A general scheme for 

metal tagging with aptamers can be demonstrated as scheme 1. 

 

 

 

 

 

 

Scheme 1. Aptamer formation and metal tagging. 

 

1.1.3 The advantages of DNA aptamers over RNA aptamers 

DNA aptamers are chemically robust and easier to handle in practice than RNA aptamers. These 

advantages have made DNA aptamers more useful for metal tagging. 

DNA aptamers are not as susceptible to nuclease degradation as RNA aptamers. In some cases, the 

half-life of an RNA aptamer is very short (seconds to minutes) unless heavy modification (2′-F, 

2′-OMe, etc.) is carried out. Aptamers have to survive sample preparation, incubation and washing 

steps before LA-ICP-MS analysis. Moreover, DNA aptamers do not need extensive modification for 

the purpose of stability for high affinity protein binding. [30, 31] 

DNA shows tolerance toward different stages of sample preparation (fixing, washing or storage) for 

imaging in FFPE or cryosections. On the other hand, RNA is much more sensitive. Using a DNA 

aptamer as the recognition element therefore reduces the risk that the metal-tagged probe will be 

partially degraded or structurally compromised by tissue processing before imaging. [32] 

DNA aptamer synthesis is easier and more straightforward with site-specific terminal or internal 

functional groups (amines, thiols, azides, alkynes). Different studies prove that DNA aptamers retain 

high affinity for protein targets even after covalent attachment of PEG chains or nanomaterials. [6, 

20, 33, 34] DNA aptamers can carry a metal chelate and still function as selective imaging ligands in 

MRI. [35, 36] They are also popular as carriers of radiometals or lanthanides in PET/SPECT and 

fluorescence imaging probes. [24, 37, 38] These stability (both chemical and biological), cheaper and 

easier synthesizability make DNA aptamer more favourable than RNA one.  
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1.2 LA-ICP-MS  

Laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) is a sophisticated 

method for spatially resolved metal analysis in biological tissues. This method provides quantitative 

mapping of elemental distribution in cellular length scales. Unlike optical imaging techniques, such 

as fluorescence, LA-ICP-MS can identify many elements at once based on their mass, avoiding 

problems like spectrum overlap and photobleaching. This makes LA-ICP-MS more suitable for 

metal-based drugs, and exogenous metal tags in complex tissues studies. [39, 40] 

 

Previous in vivo studies to identify heavy-atom tags have established LA-ICP-MS as a reliable 

method in bio-imaging. For instance, Karst and co-workers quantified Pt and Ruthenium distribution 

in different organs of mice treated with cisplatin and the Ru(III) drug candidate KP1339. [41] Becker 

and colleagues proved once more the spatial distribution and detectability of platinum on mouse 

kidneys. [42] More recently, methylmercury-derived Hg quantification in rat kidneys using a similar 

technique was established by Iwase et al. [43-44] 

Not only metals and small-molecule drugs, but also metal-conjugated antibodies and nucleic acids 

can be detected by LA-ICP-MS. Doble and co-workers and Becker reviewed different successful 

studies about metal-labeled antibodies or nanoparticles immunohistochemistry in tissues using 

LA-ICP-MS. All these studies motivate the development of synthetic metal tags that couple a 

biomarker (antibody, peptide, or aptamer) with a metal-containing moiety to be detected by 

LA-ICP-MS. [40] 

1.2.1 Principle 

LA-ICP-MS operates by generating small amounts of aerosol portable solid material from given 

sample using a focused pulsed laser. The material is then carried into a high-temperature plasma 

region where it is atomized and ionized. The resulting ions are then separated and quantified in a mass 

spectrometer based on their m/z. 

A pulsed UV laser (commonly 193 or 213 nm) generates small particles from the sample surface of 

the tissue sample that is needed to be analyzed. A carrier gas (commonly He mixed Ar) carries those 

particles to the inductively coupled plasma region. The ablated particles are desolvated, atomized, 

and ionized, and the resulting ions are separated by m/z and counted. Each targeted isotope generates 

a time-resolved signal proportional to the amount of that element ablated at each position.  
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A two-dimensional image of the chosen isotope is then constructed, encoding the elemental intensity 

(and, after calibration, concentration) by assigning the spatially resolved ion signals to their 

corresponding x-y coordinates on the tissue. [39, 45, 46]  

1.2.2 Instrumentation 

LA-ICP-MS has three primary hardware subsystems, namely a laser ablation unit that defines the 

spatial resolution, a carrier gas interface to carry the ablated material to the plasma region and an 

ICP-MS to ionize and detect the targeted element (Figure 1).  

 

 

Figure 1. Schematic set-up LA-ICP-MS. [78] (permission was asked to the journal for citation) 

 

1.2.2.1 Laser ablation unit 

The laser ablation system focuses on the region of a tissue sample for detection. Conventionally 193 

nm and 213 nm UV lasers are used for excimer and solid-state samples, respectively, as these short 

wavelengths produce fine particles from organic matrices suitable for transportation and ionization. 

From the defined region of tissue sample surface, each focused laser pulse removes small particles. 

The achievable lateral resolution is set by the laser spot size (often 5–50 µm) and the step size between 

ablation lines, while the ablation depth per pulse (from a few hundred nanometers to a few 

micrometers) determines the z-resolution. [39, 45] 
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1.2.2.2 Aerosol transport 

The ablation cell is flushed with a carrier gas (He with Ar stream), which helps to carry the ablated 

small particles and vapour through transfer tubing into the ICP-MS interface. Washout times and the 

signal sharpness are determined by the properties of the cell and transfer lines (volume, geometry, 

surface properties). To achieve sufficient resolution for preserving spatial fidelity (order of tens of 

milliseconds) at high scan speeds, low-volume and rapidly flushed cells are necessary.  

Modern bioimaging setups often use “two-volume” or rapid-washout cells specifically optimized for 

thin tissues, minimizing aerosol dispersion between neighbouring pixels and improving quantitative 

performance. In quantitative Hg imaging, Iwase et al. emphasized the importance of stable aerosol 

transport when using an agarose-gelatine Hg standard, with optimized gas flows and cell design, they 

obtained reproducible signals that allowed accurate calibration against CV-AAS (Cold Vapour 

Atomic Absorption Spectrometry). [39, 44, 45, 48, 49] 

1.2.2.3 ICP-MS system 

In the inductively coupled plasma region (typically Ar at ~6000–8000 K), aerosol carried particles 

get atomized, ionized and detected. After that, a mass analyzer (usually a quadrupole or time-of-flight 

spectrometer) is used to isolate according to m/z and quantify them. Fast dwell times and rapid mass 

hopping (quadrupole) or full-spectrum acquisition (TOF) are crucial for imaging purposes to record 

multi-element data at each pixel without decreasing spatial resolution. 

Moreno-Gordaliza et al. used a quadrupole ICP-MS to quantify Pt, Cu and Zn simultaneously in 3 

µm mouse kidney tissues. [42] Meanwhile, Doble and co-workers used TOF-MS to capture complete 

mass spectra at each voxel (i.e. each three-dimensional volume element, the 3D analogue of a pixel) 

in complex biological samples. [50] 

1.2.3 Quantification strategies & Analytical performance 

LA-ICP-MS imaging has great sensitivity, spatial resolution, linearity, and precision. These qualities 

obviously depend on both optimum instrumentation and calibration strategy. Quantification in 

LA-ICP-MS imaging is typically achieved using matrix-matched standards, so that calibration 

samples and tissues behave similarly during ablation and aerosol transport and the measured signals 

reliably reflect element concentrations. Homogenized biological material is generally spiked with 

known concentrations of the analyte and prepared similarly as the original sample. This provides 

calibration standards relating counts per second to µg g⁻1.  

Different elemental detection studies reported the range of detection as low-µg kg⁻¹ (low-ppb) and 

lateral resolutions of 5–20 µm. For example, Reifschneider et al. successfully detected Pt in 5 µm 
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polymer-embedded mouse organs with a LoD of 8 µg kg⁻¹. They got good precision and 

reproducibility across entire organ sections. [41] Iwase et al. also demonstrated accuracy and 

precision (7.84 ± 0.57 µg g⁻¹) while imaging Hg on MeHg-exposed rat kidneys. [44]  

Moreno-Gordaliza et al. validated their LA-ICP-MS concentration maps by comparison with 

microwave digestion followed by solution ICP-MS to quantify Pt, Cu and Zn in mouse kidney. [42] 

Reifschneider et al. introduced another strategy consisting of cold-curing polymer (Technovit 7100) 

blocks spiked with platinum acetylacetonate for mapping Pt in cisplatin-treated organs. [41] Iwase et 

al. used agarose-gelatine gels as standards for Hg imaging and got similar concentrations as by 

CV-AAS. [44] 

So, either micro-droplet-deposited gelatine films or cell-based standards can be used but they should 

mimic the sample matrix and exhibit homogeneous, well-known analyte content to get reliable 

quantitative data. [51, 52] 

1.2.4 Applications in biological tissues 

LA-ICP-MS imaging is an established method to map endogenous metals, metal-based drugs and 

different metal tags in biological tissues.  

Becker and co-workers used brain tissues of human, rat and mouses to detect different essential and 

toxic metals. Their experiments produced micrometer-scale images of Fe, Cu and Zn by LA-ICP-MS 

relating altered metal distributions to models of Parkinson’s disease and stroke. [40] Hare and 

colleagues also stablished a detailed protocol for imaging of Fe, Cu and Zn in mouse brain at 30 µm 

resolution. [53] Moreno-Gordaliza et al. used 3 µm sagittal rat kidney and showed the Pt accumulation 

in the cortex and corticomedullary junction to correlate the mapping with nephrotoxic damage. [42] 

Reifschneider et al. extended this work. They used mouse liver, kidney, spleen and testis to 

demonstrate the retention and heterogeneous distribution of platinum-based drugs.  A follow-up 

methodological study quantified Pt and Ru from cisplatin and KP1339 in mouse viscera, confirming 

that LA-ICP-MS can simultaneously track multiple metal-based drugs in complex tissues. [41] 

In tumors of mice treated with cisplatin, LA-ICP-MS mapping showed heterogeneous platinum 

accumulation that correlated with histological features. Successful experiment on Pt and Ru mapping 

in CT-26 colon carcinoma tumors and surrounding tissue proved LA-ICP-MS as a tool for 

mechanism-of-action studies. [43] Marolt et al. demonstrated nanoparticle-derived silver tracking 

across trophic levels and in different organs of fish, earthworms and plants. [54] 
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1.2.5 Comparison with other imaging techniques 

LA-ICP-MS is a microdestructive method used for elemental imaging rather than molecular imaging. 

Elements are detected based on their m/z to provide absolute or semi-quantitative concentration maps. 

On the other hand, MALDI-MSI (Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry 

Imaging) and DESI-MSI (Desorption electrospray ionization–mass spectrometry imaging) can map 

intact lipids, metabolites and peptides but typically lack the elemental speciation and absolute 

quantitation potential of LA-ICP-MS. [55, 46] 

Compared with X-ray fluorescence (micro-XRF/XFM), which is non-destructive and well suited for 

large-area elemental maps but often has higher detection limits for trace metals, LA-ICP-MS 

generally offers better sensitivity and more robust quantification when matrix-matched standards are 

used. [56] 

Unlike MALDI-MSI and SIMS (Secondary Ion Mass Spectrometry), which excel at delivering rich 

molecular information (lipids, peptides, small molecules) and, in the case of SIMS/NanoSIMS, 

nanometer-scale spatial resolution, LA-ICP-MS does not resolve molecular identities but instead 

provides multiplexed elemental and isotopic data with a wide dynamic range. [57, 58] 

MRI and PET further complement these mass spectrometric methods by enabling non-invasive, 

whole-organism or whole-organ imaging over time, but they do not directly measure elemental 

distributions and typically rely on contrast agents or radiotracers. [59] 

1.3 Diarylmercury compounds 

Diarylmercury compounds are a class of organomercury compounds where Hg(II) is covalently 

linked to two aryl groups. They are neutral species. The central Hg(II) is connected to two sp2 

hybridized carbon atoms of aromatic species in a linear C-Hg-C arrangement. Different studies on 

mercurated aryl compounds prove the bond length of C-Hg-C indicating it to be a strong metal-carbon 

bond. A polarized σ bond connects each Ar portion to a relatively heavier metal centre which controls 

the reactivity of the metal-carbon bond. [60, 61] This is because of the formation of weaker and more 

polarizable metal-carbon bond by heavy metal. 

1.3.1 Synthetic routes for diarylmercury compounds 

Diarylmercury compounds can be synthesized following either direct organomercury formation from 

aryl precursors or transmetalation protocols. 

Electrophilic aromatic mercuration is a well-established method to synthesize diarylmercury 

compounds as reported by Vicente et al. and Kitching et al. [83, 84] They worked on 3,4,5 
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trimethoxy(N tert butylcarbamoyl)benzene to perform electrophilic aromatic mercuration with 

mercury(II) acetate in acidic medium. That reaction afforded the corresponding ortho mercurated 

arylmercury(II) acetate. Regioselective C–H activation at the 6 position of the aromatic ring was 

facilitated by the amide directing group and the highly electron-donating methoxy groups. After being 

treated with chloride, the crude arylmercury(II) acetate was converted into the arylmercury(II) 

chloride species, which was then turned into the symmetrical diarylmercury derivative via halide 

abstraction/symmetrization (scheme 2). 

   

 

 

 

Scheme 2. Electrophilic aromatic mercuration 

To stabilize and solubilize HgX2, diethyl ether, THF or a mixture of ether-hydrocarbon solvents can 

be used. In practice, purification of desired Ar2Hg from ArHgX intermediates is tricky.  

Another way is transmetalation protocol. This is followed when direct synthesis is challenging or 

when transition-metal complexes form. Sometimes ArMgX acts as a strong base and is incompatible 

with sensitive functional groups. For example, in the presence of Cs₂CO₃ in ACN, the following 

reaction can be carried out (scheme 3). 

   

      

Scheme 3. Synthesis of symmetrical Ar-Hg-Ar compounds from arylboronic acids. 

Arylboronic acids have an extended range of substitution patterns. Using the transmetalation method 

makes Ar₂Hg a versatile aryl-transfer product than what is possible using strongly basic Grignard 

reagents. [63] 

From aryl precursors, where Hg(II) halides react with aryl Grignard reagents (Ar-X), is a well-

established path for preparation of symmetrical Ar-Hg-Ar compounds. Two molar equivalents of an 

Ar-Mg-X reagent react with one equivalent of HgX2 to form the Ar-Hg-Ar product (scheme 4). [62] 
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Scheme 4. Synthesis of symmetrical Ar-Hg-Ar compounds from aryl Grignard reagents. 

1.3.2 Reactivity and stability of diarylmercury compounds 

Organomercury compounds have low polarizable Hg-C bonds. This makes them chemically inert in 

water under physiological conditions. Acidic environment promotes cleavage by protonation of the 

carbon atom (scheme 5).  

 

 

Scheme 5. Protonation of the carbon atom in Ar-Hg-Ar 

Organomercury compounds also do not react considerably with dissolved oxygen or hydroxide, 

iodide or sulphide ions. The thermal and hydrolytical stability makes organomercury compounds 

useful for further synthetic transformations. [64] 

In organic solvents (i.e. heptane, toluene) mercurial compounds do not undergo Hg-C cleavage over 

two weeks. Whenever Hg coexists in two different oxidation state (Hg0/Hg2+), cleavage may occur 

fast. To store these compounds, this coexistence should be avoided. [65] 

Diarylmercurials react with ArSO2Cl in CHCl3 to form arylmercuric arenesulfonates RHg(O2SR) 

(scheme 6).  

  

 

Scheme 6. Synthesis of arylmercuric arenesulfonates from diarylmercury compounds. 

Diphenylmercury reacts with equimolar benzenesulfinic acid to form the same product. These 

reactions were performed in chloroform with an equimolar amount of acid which proves the impact 

of strongly acidic and nucleophilic environment to cleave the Hg-C bond. In these reactions, the 

sulfonyl species (e.g. benzenesulfinate derived from ArSO₂Cl or benzenesulfinic acid) acts as the 

nucleophile. [64] At neutral pH (6-9), nucleophiles like hydroxide or sulphide cannot attack the C-

Hg bond as it lacks an electrophilic site.  

Whenever the C-Hg-C bond is cleaved, thiolates or sulfonates may react with the exposed Hg(II). 

Diarylmercury compounds have strong binding and steric shielding to slow down nucleophilic attack 

at neutral pH. Organomercury compounds can also survive ON conjugation at neutral pH.  
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Sunlight can break down organomercury compounds. Phenylmercury decomposes faster (quantum 

yield ~0.24) than dimethylmercury and methylmercury as the latter absorb light only weakly. But 

such decomposition does not take place instantly. In case of long-term storage, organomercury 

compounds should be protected from UV light. 

1.3.3 Electronic effects on the stability of diarylmercury compounds 

Electron-donating substituents on the arene rings stabilize the Hg-C bond and reduce its susceptibility 

to cleavage. Electron-withdrawing substituents, in turn, make the mercury centre more electron-poor 

and thus more susceptible to coordination and bond activation by external donors. The higher 

coordination number of Hg(II) makes the Hg-C bond more labile. The lability of the Hg-C bond is 

determined by various parameters, including the inherent Hg-C bond strength, the existence of 

adjacent donor ligands that can enhance the coordination number at Hg, and the stability of the 

demercurated aryl product. [60, 61] 

Ligand environment plays an important role on Hg-C bond lability. This effect was demonstrated 

with two different compounds - PhSeHgMe and PhSeHgEt (Figure 2). They both feature linear 

coordination at Hg. But in solid state, an additional Hg…Se interaction is observed which allows Hg 

to reach a higher coordination number. [61] In aqueous PhSeHgEt, coordination by selenium and an 

increased coordination number at Hg promote protolytic cleavage of the Hg-C bond, leading to rapid 

ethane release. So, whenever diarylmercury compounds contain highly polarizable aryl groups (i.e. 

anisyl, aryloxy, larger fused aromatics etc.), their Hg-C bonds are more activated resulting in cleavage 

under acidic conditions. [61] So, the stability of diarylmercury compounds depends not only on 

coordination number of Hg, but also on electron-donating or withdrawing surrounding ligands. [68, 

69] 

 

 

 

 

 

Figure 2. Crystal structures of PhSeHgMe and PhSeHgEt. [61] 

Organomercury compounds undergo demercuration under oxidative or halogenating conditions, in 

which the Hg-C bond is cleaved and the aryl group is converted into more stable derivatives such as 

aryl halides (Ar-X), while mercury is eliminated from the organic structure.  
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1.3.4 Steric effects on the stability of diarylmercury compounds 

Steric hindrance plays a crucial role to stabilize diarylmercury compounds. This effect can limit the 

unwanted access of external ligands or electrophiles to the Hg centre. A crowded or geometrically 

constrained environment around Hg suppresses the formation of higher-coordinate intermediates, 

which may lead to Hg–C bond cleavage.  

Systematic studies on diarylmercury compounds are limited. Previous studies have demonstrated the 

presence of secondary Hg⋯E (E = S, Se) interactions in PhSeHgMe and PhSeHgEt compounds 

whenever there remains sufficient space for external attacks. [61] 

On the other hand, steric tension can cause strain into the C–Hg–C bond. Overcrowded 

organomercury complexes face steric repulsion between ortho-substituents on the aryl rings and other 

ligands resulting in the distortion of linearity of the Hg-C bond. Potentially this non-linearity causes 

increasing s-character of the Hg–C bonding orbitals or forces the aryl rings into non-ideal 

conformations. Although there are few works available, related works on heavy main-group 

organometallics indicate that such distortion can lower the barrier to bond cleavage by destabilizing 

the ground state relative to the transition state. For instance, studies on organomercurials show that 

when bulky, strongly electron-donating imidazole- or selenium-based ligands bind to Hg, they raise 

the coordination number and introduce steric strain, which together can make the Hg–C bond cleave 

unusually fast. [60, 70, 71] 

These studies suggest a delicate balance between steric protection and steric activation of the Hg–C 

bond. Moderate steric bulk around Hg that blocks external ligands generally stabilizes diarylmercury 

compounds, whereas very congested environments that distort linear geometry or introduce strong 

nonbonded repulsions can actually make Hg–C cleavage easier.  

1.3.5 Suitability of diarylmercury compounds for LA-ICP-MS imaging 

Mercury has unique atomic properties that produce intense, reproducible LA-ICP-MS signals at low 

µg g⁻¹ levels in tissue, giving a wide dynamic range for imaging. A previous study on MeHg-exposed 

rat kidneys demonstrated almost identical Hg concentration when measured by either LA-ICP-MS 

(7.84 ± 0.57 µg g⁻¹) or cold-vapor AAS (7.27 ± 0.46 µg g⁻¹). [77] So, with appropriate matrix-matched 

standards, LA-ICP-MS can quantify Hg in situ with high accuracy, so that each Hg atom incorporated 

into a label contributes a reliably countable signal. In a diarylmercury compound, each Ar-Hg-Ar 

centre contributes one Hg atom with a high ionization efficiency in the plasma and multiple isotopes 

(e.g. m/z 200 and 202) available for confirmation or multi-channel detection. LA-ICP-MS studies of 

MeHg-exposed rat kidneys and cisplatin-treated kidneys show that metals like Hg and Pt stay in place 
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and remain quantifiable through typical tissue processing steps such as sectioning, fixation, and laser 

ablation mapping. In those experiments, metal concentrations measured by LA-ICP-MS closely 

matched bulk measurements by techniques like CV-AAS, indicating that the workflows do not cause 

major loss or redistribution of the metal labels. [76, 77] 

1.3.6 Compatibility with bioconjugation  

Kotammagari and co-workers demonstrated that a 5-mercuricytosine-containing oligonucleotide 

could be further functionalized by SPAAC (Strain-promoted alkyne-azide cycloaddition) - the 

5′-azido organomercury oligonucleotide was cleanly coupled to a fluorescein-DBCO 

(dibenzocyclooctyne) tag in aqueous buffer, showing that the Hg-bearing nucleobase can coexist with 

clickable handles and that the periphery of the molecule can be modified without disturbing the Hg 

centre. [73, 74] By choosing appropriate aryl precursors, dimeric diarylmercury scaffolds can be 

designed with identical or distinct linker arms so that attachment points, spacer length and solubility, 

and orthogonal click handles are all tuned at the aryl periphery without altering the Hg core. [79] 

Previous work on organomercury oligonucleotide-polydopamine assemblies shows that a 

5-mercuricytosine residue tolerates mercuration in water. [80] Mercurated 6-phenylcarbazole 

oligonucleotides with 2- or 4-thiothymine complements exhibit high duplex melting temperatures, 

indicating that the carbazole-Hg-C link remains intact throughout aqueous duplex formation. Taken 

together, these observations support the view that a diarylmercury center embedded in an aromatic 

backbone and flanked by linkers can act as a chemically inert heavy-atom node under typical 

conjugation and imaging conditions. 

1.4 Research objectives 

Biomolecular targets’ distribution within tissues is crucial to know to identify mechanisms of diseases 

and potential therapies. LA-ICP-MS enables quantitative mapping of metals and metal-tagged 

biomarkers in tissues. Biomarkers such as aptamers provide highly specific recognition of defined 

protein epitopes and cell-surface receptors. Combination of these two ideas motivated this study to 

translate molecular recognition by a metal-tagged aptamer into a robust and quantitative elemental 

readout in biological tissues. 

As previously mentioned, a number of studies demonstrate that aptamers can be attached to a metal-

bearing moiety for imaging applications. Concurrently, LA-ICP-MS has proven to be a reliable 

method for measuring metals including Pt, Ru, and Hg in tissue. [41-44] Despite these developments, 

there is still no proof of a small molecule metal tag that is chemically well defined and can be linked 

to DNA aptamers for bio-imaging. The majority of metal-tagged aptamers now in use rely on 
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polydentate chelators or nanoparticles, which can be polydisperse, sterically bulky, and less suitable 

for accurate stoichiometric measurements at high spatial resolution. 

 

For Hg-based tags, the LA-ICP-MS system offers high sensitivity and selectivity, allowing the 

dimeric diarylmercury-aptamer signal to be read out against background with the same 

instrumentation used to image MeHg and cisplatin in tissue. [46] 

 

Because the core is built in organic solvent and the final coupling to oligonucleotides uses mild, 

metal-free click reactions at close-to-neutral pH, the conjugation steps do not stress or break the Hg–

C bonds. [75] On the other hand, the flexibility and small size of aptamers for targeting different 

elements have not yet been utilized in LA-ICP-MS investigations of metal-tagged aptamer based 

medications and metal-labeled antibodies. The creation of a novel class of heavy atom aptamer tags 

designed especially for LA-ICP-MS was motivated by this gap. 

  

This thesis reports on the synthesis of a dimeric diarylmercury compound through electrophilic 

aromatic mercuration. This dimeric diarylmercury compound has an Hg-based core that is stable 

under neutral aqueous conditions, suitable for bio-conjugation and easily detected by LA-ICP-MS. 

The targeting element is a 76-mer DNA aptamer that has a high affinity for GFAP (Glial Fibrillary 

Acidic Protein). In order to combine a mercury atom with two targeting ligands and possibly increase 

affinity through avidity while providing a stoichiometric heavy atom node for quantitative imaging, 

one mercury unit joins two aryl rings, each of which has a linker to a DNA aptamer. If the Hg core 

remains intact during tissue sample preparation (conjugate treatment, washing, fixing and 

incubation), LA-ICP-MS would be able to locate Hg distribution as a direct proxy for aptamer 

localization. A single binding event brings a single Hg atom to the target, but the same idea could 

later be implemented as scaffolds with more Hg centers for stronger signal. 
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Metal tagged aptamer treatment in tissue 

 

Figure 3. Dimeric diarylmercury-aptamer conjugate. 

The main objective of this study was to synthesize a dimeric diarylmercury-aptamer conjugate (Figure 

3) and assess its potential as a chemically defined metal tag for LA-ICP-MS imaging in biological 

tissues (Figure 4). Following goals are targeted to attain in this study- 

1. To synthesize and characterize a dimeric diarylmercury scaffold that is stable under neutral 

aqueous conditions. 

 

2. To synthesize and characterize a 76-mer GFAP-binding DNA aptamer bearing a cyclooctyne 

group for conjugation. 

3. To conjugate the dimeric diarylmercury core to different oligonucleotides and verify the 

chemical integrity of the resulting bivalent conjugates. 

4. To assess the LA-ICP-MS response and targeting performance of the dimeric diarylmercury-

aptamer conjugate in suitable tissue sections. 

 

 

 

 

 

 

Figure 4. A general overview on bio-imaging of metal tagged aptamer conjugate by LA-ICP-MS 

(AI generated). 
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2. Result and Discussion 

2.1 Preparation of the diarylmercury solid support 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 7. Synthesis of a diarylmercury solid support. Reagents and conditions:  I. thionyl chloride, 

reflux, 3 h, II. 3-amino-1-propanol, DCM, DMAP, 80 ˚C, overnight, III. mercury(II)acetate, acetic 

acid, ethanol,  reflux, 5 h, IV. potassium chloride, water, V. tetramethylammonium chloride, acetone, 

rt, 3 d, VI. 4,4´-dimethoxytrityl chloride, triethylamine, DCM, rt, overnight, VII. triethylamine, 

succinic anhydride, DCM, DMAP, rt, overnight, VIII. PyBOP, DIPEA, LCAA-CPG, N,N-
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dimethylformamide, rt, overnight, IX. Capping A (acetonitrile:N-methylimidazole, 80:20, v/v), B1 

(40% acetic anhydride in acetonitrile), B2 (60% 2,6-lutidine in acetonitrile), rt, overnight. 

First, diarylmercury compound 6 was synthesized and immobilized on a solid support (Scheme 7). 

Unfortunately the solid supported compound did not function as intended. To investigate the reason 

behind this failure, acidic and oxidative stability tests mimicking the conditions of the dimethoxytrityl 

removal and phosphite triester oxidation steps of the oligonucleotide synthesis were conducted on 

compound 4.  

Diarylmercurials are generally susceptible to acidic and oxidative reaction environments. Compound 

4 did not survive the oxidative test where I2 acted as an oxidant. Equivalent molar I2 reacted with 

compound 4 within very short time (2 min), most likely through ligand exchange on Hg(II) to form 

HgI2 and an aryl iodide. A general overview of these type of reactions can be shown as scheme 8. 

 

 

 Scheme 8. Ligand exchange of Hg(II) to form HgI2 

In a separate experiment, dichloroacetic acid made the reaction environment acidic. This caused 

protolytic Hg-C bond cleavage of compound 4. These acidic and oxidative tests clarified the reasons 

behind the failure of the oligonucleotide synthesis on the diarylmercury solid support and, 

unfortunately, ruled out this strategy for preparation of the aptamer conjugate. 

2.2 Synthesis of the azide-functionalized diarylmercury compound 

 

  

  

  

  

  

Scheme 9. Synthesis of dimeric diarylmercury compound. Reagents and conditions: I. thionyl 

chloride, reflux, 3 h, II. 11-Azido-3,6,9-trioxaundecan-1-amine, DMF, DMAP, Et3N, rt, 5 d, III. 

(CH₃COO)₂Hg, MeOD, 55 ˚C, overnight, IV. (Me4N)Cl, MeOD, rt, overnight.  
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To overcome previous failure (scheme 7), the strategy was changed so that was performed where an 

amino-PEG3-azide linker was attached to the benzoic acid starting material prior to mercuration 

(Scheme 9). The azide end remained free to undergo a strain-promoted click reaction with a DBCO 

group to attach the desired aptamer after oligonucleotide synthesis. Moreover, scheme 9 worked 

because- when the diarylmercury compound is conjugated to a pre-synthesized oligonucleotide, it 

does not have to withstand the oligonucleotide synthesis conditions. 

 

Thionyl chloride and 3,4,5-trimethoxybenzoic acid were refluxed to get the crude benzoyl chloride 

7. The crude product was co-evaporated from toluene to get rid of residual SOCl₂. Of the resulting 

3,4,5-trimethoxybenzoyl chloride 7, one third was used to synthesize compound 8. 

Peptide coupling of 11-azido-3,6,9-trioxanundecan-1-amine with benzoyl chloride 7 was carried out 

in DMF with DMAP as a nucleophilic catalyst and TEA as a base. After overnight reaction, NMR 

data showed 50% completion at that stage. Plausible explanation could be that the reaction had 

already reached equilibrium in 24 h. After 2 more days, the reaction did not progress at all. Then 

similar amounts of benzoyl chloride and TEA were added and stirring was continued for one more 

day. Desired product was observed by NMR and MS. Then the reaction mixture was analyzed by 

TLC which showed 5 distinct spots. Each spot was analyzed by LCMS. The top one corresponded to 

benzoic acid. Then came a bis-benzoylated side product and even lower the desired product 8. 

Multiple rounds of purification by silica gel chromatography were performed to isolate the desired 

product 8 from the impurities. 

Compound 8 and mercuric acetate were dissolved at 1:2 molar ratio in MeOD to allow monitoring of 

the reaction by NMR. The comparison between the initial state and after overnight incubation showed 

substantial conversion to desired product. However, LCMS revealed the presence of both the 

expected monomer 9 and the dimer 10. As the monomer seemed more difficult to purify than the 

dimer, the reaction was pushed towards dimerization by adding 10 equivalents of (Me4N)Cl. NMR 

showed almost 50 % completion of dimerization after 2 h. After keeping the reaction mixture 

overnight at rt, additional 5 equivalents of (Me4N)Cl was added. After another 24 h, the reaction was 

completed. After purification by RP-HPLC, monomer 9 and dimer 10 were obtained. 

2.3 Synthesis of the DNA aptamer 

In this study, different DNA oligonucleotides (Table 1) were used to conjugate with the diarylmercury 

compound 10. Among them, the 76-mer DNA aptamer ON1 was synthesised during the project and 

the others (ON2 and ON3) were either synthesised previously or obtained from commercial sources. 
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During the 1st attempt of 76-mer oligonucleotide synthesis, 500 Å CPG solid support was used. A 

DBCO-TEG phosphoramidite was incorporated at the 5´-terminus to enable conjugation with the 

diarylmercury compound 10 via strain-promoted azide-alkyne cycloaddition (SPAAC). After chain 

assembly, the support-bound oligonucleotide was treated with concentrated aqueous NH3 at high 

temperature (55 ˚C) to cleave the solid support from the ON and deprotect the base and phosphate 

moieties. During UPLC-HRMS analysis of the crude product, different truncated ONs were observed, 

probably due to the insufficient pore size of the CPG.  

In contrast, repeating the synthesis on a 1000 Å CPG solid support afforded a good yield of the desired 

product ON1 (Figure 5), which was isolated by RP-HPLC.  

Table 1.  Different DNA oligonucleotides with their sequence. 

ON1 TTC AGC ACT CCA CGC ATA GCT CAG TCA GGG GGG CTG CTC GGG 

ATT GCG GAT ACG GAC CTA TGC GTG CTA CCG TGA A 

ON2 BCN-CGA GCA CTG GC 

ON3 GCC AGT GCT CG 

 

 

 

 

 

 

 

Figure 5. Predicted secondary structure of the 76-mer DNA aptamer. 

2.4 Diarylmercury conjugation with different oligonucleotides 

Conjugation with the diarylmercury compound 10 was tested with three different DNA 

oligonucleotides (single-stranded, double-stranded and the 76-mer aptamer) and different chemical 

conditions (uncontrolled and neutral pH). Each time, the reaction mixtures were incubated at rt and 

monitored by UPLC-HRMS.  

Initially, 0.5, 1.0 and 3.0 molar equivalents of single stranded ON2 were reacted with the 

diarylmercury compound 10 to find out favourable conditions with minimum degradation. The 
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reaction mixture containing 0.5 equivalents of ON2 gave a predominant signal for the intact dimeric 

diarylmercury-ON2 conjugate (Figure 6).  A few minor peaks indicating side products, for instance, 

ketone (from acid-catalyzed alkyne hydrolysis) and demercurated conjugates (with and without Hg) 

were also seen.  

 

 

 

 

 

 

 

 

Figure 6. ON2 and Dimeric diarylmercury-ON2 conjugation 

Over time, the peaks of these side products increased significantly as the desired conjugate degraded. 

The products from the reaction mixtures containing 1.0 and 3.0 equivalents of ON2 tended to degrade 

more rapidly. These results indicate the 0.5 equivalent reaction mixture as an optimum for further 

studies on a double-helical oligonucleotide ON2ON3 and the 76-mer aptamer ON1.  

The above reaction mixture tended to be slightly acidic (approximately 6.7-7.0) due to the residual 

acidic acid from the elution buffer (after lyophilisation) which might cause ketone formation. 

Therefore, mixtures of ON2 (0.5 and 3.0 equivalents) and the diarylmercury compound 10 were 

prepared again and neutralized by addition of aqueous TEAA (triethylammonium acetate). UPLC-

HRMS after 3 h showed an intense signal for the expected conjugate. Though a weak signal for the 

ketone product and another one nearly 400 mass units lower than the expected conjugate were 

detected, this result was promising.  

Compound 10 also successfully formed conjugates under the above reaction conditions with the 

double helix ON2ON3 and the 76-mer aptamer ON1. 
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Scheme 10. Dimeric diarylmercury-ON1 conjugation and its degradation. 

The dimeric diarylmercury-ON1 conjugate 11 (at 2.69 min in UPLC-HRMS) also degraded (Scheme 

10) but not as fast as the single-stranded conjugate. Hydrolysed and unreacted starting martial ON1 

eluted at 1.61 and 1.68 min, respectively, in UPLC-HRMS. After that, two different degraded 

products (with and without Hg) eluted at 1.88 min. The demercuration can take place at either of the 

Hg-C bonds, resulting in equimolar amounts of mercurated and unmercurated conjugates. When 

compound 10 is conjugated with single-stranded ON2 (figure 6), more heteroatoms of nucleobases 
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(especially G and T) are available for coordination to Hg(II), leading to higher-coordinate 

intermediates and, eventually, Hg-C bond cleavage. [81, 82] 

In the case of the double helix ON2ON3, the heteroatoms most likely to coordinate Hg(II) are 

engaged in base pairing.  

2.5 Kinetic studies on the decomposition of the dimeric diarylmercury-oligonucleotide 

conjugates 

The kinetic stability of the dimeric diarylmercury-ON conjugates was determined based on their 

time-dependent decomposition (Figure 7). Conjugates were incubated at rt and pH = 7.0 and samples 

were analyzed at appropriate time intervals by UPLC-HRMS.  

The conjugate containing single-stranded ON2 degraded rapidly, with a half-life of 33 h. On the other 

hand, the conjugate with the double helix ON2ON3 was remarkably stable, with a half-life of 3 w. 

Interestingly, 76-mer DNA aptamer ON1 containing conjugate 11 showed stability with a a half-life 

of 1 w. In other words, the decomposition (Scheme 10) was slower than with the single-stranded 

conjugate ON2 but faster than with the double helix ON2ON3 conjugate. This kinetic stability is 

sufficient to make it usable as a metal tagged nucleic acid recognition for further tissue imaging 

experiments by LA-ICP-MS. 

 

 

 

 

 

 

 

 

 

 

Figure 7. Time profiles for decomposition of the oligonucleotide conjugates at rt (pH = 7.0). 
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2.6 UV melting profile of ON1 

To ensure the correct tertiary structure and thermal stability of the aptamer ON1, its UV melting 

profile was determined (Figure 8).  

 

 

 

 

 

 

 

 

Figure 8. UV melting profile of ON1. The average of three cycles (heating and cooling) and first 

derivative of the absorbance as a function of temperature is indicated by black and red line, 

respectively. The single melting temperature was approximately 46.5 °C. 

UV melting profile (Figure 8) showed a single, sigmoidal transition with a distinct first derivative 

maximum, suggesting a cooperative, two-state unfolding mechanism. The melting temperature 

determined from the derivative curve was nearly 46.5 °C, which indicated the stability of the folded 

structure at rt but gradual unfolding at higher temperatures. For the kinetic and binding measurements 

carried out at 25-37 °C, ON1 is anticipated to maintain its native conformation. 

 

2.7 LA‑ICP‑MS imaging  

Two different strategies were tried for sample preparation to detect Hg from the dimeric 

diarylmercury-ON1 conjugate by LA‑ICP‑MS imaging. In the in vivo technique, the conjugate was 

injected into the spinal cord of a live mouse, and the brain tissue was collected. In the other technique, 

an untreated mouse brain slice was incubated with the conjugate (20 nM) following standard protocol.  

Unfortunately, no Hg signal above background was observed from either sample. Possible reasons 

could be: 

1. Insufficient concentration of the conjugate  

2. Limited penetration of the conjugate into the tissue 
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3. Instrument malfunction  

During the sample preparation, after treating with dimeric diarylmercury-aptamer conjugate, the 

tissue slices were incubated a short period (30 min at 4˚ C). This short incubation time might cause 

limited penetration of the conjugate in tissues. So, longer fixing and incubation time with different 

conjugate concentration might be explored in the next set of experiment when the instrument is back 

online. 

3. Experimental section  

Organomercury compounds can cause serious systemic toxicity. They are lipophilic and some can 

cross the blood–brain barrier. Human and animal studies of organomercurials show neurological 

damages.  

Confirmation of the structures of the products was obtained by 1H and 13C NMR spectroscopy (Bruker 

Biospin 500 and 600 MHz) in CDCl3 or DMSO-d6. Analytical thin-layer chromatography was 

performed to check purity of all compounds on commercial aluminium plates with a 0.25 mm 

thickness silica gel layer. Silica gel column chromatography was carried out using silica gel (0.25 

mm). Synthesized products were identified by mass spectrometry (Waters RDa Accurate Mass). 

Capping solution A refers to a mixture of acetonitrile and N-methylimidazole (80:20, v/v), capping 

solution  B1 to a mixture of acetonitrile and acetic anhydride (60:40, v/v) and capping solution B2 to 

a mixture of acetonitrile and 2,6-lutidine (40:60, v/v). When applicable, reagent grade organic 

solvents were dried over activated 3 Å molecular sieves. 

3.1 Preparation of the diarylmercury solid support 

3.1.1 N-(3-hydroxypropyl)-3,4,5-trimethoxybenzamide (2) 

3,4,5-trimethoxybenzoic acid (13.506 mmol, 2.8661 g) and thionyl chloride (90 ml) were refluxed 

for 3 h, after which the thionyl chloride was evaporated. The residue was coevaporated twice from 

toluene (50 ml) to ensure the removal of any remaining thionyl chloride. The crude benzoyl chloride 

was dissolved in dry dichloromethane (DCM) (135 ml). 3-Amino-1-propanol (134 mmol, 10.33 ml) 

was dissolved in dry N,N-dimethylformamide (270 ml) and DMAP (92.6 mg) was added. To this 

solution the benzoyl chloride dissolved in dry dichloromethane (135 ml) was added and the resulting 

mixture heated at approximately 80 °C with stirring overnight. Afterwards the solvent was evaporated 

in vacuo. The residue was dissolved in DCM (50 ml) and washed with H2O (50 ml). The organic 

layer was dried over sodium sulphate and evaporated to dryness. The residue was purified by silica 

gel column chromatography with a 6% MeOH and 94% DCM solvent system. 3.4669 g of the pure 
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amide 2 (95.29 % yield) was recovered. 1H NMR (500 MHz, DMSO-d6) δ 7.03 (s, 2H, CH), 6.59 (s, 

1H, NH), 3.93 (s, 6H, OCH3), 3.91 (s, 3H, OCH3), 3.76 (t, J = 5.5 Hz, 2H, OCH2), 3.66 (q, J = 6.1 

Hz, 2H, NCH2), 1.83 (m, 2H, CCH2C). HRMS (ESI+-TOF): m/z calcd for [C13H19NNaO5]: 

292.11554; found: 292.11609 [M+Na]+. 

3.1.2 (6-((3-hydroxypropyl)carbamoyl)-2,3,4-trimethoxyphenyl)mercury(II) chloride (3) 

Amide 2 (3.4669 g, 12.87 mmol), Hg(OAc)2 (4.1438 g, 13.0 mmol), and HOAc (3.19 ml) were 

dissolved in EtOH (17.80 ml) and refluxed for 5 h. After the mixture was cooled, it was stirred 

overnight at rt and then poured into a solution of KCl (3.8959 g, 52.26 mmol) in water (100 ml) to 

afford a copious white precipitate. After the reaction mixture was stirred for 10 min, the precipitate 

was isolated by filtration, washed with water, and dried at 55-60 °C, affording 3.4203 g of the desired 

product 3 (52.70% yield). 1H NMR (500 MHz, CDCl3) δ 7.19 (br, 1H, NH), 7.00 (s, 1H, CH), 3.91 

(s, 3H, OCH3), 3.90 (s, 3H, OCH3), 3.88 (s, 3H, OCH3), 3.80 (t, J = 5.4 Hz, 2H, OCH2), 3.63 (m, 2H, 

NCH2), 1.85 (p, J = 5.8 Hz, 2H, CCH2C). 13C NMR (126 MHz, CDCl3) δ 168.62 (C=O), 155.89 

(COCH3), 154.17 (COCH3), 145.28 (COCH3), 132.69 (CC=O), 106.18 (CH), 104.36 (CHg), 61.14 

(OCH3, OCH2), 60.85 (OCH3), 56.48 (OCH3), 38.77 (NCH2), 31.37 (CCH2C). HRMS (ESI+-TOF): 

m/z calcd for [C13H18HgNO5]: 470.08859; found: 470.08912 [M-Cl]+. 

3.1.3 Bis(6-((3-hydroxypropyl)carbamoyl)-2,3,4-trimethoxyphenyl)mercury (4) 

Compound 3 (3.4203 g, 6.782 mmol) was dissolved in acetone (300 ml) and (Me4N)Cl (0.8378 g, 

7.64 mmol) was added. This reaction mixture was stirred at rt for three days. After that, the mixture 

was filtered through MgSO4 to produce a colourless solution and a grey sticky deposit. The filtrate 

was evaporated in vacuo. The residue weighed 2.4339 g. NMR analysis of this sample indicated that 

the majority of the starting material had not reacted.   

The residue was dissolved in acetone (50 ml), (Me4N)Cl (0.4263 g, 3.89 mmol) was added and the 

mixture was stirred at rt for two days, before being filtered through MgSO4. Following evaporation 

of the filtrate, a 2.1337 g residue was obtained. 

The crude product was purified by silica gel column chromatography, the solvent system being 92% 

DCM and 8% MeOH. 0.9658 g (1.3102 mmol) of pure compound 4 (38.64% yield) was obtained. 1H 

NMR (500 MHz, CDCl3) δ 7.21 (t, J = 5.8 Hz, 1H, NH), 7.14 (s, 1H, Ar-CH), 3.93 (s, 6H, Ar-OCH3), 

3.89 (s, 3H, Ar-OCH3), 3.67 (t, J = 5.5 Hz, 2H, Ar-OCH2), 3.53 (q, J = 6.0 Hz, 2H, NCH2), 1.74 (m, 

2H, CCH2C). 13C NMR (126 MHz, CDCl3) δ 171.76 (C=O), 157.83 (COCH3), 153.15 (COCH3), 

152.21 (CHg), 145.21 (COCH3), 136.35 (CC=O), 107.83 (CH), 61.10 (OCH3), 60.76 (OCH3), 59.97 



Page | 33  
 

(OCH2), 56.37 (OCH3), 37.67 (NCH2), 31.92 (CCH2C). HRMS (ESI+-TOF): m/z calcd for 

[C26H37HgN2O10]: 739.21546; found: 739.21490 [M+H]+. 

3.1.4 (6-((3-(4,4´-Dimethoxytrityloxy)propyl)carbamoyl)-2,3,4-trimethoxyphenyl)(6-((3-

hydroxypropyl)carbamoyl)-2,3,4-trimethoxyphenyl)mercury (5) 

Compound 4 (0.9658 g, 1.3102 mmol) was coevaporated from toluene (3 × 10 ml), after which the 

flask was sealed immediately and the ambient atmosphere replaced by nitrogen. Then dry Et3N (2.62 

mmol) and 4,4´-dimethoxytrityl chloride (0.4492 g, 1.326 mmol) dissolved in DCM (1.5 ml) were 

injected into the flask and kept overnight under vacuum condition. After that, the reaction mixture 

was diluted with DCM (50 ml) and washed with 5% aqueous NaHCO3 (50 ml). pH was checked to 

ensure that the solution was basic. Then the organic phase was evaporated to dryness, followed by 

purification using silica gel column chromatography with 1% Et3N, 5% MeOH and 94% DCM 

solvent system. 0.4707 g (0.4528 mmol) of the desired product 5 (34.56% yield) was recovered. 1H 

NMR (500 MHz, CDCl3) δ 7.41 (br, J = 3.2 Hz, 2H, NH), 7.30 (m, 4H, Ar-CH), 7.26 (m, 5H, Ar-

CH), 6.94 (t, J = 5.2 Hz, 1H, Ar-CH), 6.87 (s, 1H, Ar-CH), 6.80 (d, J = 9.0 Hz, 4H, Ar-CH), 3.94 (m, 

15H, OCH3), 3.79 (s, 6H, OCH3), 3.60 (m, 4H, NCH2), 3.53 (s, 3H, OCH3), 3.28 (t, J = 5.6 Hz, 2H, 

OCH2), 1.91 (m, 2H, OCH2), 1.70 (m, 3H, CCH2C). 13C NMR (126 MHz, CDCl3) δ 171.48 (C=O), 

158.08 (COCH3), 153.02 (COCH3), 151.15 (COCH3), 145.01 (COCH3), 137.23 (CHg), 136.04 (CH), 

129.96 (CH), 127.50 (CH), 113.18 (CH), 108.61 (CH), 107.50 (CH), 86.57 (OCH3), 62.75 (OCH2), 

60.94 (OCH3), 59.41 (OCH2), 56.17 (OCH3), 55.21 (OCH3), 39.26 (NCH2), 37.08 (NCH2), 32.23 

(CCH2C), 29.34 (CCH2C). HRMS (ESI+-TOF): m/z calcd for [C47H54HgN2O12Na]: 1063.32809; 

found: 1063.34181 [M+ Na]+. 

3.1.5 (6-((3-(bis(4,4´-Dimethoxytrityloxy)propyl)carbamoyl)-2,3,4-trimethoxyphenyl)(6-((3-

(succinoyloxy)propyl)carbamoyl)-2,3,4-trimethoxyphenyl)mercury (6) 

Compound 5 (0.4707 g, 0.4528 mmol) was dissolved in dry CH2Cl2 (3 mL) after being repeatedly 

coevaporated from dry toluene (3 × 10 ml). Succinic anhydride (55.4 mg, 0.554 mmol), Et3N (75.8 

µL, 0.546 mmol), and DMAP (5.7 mg, 0.047 mmol) were added. The mixture was then stirred 

overnight at room temperature and quantitative conversion was verified by LCMS. After that, silica 

gel column chromatography with 1% Et3N, 5% MeOH, and 94% DCM was used to purify the product 

mixture. 0.2309 g (0.2026 mmol) of the desired product 6 was obtained (44.74% yield). 1H NMR 

(500 MHz, CDCl3) δ 8.01 (t, J = 5.9 Hz, 1H, NH), 7.38 (m, 2H, NCH2), 7.26 (m, 7H, Ar-CH), 7.18 

(br, J = 7.2 Hz, 1H, Ar-CH), 6.99 (s, 2H, Ar-CH), 6.78 (m, 4H, Ar-CH), 4.22 (t, J = 5.9 Hz, 2H, 
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COO-CH2), 3.95 (s, 3H, Ar-OCH3), 3.92 (s, 3H, Ar-OCH3), 3.90 (t, J = 2.0 Hz, 9H, Ar-OCH3), 3.76 

(s, 6H, Ar-OCH3), 3.63 (s, 3H, Ar-OCH3), 3.53 (q, J = 6.2 Hz, 2H, COCH2), 3.44 (m, 2H, NCH2), 

3.18 (t, J = 5.8 Hz, 2H, OCH2), 2.54 (m, 4H, COCH2), 1.88 (m, 4H, CCH2C). 13C NMR (126 MHz, 

CDCl3) δ 178.53 (C=O), 174.33 (C=O), 170.82 (C=O), 158.11 (C=O), 154.57 (COCH3), 152.43 

(COCH3), 148.31 (COCH3), 144.81 (COCH3), 137.33 (CHg), 136.40 (CH), 129.96 (CH), 128.08 

(CH), 127.81 (CH), 126.76 (CH), 113.08 (CH), 108.20 (CH), 106.54 (CH), 62.19 (OCH3), 61.04 

(OCH3), 60.70 (OCH3), 60.55 (OCH3), 56.39 (OCH3), 56.10 (OCH3), 55.17 (OCH3), 39.13 (NCH2), 

38.73 (NCH2), 36.04 (CCH2C), 32.19 (CCH2C), 31.17 (CCH2C), 29.61 (CCH2C), 27.48 (CCH2C).  

3.1.6 Immobilization of the diarylmercury compound 6 on solid support  

LCAA-CPG solid support (153.2 mg) was washed with 20 ml of TEA/MeOH (1:9, v/v) and dried 

under vacuum. The dry solid support was suspended in dry DMF containing compound 6 (35.8 mg, 

31.4 μmol). PyBOP (18.3 mg, 35.14 μmol) and DIPEA (10.6 μl, 61.0 μmol) were added. The 

suspension was shaken overnight, filtered and rinsed with DMF (15 ml) and DCM (15 ml). Then it 

was dried using compressed air. The support was filtered and treated with a mixture of capping 

solution B1 (2.5 ml), capping solution B2 (2.5 ml) and capping solution A (5 ml). After that, the 

support was filtered, washed with THF and DCM, and dried under vacuum. DMTr-cation assay was 

measured by UV-vis spectroscopy (SHIMADZU UV 1900). To determine loading of the solid 

support by DMTr cation assay, 3.0 mg of the support was weighed in a centrifuge tube and 10 ml of 

3 % dichloroacetic acid in toluene was added. Absorption of this solution at 503 nm was measured 

and the loading was obtained by following calculation.  

 

 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 =
𝐴503 𝑥 𝑉

76
× (

1000

𝑚
) 

              =
1.0121𝑥 10 𝑥 1000

76 𝑥 3
 

              = 44.4 µmol/g 

Where 

V = the volume of the sample in ml 

A503 = absorbance at 503 nm 

m = the weight of the solid support in mg 
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3.1.7 Acidic and Oxidative Stability of compound 4  

A sample of compound 4 (0.0202 g, 0.0274 mmol) was dissolved in a mixture of pyridine-d₅ (450 μl) 

and D₂O (50 μl) in an NMR tube, and the initial spectrum was recorded. 6.35 mg I2 (0.05 M) was 

then added, and a second spectrum was acquired immediately to monitor oxidative transformation of 

the dimer. After adding I2, compound 4 was consumed which was evidenced by the change of the 

aromatic region and appearance of new signals in 1H NMR. 

In a separate experiment, a solution of compound 4 (0.0203 g, 0.0275 mmol) in CDCl3 (500 µl) was 

prepared and an initial spectrum was recorded. After that, 15 μl of dichloroacetic acid was added. A 

second spectrum was recorded within 2 min after acid addition to assess the stability of the dimer 

under acidic conditions. Addition of dichloroacetic acid also led to decomposition of compound 4, 

giving signals of a new compound in 1H NMR. 

3.2 Synthesis of the azide-functionalized diarylmercury compound  

3.2.1 3,4,5-trimethoxybenzoyl chloride (7) 

3,4,5-trimethoxybenzoic acid 1 (6.01 g, 28.32 mmol) and thionyl chloride (80 ml) were refluxed for 

3 h. Then the mixer was evaporated to dryness. The residue was evaporated again from toluene to get 

benzoyl chloride 7 (6.645 g, 28.81 mmol) with approximately 100% yield.  

3.2.2 N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-3,4,5-trimethoxybenzamide (8) 

Compound 7 (0.9590 g, 4.157 mmol) was dissolved in DMF (10 ml). As a catalyst, few mg DMAP 

was added. Then, 11-azido-3,6,9-trioxanundecan-1-amine (0.6032 g, 2.76 mmol) and triethylamine 

(1 ml) were added and the reaction mixture was stirred at rt for 3 d. The reaction was followed by 

TLC and approximately 50 % completion was observed after 3 d. Additional benzoyl chloride 7 

(0.9572 g, 4.150 mmol) and triethylamine (1.0 ml) were added and the stirring continued overnight 

at rt. The crude product was purified by five passes through a silica gel column. Different solvent 

systems of MeOH (4-6 %) in DCM were used during the purification. 

 

The final yield of product 8 was 0.3686 g (0.8937 mmol), corresponding to a 32.14% yield. 1H NMR 

(500 MHz, CDCl3) δ 7.08 (br, J = 5.0 Hz, 1H, NH), 7.06 (s, 2H, Ar-CHa, Ar-CHe), 3.86 (s, 6H, Ar-

OCH3b, Ar-OCH3d), 3.85 (s, 3H, Ar-OCH3c), 3.61 (m, J = 5.0 Hz, 14H, 7 × CH2f), 3.31 (t, J = 5.1 

Hz, 2H, N3-CH2g). 13C NMR (126 MHz, CDCl3) δ 167.01 (C-9), 152.82 (C-16, C-18), 140.48 (C-

17), 129.80 (C-10), 104.35 (C-11, C-15), 70.38 (C-3), 70.29 (C-4), 69.98 (C-5), 69.75 (C-6), 69.56 

(C-7), 60.60 (C-17), 56.02 (C-16, C-18), 50.37 (C-1, C-8), 39.73 (C-2). HRMS (ESI+-TOF): m/z 

calcd for [C18H29N4O7]: 413.20362; found: 413.20889 [M+H]+. 
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3.2.3 Bis(6-((2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)carbamoyl)-2,3,4-

trimethoxyphenyl)mercury (10) 

Compound 8 (0.104 g, 0.253 mmol) and mercuric acetate (0.161 g, 0.505 mmol) were dissolved in 

MeOD (2 ml) in an NMR tube and heated at 55 °C overnight. ¹H NMR analysis indicated complete 

consumption of compound 8, whereas ESI-MS showed that the product mixture contained both the 

monomercurated compound 9 and the corresponding diarylmercury compound 10. The reaction 

mixture was transferred to a microcentrifuge tube, treated with (Me₄N)Cl (0.263 g, 2.40 mmol) to 

promote dimerization, and kept overnight at rt.  

After 24 h, ¹H NMR data indicated that conversion toward the dimeric product was still incomplete, 

and a second portion of (Me₄N)Cl (0.263 g, 1.20 mmol) was added. NMR spectra recorded 2 h after 

this addition showed approximately 50% formation of the dimercurated dimer 10 and a corresponding 

decrease in the monomercurated intermediate 9. The mixture was further kept overnight at rt, after 

which ¹H NMR confirmed near-complete conversion to the dimer. Solvents were evaporated and the 

residue was purified by RP-HPLC on a Hypersil ODS C18 column (250 × 4.6 mm, 5 μm), eluting 

with a linear gradient (10 to 40% over 40 min, flow rate 0.6 ml min-1) of ACN in 50 mM aqueous 

triethylammonium acetate (pH = 7.0). UV absorbance at λ = 260 nm was used to detect the peaks. 

0.0148 g (0.0145 mmol) of the diarylmercury product 10 (11.45 % yield) was obtained. 1H NMR 

(500 MHz, CDCl3) δ 7.14 (s, 2H, Ar-CHa, Ar-CHh), 6.95 (d, J = 5.1 Hz, 2H, NH), 3.94 (s, J = 5.2 

Hz, 12H, Ar-CH2c-f), 3.93 (s, 6H, Ar-OCH3b, Ar-OCH3g), 3.64 (m, 28H, 7 × CH2k, 7 × CH2i), 3.37 

(t, J = 5.0 Hz, 4H, N3-CH2l, N3-CH2j). 
13C NMR (126 MHz, CDCl3) δ 170.83 (C- 9, 28), 158.00 (C- 

16, 20), 152.93 (C- 13, 24), 152.61 (C- 18, 19), 145.22 (C-  14, 22), 136.72 (C- 1, 27), 107.88 (C- 11, 

26), 70.68- 69.90 (C- 2-7, 30-35), 61.06 (C- 17, 21), 60.76 (C- 15, 23), 56.51 (C- 13, 25), 50.66 (C-

1, 36), 44.86 (s, 1C), 40.10 (C-8,29). HRMS (ESI+-TOF): m/z calcd for [C36H55HgN8O14]: 

1025.35442; found: 1025.36332 [M+H]+. 

The monomeric arylmercury compound 9 (0.0049 g, 0.0073 mmol) was also obtained from the RP-

HPLC purification (2.9 % yield). 1H NMR (600 MHz, CDCl3) δ 7.06 (s, 1H, Ar-CHa), 6.76 (s, 1H, 

NH), 3.93 (s, 6H, Ar-OCH3c, Ar-OCH3d), 3.90 (s, 3H, Ar-OCH3b), 3.67 (m, J = 3.5 Hz, 14H, 7x 

CH2g), 3.36 (t, J = 5.0 Hz, 2H, NH3-CH2h). 

3.2.4 Oligonucleotide synthesis 

The oligonucleotides were prepared on an automated ÄKTA Oligopilot plus DNA/RNA synthesizer. 

ON1 was first synthesized in a 1 µmol scale using a dT-CPG solid support (500 Å, 42 μmol g⁻¹). 

Solutions (0.10 M) of nucleoside phosphoramidites A (2.55 ml), C (3.60 ml), G (4.05 ml) and T (2.85 

ml) were prepared in anhydrous acetonitrile. For incorporation of the 5′-DBCO–TEG, 42.53 mg of 
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the respective phosphoramidite building block was dissolved in 600 μl of dry acetonitrile to afford a 

0.10 M solution. This solution was used for a single coupling step at the end of the sequence. 

The trityl response for the 500 Å CPG solid support showed coupling efficiency and started declining 

after about 60 coupling cycles. After completion of the synthesis, the solid support was washed with 

acetonitrile and 1 ml of aqueous ammonia (35%, v/v) was added into it. The suspension was incubated 

at 55 °C overnight to cleave and deprotect the oligonucleotide. Then the supernatant was removed 

from the solid support and lyophilized overnight. According to UPLC-HRMS, the crude product did 

not contain the expected full-length oligonucleotide. Instead, a distribution of shorter 

oligonucleotides was observed.  

The synthesis was repeated using a dT-CPG solid support with a larger pore size (1000 Å, 32 μmol 

g⁻¹), more suitable for the relatively long aptamer sequence. For the repeat synthesis, slightly larger 

volumes of the solutions (0.10 M) of nucleoside phosphoramidites A (3.00 ml), C (3.90 ml), G (4.35 

ml) and T (3.15 ml) were prepared. Trityl responses were observed declining after around 100 

coupling cycles. According to HRMS, the crude product contained the target oligonucleotide as the 

major component with only minor impurities. The crude product was purified by RP-HPLC. A 

BioZenTM oligo 00F-4790-E0-column (150 x 4.6 mm, 2.6 μm) was used in RP-HPLC, eluting with 

a linear gradient (10 to 40% over 35 min, flow rate 0.6 ml min-1) of ACN in 50 mM aq 

triethylammonium acetate (pH = 7.0). UV absorbance at λ = 290 nm was used to distinguish the 

peaks. 

The main fraction, containing the desired product, eluted at 11.99 min. Hexylamine was added to the 

oligonucleotide solutions (50 μl / 10 ml) prior to lyophilisation. HRMS confirmed the presence of the 

desired oligonucleotide in the evaporated fraction. The concentration of the oligonucleotide stock 

solution was determined as 114 μM by UV absorbance at λ = 260 nm (0.1828) and  = 798722.   

3.2.5 Conjugation of oligonucleotides with the diarylmercury compound 10 

Aptamer ON1, single-stranded ON2 and double helix ON2ON3 conjugates were mixed in 

microcentrifuge tubes with different ratios (0.5-3.0) of the diarylmercury compound 10 to the 

oligonucleotides. The concentrations of ON1, ON2 and ON3 were 0.114 mM, 0.7 mM and 0.3 mM, 

respectively. The pH of the solutions was adjusted to 7.0 with TEAA (0.18 M). The reaction mixtures 

were checked by UPLC-HRMS to confirm the maximum conjugate formation. After 2 h, maximum 

concentrations of the desired product were observed, with some impurities. The mixtures were 

purified using RP-HPLC. A BioZenTM oligo 00F-4790-E0-column (150 x 4.6 mm, 2.6 μm) was used 
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in RP-HPLC, eluting with a linear gradient (10 to 60% over 40 min, flow rate 0.6 ml min-1) of ACN 

in 50 mM aqueous triethylammonium acetate (pH = 7.0). UV absorbance at λ = 260 nm was used to 

distinguish the peaks. UPLC-HRMS data confirmed the purity of the products. 

3.2.6 UV melting profile of the cyclooctyne functionalized aptamer 

To determine the UV melting profile of ON1, PerkinElmer Lambda 35 spectrophotometer equipped 

with a Peltier temperature control unit was used. Sample of ON1 (1.0 mM) was prepared with sodium 

cacodylate buffer (20 mM, pH 7.4) and NaClO4 (80 mM) in Milli-Q water to a final volume of 400 

μl. A buffer sample lacking the aptamer was used as a reference. Samples were prepared in 1.0 cm 

path length quartz cuvettes, and UV melting profiles were recorded by monitoring the absorbance at 

260 nm while ramping the temperature at 0.5 °C min⁻¹ over three consecutive heating and cooling 

cycles. The melting temperature (Tm) was obtained from the maximum of the first derivative of the 

A₂₆₀ versus temperature curve. 

4. Conclusion  

The synthesis of organomercurial compounds, particularly the mercuration steps, was a challenge in 

this study. These steps necessitated meticulous optimization to separate the dimeric species from 

monomeric intermediates and side products. However, once separated from its monomer counterpart 

9, the dimeric diarylmercury compound 10 is chemically stable and can be stored for a long time as 

long as it is kept below 0 °C. Compound 10 functions as a stable precursor for conjugation to ONs 

using DBCO-bearing linkers. Double-stranded conjugates are significantly more robust than single-

stranded ones. Since double helix DNA is more densely packed and strong, the dimeric diarylmercury 

scaffold is physically better protected and undergoes less bending and strain. Besides, in a double- 

helical DNA, the donor atoms most likely to coordinate Hg(II) are engaged in base pairing. 

  

There is an obvious conceptual benefit to the bivalent conjugate construction. For each dimeric 

diarylmercury-aptamer conjugate, one Hg signal can be detected using LA-ICP-MS. When both 

aptamer arms bind their targeted epitopes, this bivalent design can theoretically bind up to two GFAP 

proteins. The same approach may theoretically be applied to aptamers that identify proteins linked to 

cancer, allowing for stoichiometric elemental readout of target burden in tissue. This will allow more 

patient-specific drug dosing to reduce off-target harm.  

 

To sum up, this study shows that it is possible to incorporate a diarylmercury scaffold into a DNA 

aptamer while maintaining sufficient chemical stability. Hg detectability for LA-ICP-MS imaging of 

a specific protein target in brain tissue is also possible. However, it also draws attention to practical 
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issues that need to be resolved before such tags can be widely used, such as the stability of the 

conjugates and the synthetic work needed to access and purify organomercurial compounds. 

Future studies are needed to focus on systematic optimization of conjugate concentration and 

incubation conditions for tissue labelling. Refinement of LA-ICP-MS acquisition parameters for 

quantitative Hg imaging at required cellular length scales, and exploration of alternative aryl 

frameworks or linker designs that further stabilize the Hg–C core without compromising aptamer 

binding are also needed. These efforts will clarify the ultimate potential of dimeric diarylmercury-

aptamer conjugates as a general platform for heavy-atom tagging in quantitative elemental bio-

imaging. 
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6. Appendix 

  

Appendix 1.1  

1H NMR spectrum of compound 2 

 

 

 

 

 

 

 

 

 

 

Appendix 2.1  

1H NMR spectrum of compound 3 
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Appendix 2.2  

1H NMR spectrum of compound 3 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2.3  

13C NMR spectrum of compound 3 
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Appendix 3.1  

1H NMR spectrum of compound 4 

 

 

 

 

 

 

 

 

 

 

 

Appendix 3.2  

13C NMR spectrum of compound 4 
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Appendix 4.1  

1H NMR spectrum of compound 5 

 

 

 

 

 

 

 

 

 

 

 

Appendix 4.2  

1H NMR spectrum of compound 5 
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Appendix 4.3  

1H NMR spectrum of compound 5 

 

 

 

 

 

 

 

 

 

 

Appendix 4.4  

13C NMR spectrum of compound 5 
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Appendix 5.1  

1H NMR spectrum of compound 6 

 

 

 

 

 

 

 

 

 

 

 

Appendix 5.2  

1H NMR spectrum of compound 6 
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Appendix 5.3  

1H NMR spectrum of compound 6 

 

 

 

 

 

 

 

 

 

 

Appendix 5.4  

13C NMR spectrum of compound 6 
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Appendix 6.1  

1H NMR spectrum of oxidative test of compound 4 before adding I2 

 

 

 

 

 

 

 

 

 

 

Appendix 6.2  

1H NMR spectrum of oxidative test of compound 4 after adding I2 
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Appendix 6.3  

1H NMR spectrum of oxidative test of compound 4 before adding dichloroacetic acid 

  

 

 

 

 

 

 

 

 

Appendix 6.4  

1H NMR spectrum of oxidative test of compound 4 after adding dichloroacetic acid 
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Appendix 7.1  

1H NMR spectrum of compound 8 

 

 

 

 

 

 

 

 

 

Appendix 7.2  

1H NMR spectrum of compound 8 
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Appendix 7.3  

1H NMR spectrum of compound 8 

 

 

 

 

 

 

 

 

 

 

Appendix 7.4  

13C NMR spectrum of compound 8 
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Appendix 7.5  

13C NMR spectrum of compound 8 

 

 

 

 

 

 

 

 

 

 

 

Appendix 8.1 

1H NMR spectrum of compound 9 
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Appendix 8.2 

1H NMR spectrum of compound 9 

 

 

 

 

 

 

 

 

 

 

Appendix 8.3 

1H NMR spectrum of compound 9 
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Appendix 9.1 

1H NMR spectrum of compound 10 

 

 

 

 

 

 

 

 

 

 

 

Appendix 9.2 

1H NMR spectrum of compound 10 
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Appendix 9.3 

1H NMR spectrum of compound 10 

 

 

 

 

 

 

 

 

 

 

Appendix 9.4 

13C NMR spectrum of compound 10 
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Appendix 9.5 

13C NMR spectrum of compound 10 

 

 

 

 

 

 

 

 

 

 

Appendix 9.6 

13C NMR spectrum of compound 10 
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Appendix 10 

UPLC-HRMS spectrum of compound 2  

 

 

 

 

 

 

 

 

 

 

Appendix 11 

UPLC-HRMS spectrum of compound 3  
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Appendix 12 

UPLC-HRMS spectrum of compound 4  

 

 

 

 

 

 

 

 

 

 

Appendix 13 

UPLC-HRMS spectrum of compound 5  
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Appendix 14 

UPLC-HRMS spectrum of compound 8  

 

 

 

 

 

 

 

 

 

 

 

Appendix 15.1 

UPLC-HRMS spectrum of compound 10  
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Appendix 15.2 

UPLC-HRMS spectrum of compound 10  

 

 

 

 

 

 

 

  

 

 

Appendix 16 

UPLC-HRMS spectrum of ON1 after RP-HPLC purification  
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Appendix 17 

UPLC-HRMS spectrum of ON1 after RP-HPLC purification  

 

 

 

 

 

 

 

 

 

 

 

Appendix 18 

UV spectrum of ON1  
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Appendix 19 

RP-HPLC trace of crude dimeric diarylmercury-ON1 conjugate.  

A BioZenTM oligo 00F-4790-E0-column (150 x 4.6 mm, 2.6 μm) was used in RP-HPLC, eluting 

with a linear gradient (10 to 60% over 40 min, flow rate 0.6 ml min-1) of ACN in 50 mM aq 

triethylammonium acetate (pH= 7.0) and UV absorbance at λ = 260 nm. 

 

 

 

 

 

 

 

 

 

 

Appendix 20 

RP-HPLC trace of crude dimeric diarylmercury-ON2 conjugate.  

Same chromatographic condition as dimeric diarylmercury-ON1 was used.  
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Appendix 21.1 

UPLC-HRMS spectrum of the dimeric diarylmercury-ON1 conjugate 
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Appendix 21.2 

UPLC-HRMS spectrum of the dimeric diarylmercury-ON1 conjugate after 49 h of incubation 

at rt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


