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Abstract 

Methylmercury (MeHg) is a well-known neurotoxin that often bio-accumulates to 

toxic concentrations in aquatic organisms and paddy crops. MeHg poisoning through oral 

ingestion has been widely observed to damage the nervous system, the kidney, the stomach, 

and the liver. Together with that, low molecular mass (LMM) thiols, which have strong 

affinity to MeHg, are commonly found in biological samples. MeHg-LMM thiols are thus 

suggested to be the main form of MeHg secretion. Therefore, in order to improve our 

understanding on MeHg chemical speciation, we developed a novel analytical method for 

direct determination of MeHg complexes with low molecular mass (LMM) thiols and applied 

the method for the determination of such complexes in pure culture of Geobacter 

sulfurreducens; mercury methylating bacteria strain. The method was based on solid phase 

extraction (SPE) online pre-concentration combined with liquid chromatography 

electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS). Different SPE materials 

were investigated with offline and online pre-concentration and a mixed-mode weak cation 

exchange sorbent (WCX) gave the best efficiency in term of MeHg-LMM thiol recovery (60-

75%). Different injection volumes of 1 ml and 5 ml were also investigated in online SPE pre-

concentration. According to the injection volume, the limits of detection (LODs) of the 

investigated complexes are the same for these two injection modes (from 0.01 nM to 5.0 nM 

for 1 ml injection, and from 0.01 nM to 5.4 nM for 5 ml injection). The method was successful 

in detecting 6 MeHg-LMM thiol complexes: MeHg-cysteamine, MeHg-cysteine, MeHg-

penicillamine, MeHg-N-CysteinylGlycine, MeHg-y-glutamylcysteine, and MeHg-Glutathione 

from extracellular G. sulfurreducens culture (with HgCl2 added to experimental assay 

solution) with the concentrations of individual complex ranging from 1 to 6 nM. 
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Abbreviations 

MeHg  Methylmercury 
Hg   Mercury  
LMM  Low molecular mass 
SPE  Solid phase extraction  
LC  Liquid chromatography 
ESI-MS/MS  Electrospray ionization tandem mass spectrometry 
ICP-MS  Inductively coupled plasma- mass spectrometry 
LODs  Limits of detection 
RSDs  Relative standard deviation 
HLB  Hydrophilic-Lipophilic Balanced reversed-phase 
MCX  Mixed-Mode Cation Exchange sorbent 
WCX  Mixed-Mode Weak Cation Exchange sorbent 
FA  Formic acid 
Cys  Cysteine 
HCys  HomoCysteine 
2MPA  2-Mercaptoproprionic acid 
MAC  Mercaptoacetic acid 
CysGly  N-Cysteinylglycine 
GSH   Glutathione 
NACPen  N-acetyl-penicillamine 
NACCys  N-acetyl-cysteine   
GluCys   y-glutamylcysteine 
SUC   Mercaptosuccinic acid 
SULF   Mercaptoethane-sulfonate 
Pen   Penicillamine 
Glyc   Monothiolglycerol 
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1.0 Introduction 

Mercury (Hg) in atmosphere, mostly as elemental Hg0 form mainly originates from 

human activities e.g. fossil fuel burning and natural e.g. volcanic eruptions, forest fires. After 

that, with effects such as sun light, Hg0 in the atmosphere is oxidized to HgII, 

adsorbed/dissolved to particles/water drops and deposits to aquatic environment. Mercury 

then sinks to sediment and methylated by sulfate and/or iron reducing bacteria into 

methylmercury [1]. Methylmercury later bio-accumulates in the food chain via different 

aquatic species, and subsequently transferred to human [1]. Methylmercury causes a lot of 

negative effects to humans health such as coronary heart disease, acute myocardial 

infarction, ischemic heart disease, sex ratio of offspring, and immunosuppressive effects [2]. 

These health effects are so serious and highly warned by scientists over the world. In 1960’s 

in Sweden, the increase of industrial and agricultural activities especially from mercury 

electrodes, and wood pulp industry led to the increase of mercury content in aquatic 

environments [3]. As a consequence, this contamination caused a significant rising of 

methylmercury concentration in fish [3]. At that time, the Swedish government had to ban 

fishing at some large fresh water areas, and also warned people around the country at a high 

level of risk [4]. Another poisoned MeHg incident was discovered in Iraq in early 1972.  6530 

cases of poisoning were reported due to consumption of bread made from methylmercury 

contaminated grain [3-5]. These disasters again remind us about the high threat of MeHg to 

well-being of humans and wild life. Typically, sulfur atoms in nervous system will bind to 

MeHg, and results in the disruption of normal functions of the nervous system [6, 7].  

In the last decades, researchers have attempted to explore the mechanism of HgII 

uptake, and methylation. In 1969, Jensen and Jernelöv reported that most of Hg in fish was 

found to be present as MeHg form [8]. In the following years, scientists reported that HgII 

could be transformed to MeHg by both biotic pathway [9, 10]  and abiotic pathway [11-13], 

but the mercury community believed that biotic was the main source of MeHg formation . 

Moreover, sulfate reducing bacteria were firstly reported to be responsible for the 

methylation in 1984. In 2006, iron-reducing bacteria were also found to have an ability to 

methylate HgII [14]. A recent pure bacteria culture reported that in the presence of low 

molecular mass (LMM) thiols, especially cysteine, the export rate of MeHg significantly 

increased, but this study did not fully provide information on MeHg speciation and the role of 

thiols in facilitated MeHg export remained un-known [15] . Furthermore, previous studies 

demonstrated that thiol had strong affinity to MeHg [16, 17], thus MeHg-LMM thiol 

complexes were predicted as main forms of MeHg from bacteria excretion. However, no 

study has reported the presence of such complexes, and their bio-accumulating level in the 

environment by direct measurement due to lack of analytical method. Therefore, in this 

study, complexes of MeHg with 14 frequently reported LMM thiols i.e. Cysteine (Cys), 



2 
 

Cysteamine (Cyst), HomoCysteine (HCys), 2-Mercaptoproprionic acid (2MPA), 

Mercaptoacetic acid (MAC), N-Cysteinylglycine (CysGly), Glutathione (GSH), N-acetyl-

penicillamine (NACPen), N-acetyl-cysteine (NACCys),  y-glutamylcysteine (GluCys), 

Mercaptosuccinic acid (SUC), Mercaptoethane-sulfonate (SULF), Penicillamine (Pen), and 

Monothiolglycerol (Glyc) were determined in pure bacteria culture. [18, 19]. 

Up to date, there are many techniques which are used for both identification and 

quantification purpose for HgII and MeHg complexes such as UV-Vis spectroscopy and 

fluorescence spectroscopy [20-24]. These methods are common and widely applied in 

different areas. However, there are still some limitations such as their low sensitivity, 

demands for elaborate, time-consuming sample preparation and they mostly focus on total 

inorganic mercury complexes, or total methylmercury complexes [25-27]. For examples, with 

UV-Vis and fluorescent method, they are quick analysis techniques, and easy to use. On the 

other hand, only a certain number of compounds can work in the wavelength range of UV-Vis 

and fluorescent. Inductively coupled plasma- mass spectrometry (ICP-MS) is known as a 

solution for those limitations, this method also has very good LODs, however ICP-MS 

requires LC as a key tool for accurate molecule identification reducing incidence of possible 

misidentification due to similar retention time of some complexes [23]. As a result, LC-ESI-

MS/MS has arisen as an effective method which can resolve these issues. Besides separation 

by LC column, based on specific mass of complexes and unique fragmentation pathways, ESI-

MS/MS can also give a better selectivity for target compounds with a low LOD .In addition; a 

pre-concentration step can also be applied to lower LODs the method.  

In this study, firstly offline-SPE was tested with different materials of SPE by ICP-MS 

to validate recovery percentages. For this purpose, ICP-MS was used to reduce time of 

analysis. After that, successful SPE material, which was mixed-mode weak cation exchange 

sorbent, was applied to online pre-concentration system together with LC-ESI-MS/MS. 

1.1 Aim of the diploma work 
This aim of the study was to develop a robust analytical method for direct 

determination of MeHg-LMM thiol complexes in pure bacteria cultures, which contain only 

one single strain of bacteria.  

Firstly offline-SPE was tested with different materials of SPE by ICP-MS to validate 

recovery percentages. For this purpose, ICP-MS was used to reduce time of analysis. After 

that, successful SPE material, which was mixed-mode weak cation exchange sorbent, was 

applied to online pre-concentration system together with LC-ESI-MS/MS. 
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2.0 Popular scientific summary including social and 
ethical aspects 

2.1 Popular scientific summary 
Methylating bacteria such as Geobacter sulfurreducens PCA take up inorganic 

divalent mercury (HgII) from aquatic environment, and transform it to organic form i.e. 

methylmercury (MeHg) which is highly toxic to living organisms (but not for Geobacter 

sulfurreducens). In that, low molecular mass (LMM) thiols, which are compounds containing 

a sulfhydryl group (R-SH), have been reported to play a key role in the process due to their 

strong affinity with Hg II and MeHg. However, the distribution of LMM thiols with MeHg and 

HgII in aqueous phase is still not understood properly, and the determination of those 

complexes at relevant concentration is a challenge. 

By applying solid phase extraction pre-concentration to liquid chromatography 

electrospray tandem mass spectrometry (SPE-LC-ESI-MS/MS), the developed method 

enables the possibility to detect MeHg-LMM thiol complexes concentration at sub-

nanomolar concentration. In that, SPE pre-concentration is a technique used to concentrate 

the concentration of MeHg-LMM thiols before analysis. Liquid chromatography is a powerful 

technique to separate compounds with different properties. Electrospray tandem mass 

spectrometry is a modern technique with high selectivity and sensitivity for organic 

compounds. 

Determination of these complexes provides more information about the distribution 

of MeHg in aqueous phase and bio-accumulation processes. As a result, the developed 

method was applied successfully in bacteria (G. sulfurreducens) culture with 6 different 

MeHg-LMM thiol complexes were detected with the concentrations of individual complex 

ranging from 1 to 6 nM. 

2.2 Social and ethical aspects 
This study will contribute to our knowledge about activities of mercury in nature, 

especially for determination of bio-accumulating level of MeHg in the food chain. Besides 

that, this study also contributes to human health as with better understanding about MeHg 

chemical speciation; scientists can find a way to minimize the formation of MeHg in 

environments, or suggest solutions to minimize the bio-accumulation of MeHg in living 

organisms.  
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3.0 Experimental 

3.1 Chemical and Reagents 

 MeHg stock was prepared by dissolving MeHgCl salt (Sigma–Aldrich PESTANAL®, 

analytical standard) in 0.1 M HCl in Milli-Q water and stored at 4oC during the study.  

 Geobacter sulfurreducens PCA was purchased from DSMZ-German, and was stored 

at 4oC during the study. 14 LMM thiols were purchased from Sigma Aldrich with their 

structures and abbreviations in Figure SI-1 (Appendix). Offline and online SPE columns 

including HLB, MCX, and WCX were purchased from Waters Scientific. Methanol and 

acetone (analytical grade) were from Fisher Scientific.  

For the bacterial culture preparation, yeast extract, sodium fumarate, NH4Cl, sodium 

acetate, SeO3, resazurin, MOPS, NaH2PO4-H2O, MgSO4 -7 H2O, NaCl, CaCl2 -2 H2O, KCl, 

NTA CoCl2, CuSO4, MnCl2, Na2MoO4, NiCl2, ZnSO4, FeSO4, H2SO4, NaOH  were all purchased 

from Sigma Aldrich.  

 Milli-Q water was produced from Milli-Q Advantage A10 Ultrapure Water Purification 

System (Merck Millipore). Deoxygenated Milli-Q water: Milli-Q water was deoxygenated with 

nitrogen gas for 12 hours in a glove box filled with N2 gas (Saffron Scientific Equipment Ltd., 

North Yorkshire, UK). 

3.2 MeHg-LMM thiol standard solution preparation 

LMM thiol stock solutions (5 mM for each thiol solution) were prepared by dilution of 

corresponding LMM thiols with deoxygenated Milli-Q water in separate falcon tubes inside 

the glove box. A mixture of 14 LMM thiol (50µM for each thiol) standard solution was 

prepared by mixing the 5 mM LMM thiol stock solutions, giving the total concentration of 

LMM thiols was 700 µM. Based on the final volume, a calculated volume of 3.5 mM MeHg 

solution was thereafter added. A factor of 2 for MeHg to thiols molar ratio was taken for the 

reaction. The mix solution was reacted in 4 hours by end-end continuously rotating at 15 rpm 

at room temperature. Likewise, in case of making individual MeHg-LMM thiol solution such 

as MeHg-Cys, 50 µM Cys solution was allowed to react with calculated volume of 3.5 mM 

MeHg solution. After all, based on the desired concentration, MeHg-LMM thiol stock 

solutions were diluted with Milli-Q water 0.1% formic acid (FA). 

3.3 Pre-concentration investigation with offline SPE 

The recovery of 3 different SPE material including HLB (Hydrophilic-Lipophilic 

Balanced reversed-phase), MCX (Mixed-Mode Cation Exchange sorbent), and WCX (Mixed-

Mode Weak Cation Exchange sorbent) were tested with MeHg-Cys complex. The chemical 
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structures of these three SPE columns are presented in Figure 1. HLB has a hydrophilic-

lipophilic balanced structure. MCX and WCX are mix-mode cation exchange columns, and 

have similar chemical structures to HLB. However, the difference among these SPE columns 

is that based on HLB structure MCX is added a (SO3-) group, and WCX is added a (COOH) 

group. Furthermore, the cation exchange characteristic of WCX is also weaker than MCX. 

The 6 ml SPE columns were first conditioned with 10 mL of MeOH, 10 mL of 50 % 

MeOH, and 10 mL of Milli-Q water with a flow rate of 2 ml min-1. After that, 20 mL of 0.1 µM 

MeHg-Cys standard solution (pH=3.0 ± 0.1, in Milli-Q water 0.1 % FA) was loaded to the 

column, and the process was followed by elution. Three different elution solutions including 

MeOH (0.1% FA), acetone (0.1% FA), acetone with 50 µM of ammonium acetate, and acetone 

with 10% of NH3 were tested. Waste solution (water solution from the loading step) and 

eluted solution were collected into two fractions. 

Previous study showed that among MeHg-LMM thiol complexes, MeHg-Cys complex 

showed relatively weak affinity to reversed phased column [28]. Therefore, MeHg-Cys 

complex was chosen as a representative compound to investigate with offline SPE as if 

MeHg-Cys get a high recovery for one of SPE columns, that column then can also be assumed 

to give high recovery for the other MeHg-LMM thiol complexes. In order to reduce 

investigated time single MeHg-LMM thiol complex (MeHg-Cys) was tested by direct infusion 

to ICP-MS. The concentration of MeHg-Cys complex as total Hg signal was thus recorded.  

 

Figure 1. Oasis WCX column Oasis MCX column, & Oasis HLB column chemical structure 
(Source:Waters. Retrieved from https://www.waters.com/webassets/cms/library/docs/720001692en.pdf) 

3.4 Online SPE  

 Water Oasis WCX column (2.1 × 20 mm, 15 µm) was applied to the online SPE system 

for pre-concentration of MeHg-LMM thiol complexes. Acetone is a very strong mobile phase 

for reverse columns in comparison to MeOH; thus MeOH was firstly tested in order to not too 
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quickly elute the complexes from the SPE column, and acetone could be considered as a 

second option. 

 The online SPE started by injecting sample into a 1 mL injection loop, and pumped to 

SPE column. The SPE elution gradient was optimized shown in Table SI-2 (Appendix). After 

each pre-concentration procedure (Table SI-1 in appendix), Milli-Q water was injected to 

investigate if there is any MeHg-thiols left in the system. Furthermore, a higher volume of 

injection, 5 ml, was also investigated to improve the LODs of the method.  

3.5 ICP-MS 

The ICP/MS instrument which was used in this study includes an ELAN DRC-e ICP-

MS system (PerkinElmer Sciex) connected to PFA ES-2040-54 nebulizer (Elemental 

Scientific Inc.), and a cooled (±4◦C) quartz cyclonic spray chamber (Elemental Scientific 

Inc.). PEEK tubes are used to connect between compartments. Total Hg measurement 

method of ICP-MS was set for the offline SPE analysis with nebulizer gas flow rate is set at 

0.64 L/min, auxiliary gas flow rate is set at 1.2 L/min, lens voltage is 8 V, and ICP RF power 

is 1350 W. 

3.6 SPE-LC-ESI-MS/MS 

The SPE-LC-ESI-MS/MS instrument which was used in this study consists of an auto 

sampler (from CTC Analytics AG, Zwingen, Switzerland), Surveyor pump, Accela pump (from 

Thermo Fisher Scientific, San Jose, CA, USA) connected to the online SPE column and LC 

column, and TSQ Quantum Ultra electrospray ionization triple quadrupole mass 

spectrometer (from Thermo Fisher Scientific, San Jose, CA, USA) . Water Oasis HLB/WCX 

columns (2.1 x 20mm, 15 µm) were used for SPE columns. Phenomenex Kinetex 5 µm 

Biphenyl 150 x 3.0 mm was used for liquid chromatography in order to separate MeHg-LMM 

thiols even these molecules could be also recognized by their unique fragments. Injection 

volume was 1 mL/5 ml. Mobile phase was 0.1% FA in Milli-Q water/MeOH (10−90%). Ion 

source was heated electrospray ionization with negative/positive ionization mode. 

Sheath/auxiliary gas flow was set as 60/25 (arbitrary units). Collision gas was 1.5 mL min−1 

(argon). Electrospray voltage was 3.5 kV. Capillary/vaporizer temperature was 325/225 °C. 

Scan range was 100−1500 m/z, and method was selected reaction monitoring. 

3.7 Optimizations 

First of all, tuning step was done by determining optimal tube lens and collision 

energy voltages for 14 studying MeHg-LMM thiols from individual 50 µM MeHg-LMM thiol 

standard solutions in Milli-Q water 0.1% FA.  
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4 common MeHg-LMM thiols, which are significantly different in molecular mass, 

were chosen for the optimization including Cys, NACCys, Pen, and GSH. 50 µM mix stock 

solution of these compounds was diluted with Milli-Q water 0.1% FA to get a mix solution 

with the concentration of 100nM for each complex. Optimization of the SPE pre-

concentration included MeHg/thiol molar ratio for the reaction, pH, reaction time, and 

matrix investigation were done in triplicate.  

MeHg/thiol ratio optimization 

 The MeHg to thiols molar ratio was determined by increasing the ratio from 1 to 10 

(10 different ratios). By that, 10 samples corresponding 10 ratios were made, and then LC-

ESI-MS/MS was used to measure the signal of MeHg-LMM thiols.  

pH optimization 

pH optimization was done at different pH in the range from 2 to 8. pH was adjusted 

with 1M H2SO4 solution, and 10 M NaOH solution.  

Reaction time optimization 

For time reaction optimization, it was done by measuring the standard solutions with 

the reaction time varied from the first minute of the reaction (0 hour) until 7 hours.  

Matrix investigation 

Finally, matrix investigation was tested with the full amount of resazurin (5 nM), the 

half amount of resazurin solution (2.5 nM), and the experimental assay solution without 

resazurin. The reason for that was because resazurin in the experimental assay solution was 

suspected to coincidently obstruct the retention of MeHg-LMM thiols to the SPE.  

3.8 Geobacter sulfurreducens PCA incubation and sample 
preparation 

Geobacter sulfurreducens PCA media preparation 

The growth media and experimental assay were prepared by following recipes with Milli-Q 

water [18]: 

Growth Media recipe for Geobacter sulfurreducens per 1 litter: 1.0 g of yeast 

extracts, 6.4 g of sodium fumarate, 1.8 mL of NH4Cl solution (2.8 M), 20.0 mL of basal salt A, 

10.0 mL of basal salt B, 20.0 mL of sodium acetate solution (0.5 M), 10.0 mL of trace metals, 

0.1 mL of SeO3 solution (6 mM), and 1.0 mL of resazurin (1 mg/ml). 

Basal salt A recipe for Geobacter sulfurreducens growing per 200 mL: 20.9 g of 

MOPS, and 0.068 g of NaH2PO4–H2O. 
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Basal salt B recipe for Geobacter sulfurreducens growing per 200 mL: 0.6 g of 

MgSO4-7H2O, 0.2 g of NaCl, 0.026 g of CaCl2 -2H2O, and 2.0 g of KCl. 

Trace metal solution recipe per 50 mL: 3.93 mL of NTA (100 mM), 2.12 mL of 10 mM 

CoCl2, 0.02 mL of 10 mM CuSO4 , 14.9 mL of 10 mM MnCl2, 0.21 mL of 10 mM Na2MoO4, 

0.11 mL of 20 mM NiCl2, 1.74 mL of 10 mM ZnSO4, 1.80 mL of 10 mM FeSO4. 

Geobacter sulfurreducens PCA assay preparation 

Experimental assay recipe for Geobacter sulfurreducens per 1 litter: 2.1 g of 

MOPS, 0.03 g MgSO4.7H2O, 0.1 g  of KCl, 0.01 g of NaCl, 0.7 g of NaH2PO4 .H2O, 0.005 g of 

NH4Cl, 0.082 g of sodium acetate, and 0.0012 g  of resazurin. Note: the experimental assay 

solution was made with the purpose to provide a just right amount of nutrition for 

Geobacter sulfurreducens to survive. 

Both growth media and experimental assay solution were adjusted to pH 6.8 with 10 

M NaOH solution. After that, these solutions were sterilized, and deoxygenated by nitrogen 

gas until the color turned from purple to pink.  

Geobacter sulfurreducens PCA incubation for MeHg-LMM 
thiol measurement 

Geobacter sulfurreducens PCA incubation with HgCl2 amended experiment 

Step 1: 150ml serum glass bottles contained 50 mL of deoxygenated  growth media solution 

were amended with 2 mL of bacterial extract, and then the growth media solution turned 

from pink to colorless which indicated an anaerobic environment. 

Step 2: The bacteria were grown for 72 hours at 30oC in ZHWY-2112B incubator shaker 

(from ZHICHENG Analytical Instruments Manufacturing Co., Ltd, Shanghai, China). 

Step 3: The bacteria after the growing were harvested by centrifugation. The growth media 

solution was poured off, and the bacteria were washed three times with about 50 mL of the 

prepared experimental assay solution in the glove box. 

Step 4: The bacteria were centrifuged again, and the experimental assay-washing solution 

was poured off. After that, depends on the desired concentration, the bacteria were diluted 

with a correspondent volume of the experimental assay solution.  

Step 5: The bacteria were then injected into new glass bottles which contained experimental 

assay solution. The total volume in one bottle consists of 47.8 mL of experimental assay 

solution, 6 mL of 10 mM fumarate solution, 6 mL of bacterial solution, and 200 µL of 30 

µM HgCl2 solution. Optical density of this new bacterial solution was recorded. 
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Step 6: the bacteria were incubated for 6 hours and 48 hours at 30oC. Note: The 

experimental assay solution was always colorless during the incubation to assure an 

anaerobic condition. 

Step 7: The bacterial cells were filtered, and the filtrate was collected. After that, pH of the 

filtrate was adjusted to 3.0 ± 0.1 with 1M H2SO4 solution before analysis. 

MeHg-LMM thiol measurement with SPE-LC-ESI-MS/MS experiment with 

MeHg solution amended 

 For this experiment, Geobacter sulfurreducens was incubated by the same way as the 

previous batch, but HgCl2 was not added during the incubation process. In stead of that, at 

the end of the incubation in order to convert all LMM thiols to MeHg-LMM thiols, calculated 

amount of 3.5 mM MeHg standard solution was added to get 400 nM of MeHg in the 

final solution. 

4.0 Results and Discussion 

4.1 Pre-concentration investigation with offline SPE 

 The results in Table 1 show percentage of Hg in eluted solution and waste solution 

calculated by dividing the correspondent amount of Hg by the total Hg amount loaded to the 

SPE column.  In that, HLB column got the highest percentage of Hg in waste solution (30-

45%) while MCX and WCX columns show a low percentage of Hg in waste solution (2-3%). 

This means HLB was not a suitable material for pre-concentration of MeHg-LMM thiol 

complexes as HLB could not retain most of the complex (30-45% of Hg in its waste solution). 

On the other hand, MCX and WCX performed very well in term of retention of the complex in 

the column as indicated by very low Hg concentration in waste solution. In case of recovery 

percentage, with MeOH elution, MCX and WCX had the best results (50%-60%). However, 

with acetone elution, HLB and WCX columns got higher percentage (60% for both 2 

columns). WCX column was also eluted with acetone 50 µM of ammonium acetate solution to 

improve the elution effectiveness. 

By that, HLB was eliminated from SPE column options as it got relatively low 

retention efficiency. WCX was considered to be the best material and MCX could be a second 

choice for pre-concentration of MeHg-LMM thiol complexes in this study.  
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Table 1. Offline SPE investigation results for HLB, MCX, and WCX SPE column using MeOH 

(0.1% FA), acetone (0.1% FA), acetone with 50 µM of ammonium acetate and acetone with 

10% of NH3 as elution solutions 

SPE Columns % Hg in eluted 

solution 

% Hg in waste solution Elution solution 

HLB 30 45 MeOH (0.1% FA) 

MCX 50 3 

WCX 60 2 

HLB 60 30 Acetone (0.1 % FA) 

MCX 40 2 

WCX 60 2 

WCX 72 1 Acetone with 50 µM of 

ammonium acetate 

75 2 Acetone with 10% of NH3 

4.2 Optimizations 

4.2.1 Tube lens and collision energy optimization 

The fragmentation pathway of MeHg complexes in the ESI-MS/MS was investigated 

by direct infusion of 50 µM of the standards with flow rate of 50 µL / min.  The optimized 

parental mass, daughter ions, tube lens and collision energy of MeHg-LMM thiol complexes 

were shown in Table 2. The spectra of these product ions are given in Figure SI2 (Supporting 

information). 

Among the 14 investigated MeHg-LMM thiol complexes, 5 complexes i.e. MeHg-MAC, 

MeHg-2MPA, MeHg-SUC, MeHg-SULF, and MeHg-NACCys gave higher signal in negative 

ionization mode, whereas the other 9 complexes gave higher signal in positive ionization 

mode. Parental mass of the complexes was confirmed based on the matching between their 

molecular structure and measured m/z. Each complex was fragmented by appropriate energy 

and tube lens voltages. Three daughter ions for each complex were recorded and used for 

quantification and identification purposes. Interestingly, the most common fragments are 

m/z 217 (CH3-Hg) which was detected for MeHg-Cys, MeHg-Cyst, MeHg-MAC, MeHg-Pen, 

MeHg-CysGly), and m/z 249 (CH3-Hg-S) detected for MeHg-SUC, MeHg-SULF, MeHg-

2MPA, MeHg-NACCys. These two common product ions constituted in 64% of all product 

ions of MeHg-LMM thiol complexes listed in table 4. Thus, this strengthened the accuracy for 

identification of the investigated MeHg-LMM thiol complexes. 
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Table 2. Optimal tube lens and product ions of methylmercury LMM thiols (including 

intensity %, and collision energy V) 

MeHg-LMM thiols Parent mass Tube lens 

(V) 

Product ion m/z (Intensity %, 

collision energy V) 

MeHg-MAC 306.9 -94.11 217.1 (97 %, 28 V) 

MeHg-2MPA 320.9 -92.35 249.0 (99%, 20 V) 

MeHg-SULF 356.9 -75.59 249.1 (75 %, 23 V), 80.3 (12 %, 37 V) 

MeHg-SUC 364.9 -67.33 249.1 (72 %, 23 V), 347.2 (18 %, 14 V) 

MeHg-NACCys 377.9 -83.35 248.9 (85 %, 16 V), 234.2 (13 %, 31 V) 

MeHg-Cyst 293.9 77.84 277.1 (68 %, 6 V), 217.1 (23 %, 24 V) 

MeHg-Glyc 324.9 72.83 307.1 (45 %, 5 V), 263.1 (39 %, 11 V) 

MeHg-Cys 337.9 98.61 321.1 (69 %, 6 V), 217.0 (18 %, 32 V) 

MeHg-HCys 351.9 91.35 306.1 (35 %, 12 V), 335.1 (38 %, 10 V) 

MeHg-Pen 365.9 81.84 349.1 (65 %, 7 V), 217.0 (18 %, 23 V) 

MeHg-CysGly 394.9 90 378.1 (79 %, 10 V), 216.9 (10 %, 35 V) 

MeHg-NACPen 407.9 90 390.2 (66 %, 6 V), 70.4 (30 %, 33 V) 

MeHg-GluCys 466.9 113.12 312.0 (76 %,16 V), 217.2 (12 %, 39 V) 

MeHg-GSH 524 109.12 378.1 (74 %, 16 V), 395.2 (20 %, 11 V) 

 

Figure 2 shows a presentative SPE-LC-ESI-MS/MS chromatogram of 14 MeHg- LMM 

thiols in bacterial experimental assay solution (100 nM for each compound, pH=3, 1 mL 

injection mode) by using SPE WCX column pre-concentration, and LC Phenomenex Kinetex 

5 µm Biphenyl 150 x 3.0 mm. 
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Figure 2. Presentative SPE-LC-ESI-MS/MS chromatogram of 14 MeHg-LMM thiols in 

bacterial experimental assay solution (100 nM for each, pH=3.0 ± 0.1, 1 mL injection) by 

using SPE  WCX column pre-concentration, and LC Phenomenex Kinetex 5 µm Biphenyl 150 

x 3.0 mm 

4.2.2 Online SPE testing 

 Based on the data of pre-concentration investigation with offline SPE, the method 

development was followed by online SPE coupled to LC-ESI-MS/MS system. At this stage, 

online SPE WCX column was installed to the online SPE-LC-ESI-MS/MS system. 
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The chromatogram in Figure 3 was achieved with 1 ml injection of 100 nM MeHg-Cys 

standard solution (pH=3.0 ± 0.1 in Milli-Q water 0.1 % FA) to SPE-LC-MS/MS, MeOH/H2O 

were used for elution. A detail of the elution procedure is described in appendix (Table SI-2). 

The result showed a high signal and sharp peak of the complex. By that, the results confirm 

the applicability and effectiveness of WCX material in SPE pre-concentration for MeHg-LMM 

thiol complexes. 
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Figure 3. Chromatogram of 100 nM MeHg-Cys solution (pH=3.0 ± 0.1 in Milli-Q water 

0.1 % FA, 1 mL injection) with WCX SPE column. On the left y axis is the relative 

abundance of signal, on the right y axis  is % MeOH (0.1% FA) in mobile phase during the 

elution process 

4.2.3 MeHg/thiol ratio optimization 

 Before applying the method for measuring real samples from the bacteria culture, a 

calibration curve of MeHg-LMM thiol complexes with the same experimental assay 

background as the real sample needed to be built up first. To be able to do that, a range of 

analysis conditions needed to be optimized to obtain the best quantification for the analysis.   

Firstly, reaction ratio optimization between MeHg and thiols was done in order to 

figure out the certain amount of MeHg needed to convert all thiols to MeHg-LMM thiol 

complexes. Figure 4 (a,b) displays that with MeHg/LMM thiol molar ratio of 2, the complexes 

show the highest signals and the signals decrease when the ratio keeps increasing. This could 

be explained that, at the ratio of 2 all thiols were converted to MeHg-LMM thiols, when the 

ratios were continuously increased, the excess MeHg could compete with MeHg-LMM thiols 

in retention on the SPE column. Therefore, the ratio of 2 was chosen as the optimal ratio for 

experimented MeHg-LMM thiols.  
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Figure 4. (a) Showing the optimization for MeHg/thiol molar ratio with mix solution of 100 

nM concentration (in Milli-Q water 0.1% FA, pH=3.0 ± 0.1) for each MeHg-Cys, MeHg-Pen, 

MeHg-NACCys, and MeHg-GSH. (b) The average of MeHg/thiol molar ratios optimized for 

the reaction. The error bars stand for uncertainty of the measurement  

4.2.4 pH optimization 

 Figure 5 (a,b) obviously showed that the pre-concentration efficiency was affected by 

the change of pH. The highest SPE recovery was obtained with the pH in a range of 2.5 to 4.2, 

and decreased when pH kept increasing beyond the range. Thus, pH 3 was chosen as the 

optimal pH for the method. 

Moreover, this result also indicates that the retention of MeHg-LMM thiol complexes 

on the SPE column depends more on the weak cation interaction between amine groups of 

thiols and carboxylic group of the sorbent (Figure 1).The reason for that is because at low pH, 

amine groups are present as (NH3+) and carboxylic groups are protonated as (COOH). As a 

result, they could interact well with each other by hydrogen bonding or some other 

interactions including hydrophobic interaction, hydrophilic interaction and reverse phase 

interaction. Furthermore, for HLB column, which does not contain carboxylic groups, the 

efficiency of pre-concentration decreased significantly (from 4.1 Pre-concentration 

investigation with offline SPE).  
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Figure 5. (a) pH optimization with mix solution of 100 nM concentration (in Milli-Q water, 

pH adjusted with 10 M NaOH & 1 M H2SO4 solution) for each MeHg-Cys, MeHg-Pen, MeHg-

NACCys, and MeHg-GSH. (b) The average of pH optimized for the reaction. The error bars 

stand for uncertainty of the measurement 

4.2.5 Reaction time optimization 

 Besides MeHg/thiol ratio and pH optimization, reaction time of MeHg and thiols is 

also one of the most important factors which allow all thiols to convert to MeHg-LMM thiol 

complexes. Figure 6 (a,b) shows that the signal of MeHg-LMM thiols continuously increased 

with time (for 7 hours experiment). However, after 4 h of the reaction, the signal of the 

complexes did not significantly increase. Therefore, to compromise between the efficiency of 

the reaction and the time efficiency, 4 hours was chosen as the optimal reaction time. 

ba

 

Figure 6. (a) Time reaction optimization with mix solution of 100 nM concentration (in 

Milli-Q water 0.1% FA, pH=3.0 ± 0.1) for each MeHg-Cys, MeHg-Pen, MeHg-NACCys, and 

MeHg-GSH. (b) The average of reaction time optimized for the reaction. The error bars 

stand for uncertainty of the measurement 

4.2.6 Matrix investigation 

 In this study, resazurin was used as an oxygen indicator and pH indicator in order to 

keep an optimal living environment for Geobacter sulfurreducens bacteria. On the other 
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hand, from the chemical structure of resazurin (Figure 7), it was suspected that the presence 

of resazurin in the experimental assay solution could coincidently obstruct the retention of 

MeHg-LMM thiols to the SPE.  In that, ionic, pi-pi and hydrophobic interactions could be 

assumed.  

However, from the result of resazurin optimization (Figure 8a, 8b), it was obvious 

that resazurin did not suppress, and did not affect the efficiency of the analysis. Specifically,    

it was quite interesting as the 5 nM of resazurin in experimental assay solution gave better 

signals than the one without resazurin, but the reason for this was not figured out, and the 

interaction between resazurin and the SPE column can be studied more in future work.  

 

Figure 7. Resazurin chemical structure 

ba

 

Figure 8. (a) Matrix investigation with mix solution of 100 nM solution (in experimental 

assay solution, pH=3.0 ± 0.1)  for each MeHg-Cys, MeHg-Pen, MeHg-NACCys, and MeHg-

GSH. (b) The average of matrix investigated for the reaction. The error bars stand for 

uncertainty of the measurement  

4.3 LODs & calibration curves of developed method 

LODs of the two SPE injection methods were calculated by dividing 3σ of 10 blank 

replicates (adjusted pH experimental assay solution) by slope values of the correspondent 

calibration curves. Relative standard deviation (RSD) values were also determined with 100 

nM standard MeHg-LMM thiols in experimental assay solution (for 1 mL injection), and 40 

nM standard solution (for 5 mL injection). Table 3 contains LODs and RSDs of 1 mL & 5 mL 

injection method. In that, some MeHg-LMM thiols such as MeHg-Cys, MeHg-Glyc, MeHg-

Suc most likely give better signal with 1 mL injection method, some such as MeHg-MAC, 
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MeHg-HCys, MeHg-CysGly likely work better with 5 mL injection method, and the other 

MeHg-LMM thiols work well in both two methods. 

Then, standard calibration curves of MeHg-LMM thiol complexes were made by 

diluting 50 µM mix stock solution of 14  investigated MeHg-LMM thiols in the same matrix as 

bacteria incubation assay to certain lower concentrations with optimized parameters. 

Calibration curves were then built by measuring a range of standard solutions from 1 nM to 

80 nM with SPE-LC-ESI-MS/MS for both 1 mL and 5 mL injection volumes. pH of these 

standard solutions were adjusted to 3.0 ± 0.1 with 1 M H2SO4 solution.  

Table 3. LODs and RSDs of 1 mL & 5 mL injection method for MeHg-LMM thiols from 

optimized SPE-LC-ESI-MS/MS. LODs were calculated by dividing 3σ of 10 blank replicates 

(adjusted pH experimental assay solution) by slope values of the correspondent calibration 

curves. RSDs values were determined with 100 nM standard MeHg-LMM thiols in 

experimental assay solution (for 1 mL injection), and 40 nM standard solution (for 5 mL 

injection). 

 1 mL 5 mL 

 LODs (nM) RSDs   (%) LODs (nM) RSDs (%) 

MeHg-Cyst 1.1 13 0.90 12 

MeHg-MAC2 5.0 1.6 2.1 1.3 

MeHg-2MPA 0.02 2.7 0.05 5.1 

MeHg-Glyc 0.89 7.5 5.0 9.2 

MeHg-Cys 0.16 7.0 0.57 7.9 

MeHg-HCys 1.3 13 0.52 8.6 

MeHg-SULF 0.01 4.3 0.02 1.9 

MeHg-SUC 1.4 3.0 5.4 5.0 

MeHg-Pen 0.48 2.1 0.49 6.9 

MeHg-NACCys 0.01 3.9 0.01 7.6 

MeHg-CysGly 0.64 17 0.02 8.4 

MeHg-NACPen 0.11 9.6 0.11 12 

MeHg-GluCys 0.01 10 0.01 5.8 

MeHg-GSH 0.02 14 0.01 6.0 

 

4.4 Measurement of extracellular MeHg-LMM thiols from 
Geobacter sulfurreducens PCA by SPE-LC-ESI-MS/MS 

Finally, the optimized method was applied to measure MeHg-LMM thiol complexes in 

Geobacter sulfurreducens PCA. The bacteria were incubated for 6 hours and 48 hours, with 
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100 nM of HgCl2 added to  the final volume of experimental assay solution before incubating, 

after that these 2 samples were filtered, and filtrate was adjusted to the optimized pH with 1 

M H2SO4 solution before measuring with SPE-LC-ESI-MS/MS. Every sample was then 

measured in duplicate. The results in Table 4 show that, with the 6 hour incubation sample, 4 

MeHg-LMM thiols: MeHg-Cyst, MeHg-Cys, MeHg-Pen, and MeHg-CysGly were detected 

with their concentrations range from 1.3 to 6.1 nM, and the total concentration is 15.8 nM. 

For the 48 hour incubation sample, there were 6 MeHg-LMM thiols detected including the 4 

mentioned compounds and MeHg-GluCys and MeHg-GSH with the concentrations range 

from 0.5 to 5.6 nM, and the total concentration is 16.0 nM. These results are very consistent, 

as the relative concentration in percentage of MeHg-LMM thiols is very similar between 2 

samples, and in both 2 samples MeHg-Cys and MeHg-Cyst are the most dominant MeHg-

LMM thiol complexes. 

In addition, another batch of Geobacter was also incubated. During this process, 

HgCl2 was not added to the bacterial culture, but MeHg was added after the incubation to 

convert all LMM thiols produced by Geobacter to MeHg-LMM thiol complexes (400 nM of 

MeHg in the incubated culture). Respectively, in Table 5, 7 kinds of MeHg-LMM thiols were 

found from the culture: MeHg-Cyst, MeHg-Cys, MeHg-Pen, MeHg-CysGly. MeHg-GluCys, 

MeHg-GSH and MeHg-NACCys which covered all MeHg-LMM thiols measured in the 

previous experiment. In case of MeHg-NACCys which was not found in the previous 

experiment, the explanation could be due to the competition of LMM thiols for MeHg when 

MeHg concentration was low, and NACCys did not have a high binding constant to MeHg in 

comparison with the other LMM thiols. Furthermore, by this test, it proves that this new 

method can be used to detect LMM thiols in bacterial cultures.  
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Table 4. MeHg-LMM thiol measurement from Geobacter sulfurreducens PCA culture with 

optimized SPE-LC-ESI-MS/MS after 6 hours and 48 hours incubation at pH=3.0 ± 0.1, and 

100 ± 0.5 nM of HgCl2 added 

  6 hours Percentage of 

MeHg-LMM thiol 

in total (%) 

48 hours Percentage of 

MeHg-LMM thiol 

in total (%) 

Optical density 

600 nm 

660 nm 

 

0.031 

0.024 

 
 

0.024 

0.018 

 

MeHg-Cyst (nM) 5.2 ± 0.7 33 5.6 ± 0.7 30 

MeHg-Cys (nM) 6.1 ± 0.5 38 5.1 ± 0.4 28 

MeHg-Pen (nM) 3.2 ± 0.1 20 3.0 ± 0.1 16 

MeHg-CysGly (nM) 1.3 ± 0.1 9 1.3 ± 0.1 7 

MeHg-GluCys (nM) 
 

 0.5 ± 0.07 3 

MeHg-GSH (nM) 
 

 0.5 ± 0.07 3 

Total (nM) 15.8  16.0  

 

Table 5. MeHg-LMM thiol measurement from Geobacter sulfurreducens PCA culture with 

optimized SPE-LC-ESI-MS/MS with MeHg added (400 nM of MeHg in the incubated 

culture) after incubation 

Optical density   

600 nm  0.035 

660 nm  0.023 

MeHg-Cyst (nM) 9.3 ± 0.5 

MeHg-Cys (nM) 7.5 ± 0.3 

MeHg-PEN (nM) 2.6 ± 0.1 

MeHg-NACCys (nM) 5.2 ± 0.2 

MeHg-CysGly (nM) 8.7 ± 0.3 

MeHg-GluCys (nM) 6.2 ± 0.3 

MeHg-GSH (nM) 5.8 ± 0.4 

Total (nM) 45.3 
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4.5 MeHg-LMM thiol stability study 

During this study, the stability of MeHg-LMM thiols with time (stored at 4oC) was 

tested as well by measuring the signal of 100 nM mix solution of MeHg-Cys, MeHg-Pen, 

MeHg-NACCys, and MeHg-GSH in Milli-Q water 0.1% FA (pH=3.0 ± 0.1). Figure 9 shows 

that after about 14 days stored at 4oC, most of MeHg-LMM thiols in the standard solution 

started to degrade, and this could lead to possible products such as free MeHg, Hgo, HgII, or 

even products from  the degradation of thiols. On the other hand, the stability is not the same 

for all MeHg-LMM thiol complexes as in case of MeHg-NACCys, this compound showed a 

very high stability over 30 days. Based on that, this data also helps to make sure that the 

concentration of MeHg-LMM thiol standard solutions, which were used in this project, did 

not vary out of the acceptable range.   

 

Figure 9. MeHg-LMM thiol stability with time test (100 nM MeHg-LMM thiol solutions in 

Milli-Q water 0.1 % FA,pH=3.0 ± 0.1, stored at 4oC)  

5.0 Conclusions 

 This study successfully developed a robust method to determine MeHg-LMM thiols in 

pure bacteria culture (Geobacter sulfurreducens PCA) with Hg amended concentration close 

to natural conditions. Moreover, the developed method also has outstanding advantages 

including online SPE pre-concentration which helps to enhance the concentration of target 

molecules, and to save time for the measurement. LC partly helps to separate between MeHg-

LMM thiols by their retention time, and the most important one is ESI-MS which helps to 

detect measuring compounds by their specific fragments. As a result, this new method given 

possibility to detect up to 14 MeHg-LMM thiols in comparison with previous project which 
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could only detect from 6 to 10 MeHg-LMM thiols [22, 29]. This is also the first study which 

presents a new method to detect MeHg-LMM thiols in bacterial culture at sub-nanomolar 

concentration. Furthermore, the developed method can be used for determination of LMM 

thiols in nature samples as well by adding MeHg to convert all thiols to MeHg-LMM thiols. 

      Besides that, 1 mL & 5 mL injection method were developed to maximize the 

efficiency of the method. Finally, together with other ongoing projects, this method can 

contribute as an important tool to open a new chapter in discovering and understanding 

activities of MeHg in methylating bacteria. 

6.0 Outlook 
 For furture work, this method can be continued with further development for 

intracellular content of MeHg-LMM thiols measurement for Geobacter sulfurreducens PCA, 

and by comparing concentrations of intracellular MeHg-LMM thiols and extracellular MeHg-

LMM thiols, the chemical speciation of MeHg could be understood more deeply. 

 Beyond that, the rate of MeHg-LMM thiol production can also be investigated with 

different incubating conditions for Geobacter sulfurreducens in order to get more 

information for MeHg toxicity study in nature. For examples, the production rate could vary 

with different concentrations of HgCl added, or different bacterial populations during the 

incubation process. 
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9.0 Appendix 
Table SI 1. Pre-concentration procedure of 1 mL & 5 mL injection mode for SPE-LC-ESI-

MS/MS 

1 mL 5 mL 

  Time 
(min) 

H2O 0.1% 
FA 

MeOH 
0.1% FA 

Flow rate 
mL/min  

Time 
(min) 

H2O 0.1% 
FA 

MeOH 
0.1% FA 

Flow rate 
mL/min 

Loading 

0 100 0 0.05  0 100 0 0.05 

0.01 100 0 1 0.01 100 0 1.2 

2 100 0 1 4 100 0 1.5 

Washing 
2.01 0 100 0.1  4.01 0 100 0.1 

7 0 100 1 10 0 100 1 

Stabilizing 

7.01 100 0 1  10.01 100 0 1 

11 100 0 3 14 100 0 3 

11.01 100 0 0.05 14.01 100 0 0.05 
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Table SI 2. Elution gradient out of the analytical column (Phenomenex Kinetex 5 µm 

Biphenyl 150 x 3.0 mm) of 1 mL & 5 mL injection mode for SPE-LC-ESI-MS/MS 

1 mL  5 mL 

Time 
(min) 

H2O 
0.1% FA 

MeOH 
0.1% FA 

Flow rate 
mL/min  

Time 
(min) 

H2O 
0.1% FA 

MeOH 
0.1% FA 

Flow rate 
mL/min 

0 80 20 300  0 80 20 300 

2 80 20 300  4.5 80 20 300 

2.1 80 20 300  4.51 25 75 300 

2.11 25 75 300  12 10 90 300 

10 10 90 300  14 10 90 300 

12 10 90 300  16 80 20 300 

14 80 20 300  18 80 20 300 

18 80 20 300      



25 
 

N-	
Cysteinylglycine	

(CysGly)*

ϒ	-
glutamylcysteine	

(GluCys)*

Glutathione	(GSH)*

Mercaptoethane-
sulfonate	(SULF)*

Cysteine	(Cys)* HomoCysteine	
(HCys)*

Cysteamine	
(Cyst)*

Mercaptoacetic	acid	
(MAC)**

Penicillamine	
(Pen)**

2-	
Mercaptoproprionic	
acid	(2-MPA)**

Mercaptosuccinic	
acid	(SUC)**

Monothioglycerol	(Glyc)**

N-	acetyl-
cysteine	
(NACCys)*

N-	acetyl-	
penicillamine	
(NACPen)**

*			Biological	origin,	synthesized	by	plants	and	microoganisms
**	Indirect	biological	origin,	i.e.	addition	of	H2S	to	unsaturated	organic	matter,	or	from	industrial	products

 

Figure SI 1. Chemical strutures and Abbreviations of 14 studying thiols 
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MeHg-
2MPA

MeHg-
NACCys

MeHg-
SUC

MeHg-
SULF

 

MeHg-
CysGly

MeHg-Cys
MeHg-
Cyst

MeHg-
MAC
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MeHg-
GluCys

MeHg-
Glyc

MeHg-
GSH

MeHg-
HCys

 

MeHg-
NACPen

MeHg-
Pen

 

Figure SI 2. Product ions and collision energy of 14 MeHg-LMM thiol tuning 
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