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Sammanfattning 
Litium är en viktig komponent in många produkter, bland annat smörjmedel, keramik, 
litium-jonbatterier och medicin mot bipolär sjukdom. Även fast dagens kunskap om 
litium och dess interaktioner med miljö och organismer är begränsad, ökar 
användandet av litium. I människor absorberas litium primärt i tunntarmen genom 
Na-kanaler. Det dagliga intaget av litium varierar geografiskt och med livsstil och det 
finnas inga bestämda gränsvärden. I USA var det dagliga intaget av litium 1985 
uppskattat att ligga kring 650 till 3100 µg hos en vuxen som väger 70 kg.  

Humusämnen är väl kända för att bilda komplex med flertalet metaller. I växter har 
det påvisats att humusämnen kan bilda komplex med kadmium och zink vilket 
minskar toxiciteten av dessa för växten. Inga studier har dock hittats gällande 
humusämnens eventuella möjligheter att minska toxiciteten av litium, eller andra 
metaller, hos djur eller människor. För att undersöka detta närmare har denna studie 
gjorts för att få ökad förståelse kring absorptionen av litium till Caco-2 celler samt för 
att se om närvaro av humussyra kan påverka ett eventuellt upptag.  

Vidare presenteras resultat från en metodologisk utvärdering om MP-AES kan 
användas för att kvantifiera litium i tyngre matriser, såsom näringsmedium för celler 
och Triton X-100.  

Resultaten visar att MP-AES kan användas för dessa matriser genom att använda 
matrismatchade kalibreringslösningar och cesium som jonisationshämmare i 
kombination med korrigering av litiumsignalen med hjälp av signalen från intern 
standard. Sammanfattningsvis så absorberar Caco-2 celler litium och ingen 
indikation på att humusämnen påverkar detta upptag kunde hittas.  

Abstract 
Lithium, together with hydrogen and helium, were the only elements formed during 
the big bang. Lithium today, is a component in various products, some examples are 
grease, ceramics, lithium-ion batteries and medication for bipolar disorder. Even 
though the knowledge of lithium’s interactions with biota and our environment is 
limited, the use of lithium is increasing. In humans, lithium is primarily absorbed in the 
small intestine through Na-channels. The average daily intake varies a lot, but in 
1985 it was estimated to range from 650 to 3100 µg for a 70 kg adult, according to 
international studies. However, it is not considered as a micronutrient and does not 
have a recommended daily intake. Levels in some drinking waters are estimated to 
reach 170 µg L-1but no definite limit values are set. 

Humic substances are omnipresent in soil and freshwaters and is well known to form 
complexes with various cations such as most metals. In plants, the complexation of 
cadmium and zinc with humic substances decreases their toxicity. However, 
currently, no studies have been published regarding if this is valid for animal cells as 
well. To investigate if this is the case, in vitro tests were performed on Caco-2 cells, 
which originate from a colon carcinoma. These cells were exposed to a lithium 
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concentration of 10 µg L-1in a nutrient medium for 2 hours. To a series of the 
samples, humic acid was added to give a final concentration of 9.86 µg L-1 in the 
solution to investigate if that would influence the lithium uptake.  

The study also includes a methodological evaluation if the performance of micro 
plasma atomic emission spectroscopy (MP-AES) is suitable for the analyses of heavy 
matrices, e.g. nutrient medium and 1% Triton X solution.  

After optimization of instrumental parameters, it was concluded that MP-AES can be 
used for analysis of heavy and complex matrices. It requires, however, the use of 
matrix matched calibration solutions and addition of caesium as ionization buffer in 
combination with lithium signal correction using internal standards. It is also 
concluded that lithium is absorbed by Caco-2 cells and that there was no indication 
that humic acid altered this uptake. 

 

 

Keywords: Lithium, humic substances, MP AES, Caco-2 
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Introduction 

Lithium is the third lightest element in the periodic table and the lightest metal 
existing. Together with hydrogen and helium these elements are the only ones that 
are considered to be formed during the first minutes after the Big Bang (Coc and 
Vangioni, 2017). Lithium makes up 0.0007% of the Earth’s crust and that makes it 
the 33:rd most abundant element (Education.jlab.org, 2019) on our planet. It has two 
stable isotopes, 6Li and 7Li, where the heavier isotope has the highest natural 
abundance with an average of 92.5% (Web.archive.org, 2019). With the increased 
use of lithium-ion batteries now and in the future due to changes in the automotive 
industry amongst others, the demand of lithium has increased in later years and the 
demand is expected to increase substantially. Consequently, the element is 
accumulating in society through its use in several products with different use. Lithium 
is an alkali metal and it is the lightest element in solid form at the conditions on the 
Earth’s surface. In its solid form it is metallic in character and turns into silvery grey in 
air because of the corrosion occurring in moist air. The lithium cation with a single 
positive charge is in water solution usually surrounded by a tetrahedral arrangement 
of water molecules or negative ions (Cotton, 2008). Lithium forms a broad range of 
complexes with for example amines, carboxylates and ethers. These all have quite 
different structures compared to the ones formed with other ions from the first group. 
In some of these complexes, lithium has coordination numbers ranging from three to 
seven.  

Lithium is used for a lot of different purposes, for example as medication for bipolar 
disorder, in glass, cosmetics, rubbers, ceramics, grease and in lithium-ion batteries. 
The increased use of lithium in our society occurs even though we have a rather 
limited knowledge about its biogeochemistry and interactions with biota. Lithium 
compounds that already are in circulation in the society can end up in the ecosystem 
by various routes, including lithium-related industries that may release lithium 
contaminated wastewater. To ensure a safe future use of the element, more 
systematised knowledge is needed about such fundamental properties. It is also 
important to find out how the increased circulation of lithium will affect humans and 
other biological systems.  

Lithium is mined all over the world e.g. Canada, Russia, Zimbabwe and China 
(Shahzad et al., 2016). However, one of the largest deposits are found in Bolivia, and 
it is predicted to contain 40-70% of the known reserves. The area is called Salar de 
Uyuni and has a concentration of lithium up to 2 g L-1 (Haferburg et al., 2017). Salar 
de Uyuni is mainly a source for table salt (NaCl) but since 2013 Bolivia has had a 
lithium-production plant in operation. Lithium can also be mined, and the main ores 
are lepidolite K(Li,Al)3(Al,Si,Rb)4O10(F,OH)2, petalite (LiAl(Si2O5)2 and spodumene 
LiAl(SiO3)2 (Minerals Education Coalition, 2019).  
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Table 1 Lithium content in mass and ppm in different compartments of the earth. 

Reservoirs Mass (1022 kg) Li (ppm) 

Hydrosphere 0.2 0.2 

Upper continental crust 1.0 35 

Lower continental crust 1.0 13 

Oceanic crust 0.6 10 

Mantle 404.3 1.5 

 

Lithium exists in different concentrations all over the world and Table 1 shows its 
distribution in different compartments of the earth. Lithium content in water has been 
determined by Riley (1964) and ranges from 72 µg L-1in the North Sea to 200 µg L-1in 
the North Atlantic and English Channel. An average concentration in all oceans was 
determined to be 183 µg L-1. However, this is an old study with small sample 
numbers. This finding correlate well with what Fabricand (1967) reported, which was 
an average of 177 µg L-1in two different locations in the Atlantic. In general, the 
knowledge of lithium appears to be limited, as mentioned before. Hence the 
importance of mapping the basic information about it as its prevalence in society 
increases. 

 

How lithium is introduced to humans 

The estimated daily intake of lithium for a 70 kg adult was in 1985 estimated to range 
from 650 to 3100 µg according to the U.S. Environmental Protection Agency (EPA). 
Other estimations have been made by Gonzáles-Weller (2010) who reported an 
approximate daily intake of lithium in the Canary Island population to be 3.67 mg/day. 
However, for people living around areas of lithium-rich Salinas, lithium levels are 
predicted to reach a total intake of approximately 10 mg/day. In other places, 
according to Schrauzer (1992), daily intake ranges from 348 µg/day to 1485 µg/day. 
Lithium in average human diets mainly comes from vegetables and grains and a 
smaller part comes from animal products. This means that the intake for individuals 
can vary a lot with their diet. Lithium containing drinking water is generally a smaller 
contributor to the total daily intake, except in geological settings that are rich in 
lithium containing minerals where concentrations can reach 170 µg L-1. A suggested 
recommended total daily intake of lithium has been set by Schrauzer (2002) to 1000 
µg/day for a 70 kg adult. 
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Lithium ingested as its soluble salts (carbonates, nitrates, sulphates and chlorides) is 
primarily absorbed in the small intestine via Na-channels and since it is water soluble 
the kidneys can excrete the majority of the intake. Lithium is distributed 
homogenously throughout the body, with the exception of the cerebellum that retains 
more of the element than other organs. There is also a slight unexplained difference 
in the retention of lithium in organs between the sexes, where women have 10% to 
20% more lithium than men in the cerebellum, kidneys, cerebrum and the heart but 
13% less in the pancreas. Concentrations of lithium in the lungs, liver, thyroid and 
ribs were more similar in both genders (Schrauzer, 2002). Lithium has an interesting 
effect on humans in the aspect that it stabilizes the mood swings in patients with e.g. 
bipolar disorder. Even though lithium has a half-life of 24 hours (Lithium Carbonate 
Tablets Capsules Oral Solution, 2019) in humans it has a significant effect. It has 
been proven in some studies (Cipriani et al., 2013) that lithium reduces the risk of 
suicide in patients with mood disorders. When lithium is used as medication for 
treating bipolar disorder it is given in doses that gives a serum concentration of up to 
10 mg L-1. At these levels a person is considered to be mildly lithium poisoned (Aral 
and Vecchio-Sadus, 2008). This comes from an intake of lithium in therapeutic 
purposes of 900 mg/day to 1800 mg/day.  

 

Humic substances effects on toxicity of metals 

Humic substances are organic components in soil, peat and coal (e.g. anthracite) 
and consist of three operationally defined fractions; humic acids, fulvic acids and 
humin. The classification into these groups is due to their differences in solubility. 
Humic acid (HA) is insoluble in water at pH 2 but at higher pH it becomes soluble. 
Fulvic acid is soluble in all pH conditions whereas humin is insoluble at all pH 
(Drever, 1997). Humic acids consist of a mixture of weak aromatic and aliphatic 
organic acids with apparent molecular weights from some 3 kD to several millions. 
Humic acids are of great value for soil fertility as well as plant nutrition since they 
retain water and typically have a high content of micro nutrients. Some other benefits 
of humic acids presence in soil are improved seed germination and stimulation of 
microbial activity (Reddy and Saravanan et al, 2013). No scientific reports were found 
concerning how lithium interacts with humic substances although several other metal 
ions have been scrutinized. For instance, Brahim Koukal (2003) reported on the 
effects humic substances have on the toxicity of cadmium and zinc to the green 
algae (Pseudokirchneriella subcapitata). They demonstrated that HA considerably 
decreased the toxicity and bioavailability of cadmium and zinc, hence protecting the 
algae. In a research paper by Shahzad et.al. (2016) they address the topic of lithium 
plant toxicity and how it alters plant growth in varying concentrations. They could 
conclude there is information about what effects lithium has on plants, but it is not 
known why these effects occur. These observations occur in a similar manner in 
humans as well, that lithium has an obvious effect on humans since it is effectively 
used as treatment for bipolar disorder, but the mechanism is not fully understood yet.  



Erica Hjelm  Örebro University 

Bachelor thesis, 30 credits   

 9 

 

MP-AES 

Microwave plasma atomic emission spectrometry (MP-AES) is often compared to 
inductively coupled plasma emission spectrometry (ICP-OES) because of several 
similarities. Both instruments use a plasma to excite elements in the samples and 
detect light emitted from excited or ionized elements undergoing relaxation to their 
ground states. In ICP-OES there is an inductively coupled argon plasma that works 
at a “temperature” in the range of 12,000oC. In the MP-AES design, a microwave 
induced nitrogen plasma is operating at “temperatures” around 7,000oC. Hence, the 
inductively coupled plasma generates a significantly higher energy, leading to a 
higher production of ion species in preference of excited atoms. The choice of 
plasma gas also has a distinct impact on chemical conditions in the plasma since the 
first ionization potential for argon and nitrogen are 15.75 eV and 14.53 eV, 
respectively. As a result, emission from excited species is typically preferred in MP-
AES, sometimes in combination with addition of an ionization buffer element added 
to the sample. Detection limits for MP-AES are for most matrices in the low μg L-1 

range for most metals although some, such as lithium and strontium, have detection 
limits in the sub μg L-1 range. In comparison with argon-based instruments, the 
efficient generation of ions allows for detection limits in the sub μg L-1 range for ICP-
OES or at ng L-1 for mass spectroscopic detection (ICP-MS). For many applications 
however, detection at μg L-1 range is sufficient which renders MP-AES an interesting 
alternative. This is even more so since the running cost for MP is almost negligible in 
comparison with ICP since nitrogen can be extracted from the air. The choice of 
technique is more related to the kind of matrices that allows for an efficient formation 
of excited species. Currently, no research reports have been found regarding the 
analysis of the specific matrices that are used in this report.   

 
Figure 1 A simple depiction of how a MP-AES works. 

In order to minimize ionisation of analytes by maintaining a matrix independent 
response caesium is added to the sample where it serves as an ionisation buffer. 
The sample line is connected through a Y-piece to the line containing CsNO3 and the 
mixture is then nebulised. When the analyte enters into the plasma in the torch and 
reaches the hottest part the electrons enter an excited state. As the analyte then is 
transported to a cooler part of the plasma further up in the torch, the electrons return 
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to their ground state and light is emitted at specific wavelengths that can be 
measured. Figure 1 is a simple depiction of how this works.  

For most elements, only excitation lines are wanted in order to get the best response. 
The ionization inhibitor is used to control to which extent the analytes are ionized. In 
this case, as mentioned earlier, CsNO3 is used since it has a low ionization energy 
and this enables it to absorb excess energy in the plasma, which will limit the energy 
available for the analytes. The optimal concentration of CsNO3 for biological digests 
has been determined by Karlsson et al. (2015) to 1.25 g L-1. The detection limit for 
lithium when using MP-AES has been determined by Balaram and Vummiti (2014) to 
be 0.00001 mg L-1. Although, it was addressed that the limit of detection will be 
higher when for instance sodium is present. 

 

Caco-2 cells 

Since the main way lithium is absorbed by the body is via the diet, intestinal cells 
were considered most suitable for the study. The selected cells are a human 
intestinal epithelial cell line called Caco-2 and was derived from a carcinoma in the 
colon. The cells will, when fully differentiated, have a brush border with microvilli on 
the apical surface as well as the typical transport proteins necessary for 
transportation of Na+, K+, H+ and Cl- over the membrane (Wilson, 1990). A beneficial 
and helpful property of the Caco-2 cell line is that it differentiates spontaneously into 
a mono layer of cells on the surface of the container where they grow which will 
exhibit the same properties as intestinal absorptive cells present in the small 
intestine.  

In this report, tests will be performed on these Caco-2 cells as a proxy for processes 
in the small intestine of humans. Some topics that will be addressed include 
interactions between humic substances and lithium, and how those interactions might 
affect absorption. In order to do so, it is also investigated to what extent MP AES is 
suited for analysis of lithium in solutions where high matrix effects are expected. 

 

Aims of the study 

This study serves to shine some light on if lithium can be absorbed into an in vitro 
model of intestinal epithelial cells and developing a method suitable for measuring 
this uptake with MP-AES. Another aim is to investigate if addition of humic acids to a 
lithium solution exposed to Caco-2 cells can impact this uptake by the complexation 
of lithium. The particular humic substance that will be used in this study is the 
commercially available humic acid from Aldrich, with a concentration of 0.411 mg L-1.  
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Materials and methods 
The methodology described below was developed in order to conclude if lithium was 
taken up by the cells, and if the uptake could be quantified. The main part of the 
development focused on the cell exposure tests since no compatible method could 
be found in the literature. Other aspects included are i) sorption properties of 
materials in lab ware, ii) acid digestion of cells under oxidizing conditions and iii) 
sample handling and preparation. 

Whenever deionized water was used it consisted of 18.2 MΩ (MQ) water from a 
central purification unit. A 0.01 g L-1 lithium stock solution was prepared by adding 
LiCl (Merck) to a 0.7% NaCl (VWR) solution. Exposure tests are performed using this 
solution only, but in different concentrations, as well as adding it to a nutrient medium 
to expose the cells to lithium via it.  

 

Material sorption tests 

Lithium sorption as well as potential leaching from the plastic lab ware were 
performed to ensure that no lithium was neither adsorbed to nor leached from the 
walls of the vessels. Plastic ware was used at all times to ensure a minimal impact on 
the properties of the solution. Test tubes were Sarstedt 50 mL and 15 mL made from 
polypropylene.  

 

Well plates 

To evaluate the sorption of lithium to the polystyrene well plates that were used in the 
cell exposure tests a 0.1 mg L-1 Li+ solution was equilibrated with the material. Since 
the cell exposure test is done at pH 7 the solution used for adsorption testing was set 
at this value. The solution of NaCl L-1 initially had a lower pH and was therefore 
corrected by adding diluted NaOH. Ion adsorption equilibria with a surface is an 
almost instantaneous process, why a 45 min exposure time was decided. The rather 
short exposure time limited the impact from atmospheric carbon dioxide on pH during 
the tests.  

 

Tissue culture flasks 

When polystyrene flasks were used instead of well plates, only a desorption test was 
performed, based on the results from well plates, to ensure no lithium was leaching 
from the walls. This was done by adding 3 mL 1% HNO3 (ultrapure) to the flasks and 
after 1.5 h the solution was poured into labelled test tubes. A blank was prepared by 
pouring approximately 3 mL 1% HNO3 into a labelled test tube. The solutions were 
then analysed with MP-AES. No adsorption test was performed since the flasks were 
made from the same material as the well plates and can then be assumed to have 
the same interactions with lithium. 
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Digestion 

To ensure a correct determination of lithium in samples containing cells, they had to 
be decomposed. Open vessel digestion was chosen for this purpose since it allows 
for the use of hydrogen peroxide in acid medium.  

 

Open vessel digestion 

To each sample, consisting of either nutrient medium or Triton X (further discussed in 
Optimizing exposure experiments), 1 mL concentrated HNO3 was added followed by 
0.5 mL of H2O2. This combination was chosen because it combines the acid attack 
with oxidation. Hydrogen peroxide was added last since its oxidizing power is greater 
in an acidic environment. The samples were then left at room temperature for 30 
minutes, followed by 90 minutes at 65°C in a water bath. It could now be seen that 
the majority of the cells were completely decomposed since no lumps of cells were 
present.  

This method worked well for the experiments performed in well plates. However, 
when flasks were used the biomass was significantly larger why the procedure was 
slightly modified. When the digested samples were removed from the water bath, a 
small amount of solids (cell fragments, precipitates) had settled at the bottom of the 
tube (a few mm in height). However, vigorous shaking by hand dispersed the matter 
but produced some foam why the samples were left over night to settle. The 
solutions were then clear and easy to filter, which was not the case before shaking. A 
small fraction of foam remained at the bottom of the test tube why a minute part of 
the sample probably was excluded from analysis.  

 

Sample preparation 

After the digestion each sample was filtered through a 0.2 µm VWR ® syringe filter 
using a BRAUN Injekt 5 mL syringe (made of polypropylene/polyethylene). This was 
done by removing the plunger, fitting the syringe filter and pouring the solution into 
the syringe, finally reassembling the syringe and performing the filtration. Syringe 
filters were used only once, but the syringe was cleaned between each sample by 
repeated washing with MQ. An internal standard mixed element solution containing 
lanthanum, lutetium and yttrium was added to all samples to give a final 
concentration of 1 ppm. No extra nitric acid was added because of the acid digestion 
already performed. 
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Cell exposures 

Initially it was decided that the exposure of the cells was going to be done in 0.7% 
NaCl solution, to minimize stress from the test solution, with lithium concentrations at 
5, 20 and 200 µg L-1, respectively. It would also be a rather simple matrix to analyse 
lithium in. The set up was the following: 

Three well plates containing six wells each with a monolayer of Caco-2 cells gave 18 
wells available. 

Table 2 The setup of the first exposure. 

Number of wells Concentration (µg L-1) Time (min) 

6 0 60 

4 5 60 

4 20 60 

4 200 60 

 

The well plates with their surface cover of cells were prepared in advance in a 
nutrient medium (HyClone, Medium 199/EBSS) in a separate laboratory by a 
supervisor. All solutions to be used in the exposure was checked to have pH 7 and 
adjusted when necessary. To start the exposure, the nutrient medium that the cells 
were grown in was removed with a pipette and discarded. A washing with 3 mL 0.7% 
sterile NaCl solution was then done to make certain that no medium remained. This 
wash solution was removed and discarded and 3 mL of either lithium spiked 0.7% 
NaCl solution (concentration 5 µg L-1, 20 µg L-1or 200 µg L-1) or control (0.7% NaCl 
solution) was carefully added to the wells. When the exposure time was reached, the 
NaCl solution was transferred to a test tube. A second washing with 3 mL 0.7% NaCl 
solution was performed to ensure that no solution with lithium remained and 
contaminated the cells that were going to be analysed for their lithium content. When 
the wash solution had been removed with an automatic pipette, 3 mL of 1% Triton X-
100 (Sigma-Aldrich) was added to detach the cells. Since all cells did not detach, the 
tip of the pipette was used to scrape the bottom of the wells. These steps were 
performed for all wells at the end of each exposure. The Triton-X solution containing 
the cells was then transferred to a test tube. Both the lithium solution and control 
exposed to the cells and the cells in the Triton X solution were then analysed after 
performing the steps described above; open vessel digestion and sample 
preparation. 
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Analytical methods 
MP AES 

For analysis of lithium an Agilent MP-AES 4210 was used. The hardware consisted 
of a OneNeb Series 2 nebulizer in combination with solvent resistant tubing, double 
pass spray chamber and an easy-fit torch. The MP-AES 4210 runs on nitrogen which 
was extracted from the air using a nitrogen generator connected to the instrument. 
The most recent version of the MP Expert software was used. The settings of the 
instrument were the following: 

Sample uptake time (seconds): 90 

Stabilization time (seconds): 15 

Rinse time (seconds): 90 

Pump speed (rpm): 15 

Sample uptake fast pump: On (50 rpm) 

Rinse time fast pump: On (50 rpm) 

The flow for the OneNeb nebulizer varied between elements as well as each run but 
was kept between 0.3 and 1 L/min. 

 

Choice of wavelengths for lithium and internal standard elements 

The wavelengths chosen for lithium detection were 610.635 nm and 670.784 nm 
where the latter one is more sensitive and, in most circumstances, free from 
spectroscopic interferences. These are both atom lines. Emission lines for the 
internal standard elements lanthanum (433.374 nm), lutetium (622.187 nm) and 
yttrium (437.492 nm) were routinely used. These elements were added to all 
solutions from a mixed stock solution to give a final concentration of 1.0 mg L-1. 
These wavelengths are all ion lines which allows for a better estimate of matrix 
interferences since the response is sensitive to fluctuations of the plasma energy as 
a function of the ion content of the samples. 

 

Before the beginning of a new sample sequence the instrumental settings, nebulizer 
flow and wave guide, were optimized using a calibration solution and the automated 
procedure in the software. A solution of CsNO3 at a concentration of 1.25 g L-1 was 
used as ionization inhibitor and supplied to the sample line through a Y-piece.  

Issues with the torch becoming dirty after a run with samples having a more complex 
matrix was addressed by cleaning the torch in MQ water, and when necessary 
submerging it in aqua regia, in between runs. 
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Calibration solutions 

The calibration solutions used for tuning were prepared from certified standard 
solutions from Merck with the elements Al, As, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, 
Mg, Mn, Mo, Na, Ni, Pb, Sr, Zn and V diluted in 1% HNO3 to get concentrations of 
0.1, 0.5, 1.0, 2.5 and 5.0 mg L-1, respectively. These standards were later changed to 
fit the working concentration range of 2-20 µg L-1 why a new set of standards were 
prepared at the concentrations 1.0, 5.0, 10, 50, 100 µg L-1. When tuning, the 
standard with the highest concentration was used. When occasionally the signal over 
ranged the standard with the next highest concentration was used for tuning instead. 
However, this was only an issue in the beginning when the 5.0 mg L-1 standard was 
used for tuning.  

 

Results and discussion  
Analytical optimization 

To detect if lithium was taken up by the cells, both the solution that was exposed to 
the cells (NaCl solution and later the nutrient medium) and the cells themselves (in 
Triton X solution) were analysed for their lithium content. These matrices are more 
complex than the simple 1% HNO3 solution that is optimal for the MP-AES. Hence, 
there was a need to investigate the impact of the matrices on the analytical signal in 
order to ascertain the quality of the readings.  

Matrix effects and calibration standards 

It was noticed that the signals from the internal standards Y, La and Lu varied a lot 
depending on the matrix of the analysed solution. The signals are suppressed in 
more complex matrices like Triton X and nutrient medium when comparing them to a 
simple matrix like HNO3 (Table 3). This suppression is most likely caused by the high 
ion-strength of the matrices since the suppression of the signals is most pronounced 
in the sample with the most complex matrix, the nutrient medium. 

 

Table 3 Internal standard signals in c/s for the internal standard elements Lu, La and 
Y at 1 mg L-1 each, in blank samples for the three different matrices.  

 Lutetium Lanthanum Yttrium 
HNO3 15 400 15 400 48 600 
Triton X 13 200 7 760 28 700 
Nutrient medium 11 800 6 100 25 700 

 

Five matrix matched calibration solutions were prepared in a concentration range of 0 
µg L-1to 5 µg L-1 lithium, using the same lithium stock solution as the one used for the 
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nutrient medium solutions the cells were exposed to. The working solutions were 
prepared by following the same proportions and composition of the samples, but 
upscaled to a final total volume of 15 mL.  

For samples from the cell exposures the solutions contained 2 mL 1% Triton X, 2 mL 
0.7% NaCl, 1 mL HNO3 and 0.5 mL H2O2. For samples with nutrient medium; 2 mL 
nutrient medium, 1 mL HNO3 and 0.5 mL H2O2. Addition of lithium at different 
concentrations was made from a stock solution with the concentration 0.1 g L-1 

lithium in 0.7% NaCl.  

 

When the uncorrected instrument read out from the MP-AES was evaluated it was 
corrected using an appropriate internal standard. The choice of the internal standard 
being used for each exposure was evaluated based on the response of the largest 
slope from the matrix matched calibration curve when subtracting the blank value 
and then dividing the signal with the different internal standards, acquiring three 
functions. It turned out to be suitable for samples with a Triton X matrix to use 
lutetium (622.187 nm) and for nutrient medium samples lanthanum (433.374 nm) 
was best suited. 

As shown by Berg (2015) the analytical signal for lithium responds very differently to 
the concentrations of NaCl in the matrix. The explanation is the similarities in 
ionization energies of lithium and sodium, 520.2 kJ/mole and 495.8 kJ/mole, 
respectively. Lithium complexes in a matrix with a high sodium content can increase 
the intensity of the signal, but it is also possible that the incredibly higher 
concentrations of sodium in the sample matrix consumes so much of the energy from 
the plasma that  ionization of lithium is suppressed, thereby increasing the atom 
signal for lithium. As explained by Berg (2015), sodium serves as an ionization 
suppressor for lithium. As sodium is excited and ionized these processes lower the 
energy content in the plasma which of course lowers the fraction of ionized lithium, 
consequently, a larger fraction of lithium will be detected by the use of its atom lines. 
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Figure 1 Lithium signal in c/s (counts per second) as a function of the lithium concentration in µg L-1 for the three 
matrices in this study. 

As seen in Figure 2 there is a difference between the slopes of the graphs 
representing the signals from the three matrices. These results correlate well with the 
matrix dependence reported by Berg (2015). The slope for the nutrient medium is the 
least linear of the three, with an r2 of 0.9914. There is no reason to believe that the 
concentration would deviate in a non-linear manner between 0 and 3 µg L-1 lithium, 
why it most likely was caused by a random error. More importantly, it is evident that 
the response (i.e. slopes) for the three matrices are not parallel and there is a clear 
increase with increasing ion content in the matrix. It is therefore clear that relying on 
the presence of caesium to control ionization is insufficient. A more detailed study 
might have provided information about which component(s) that caused this 
response, but it was beyond the scope of this study. Hence, from a practical 
perspective, it is concluded that matrix matched calibration solutions are required in 
order to perform a correct quantification of lithium.  

It is also clear that the three matrices gave different background values for lithium 
(Figure 3) and that the magnitude increased with increasing ion content of the 
solutions. For Triton X a background signal recorded at 670.784 nm reached some 
600 c/s whereas it was 1800 c/s for the growth medium. For the HNO3 matrix the 
signal was set to zero by the instrument. This pattern is most likely due to the 
combined action of ionization suppression and the presence of lithium with increasing 
ion concentration and complexity of the three solutions (c.f. enclosure, Table 7). The 
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lesson to be learnt is of course that it is essential to investigate the impact of matrices 
on both contamination and potential spectroscopic interferences. 

Quality control 
When analysing the samples with the nutrient medium and Triton X a calibration 
solution was included every 10 samples to monitor that there was no systematic 
change of the response. For all analyses, the instrument provided a stable signal, 
according to this procedure. However, it was also evident that the signals for the 
internal standard elements were lower in samples with a more complex matrix than 
HNO3. This is also discussed earlier and can be seen in Table 3. 

Cleaning of analytical hardware 

During analysis with the MP-AES there were issues with the torch becoming dirty 
after a run with samples consisting of nutrient medium and Triton X because of their 
heavy matrices. This was addressed by routinely cleaning the torch in MQ water, and 
when necessary submerging it in aqua regia. 

How to calibrate 

To calibrate the MP-AES for quantification of lithium at µg L-1 level in complex 
matrices, tuning of the instrument first has to be performed with calibration standard 
solutions made from 1% HNO3 within the appropriate concentration range. 
Optimization should be performed using the HNO3 calibration standard solution with 
the highest concentration. Matrix matched calibration solution are then needed for 
quantification of the samples with the different matrices. The solutions needed for this 
is described under “Matrix effects and calibration standards”. These solutions are 
then analysed as samples in the beginning of the run. Calibration functions for 
quantification can then be made. 

 

Lab ware and contamination 

To the greatest extent possible, all materials used were plastic, to reduce the risk of 
metal adsorption to vessel walls or contamination from them. Both well plates and 
flasks are made of polystyrene and the test tubes are polypropylene. The only time it 
was not possible to use plastics was for the 0.7% NaCl solutions that had to be 
autoclaved. This is not a problem in the final method since the nutrient medium 
provided best conditions for the exposure tests. 

Li release and Li sorption to polystyrene 

It is well known that metals adsorb to walls of glass vessels, this adsorption can to 
some extent be reversed by exposing the vessel to 1% HNO3 where the H3O+ ions 
will displace the metal ions. Repeating the rinsing with acid three times, all adsorbed 
metal ions would have been replaced by H3O+ ions. In a separate series of sorption 
tests, it was shown that no lithium within the working range of the experiments was 
adsorbed to the surfaces of the well plates. 
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For the first six cell exposure tests, when 0.7% NaCl at pH 7 and spiked with different 
concentrations of lithium was used, these solutions had to be autoclaved to avoid 
potential bacterial growth. To perform the autoclavation, the solutions had to be in 
glassware suited for the purpose. As a consequence, some of the lithium might have 
been adsorbed, causing a slight decrease in concentration. However, as mentioned 
previously, this was not an issue in the end since nutrient medium was used instead. 

 

Li in chemicals and reagents 

Another source of lithium contamination was from the chemicals themselves. Due to 
the exhaustive list of ingredients in the nutrient medium that is of course an 
unavoidable source of unwanted lithium. The four chemicals needed for the 
experiments, excluding MQ water, were NaCl, LiCl, HNO3, H2O2 and it was made 
sure that the highest quality available in the lab was used. 

 

Random contamination 

An experiment was performed testing the calibration solution (made from 1% HNO3) 
used as blank (not described above) to check for lithium contamination of more 
random character. This was done by preparing a 1 L solution of 1% HNO3, then 
pipetting it into two test tubes and finally analysing them. The results for these two 
samples were quite interesting since one of them showed a concentration exceeding 
the highest calibration solution, which in this case was 5 mg L-1 lithium. Because of 
this, it could be ruled out that there was a cross contamination between any of the 
calibration solutions and the sample. Other factors that could contribute to 
contamination was of course the researcher, working area and the pipettes. Since 
the first two factors were hard to eliminate, the pipettes were cleaned. This was done 
by taking them apart and putting them in a large beaker with MQ water and a drop of 
Triton X. The parts were left in the solution for a couple of hours and then rinsed with 
MQ water. 

In a discussion with another project in progress (Sundqvist, oral communication), 
there were issues with high blank values for lithium when working in a certain fume 
hood in the laboratory. It cannot be excluded that this may have been the case also 
in this project as well, but since all samples were handled in the same way it is not 
possible to say. The particular fume hood was avoided in the remaining part of the 
study and all handling of the samples was performed in the laminar flow cabinet. 

These observations indicate that great care has to be taken to avoid stochastic 
contamination with lithium. It is a common element in batteries, electronics and 
cosmetics, amongst others, and the chemically aggressive environment in chemical 
laboratories increases the risk for contamination. 
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Laminar air flow cabinet 

At one point in the method development process, it was noticed that different 
exposures gave varying results in intensity even though the same procedure was 
used. This can be caused by a lot of factors, one of which would be the calibration of 
the instrument. However, it was thought to depend on something else. The laminar 
flow cabinet was used for some parts of the method and for some parts a fume hood 
was used. Since the fume hood does not recirculate the air it was used for work with 
strong acids, while the laminar flow cabinet was used for work with the cells. The 
laminar flow cabinet has a HEPA filter that retains particles. To test if certain tiny 
particles with lithium might not be filtered out, the following experiment was 
performed.  

In a KEBOCAT, CAT R4, Laminar Air Flow Cabinet the following method was 
applied, once with the laminar flow cabinet turned on and once with the laminar flow 
cabinet turned off. A 1% Triton X solution with IS (10 µL/mL sample) was prepared, 
this was then transferred into three labelled test tubes. Nutrient medium was pipetted 
into a 50 mL pp-tube and from there five mL of the nutrient medium was transferred 
to three different 15 mL pp-tubes. Internal standard (10 µL/mL sample) was added to 
the samples as well. 

The samples were acidified with concentrated HNO3 (10 µL/mL sample) and was 
then analysed using the MP-AES. The results showed that there was a significant 
difference (p>0.05) in the lithium content of the Triton X solution prepared with the 
laminar air flow cabinet on versus off. No difference could be seen between the 
samples with nutrient medium, but that may be due to the larger variations in the 
signals. Since it could be concluded that the laminar air flow cabinet contributed to 
contamination it was not used with the fan on. 

 

Optimizing exposure experiments 

NaCl 

The first exposure in 0.7% NaCl solution during 60 min with concentrations of 5, 20 
and 200 µg L-1 lithium did not show any changes in lithium concentrations in the 
solution why no uptake had taken place. Since the uptake would theoretically differ 
as a function of the exposure time new tests were made with concentrations of 20 
and 200 µg L-1 and exposure times of 10, 30 and 90 minutes. The concentration 5 µg 
L-1 was not included because of the limited number of cell covered well plates 
available. 

 

During this exposure test, it was observed that cells detached very easily from the 
walls of the well. It was more frequently observed in the 90 minutes tests and the 
cells detached in a patchy pattern all over the bottom of the wells. This spontaneous 
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detaching became even more prevalent when washing with 0.7% NaCl after the 
exposure. Here, even higher number of cells detached and in several of the 
experiments they formed aggregates while in others the cell layer detached 
completely. Hence, when the wash solution was removed, the cells were also lost. 
The loss of cells from a rather low biomass in each well in combination with an 
evidently low uptake of lithium made it necessary to refine the test procedure. By 
lowering the lithium concentrations in the solutions to 2 and 20 µg L-1, respectively, 
any concentration changes due to uptake would be easier to detect. The major 
obstacle was of course to ascertain that the cells remained attached to the well walls 
during exposure and washing. Since the NaCl evidently promoted detachment, it 
would be advantageous to perform the exposure while the cells remained in the 
original growth medium. However, because of the complex composition of the 
medium it was necessary to evaluate its impact of lithium speciation in that matrix. 

 

To make the cells survive the exposure and remain attached to the walls, it was also 
evaluated if the temperature of the solutions could have an impact on this as well as 
the uptake, why these aspects were included. So far, the lithium solution was kept at 
room temperature (approximately 21°C). When the 3 mL volume was added the well 
plate was promptly put into the 37°C incubator. Since some of the exposures lasted 
for just 10 minutes the change in temperature might have had an impact on the 
activity of the cells. Thus, it was evaluated if uptake was affected when all solutions 
were kept at 37°C. Despite these precautions no difference was found concerning 
the detachment of the cells, which was seen with the naked eye. Although this 
change might have affected the lithium uptake, the difference evidently was too small 
to quantify with this method.  

 

Nutrient medium 

Since the preferred chemically simple matrix NaCl did not produce systematic results 
concerning the uptake possibly because of stress, it was substituted with the nutrient 
medium the cells had been cultured in. Solutions of nutrient medium (HyClone, 
Medium 199/EBSS) with a lithium concentration of 2 µg L-1 and 20 µg L-1, 
respectively, were prepared and used for the exposure tests. This change made the 
cells remain attached to the walls even after 90 minutes, which was taken as an 
indirect evidence that they remained in a more natural state. This was a significant 
improvement because all cells would be analysed for their lithium content. 

 

Even though the change from the NaCl solution to the nutrient medium was a step in 
the right direction towards quantifying the uptake of lithium in the cells the method 
was not fully optimized. The lithium contents in the cells after digestion were still 
unsystematic why no statistical significance could be determined. Considering the 
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detection limit of the instrument for this rather ion rich matrix in combination with the 
risk for contamination it was considered impossible to lower the concentrations 
during the exposure. It was therefore concluded that an increase in biomass would 
be a more realistic alternative. Cells were therefore cultured and the exposure tests 
performed in Sarstedt tissue culture flasks, T25, instead. This change resulted in an 
increase of the available surface area with some 2.6 times that would host the cells 
and an accordingly increase in biomass. 

 

It was hypothesised that testosterone possibly could stimulate the sodium channels 
of the cells, causing an increase in lithium uptake since it is through these channels 
lithium is absorbed. So, some experiments were dedicated towards evaluating if 
testosterone may have an impact on the uptake. This was performed by adding 10 
µL testosterone to some well plates and flasks. 

 

The exposure tests in flasks were performed in a similar manner as those in well 
plates; i.e. the medium was removed, and 2 mL 0.7% NaCl wash solution was added 
(instead of three), it was then removed. A volume of 2 mL nutrient medium was used 
for the exposure instead of three, which would further increase the chances to detect 
any changes in concentration. After the exposure, the nutrient medium was 
transferred to a test tube and the cells were washed with 2 mL 0.7% NaCl wash 
solution. A volume of 2 ml Triton X was added to detach the cells and then a Sarstedt 
Cell Scraper, 16 cm, was used to remove any remaining cells. The cell scraper was 
washed with MQ water in between samples. The Triton X solution with the dispersed 
cells was then transferred to a test tube using a 5 mL automatic pipette. It was 
observed that some cells remained in the flask, why 2 mL of 0.7% NaCl solution was 
added, swirled around, and transferred to the same test tube. This step was included 
so it was certain that all cells that were exposed to lithium were included in the 
analysis. 

 

Final experimental setup 

After the development of the method, only small changes were made, one of them 
being the working area where the samples were handled and prepared. The final 
procedure for the exposure tests was the following: 

HyClone nutrient medium 199 (EBSS) with a concentration of 10 µg L-1 lithium and 
one blank (0 µg L-1 lithium), respectively, were prepared in two 50 mL Sarstedt pp-
tubes. These are the solutions used for the exposure tests on the cells. 

Cells were cultivated and exposures performed in Sarstedt tissue culture flasks, T25, 
and labelled according to Table 3. The original medium that the cells were grown in 
was removed and 2 mL 0.7% NaCl solution was added, carefully swirled around and 
discarded. Then either 2 ml spiked nutrient medium (10 µg L-1 Li) or just medium 
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(control) was added with an automatic pipette. If the flask was supposed to contain 
humic acid, 48 µL of 0.411 mg L-1 filtered (0.20 μm) humic acid stock solution was 
added, resulting in a final concentration of 9.86 ng/mL humic acid in the sample. The 
general process of filtering the humic acid before its use was the following; three 
syringe (5 mL) volumes of MQ water were passed through a 0.2 µm VWR syringe 
filter fitted to the syringe, to ensure the filter was clean. Then the humic acid was 
filtered but the first 10 drops were discarded to minimize contamination. The filtered 
solution was collected in a pp-tube and used for the exposures. When all additions 
were made the flasks were then put in the incubator at 37°C for two hours.  

After the exposure, the flasks were taken out from the incubator and the nutrient 
medium was poured into labelled pp-tubes. Two mL of 0.7% NaCl washing solution 
was then pipetted into each flask, carefully swirled around and then discarded. To 
detach the cells 2 mL of 1% Triton X solution was added, assisted with a cell scraper. 
This sample was then transferred to a pp-tube using an automatic pipette. The 
procedure is summarized in Figure 3 and Table 4. 
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Figure 2 A flow chart describing the final method used to expose Caco-2 cells to 
lithium, and with addition of humic acid. 
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Table 4 Final setup of the 10 flasks available for exposure. 

Nr of 
flasks 

Name Li concentration  

(µg L-1) 

Additions Amount of humic acid 
added (µL) 

4 10 µg L-1 Li 10 - - 

4 10 µg L-1 Li + 
humic acid 

10 Humic acid 48 

2 Control 0 - - 

3 Blank 10 µg L-1 Li 10 - - 

3 Blank 10 µg L-1 Li 
+ humic acid 

10 Humic acid 48 

2 Blank control 0 - - 

 

 

Cell cultures 
Using 0.7% NaCl 

Since the introduction of lithium into the human body mainly occurs via the diet it was 
thought that a 0.7% NaCl solution would be an adequate representation of normal 
physiological conditions, as well as being easily analysed. The initial method 
approach was to add a known amount of lithium (prepared from LiCl) to a 0.7% NaCl 
solution and thereby have an isotonic NaCl solution spiked with lithium that could be 
added to Caco-2 cells cultured in 6-well plates. The reason for choosing a NaCl 
solution was to keep the matrix as simple as possible as well as keeping the ionic 
strength low enough to simplify the analysis of the solution after exposure to cells. In 
addition, the 0.7% NaCl solution would have a minor impact on cell function, provided 
that no extended time periods were used. The first six exposures were done with this 
design, but no changes in lithium concentrations could be seen neither in the solution 
phase nor in the cells.  

Since cell activity is related to temperature the impact of a sudden drop from 37oC 
upon addition of the test solution was investigated. Here, the temperature of the 
solution was changed from room temperature (approximately 21°C) to some 37°C. 
However, no difference could be noted in neither the uptake of lithium nor the 
detachment of the cells. Since the temperature drop evidently had no impact this 
strategy was abandoned. Instead, and a change was made from 0.7% NaCl solution 
during the exposure to nutrient medium, to further reduce the potential stress of the 
cells and maintain their normal activity. 
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Using nutrient medium 
Growth medium with lithium added to it was then to be tested. The downside with the 
use of nutrient medium is that it contains a lot of different components (ingredients 
are listed in Appendix, Table 5) which makes it more complex. This might have an 
impact on the analytical protocol but also on the interpretation of the results in terms 
of lithium speciation. The positive side is of course a lower stress level on the cells, 
as evidenced by the fact that they remained attached to the walls.  

The nutrient medium is designed for use in a CO2 incubator, and this is how the cells 
were cultured to begin with. During the cell exposures tests no CO2 incubator was 
available, only an ordinary incubator with temperature control that was set at 37 °C. 
This incubator was also used for short term storing of the cells awaiting exposure. 
Since the nutrient medium contains a coloured pH indicator it could be seen that the 
pH slightly increased when the well plates had been outside the CO2 incubator for 
about 10 minutes. An expected response in the solution as a larger fraction of 
hydrated CO2 will pass the water/air interface because of a lowered partial pressure 
in the gas phase. Although this may have affected the lithium uptake through the 
activity of the cells it had no discernible impact on lithium speciation. Unfortunately, 
the carbon dioxide pressure could not be controlled in these experiments. 

 

Triton X 

As mentioned in the description of the exposure tests, the cells were collected by 
adding Triton X as a detachment agent, using a cell scraper to ensure that all were 
detached, pipetting this solution to a test tube, then adding 0.7% NaCl solution to 
collect the cells remaining and transferring these to the same test tube. However, 
some difficulties were found when analysing solutions containing Triton X. One 
analysis of Triton X gave a relatively low blank value, but the next time the same 
experiment was repeated the blank for Triton X was about 43 times higher. This 
behaviour would indicate that random contamination took place or that the instrument 
response was affected for unknown reasons, as discussed in the following 
paragraphs.  

Since Triton X is a viscous fluid, the pipette tip had to be cut a few mm to increase 
the diameter and enable the transfer of 0.5 mL from the Triton X flask to a 50 mL pp-
tube for dilution. The use of metal scissors may have contributed to contamination, 
but the procedure was unavoidable. Another possible source of contamination is that 
the sample tubes are open, and hence exposed to air, as they are awaiting analysis 
on the sampler. 
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Well plates and tissue culture flasks 

In the beginning of the study, only well plates were available, but as the need for a 
larger biomass became apparent, the approach switched to using tissue culture 
flasks instead. However, the downside of this was that less flasks were available 
since their use was not planned from the beginning, why fewer replicates were 
carried out.  

Biomass and activity 

One obstacle that emerged when interpreting the results is that there are some 
central factors that cannot be controlled, for example the number of cells present in 
the experiments. This is particularly a drawback when uptake mechanisms are 
considered. However, the original study did not encompass such aspects since focus 
only was on the uptake as a function of metal speciation and to develop a rational 
test protocol. It would, however, have been beneficial if the study included an 
estimate of biomass and cell activity in the individual exposure tests. Although there 
are techniques to measure these parameters, they require advanced equipment and 
time to perform the measurements. It should be remembered that all cells originated 
from the same line and that they were growing under identical conditions (surface 
area, medium, carbon dioxide partial pressure, etc.) until the tests were performed. 
Hence, although the exact number of cells, or their activity, is not known in each 
individual test system there are no reasons to assume any major differences 
between them. However, these uncertainties might result in a slight difference 
between the tests concerning the cells ability to absorb lithium.  

 

Adhesion of cells and detachment 

To detach the cells, 1% Triton X was used which will damage the cell wall enough for 
the content of the cells to end up in solution. To then make sure all parts of the cells 
were completely in solution, vigorous shaking of the flasks could be performed or use 
of a cell scraper, it was decided to use a cell scraper.  

Triton X turned out to have quite a high background signal for lithium. A possible 
change for future tests might be to collect the cells in 1% nitric acid using a cell 
scraper and then breaking down the cell membrane in a following digestion step. This 
might be a good approach to decrease matrix effects from Triton X.  

 

Lithium species in nutrient medium 

The principal solution species of lithium in the nutrient medium was dominated by the 
hydrated Li+ ion (Table 5, Figure 4), according to the equilibrium model Visual Minteq 
(Vminteq.lwr.kth.se, 2013). Only a limited fraction is present as LiCl(aq), reaching 
some 4.5% of the total concentration. In this estimate, the humic acid association 
with lithium is estimated by the Nica Donnan model and accounts for less than 0.1%. 
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However, it must be emphasised that published association constants, or functions, 
for lithium complexes with humic as well as fulvic acids are highly uncertain why the 
results are just an approximation. The calculations take the equilibrium with 
atmospheric CO2 into consideration. Table 6 shows the distribution of lithium species 
present in nutrient medium when 20 µg L-1 lithium is present. Table 5 shows the 
distribution of lithium species when 20 µg L-1 lithium is present as well as humic acid 
in a concentration of 20 mg L-1. Even though these concentrations are not what was 
used in the experiments in the end, it still gives an approximation of the distribution of 
lithium species in nutrient medium. It can be seen that the majority of the small 
amount of lithium that was bound to HA when it is present (Table 5), is in its hydrated 
anionic species when HA is not present (Table 6, Figure 4). Even though these 
calculations do not have the same concentration as the one used in the end of the 
method, it is still helpful to give an idea about how the distribution of lithium species 
differ, or in this case, do not differ significantly depending on the presence of humic 
acids 

 

Table 5 Lithium species present in the nutrient medium with added HA. 

% of total 
concentration Species  

95,1 Li+ 

4,6 LiCl (aq) 

0,1 LiSO4- 

0,2 LiHPO4- 

0,1 (6)Li+D(aq) 

 

 

 

Table 6 Lithium species present in the nutrient medium without added HA. 

% of total 
concentration 

Species 
name 

95,2 Li+ 

4,6 LiCl (aq) 

Li (20 ug L-1) in nutrient medium with 
HA (20 mg L-1)

Li+1

LiCl (aq)

LiSO4-

LiHPO4-

(6)Li+1D(aq)

Figure 3 Pie chart of the lithium species present in the nutrient medium. 
Where (6)Li+1D(aq) represents how much is bound to HA. 
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0,2 LiSO4- 

0,2 LiHPO4- 

 
Results from the optimized method 
To quantify the uptake of lithium by the cells, the nutrient medium and the cells were 
analysed separately. Primarily, this approach was chosen to ascertain the 
conservation of lithium mass during the experiments. The difference between lithium 
concentrations in the solution phase before and after exposure would then represent 
the uptake by the cells, since no adsorption to the polystyrene walls was detected. To 
further refine the methodology, the cell content was analysed separately, after 
separation and digestion of washed cells. The results from analyses of the medium 
did not provide any generally statistically significant differences, this was most likely 
caused by random contaminations making the samples too different to conclude any 
reliable significant differences between them. Hence no lithium uptake could be 
concluded when using this approach. However, when quantifying lithium in the 
digested cells there was a statistically significant (p 0.05) uptake. This experiment 
was repeated three times and two of them gave a significant uptake. The results from 
the third one were inconsistent, most likely because of random contamination. When 
higher concentrations (200 µg L-1 and 20 µg L-1) were used the matrix adjusted 
calibration standards were not used which is why they could not be quantified 
properly. However, from what could be interpreted from the data, no measurable 
absorption took place. When using the lower concentration, 10 µg L-1, and applying 
matrix matched calibration solutions for Triton X, an uptake in the cells could be 
detected.  

The results from the individual tests under optimized experimental conditions are 
shown below. Exposure A (Figures 5 and 6) showed that absorption in the cells took 
place since there is a statistically significant difference between the cells exposed to 
lithium versus the control. The control samples are cells exposed to just nutrient 
medium while the other samples are cells treated with nutrient medium spiked with 
10 µg L-1 lithium and two different additions. In the figure there is a clear difference 
between the control and the tests with 10 µg L-1 Li + testosterone, 10 µg L-1 Li + 
humic acid and 10 µg L-1 Li. This is also validated by a t-test showing a significant 
difference (p<0.05). Since the materials were limited, the need for more replicates 
could not be met. By viewing the different samples that were treated with both 
testosterone and humic acids as just replicates of 10 µg L-1 this previously mentioned 
significant difference could be reached. Comparison of the samples treated with 
humic acid with the samples treated with 10 µg L-1 lithium showed no statistically 
significant difference (p=0.0587). However, the difference was close to being 
significant, so by doing more replicates this might be provable. 
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The hypothesis that testosterone possibly could stimulate sodium channels of the 
cells could not be proven since no statistically significant difference (p<0.05) was 
found between the lithium concentration in the cells exposed to just 10 µg L-1 lithium 
compared to 10 µg L-1 lithium + 10 µL testosterone. What can be concluded however, 
is that it does not significantly decrease the lithium uptake at least. 

 

 

 
Figure 4 Results from exposure A. Lithium content of the cells relative to the control that was not exposed to 
lithium. Signal is corrected for the matrix effect by using the signal from the internal standard lutetium. 

 

In exposure A, only 10 µL humic acid was added, this was later changed to 48 µL for 
exposure B. However, the data, as shown in Figures 5 and 6 can still be used to 
determine that the cells absorbed lithium. Figure 6 below is showing the results from 
the same samples, but a different internal standard is used to correct for the matrix 
effect. When comparing the data in the figures, it can be seen that there is a clear 
difference between the fractions. This is due to the internal standard elements 
responding differently in the matrix. Furthermore, this can be used in future work on 
similar experiments when wanting to compare different matrices. However, in this 
case, it was used to correct for matrix effects to get a more accurate result. 
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Figure 5 Results from exposure A. Lithium content of the cells relative to the control sample that was not exposed 
to lithium. Signal is corrected for the matrix effect by using the signal from the internal standard lanthanum. 

As mentioned, there is a clear difference between the results obtained when using 
one internal standard element versus another. This shows that the method 
optimization has not been perfected and needs further development to be able to 
deal with these types of matrix effects. 
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Figure 6 Results from exposure B. Lithium content of the cells relative to the control that was not exposed to 
lithium. Signal is corrected for the matrix effect by using the signal from the internal standard lutetium. 

Figure 7 shows the results from exposure B which shows a significant difference 
(p<0.05) between the cells that have not been exposed to lithium (Control) and the 
cells that were exposed to lithium (10 µg L-1 Li + humic acid and 10 µg L-1). However, 
there is no statistically significant difference between 10 µg L-1 Li + humic acid and 10 
µg L-1 Li. 
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Figure 7 Results from exposure B. Lithium content of the cells relative to the control that was not exposed to 
lithium. Signal is corrected for the matrix effect by using the signal from the internal standard lanthanum. 

In Figure 8, lanthanum is used instead of lutetium to correct the signal to see if the 
results would be consistent even if a different internal standard was used. It is 
showing the results from the same samples as Figure 7, but a different internal 
standard is used to correct for the matrix effect. When comparing these figures, it can 
be seen that the fractions differ less than they did in exposure A. This might be due 
to more replicates for the three tests in exposure B, giving a more representative 
image of the true value.  

One thing to take in to consideration is that only comparisons within the exposures 
should be made, not between exposures. This is due to the difference between 
activity and amount of cells present in each flask. However, it can be assumed to be 
as similar as can be within the exposures, since the flasks were treated the most 
similar way possible. 

Conclusions 

It has been shown that MP-AES is sufficient for the quantification of lithium in solution 
at concentrations within the range occurring in natural waters, even in highly complex 
matrices. This is achieved by using matrix matched calibration solutions and internal 
standard for correction of matrix effects in combination with an ionization buffer. MP-
AES can be used for analysis of samples with a complex matrix like nutrient medium 
and Triton X and for lithium concentrations from 0.1 µg L-1 and up. It was also noted 
that lithium contamination is by far more prevalent in the laboratory environment than 
previously reported. 
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The conclusion that can be drawn from this study is that Caco-2 cells can absorb 
lithium during the conditions found in the growth medium. Exposure tests in the 
simple isotonic NaCl evidently induced so stressful conditions that the cells did not 
respond in a normal manner. Possibly, the stress is enhanced by the lack of an 
increased partial pressure of CO2. Hence, the solution conditions are critical to 
optimize in order to provide realistic conditions during this kind of test.  

Lithium uptake was not stimulated by the presence of testosterone in the test 
systems why it is questionable if the uptake is solely controlled by the sodium 
channels. No conclusions can be reached concerning the impact of humic acid on 
the uptake of lithium, most likely because of too few replicates. Further research is 
needed, and an in vitro model is just the beginning of the task to determine if humic 
substances does inhibit the lithium uptake in Caco-2 cells or not.  
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Appendix 
 

HyClone Medium 199 EBSS ingredients from Merck webside (taken 190529): 

https://www.sigmaaldrich.com/life-science/cell-culture/learning-center/media-
formulations/medium-199.html 

 

Table 7 Ingredient list of the nutrient medium used for cell exposures. 

Component M4530 
[1x] g/L 

Inorganic Salts 

Calcium Chloride 0.2 

Ferric Nitrate • 9H2O 0.00072 

Magnesium Sulfate (anhydrous) 0.09767 

Potassium Chloride 0.4 

Potassium Phosphate Monobasic — 
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Sodium Acetate (anhydrous) 0.05 

Sodium Bicarbonate 2.2 

Sodium Chloride 6.8 

Sodium Phosphate Dibasic (anhydrous) — 

Sodium Phosphate Monobasic (anhydrous) 0.122 

Amino Acids 

L-Alanine 0.025 

L-Arginine • HCl 0.07 

L-Aspartic Acid 0.03 

L-Cysteine • HCl • H2O 0.00011 

L-Cystine • 2HCl 0.026 

L-Glutamic Acid 0.0668 

L-Glutamine 0.1 

Glycine 0.05 

L-Histidine • HCl • H2O 0.02188 

Hydroxy-L-Proline 0.01 

L-Isoleucine 0.02 

L-Leucine 0.06 

L-Lysine • HCl 0.07 

L-Methionine 0.015 
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L-Phenylalanine 0.025 

L-Proline 0.04 

L-Serine 0.025 

L-Threonine 0.03 

L-Tryptophan 0.01 

L-Tyrosine • 2Na • 2H2O 0.05766 

L-Valine 0.025 

Vitamins 

Ascorbic Acid • Na 0.0000566 

D-Biotin 0.00001 

Calciferol 0.0001 

Choline Chloride 0.0005 

Folic Acid 0.00001 

Menadione (sodium bisulfite) 0.000016 

myo-Inositol 0.00005 

Niacinamide 0.000025 

Nicotinic Acid 0.000025 

p-Aminobenzoic Acid 0.00005 

D-Pantothenic Acid (hemicalcium) 0.00001 

Pyridoxal • HCl 0.000025 
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Pyridoxine • HCl 0.000025 

Retinol Acetate 0.00014 

Riboflavin 0.00001 

DL-α-Tocopherol Phosphate • Na 0.00001 

Thiamine • HCl 0.00001 

Other 

Adenine Sulfate 0.01 

Adenosine Triphosphate • 2Na 0.001 

Adenosine Monophosphate • Na 0.0002385 

Cholesterol 0.0002 

Deoxyribose 0.0005 

Glucose 1 

Glutathione (reduced) 0.00005 

Guanine • HCl 0.0003 

HEPES — 

Hypoxanthine 0.0003 

Phenol Red • Na 0.0213 

Polyoxyethylenesorbitan Monooleate (TWEEN 80) 0.02 

Ribose 0.0005 

Thymine 0.0003 
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Uracil 0.0003 

Xanthine • Na 0.000344 

Add 

L-Glutamine — 

Sodium Bicarbonate — 

 


