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Abstract 

3'-Phosphoadenosine-5'-phosphosulfate (PAPS) is an essential coenzyme, involved in 

sulfation. Sulfation is an important pathway for the metabolism and biotransformation of many 

xenobiotics, hormones, neurotransmitters and, drugs. If sulfation does not happen, PAPS levels 

could be an indicator for that. The aim of this study was to achieve a very rapid determination 

of PAPS with efficient sample preparation. A rapid determination of PAPS using liquid 

chromatography – mass spectrometry (LC-MS) was challenging due to lack of retention 

repeatability on the hydrophilic interaction liquid chromatography columns (HILIC). Two 

zwitterionic columns with different stationary phases, sulfobetaine (ZIC®-pHILIC) and 

phosphocholine (ZIC®-cHILIC), were explored. For ZIC®-pHILIC, a mobile phase consisting 

of acetonitrile (ACN)/30 mM ammonium formate (65/35, v/v) and a sample solvent consisting 

of ACN/30 mM ammonium bicarbonate (75/25, v/v) gave the highest efficiency and shortest 

retention time. Rapid determination was achievable with the use of a ZIC®-cHILIC column in 

combination using a liquid chromatography - ultraviolet detector (LC-UV) system, with a 

retention time of around two minutes. However, the ZIC®-cHILIC column got clogged over 

time. PAPS could be separated from adenosine triphosphate (ATP), which gives the same m/z 

transitions using ACN/30 mM ammonium carbonate (70/30, v/v) and column temperature at 

30oC. Sample preparation with centrifugal filters could not be used due to incompatibility 

because the filters only tolerated 20% acetonitrile and centrifugation at 14,000 rcf. However, 

filtration of cell samples using nylon syringe filters resulted in a recovery of 83% and could be 

used instead. HILIC has the potential for fast separation but the performance of the HILIC 

column in the present study was not satisfactory.  
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Abbreviations and definitions 

A   Absorbance 

AA   Ammonium acetate 

AAS   Acetic acid solution 

ABC   Ammonium bicarbonate 

AC   Ammonium carbonate 

ACN   Acetonitrile 

ADP   Adenosine diphosphate 

AF   Ammonium formate 

APS   Adenosine 5’-phosphosulfate or adenylyl sulfate 

ATP   Adenosine triphosphate 

b   Path length for absorbance measurements 

c   Concentration 

c0   Original compound concentration in a sample 

cmax   Final compound concentration at the peak maximum 

DC   Direct current 

E   Electric field at the capillary tip 

ESI   Electrospray ionization 

ε   Molar absorptivity  

ε   Column porosity 

εs   Permittivity of solution 
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ε0   Permittivity of vacuum 

FA   Formic acid 

GC   Gas chromatography 

γ   Surface tension of solvent 

H   Plate height 

HILIC   Hydrophilic interaction liquid chromatography 

HPLC   High performance liquid chromatography 

ID   Inner diameter 

IXC   Ion exchange chromatography 

K   Conductivity of solution 

L    Column length 

LC   Liquid chromatography 

LOD   Limit of detection 

MDCK  Madin-Darby canine kidney epithelial 

MP   Mobile phase 

MRM   Multiple reaction monitoring 

MS/MS  Tandem mass spectrometry 

m/z   Mass-to-charge ratio 

N   Number of plates 

NP   Normal phase 

n   Number of replicates 
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PAP   3’-phosphoadenosine-5’-phosphate 

PAPS   3’-phosphoadenosine-5’-phosphosulfate 

PEEK   Polyetheretherketone 

OD   Outer diameter 

Q1   First quadrupole in a triple quadrupole mass spectrometer 

Q3   Third quadrupole in a triple quadrupole mass spectrometer 

R   Radius 

R%   Recovery in % 

RCF   Relative centrifugal force 

RPM   Revolutions per minute 

RF   Radio frequency 

RP   Reversed phase 

Rs   Resolution 

%RSD   Relative standard deviation 

r   Column radius 

𝑟𝑙𝑎𝑟𝑔𝑒 𝐼𝐷  Radius of column with larger inner diameter 

𝑟𝑠𝑚𝑎𝑙𝑙 𝐼𝐷  Radius of column with smaller inner diameter 

SEC   Size exclusion chromatography 

SP   Stationary phase 

SRM   Selected reaction monitoring 

SULT   Sulfotransferase 
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σ2   Band variance    

TQ   Triple quadrupole 

tR    Retention time 

ZIC®-pHILIC  Zwitterionic polymeric HILIC stationary phase (sulfobetaine) 

ZIC®-cHILIC  Zwitterionic HILIC stationary phase (phosphocholine) 

UiO   University of Oslo 

UV   Ultraviolet 

u   Linear mobile phase flow rate 

Vf   Volume of flow 

Vinj   Injected sample volume 

w   Average band width  
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1 Introduction 

 Sulfation pathway 

Sulfation is known as sulfate conjugation and it is important for the metabolism and 

biotransformation of many xenobiotics, hormones, neurotransmitters and drugs [4]. This means 

that potential toxins can be detoxified or drugs may be 

activated in biological processes. Not only does 

compounds in humans undergo sulfation but plants may 

also undergo sulfation [4]. Sulfation is generally looked upon as a pathway of detoxification 

especially since sulfate conjugates seldom partake in other important biological activities. That 

is why they are good substrates for uptake and efflux transporters involved in the elimination 

of xenobiotics from the body [4].  

Different components are required for the sulfation to happen. Sulfotransferases (SULTs) 

catalyze the reaction with the help of the coenzyme PAPS [5]. PAPS donates its sulfonate (SO3
-

) as shown in Figure 1.  Sulfotransferases are part of a large multigene family of enzymes. 

These enzymes are found primarily in the liver, kidney, intestinal tract, platelets, lung, and brain 

[5]. The SULTs are located in the cytosol and catalyze the "phase II" pathway in drug and 

xenobiotic metabolism, along with endogenous substrates such as thyroid hormones and 

steroids [5].   

 

Figure 1: Donation of sulfonate group from PAPS in the sulfation process. Figure reproduced from [6] with 
added yellow color and round shape for “biomolecule”. 

Key point: Sulfation is generally 
looked upon as the pathway of 
detoxification. 
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 The function of coenzyme 3'-phosphoadenosine-5'-

phosphosulfate 

As mentioned earlier, the co-substrate for sulfation is 3'-phosphoadenosine-5'-phosphosulfate 

(PAPS).  It is synthesized from inorganic sulfate (SO4
2-) and ATP in a 2-step reaction as shown 

in Figure 2. The source of inorganic sulfate is either the diet/environment or the sulfoxidation 

of the sulfur-containing amino acids cysteine and 

methionine [4]. The sulfoxidation is a rather complex 

sequence of reactions and is the main source for sulfate. 

Since the concentration of free cysteine is limited, the 

cellular concentrations of PAPS are low (4-80 µM) [5]. As the first step, ATP reacts with sulfate 

with the assistance of ATP sulfurylase and gives 3’-phosphoadenosine-5’-phosphate (APS) and 

pyrophosphate. Then as the second step, APS reacts with ATP. APS kinase catalyzes the 

reaction and transfers a phosphate group from ATP to the 3´-position of APS. The sulfate, 

which is required for the synthesis of PAPS, is derived from cysteine through a complex 

oxidation sequence.  

 

Figure 2: A 2-step synthesis pathway of PAPS from inorganic sulfate, ATP, and APS. Figure adapted from [7]. 

 

The activity of PAPS can be inhibited by sodium chlorate, which is a potent inhibitor of protein 

sulfation in intact cells. ATP-sulfurylase plays a vital part in the synthesis pathway of PAPS 

(Figure 2). The chlorate inhibits ATP-sulfurylase. Hence, PAPS synthesis is hindered. All of 

Key point: The coenzyme PAPS 
is a limiting reactant for the 
sulfation. 
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this could result in abolishment of all cellular sulfation reactions. Studies have also shown that 

chlorate inhibits the sulfation of non-protein substrates such as glycolipids [8]. 

By measuring PAPS, a greater understanding of the importance of PAPS and sulfation can be 

obtained. High enough concentration of PAPS is important for the sulfation to happen. If it does 

not or if there is a lack of sulfate, it can lead to e.g. autism [9]. Another important information 

PAPS can give is how much of PAPS would be necessary to activate a specific molecule. 

Almost no studies are published regarding the determination of PAPS using an analytical set-

up [3]. With the help of LC, PAPS can be separated from other interfering polar compounds in 

the matrix and determined with the use of MS. 

 High-performance liquid chromatography  

As mentioned in section 1.1.1, separation of PAPS from i.e. the highly similar molecule ATP 

is needed for its reliable determination. A suitable technique for that is chromatography. 

Chromatography has the ability to separate complex mixtures and increase the selectivity of a 

method. The two mostly applied chromatographic techniques are high-pressure liquid 

chromatography (HPLC) and gas chromatography (GC). GC requires the analyte to be volatile 

or derivatization of analyte in order to make it volatile [10]. Since PAPS is not a volatile analyte, 

GC is therefore not suitable. Instead, HPLC is highly applicable for PAPS. The instrumentation 

of HPLC consists of solvent reservoir(s), which contain the mobile phase (MP), a pump, an 

injector, an HPLC column with a stationary phase (SP), a detector and some hardware to 

process the data (Figure 3) [11]. 

 

Figure 3: Schematics of generic HPLC-system. The HPLC-system consists of MP reservoir(s), pump for pumping 
the MP, an injector, the column for separation, a detector for detection of the analyte(s) and in the end a 
computer for data acquisition.  
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A MP is pumped through the column and the sample is introduced through an injector. The 

column can be packed with porous particles or being a monolith. The separation occurs when 

compounds have different affinity to the SP which most often is chemically bonded to the 

surface of totally porous particles. The various compounds interact differently with the SP and 

that causes them to be separated throughout the column.  

The three parameters that are important for a very rapid determination of PAPS are the retention 

time (tR), column plate number (N), and resolution 

(Rs). The retention time (tR) is the time the analyte 

uses through the column [12]. The type of SP, 

column length, MP pH, buffer concentration, 

organic solvent to water ratio and column temperature, all affect the retention time.  

The column plate number is defined as in equation 1 

𝑁 = (
𝑡𝑅

𝜎
)

2

      (1) 

where tR is the retention time and 𝜎 is the standard deviation, assuming that the distribution of 

molecules of a component within a peak can be characterized by Gaussian distribution [12]. 

 

Figure 4: Peaks with retention and peak widths tangents marked at baseline, at half -length and at 4.4% of 
height. Figure adapted from [12]. 

 

N can be calculated with peak width at the baseline, at half-length or at 4.4% of the peak (Figure 

4) [12]. For most separations, values for N fall within a range of 5,000-20,000 [13]. N increases 

with long analysis time, longer columns and smaller column particles [13].  

Key point: Retention time, column 
plate number and resolution are 
important parameters for rapid 
determination. 
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The third parameter, resolution, is how good two adjacent peaks are separated. This parameter 

is defined in equation 2 

𝑅𝑠 = 2
(𝑡2−𝑡1)

(𝑤2−𝑤1)
     (2) 

where t is the retention time and w is the average bandwidth [12]. 

Two coeluting compounds can be separated by increasing the retention. For instance, ATP does 

not differ much structurally from PAPS, and the molar mass is also similar. In HPLC that 

usually means reducing solvent strength. By changing the SP, the selectivity can be altered and 

possibly resolve coeluting peaks.  

 Liquid chromatography principles 

The column separates compounds by chemical and physical properties. There are different type 

of columns for different chromatographic principles. The main principles are normal phase 

(NP) chromatography, reversed phase (RP) chromatography, hydrophilic interaction liquid 

chromatography (HILIC), ion exchange chromatography (IXC) and size exclusion 

chromatography (SEC). The advantage of such vast selection of chromatographic principles is 

that the selectivity of a method can be improved efficaciously by implementing the principles 

that complement the characteristics of the analyte and its matrix components.  

RP chromatography is based on nonpolar analytes being more retained than polar analytes on 

a nonpolar SP. The SP could be C18 chemically bonded to silica [12]. NP chromatography is 

non-aqueous systems for separations in organic solvents and is mainly based on the polar 

properties of the analyte. SEC is based on the separation of analytes according to their size 

through pores of the stationary phase [14]. IXC is based on interactions of analytes with ionic 

or ionizable groups which are separated by their different electrostatic attractions to the 

stationary phase which contains ionic functions.    

However, due to the polar nature of PAPS, it is difficult to chromatograph with no retention 

with RP chromatography even though it gives the best 

efficiency and repeatability. On the other hand, HILIC 

can be used. HILIC is suitable for polar compounds and 

compounds carrying more than a single charge [15], such as PAPS. Matrix components as 

Key point: PAPS in cells and 
standards behave differently in 
chromatography.  
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nucleoside triphosphates and other polar compounds somehow affect the retention of PAPS and 

behave differently compared to standard solutions [3].  

 Hydrophilic interaction liquid chromatography 

HILIC is a suitable separation principle for analytes with low log P value, which is a measure 

of lipophilicity. HILIC can provide retention and/or separation of small polar and ionizable 

analytes such as metabolites, polar pharmaceuticals etc. [16]. These compounds habitually have 

poor retention on RP columns [17]. There are several ways to model the HILIC separation 

mechanism, such as partitioning, adsorption, electrostatic 

attraction/repulsion and hydrogen bonding (Figure 5). 

This means, for the time being, there is no detailed 

quantitative retention model that would allow prediction 

of the chromatographic parameters for individual 

analytes separated under given conditions [15]. The interactions implicated are dependent on 

the relationship between the analyte and column chemistry and the conditions applied. Due to 

these unique and complex HILIC interactions, HILIC is suited for PAPS [17]. 

 

Figure 5: Illustration of ZIC®-cHILIC column and the mechanisms behind HILIC. The phosphorylcholine functional 
group interact with water and an immobilized water layer forms. Figure reproduced from [18] elements added 
by the author of this thesis. 

Key point: HILIC is a 
potentially excellent 
separation technique for small 
polar compounds such as 
PAPS. 
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For the SP in HILIC, any polar chromatographic 

surface can be applied. Classical bare silica or 

modified silica with polar functional groups are the 

most commonly used. A polymer particle-based 

stationary phase is also an option. A polymer-based 

zwitterionic sulfoalkylbetaine stationary phase has 

been introduced for HILIC separations. The 

zwitterionic sulfoalkylbetaine SP (Figure 6) contains 

strongly acidic sulfonic acid groups and strongly basic 

quaternary ammonium groups. These groups are 

separated by a short alkyl-chain. Water is strongly adsorbed by the sulfoalkylbetaine bonded 

phase, and it creates a stagnant water layer which becomes a part of the stationary phase. This 

water layer controls most of the retention mechanism. These SPs are commercially available 

under the tradenames ZIC®-cHILIC (on a silica gel support) and ZIC®-pHILIC (on a polymer 

support) [15]. The ZIC®-pHILIC is basically a ZIC-HILIC column with a polymer particle 

base. Whilst the ZIC®-cHILIC is HILIC on a silica base and modified SP. 

The MP used with HILIC usually contains a high amount of organic solvent (most often ACN), 

water, and an ionic additive. Water is the strongest solvent for elution in HILIC. Both water 

and methanol are protic solvents and these have the tendency of disrupting the water layer. 

ACN is an aprotic solvent and is widely used in HILIC being a weak solvent. A minimum of 

3% water in the MP is required in order to be able to form the stagnant water layer on the SP. 

Generally, backpressure for HILIC system is lower than for RP eluents [19, 20]. ACN moreover 

aids the ionization for mass spectrometric detection [21]. With high organic content, it allows 

twice as fast diffusivity compared to RP, hence augmented mass transfer and lower C term in 

the van Deemter plot [19].  

The disadvantage with high organic content is that solubility of polar analytes gets challenging. 

Another disadvantage of HILIC is being its robustness. This means it is difficult to obtain 

consistency in retention time, peak shape, and/or peak intensity [3]. Most of the issues regarding 

robustness can be solved by sufficient amount of time for equilibration. Isocratic elution does 

not require equilibration between injections, but a gradient, on the other hand, requires that the 

column is equilibrated between injections [22].     

Figure 6: Two types of zwitterionic stationary 
phases for HILIC columns were used in this thesis. 
1: ZIC-pHILIC with a sulfoalkylbetaine functional 
group. 2: ZIC-cHILIC with a phosphorylcholine 
functional group. 

1 

2 
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The commonly used ionic additives are ammonium acetate (AA), ammonium carbonate (AC), 

and ammonium formate (AF). The ionic additive is used mainly to control the MP pH and the 

ion strength. If appropriate conditions are not chosen, it will show up in the chromatograms as 

asymmetric peak shape and/or chromatographic peak "tailing" [15, 23].  

 Downscaling of columns in liquid chromatography 

Apart from improving the efficiency and resolution, other measures can be taken to optimize a 

HILIC method. The sensitivity can be increased by narrowing the column’s inner diameter (ID). 

By using a narrower column, a much more concentrated band of analyte would be measured.  

Analytical columns are classified based on the size of the ID (Table 1).  

Table 1: Classification of different analytical columns used in HPLC based on ID. Table adapted from [24].  

Column designation Typical ID [mm] 

Conventional HPLC 3 – 5  

Narrow-Bore HPLC 2 

Micro LC 0.5 – 1 

Capillary LC 0.1 – 0.5 

Nano LC 0.01 – 0.1 

Open tubular LC 0.005 – 0.05 

 

The advantages of using capillary columns compared to narrow-bore are that smaller ID causes 

less radial dilution (Figure 7). That would result in higher signal when using a concentration 

sensitive detector and injection of the same amount of sample. This is described by the 

definition for dilution in columns (equation 3)  

𝐷 =
𝐶0

𝐶𝑚𝑎𝑥
=

𝜀𝜋𝑟2(1+𝑘)√2𝜋𝐿𝐻

𝑉𝑖𝑛𝑗
    (3) 
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where c0 is the original compound concentration in a sample, cmax is the final compound 

concentration at the peak maximum, r is the column radius, L is the column length, H is the 

column plate height, ε is the column porosity and Vinj is the injected sample volume [25].  

 

Figure 7: The principle of radial dilution is an effect of downscaling. The sample containing PAPS, ATP, and ADP 
is introduced to the conventional column and capillary column. The chromatogram for each column shows that 
the capillary column gives a higher signal, but not necessarily better efficiency. Figure reproduced from [26] 
with elements added by the author of the thesis.  

 

The effect of narrowing ID of columns is described by the downscale factor, as in the equation 

below which is a description of the dilution effect. According to the downscale factor, changing 

from narrow-bore (ID 2.1 mm) to capillary column (ID 0.3 mm) and with the same length, the 

signal would theoretically be enhanced by a factor of 50, as calculated from equation 4  

𝐷𝑜𝑤𝑛𝑠𝑐𝑎𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝑟𝑙𝑎𝑟𝑔𝑒 𝐼𝐷

2

𝑟𝑠𝑚𝑎𝑙𝑙 𝐼𝐷
2     (4) 

Another advantage may seem obvious, and that is less consumption of MP when downscaling. 

The MP flow would change from the mL/min range to the µL/min range. Thus, capillary 

columns contribute to environmental-friendly LC-separations. A column with smaller ID will 

be easier to use with temperature programs as the heating occurs more homogeneously.   
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The detector detects the compound and the signal obtained will depend on how much of the 

compound is present.  There are many types of detectors e.g. UV, fluorescence, mass 

spectrometer and many more [27]. Some of these detection methods are explained in detail in 

section 1.3 below. 

 Detectors in liquid chromatography 

From the vast options of detectors compatible with HPLC, a thoughtful selection of detector 

for PAPS should be made. UV is based on measuring the absorbed radiation in a concentration-

dependent manner [11], whilst the principle for MS is based on the separation of ions according 

to their m/z ratio. These two detectors are explained in detail in sections below. 

 Ultraviolet detection  

After a good separation method, an equally good detection method is of great importance. UV 

is a non-destructive and near-universal detector which is compatible with HPLC [11]. Any 

compound containing chromophores are suitable for UV-detection. PAPS contains conjugated 

π system which absorbs energy in the form of UV. The electrons get excited and the 

spectrometer measures the wavelength at which absorption occurs [11]. UV detectors have the 

possibility of being equipped with different light sources and can operate from 190 nm into the 

visible area. The principle for a spectrophotometer is that light from a continuous source travels 

through a slit and a monochromator. The monochromator selects a narrow band of wavelength 

of light which is sent to the flow cell. The measured absorbance can be obtained by Beer's law 

(equation 5) [12, 28, 29]: 

𝐴 = 𝜀𝑏𝑐       (5) 

where 𝜀 is the molar absorptivity, b is the path length and c is the concentration.  

 Mass spectrometry 

Compared to UV, MS is a rather more selective detection method. An MS is not a detector itself 

but it contains a detector along with a few other compartments (Figure 8). Each of the 

compartment has its own functionalities. An ion source (electrospray ionization (ESI)), a mass 

analyzer and a data system make up a mass spectrometer. The mass analyzer sorts the ions 
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generated in the in source according to each m/z value [1]. For each compartment, the pressure 

drops. A vacuum system is absolutely needed, without it the ions will collide with gas molecules 

randomly and not reach the detector. The pressure is therefore controlled by pumps. 

 

 

Electrospray ionization 

LC operates with liquids whilst MS operates in the gaseous state. This incompatibility between 

both systems is resolved with an interface called electrospray ionization (ESI). ESI converts the 

liquids from LC into gaseous ions for the MS. Without the ionization, the analyte will not be 

visible for detection in MS. The most commonly used interface for biological samples is 

electrospray ionization which is a soft ionization technique [21]. Soft means that the 

fragmentation is a lot more controlled and few fragments are produced compared to other 

ionization sources. Thus, the molecular ion will always be observed. Usually, the analyte is 

ionized prior to the ESI source but can be ionized in the source. The charge separation is 

assumed to be electrophoretic [30].  

The LC-column effluent is led through an inlet capillary. This capillary is exposed to 

atmospheric pressure and not vacuum. Counter to the direction of the ions there is a counterflow 

of heated drying gas. The drying gas is usually nitrogen. High voltage is applied between the 

capillary and the inlet of the MS. Usually, when a liquid is subjected to high voltage, it forms 

the Taylor cone and many droplets are formed. The droplets become smaller and smaller. Since 

they carry many ions with the same charge, the Coulomb repulsion will repel the ions from 

each other. On the other hand, the solvent will evaporate. Ideally, this process leaves a stream 

of charged ions [31]. The basic principle of electrospray ionization is simply illustrated in 

Figure 9. 

Figure 8: Schematics of contents of the MS in detail.  
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There are still uncertainties about the mechanism behind the formation of gas-phase ions from 

very small and highly charged droplets. Two theories have been proposed to explain the 

mechanism; charge residue theory and ion evaporation theory [32].  In charge residue theory, 

the electrospray droplets undergo cycles of evaporation and fission, eventually leading to small 

droplets that contain on average one analyte ion. The gas-phase ions form after the remaining 

solvent molecules evaporate, leaving the analyte with the charges that the droplet carry. The 

solvent molecules could evaporate by the heated drying gas.  

The ion evaporation theory explains that the droplet shrinks to a radius smaller than 10 nm by 

evaporation. The field strength at the surface will be large enough to assist field desorption of 

solvated ions. Essentially, the solvated ions get expelled from the droplet [32, 33]. 

An advantage of electrospray ionization – mass spectrometry (ESI-MS) is that it is more 

compatible with miniaturization. With lower flow, the droplets formed will have a smaller 

radius (R) as shown in equation 5 derived by Pfeifer and Hendricks Jr. [34]. With smaller 

droplet radius, the sensitivity gets better [35].  

𝑅 =  (
3𝜀𝑠𝛾1/2𝑉𝑓

4𝜋𝜀0
1/2

𝐾𝐸
)

2/7

    (5) 

The parameters are, γ: surface tension of the solvent, εs: permittivity of the solvent, ε0: 

permittivity of the vacuum, K: conductivity of the solution, E: the electric field at the capillary 

tips and Vf: volume of the flow.  

Figure 9: Schematics of mechanisms behind negative mode electrospray ionization interface. Figure 
reproduced from [2] with elements added by the author. 
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With ESI-MS molecular ions will always be observable but little structural information can be 

obtained. This problem can be resolved by coupling quadrupoles in series (MS/MS). 

 

Mass analyzer and detector 

After passing the ESI source, the ions are analyzed in the mass analyzer. As choices for 

chromatographic principles, there are also many mass analyzers to choose from, such as 

orbitrap, time of flight and quadrupole mass 

analyzer. The separation mechanism for the 

quadrupole is based on the stability of the trajectory 

of each ion analyzed [1, 36]. The quadrupole itself 

consists of four parallel cylindrical rods that are in 

fixed positions. Each pair of opposite rods has the 

same potential, direct current (DC) and radio 

frequency (RF) (Figure 10) [37].  The theory of 

quadrupoles is based on the equation for the motion 

of a particle in an electric field. The trajectory of the 

ions is affected by the applied voltages. With the 

appropriate DC and AC voltages, ions with certain 

m/z will pass through the quadrupole filter. All other ions are thrown out of their original path 

[36]. After passing through the quadrupole filter, the ions are sent to the detector. The mass 

spectrometer is equipped with a conventional electron multiplier, also called secondary electron 

multiplier, acting as the detector. 

 Tandem mass spectrometry 

In a triple quadrupole (TQ) MS, the first (Q1) and third (Q3) are the mass analyzers whilst the 

second acts as a collision cell. Q1 and Q3 are operated with a combination of RF and DC 

potentials and are necessary for mass selection. The collision cell has a fixed RF voltage and 

ions of any mass can pass this quadrupole. The advantages of operating in tandem mass 

spectrometry (MS/MS) mode is enhanced sensitivity and selectivity of a method [38]. MS/MS 

can be operated in different modes, depending on the purpose.  

Figure 10: Cross section of the quadrupole with 
four parallel cylindrical rods with defined 
deflection voltage for each pair. Figure 
reproduced from [1] with elements added by the 
author. 
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The TQ measurements can be operated in selected reaction monitoring (SRM) mode (Figure 

11). For Q1, the mass of the intact analyte 

(parent)ion is selected. It passes through to the 

collision cell and fragments by collisions with 

the gas atoms present. For Q3, a specific 

fragment of the parent can be selected. This generates an SRM assay. If SRM is chosen for 

multiple product ions from one or more parent ion, it is called multiple reaction monitoring 

(MRM) [39]. SRM is a great technique in combination with chromatography for targeted 

metabolomics. 

 

Figure 11: Tandem mass spectrometer operated in SRM mode. Figure adapted from [1]. 

 

In-source fragmentation can also occur. For example, ATP with plenty of internal energy from 

the ionization process can fragment in ionization source. Phosphate groups can get cleaved off 

from ATP giving the m/z 426 identical to PAPS [3]. The main challenge with MS detection of 

PAPS is interferences [3].  

 

 

 

 

Key point: LC-MS/MS is a selective and 
sensitive method for separation of PAPS 
from interfering compounds. 
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 Aim of study 

The aim of this study was to achieve a very rapid determination of PAPS in cells with an LC-

ESI-MS method and develop an efficient sample preparation technique.  

It was hypothesized that a rapid method with the use of a ZIC®-pHILIC column (50 x 2.1 mm, 

5 µm) could be obtained by combining centrifugal filters for separation of PAPS from other 

interfering compounds in the matrix prior to the LC-ESI-MS determination. 

Two different HILIC columns with different particle types, silica and polymeric, was to be 

tested for their suitability as a separation column.  
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2 Experimental 

 Chemicals 

Acetonitrile (ACN, LC-MS grade) and methanol (MeOH, LC-MS grade) were purchased from 

VWR (Radnor, PA, U.S.A.). Ammonium bicarbonate (ABC, ≥ 99.5%), ammonium formate 

(AF, MS grade, ≥ 99.0%), ammonium carbonate (AC, 30-33%), formic acid (FA, MS grade,  ̴ 

98%), formic acid solution (FA, HPLC grade) and acetic acid solution (AAS, HPLC grade) 

were all purchased from Fluka, Sigma-Aldrich (St. Louis, MO, U.S.A.). Adenosine-3’-

phosphate-5’-phosphosulfate lithium salt hydrate (PAPS, ≥ 60%) was purchased from Sigma-

Aldrich. Sodium chloride was purchased from Merck (Dramstad, Germany).  

Type-1 water (resistivity of 18.2 MΩ●cm at 25oC) was acquired from a Milli-Q integral 

purification system with Q●POD dispenser (0.22 µm filter) from Millipore (Darmstadt, 

Germany).  

 Samples 

The samples were trypsinized and scraped MDCK cell pellets treated with 0, 0.5, 1, 2, 5, 10 

and 20 mM sodium chlorate provided by Ph.D. student Ravi Adusumalli (at the Section for 

Physiology and Cell Biology, Department of Biosciences, UiO). The procedure for cell 

culturing and preparation as shown in Appendix section 5.5. 

 Consumables and miscellaneous 

Pipettes 20-200 µL, 100-1000 µL (Finnpipette® F2) and 0.5-10 µL (Labsystems4500) were 

from Thermo Scientific (Waltham, MA, U.S.A.). Amicon ® Ultra 0.5 mL centrifugal filters 

with a 10K cut-off and MColorpHast™ non-bleeding pH-indicator strips were purchased from 

Millipore now Merck. Eppendorf ® safe-lock tubes 1.5 mL and microvials PP 0.3 mL with 

snap ring were from VWR. 1 mL BD Plastipak™ medical sterile syringes Luer slip without 

needles were from Becton Dickinson (BD, Madrid, Spain) and 1 mLSoft-Ject® disposable 

syringes with Luer slip were purchased from Henke Sass Wolf (HSW, Tuttlingen, Germany). 

Syringe filters with a nylon membrane, pore size 0.2 µm and diameter 13 mm were from 

Chromacol LTD (Thermo Fisher Scientific).  



17 

 

Fused silica capillaries were used as tubing with 100 µm ID and 363.0 µm outer diameter (OD). 

The sample loop was a fused silica capillary and it held 250 nL; 50 µm ID, 350.0 µm OD, and 

the length was 127.5 mm. All fused silica capillaries were obtained from Polymicro 

Technologies (Phoenix, AZ, U.S.A.). The 0.3 mm ID graphite/vespel ferrules (in-house opened 

to 0.37 mm) were obtained from VICI Valco (Schenkon, Switzerland). All 1/16’’ steel nuts, fill 

port for 1/16’’ injector and 1/16’’ steel ferrules were from VICI Valco. Black 

polyetheretherketone (PEEK) tubing 0.1 mm ID and blue PEEK 0.25 mm ID were both bought 

from VWR.  

The DeltaRange analytical balance (model AE166) was from Mettler-Toledo (Columbus, OH, 

U.S.A.). The Eppendorf centrifuge 5424R was from Eppendorf (Hamburg, Germany). Freezer 

and refrigerator were from Husqvarna (Stockholm, Sweden) and BOSCH (Gerlingen, 

Germany), respectively. The freezer temperature was set at -20oC and the refrigerator 

temperature at 4oC. The MS2 Minishaker was obtained from IKA ® Works. Inc. (Wilmington, 

NC, U.S.A.) and the 0.7-liter ultrasonic cleaning UV-bath was from ATU Ultrasonidos 

(Valencia, Spain). 

 Hydrophilic interaction liquid chromatography 

columns 

A ZIC®-pHILIC column (50 x 2.1 mm, 5 µm)  with particles made of methacrylate-based 

copolymer beads, and pores around 10 nm (exclusion limit is ~300 kDa), and a ZIC®-cHILIC 

column (150 x 0.3 mm, 3 µm) with a pore size of 100 Å, were both purchased from SeQuant ® 

Merck. Both columns had bodies of stainless steel. 

 Preparation of stock solutions 

A 1 mg/mL PAPS stock solution was prepared by dissolving 5 mg of PAPS into ACN/ type-1 

water (50/50, v/v) to a final volume of 5 mL. The stock solution was later on distributed in 

aliquots of 40 µL in Eppendorf tubes. The Eppendorf tubes were collectively stored in the 

refrigerator. A 1 mg/mL ATP stock solution was prepared in the same manner. 
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A 100 mM AC stock solution was prepared by dissolving 0.9609 g AC in type-1 water to a 

final volume of 100 mL. This solution was later stored in the refrigerator and diluted according 

to usage. 

 Preparation of sample, standard solutions, and 

calibration solutions 

A 10 µg/mL PAPS standard solution was prepared by pipetting 10 µL of the 1 mg/mL PAPS 

stock solution into an Eppendorf tube and properly mixed with a mini shaker at 1,000 rpm for 

about 10 seconds. This was used according to the aim of each conducted experiment. 

Determination of the limit of detection (LOD) of PAPS 

Four calibration solutions were prepared for determining the LOD of PAPS on the LC-MS 

system I (section 2.7.2), the concentration ranged from 1-4 µg/mL, as shown in Table 2. All 

four were prepared in Eppendorf tubes and the procedure is tabulated in Table 2 below. 

Table 2: Preparation procedure of calibration solutions of PAPS for the determination of LOD for PAPS. 

 

PAPS stock 

solution 

 

Aliquot diluted 

 

Calibration 

solution 

Diluent ACN/30 

mM ammonium 

bicarbonate  (75/25, 

v/v) 

 

Final volume 

1 mg/mL 1 µL 1 µg/mL 999 µL 1 mL 

1 mg/mL 2 µL 2 µg/mL 998 µL 1 mL 

1 mg/mL 3 µL 3 µg/mL 997 µL 1 mL 

1 mg/mL 4 µL 4 µg/mL 996 µL 1 mL 

Preparation of PAPS standard solutions with different solvents for ZIC®-pHILIC column 

Three PAPS standard solutions were prepared by pipetting 10 µL of 1 µg/mL PAPS stock 

solution into three Eppendorf tubes, and diluted in different solvents; 990 µL ACN/30 mM 

ammonium formate (80/20, v/v), 990 µL ACN/30 mM ammonium bicarbonate (ABC) (75/25, 
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v/v) and 990 µL 100% ACN to final volume of 1 mL. They were then mixed with a mini shaker 

and distributed in microvials for LC-MS analysis. 

Preparation of mobile phases and PAPS standard solutions for the optimization of 

chromatography on the ZIC®-cHILIC column 

A total of eight aqueous buffers were prepared. Four had a salt concentration of 5 mM and the 

other four had a concentration of 30 mM. Each buffer had a final volume of 500 mL and 

prepared in flasks. The appropriate amount salt weighed out is shown below in Table 3. 

Weighed out ammonium carbonate (AC), ammonium bicarbonate (ABC) and ammonium 

formate (AF) was dissolved in type-1 water. Ammonium acetate (AA) was dissolved in 

ACN/type-1 water (50/50, v/v). Each flask was shaken and the pH was controlled with pH 

indicator strips.  

Table 3: Weighed out salts for composition of buffers with AC, ABC, AF, and AA.  

 AC, pH 8.0 ABC, pH 6.5 AF, pH 4.5 AA, pH 5.5 

5 mM 30 mM 5 mM 30 mM 5 mM 30 mM 5 mM 30 mM 

m (g) salt 

in 500 mL 

0.2402  1.4414  0.1901  1.1408  0.1576  0.9458  0.1927  1.1562  

 

For each MP buffer and organic-to-water ratio, a 5 µg/mL PAPS standard solution was prepared 

with MP as the solvent. Each standard solution was prepared in an Eppendorf tube with a final 

volume of 1 mL. The first half, 12 of standard solutions were prepared with a buffer 

concentration of 5 mM and the other 12 with a buffer concentration of 30 mM. For each buffer, 

three ratios of ACN/buffer were mixed, 65/35, 70/30 and 75/25 (v/v), as shown in Figure 12. 

  

Figure 12: Overview of 5 µg/mL PAPS standard solution prepared with different buffers (diluted with the MP).  
AC, ABC, AF, and AA were the buffers. For each buffer, three MP ratios (65/35, 70/30 and 75/25 (v/v)) and two 
concentrations of the aqueous MP (5 mM and 30 mM) were tested. 
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Recovery of syringe filters 

Six standard solutions were prepared in Eppendorf tubes with a final volume of 1 mL. Type-1 

water was used for dilution of aliquots of 1 mg/mL PAPS. Table 4 shows schematically how 

much was needed of different volumes of stock solution and volume diluent. As a final step, 

each tube was mixed using a mini shaker. 

Table 4: The procedure for preparing standard solutions for determining the recovery of syringe filters.  

Stock 

solution 

Aliquot diluted Standard 

solution 

Volume diluent Final volume 

1 mg/mL 3 µL 3 µg/mL 997 µL 1 mL 

1 mg/mL 4 µL 4 µg/mL 996 µL 1 mL 

1 mg/mL 5 µL 5 µg/mL 995 µL 1 mL 

1 mg/mL 6 µL 6 µg/mL 994 µL 1 mL 

1 mg/mL 7 µL 7 µg/mL 993 µL 1 mL 

1 mg/mL 8 µL 8 µg/mL 992 µL 1 mL 

 

Recovery of centrifugal filters 

A 50 µg/mL filtrated PAPS standard solution was prepared by pipetting 50 µL of 1 mg/mL 

PAPS stock solution and diluting it with ACN/100 mM AC (35/65, v/v) to a final volume of 1 

mL and mixed well. The sample preparation was carried out as described in section 2.6.1 and 

Figure 14. A 50 µg/mL non-filtrated PAPS standard solution was prepared as described above 

without the sample preparation in section 2.6.1 and Figure 14. 

The washing solution was prepared by mixing ACN and type-1 water (95/5, v/v) ratio to a final 

volume of 5 mL.  
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Solutions for measuring effects of matrix interferences on retention time 

A stock solution of 1 mg/mL PAPS was dissolved 10 times achieving a standard solution with 

100 µg/mL PAPS.  

Spiked solutions with PAPS for investigation of matrix interferences on retention time were 

prepared from scraped MDCK cell pellets treated with 0.5 mM sodium chlorate. The initial 

steps for dilution are tabulated and illustrated in Table 5 and Figure 13. The spiked samples 

then followed the procedure for sample preparation in section 2.6.2. 

Table 5: The procedure for preparing spiked and scraped MDCK cell pellets treated with 0.5 mM sodium chlorate 
solutions for investigation of interferences by matrix components on the retention time. 

PAPS 

standard 

solution 

Volume 

cell sample 

Aliquot diluted 

of standard 

solution 

The 

concentration of 

PAPS in the 

spiked solution 

Volume 

diluent 

Final 

volume 

100 µg/mL 80 µL 1 µL 1 µg/mL 19 µL 80 + 1 + 19 

= 100 µL 

100 µg/mL 80 µL 2 µL 2 µg/mL 18 µL 100 µL 

100 µg/mL 80 µL 10 µL 10 µg/mL 10 µL 100 µL 

100 µg/mL 80 µL 20 µL 20 µg/mL - 100 µL 

 

 

Figure 13: Illustration of spiked and scraped MDCK cell pellets treated with 0.5 mM sodium chlorate solutions 
treated with different concentrations of PAPS; 1 µg/mL, 2 µg/mL, 10 µg/mL and 20 µg/mL.  
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 Sample preparation with centrifugal filters 

 

Figure 14: Simple illustration of sample preparation of PAPS-standard for Amicon centrifugal filters. Figure 
adapted from [3] with elements added by the author of this thesis. 

 

 

Add 400 µL type-1 water to the
centrifugal filter

Centrifugation at 16100 rcf, 20oC for 10 
minutes

Filter turned upside down

Centrifugation at 16100 rcf, 20oC for 10 
minutes

Apply 50 µL of 50 µg/mL PAPS-standard 
to the spin filter

Centrifugation at 16100 rcf, 20oC for 10 
minutes

Apply 50 µL of washing solution to spin
filter 

Centrifugation at 16100 rcf, 20oC for 10 
minutes

Injection of the supernatant to the LC-UV
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 Sample preparation with syringe filters 

 

Figure 15: Simple illustration of sample preparation useful for both PAPS standard solutions and cell samples 
using syringe filters.  

 

 

 

 

 

 

 

 

Thaw freezed cell pellets or standard solution

Add 490 µL ACN/30 mM AC (65/35, v/v)

Disperse cells in solution with pipette

Lyse cells with resting periods

(30 seconds on and 30 seconds off, ten cycles)

Centrifugation at 10 000 rcf, 4oC for 15 minutes

Syringe filters saturated with MP

Apply supernatant to syringe filters
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 Instrumentation 

 Liquid chromatography with ultraviolet detection 

Two separate LC-UV systems were applied. The system I was restricted for flow rates below 

10 µL/min, whilst system II was used for flow rates higher than 10 µL/min.  

The System I consisted of Agilent 1100 series pump with degasser (Santa Clara, CA, U.S.A.) 

and Perkin Elmer PE Nelson 900 series interface (Shelton, CT, U.S.A.) was coupled to The 

UV-detector KNAUER WellChrom K-2600 (Berlin, Germany) with wavelength set at λ = 254 

nm and flow cell with a volume of 15 nL was used. The samples were injected manually with 

a 6-port valve from Cheminert (VICI Valco, Houston, TX, U.S.A.). The 10 µL gastight syringe 

for injections was obtained from Hamilton Co. (Reno, NV, U.S.A.).  

The flow rate used for this system was 10 µL/min. Isocratic elution was used. The system was 

purged for 10 minutes each time the system was turned on. Between every new buffer, the 

column was conditioned for 60 minutes. The sample loop was also flushed three times with 10 

µL ACN and 10 µL type-1 water, respectively. When the ratio of the organic and aqueous 

component in the MP was changed, the column was conditioned for 20 minutes. Injection 

volume was 250 nL 

The System II consisted of a Perkin Elmer series 200 LC pump (Waltham, MA, U.S.A.) and 

Perkin Elmer PE Nelson 900 series interface coupled to a Waters ™ 456 Tunable Absorbance 

detector (Milford, MA, U.S.A.) with wavelength set at λ = 254 and volume of flow cell 8 µL 

nm was used. The injections were executed manually with an external 6-port valve from 

Cheminert. The same syringe from the system I was also used for system II. The sample loop 

was made of stainless steel and held a 5 µL volume. The set-up of the system is illustrated in 

Figure 16. PEEK tubing was from VWR and stainless steel tubing was from VICI Valco. 

The flow rate used was 400 µL/min. The MP consisted of ACN/30 mM AC (pH 8) (65/35, v/v) 

and elution was isocratic. The system was purged and conditioned each time the system was 

switched on for approximately 10 minutes and 60 minutes, respectively. The sample loop was 

also flushed three times with 10 µL ACN and 10 µL type-1 water, respectively. 

Both systems were used with TotalChrom Navigator ver. 6.2.1 (Perkin Elmer) software.  
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Figure 16: Schematics of the system II set-up with focus on the 6-port valve. Different PEEK tubings were used for 
the outlets and inlets. Blue PEEK (0.25 mm ID) was coupled to the waste vial and the black PEEK (0.10 mm ID) was 
coupled to the column and detector.   

 Liquid chromatography with mass spectrometry  

Two separate LC-MS systems were applied. The system I was used with ZIC®-pHILIC 

column, whilst system II was used with ZIC®-cHILIC column. 

The System I consisted of a Dionex UltiMate 3000 pump equipped with an autosampler, 

autoinjector and a heated column compartment coupled to a HESI-II electrospray interface 

operated in negative mode and a TSQ Vantage triple quadrupole mass spectrometer operated 

in SRM-mode for m/z 426 from Thermo Scientific (Waltham, MA, U.S.A.). The Fusion 101 

digital lab syringe pump was obtained from Chemyx (Stafford, TX, U.S.A.). N2 gas production 

unit was from INMATEC Technologie (Munich, Germany). The flow rate was 400 µL/min and 

the injection volume was 1 µL.  
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Three software were used for system I. Chromeleon ver. 6.8 was used to control the pump. 

Thermo TSQ tune master ver. 2.3.0 SP3 was used for tuning the MS and Xcalibur ™ ver. 2.2 

software was used to obtain chromatograms, mass spectra, and peak analysis.  

The System II consisted of an Agilent 1100 series pump equipped with autosampler and 

autoinjector was coupled to a HESI-II electrospray interface operated in negative mode. This 

set-up was further connected to TSQ Quantiva triple quadrupole mass spectrometer from 

Thermo Scientific operated in SRM-mode for m/z 426 and 506. The column was heated using 

a Spark Holland Mistral oven (Emmen, Netherlands). The flow rate was set at 10 µL/min and 

the injection volume at 0.25 µL. 

The pump was controlled by ChemStation for LC systems ver. B.04.03, whilst the MS was 

controlled with TSQ Quantiva Tune Application 1.1.1031. Xcalibur ™ ver. 2.2 software was 

used to obtain chromatograms, mass spectra, and peak analysis. 

The parameters for optimizations of both systems are shown in Table 6 and Table 7 beneath. 

Table 6: The parameters for the negative mode electrospray ion source connected to both triple quadrupole 
mass spectrometers, the system I and system II. Both ion sources were operated in negative mode. a.u. is short 
for arbitrary units.  

 Parameters System I System II 

 Ion Source type HESI-source HESI-source 

 Polarity Negative Negative  

 Spray voltage 2500 V 2500 V 

Ion Source Sheat gas (a.u.) 35 6 

 Auxillary gas (a.u.) 10 5 

 Ion transfer tube temperature (oC) 350 325 

 Vaporization temperature (oC) 300 27 
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Table 7: The SRM parameters of m/z 426 and 506 for PAPS tabulated for the system I and system II. 

SRM table for the system I SRM table for the system II 

Precursor 

(m/z) 

Product 

(m/z) 

Collision 

energy 

(V) 

RF lens 

(V) 

Precursor 

(m/z) 

Product 

(m/z) 

Collision 

energy 

(V) 

RF lens 

(V) 

426 134 10 109 426.1 134.022 26 111 

426 328 197 109 426.1 158.758 27 111 

 426.1 408.082 21 111 

506.2 134.16 37 75 

506.2 328.17 26 75 

506.2 426 17 75 

 

 Regeneration of columns 

ZIC®-pHILIC column regeneration was performed with respect to recommendations 

manufacturer by rinsing the column with a strong salt solution at a low flow rate in the reverse 

direction. The rinsing procedure was to wash the column with 30 column volumes (21 mL) of 

type-1 water, 30 column volumes of 0.5 M sodium chloride and 30 column volumes of type-1 

water. The final step was filling the column with ACN/5 mM AA (80/20, v/v, pH 6.8); for about 

one hour. All of these steps were performed at a flow rate of 100 µL/min. 

ZIC®-cHILIC column was rinsed with ACN/30 mM AC/type-1 water (50/30/20) at low flow 

rate without reversing the direction [3]. This was done at a flow rate of 5 µL/min for 30 minutes. 

The column was then conditioned with ACN/5 mM AA (80/20, v/v, pH 6.8) as advised by the 

producer.  
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3 Results and discussion 

 ZIC®-pHILIC column investigations 

For this investigation, a combination of LC-UV and LC-MS was opted for. In section 3.1.1 

and 3.1.2 LC-MS system I in SRM-mode (Table 7) was used, while in section 3.1.3 LC-UV 

system II was used. 

 Optimization of mobile phase 

To obtain a rapid determination of PAPS, a short ZIC®-pHILIC column (50 x 2.1 mm, 5 µm) 

was chosen. In order to determine the LOD of PAPS and for further work, optimization of the 

MP was a prerequisite. Therefore two MP phases were explored; ACN/30 mM ABC (75/25, 

v/v) and ACN/30 mM AF (65/35, v/v). The first was used by Guo and Gaiki [40] who reported 

that the retention was low using ABC buffer and the latter was chosen as a result of earlier 

analyses by a former master’s student [41]. 

PAPS samples received were dissolved in ACN, and it was desirable to dissolve the sample in 

the MP. This was tested using PAPS standard solutions. Therefore, three solvent compositions 

were analyzed in combination with the two MPs mentioned in the paragraph above. 100% ACN, 

ACN/30 mM AF (80/20 and 65/35, v/v) and ACN/30 mM ABC (75/25, v/v) were chosen as 

solvents. ACN/30 mM AF (80/20, v/v) was also used by Bjørseth [41] who found it to be 

compatible with a ZIC®-cHILIC column.  

According to Figure 17, none of the injection solvents gave satisfying chromatograms with 

ACN/30 mM ABC (75/25, v/v) as MP. In Figure 17 – 2nd chromatogram, the injection solvent, 

and MP were similar, but the peak was surprisingly distorted and the retention time way too 

long at 28 minutes. This observation was surprising because, in order to avoid peak distortion 

in HILIC, sample solvent should not contain more water than the MP [33], which none of the 

sample solvents did.   
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Figure 17: SRM chromatograms of 10 µg/mL PAPS standard solution diluted in three different solvents (in red) 
(n=3 for each solvent). This experiment was conducted with LC-MS system I on the ZIC®-pHILIC (50 x 2.1 mm, 5 
µm) column with a flow rate of 400 µL/min. The injection volume was 1 µL. The MP was ACN/30 mM ABC (75/25, 
v/v).  

 

The ACN/30 mM AF (65/35, v/v) MP, on the other hand, gave significantly better 

chromatograms and shorter retention time, as seen in Figure 18.  

 

Figure 18: SRM chromatograms of 10 µg/mL PAPS standard solution diluted in four different solvents (in red) (n=3 
for each solvent). MP was ACN/30 mM AF (65/35, v/v). Other analysis conditions were as described in Figure 17. 
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The solvent identical to the MP gave the highest efficiency but the % relative standard deviation 

(%RSD) of the efficiency was higher, approximately four times higher than for the rest of the 

solvents (Table 8). ACN/30 mM ABC (75/25, v/v) as solvent gave the highest intensity and 

lowest %RSD. Another thing worth noticing was the sample solvent with ABC had the highest 

intensity (Table 8). It gave the impression that ABC assists the ionization of PAPS. 

Table 8: Efficiency (N), %RSD of N and intensity tabulated for three of four sample solvents (see chromatograms 
in Figure 18). A.u. is short for arbitrary units.  

MP: ACN/30 mM AF (65/35, v/v) 
Solvent tR (min) N %RSD(N) Intensity (a.u.)  

100% ACN 5.27 2015 7 832 

ACN/30 mM ABC (75/25, v/v) 5.28 2648 6 1620 

ACN/30 mM AF (65/35, v/v) 5.28 2288 24 522 

 

Thus, ACN/30 mM ABC (75/25, v/v) was chosen as the most suitable solvent for PAPS with 

ACN/30 mM AF (65/35, v/v) as MP despite not achieving short retention time. 

 The limit of detection of PAPS 

The LC-MS LOD of PAPS was determined by preparing standard solutions of PAPS; 4 µg/mL, 

3 µg/mL, 2 µg/mL and 1 µg/mL. Chromatograms for each concentration (n=5) were obtained 

(see Figure 19 and Appendix Table 12).  

 

Figure 19: SRM chromatograms of calibration solutions (in red) for determination of the LOD of PAPS with ZIC®-
pHILIC (50 x 2.1 mm, 5µm). ACN/30 mM AF (65/35, v/v) was the MP and ACN/30 mM ABC (75/25, v/v) was the 
solvent. All chromatograms are scaled. Other analysis conditions were as described in Figure 18. 
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The LOD was calculated to be 0.5 µg/mL by extrapolation. Dowood [3] calculated the LOD for 

the same analyte and long ZIC®-pHILIC column (150 x 2.1 mm, 5 µm) to also be 0.5 µg/mL. 

With both columns having the same 2.1 mm ID and same SP, the LOD obtained was 

satisfactory. In pharmaceutical analyzes and for endogenous molecules, it is preferred to have 

LOD as low as possible, preferably in the ng/mL or pg/mL range. However, for this thesis, the 

LOD was considered acceptable. In order to get higher LOD improvements can be made with 

an MS with higher sensitivity, and shorter retention time. 

The intention was to use deuterated PAPS as internal standard (IS) for quantification. The IS 

received could not be detected (Appendix - 5.2) and was not up to par. 

Satisfactory LOD 0.5 µg/mL of PAPS was achieved with the ZIC®-pHILIC column even though 

retention time was somewhat high. 

 Sample preparation with centrifugal filters 

The recovery of PAPS using centrifugal filters was tested using PAPS standard solutions to see 

if the sample preparation used by Dowood [3] with same conditions was reproducible and could 

be implemented with a ZIC®-pHILIC column method. When injecting filtrated PAPS 

standards, the pump flow had to be adjusted many times since the pump kept experiencing 

pressure overload. The old 6-port injector with sample loop of 250 nL was replaced with an 

injector with a larger sample loop of 5 µL. This resolved the pressure issue and the recovery 

was calculated to be R%=94% (Figure 20).   

 

Figure 20: LC-UV system II chromatograms of 50 µg/mL non-filtrated (n=8, %RSD(peak area)=45%) and filtrated 
(n=8, %RSD(peak area)=32%) PAPS standard solutions (in red) using centrifugal filters. MP comprised of ACN/30 
mM AC (65/35, v/v) and flow rate 400 µL/min. The column used for this experiment was ZIC®-pHILIC (50 x 2.1 
mm, 5 µm). Injection volume was 5 µL. 
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A 94% recovery was considered satisfactory since former student managed to obtain R% = 89% 

[3]. The main difference was that in this study filtrated standards were used, while R% = 89% 

was obtained from spiked cell samples. Despite obtaining good recovery the retention time for 

this investigation was a lot shorter than for the previous investigations. The source of this 

change could be the pump instability. 

In the following, several instrumental issues occurred as described in Appendix - 5.1. During 

the problem solving, the producer of the filters (Merck Millipore) was contacted to inquire 

about the filters. These filters were from the same manufacturer as used in [3]. They confirmed 

that there was no change in membrane or housing in the past years. In addition, they mentioned 

that the filters only tolerate up to 20% ACN and the maximum centrifugal force that can be 

tolerated by the filters is 14000 rcf. It was not an option to reduce the ACN concentration down 

to 20% since injection into a HILIC-system requires way more ACN than that. Johnsen et. al. 

[42] reported that the performance of the centrifugal filters varied. We speculated, however, 

that there could have been some changes in the production. This could more or less explain the 

difficulties that have been experienced along the way.  

Since the LC-UV system II was unstable throughout the analyses (see Appendix - 5.1), the 

initially obtained recovery (R% = 94%) could not be reproduced. It also appeared that the 

column was unstable in the sense that it sometimes seemed to be clogged. The pump was 

experiencing pressure overload regularly and there were unknown problems with the mixing 

chamber and the flow cell.  

Because of the non-repeatable retention of PAPS on the ZIC®-pHILIC column (50 x 2.1 mm, 

5µm), it was decided to explore the suitability of another column, the ZIC®-cHILIC column 

(150 x 0.3 mm, 3 µm). 

 ZIC®-cHILIC column investigations 

For this investigation, a combination of LC-UV and LC-MS was opted for. In section 3.2.1 

LC-UV system I was used, while in section 3.2.3 LC-MS system II in SRM-mode (Table 7) 

was used. In section 3.2.2 both LC-UV system I and LC-MS system II in SRM-mode was 

used. 
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 Optimization of mobile phases 

Retention and selectivity in HILIC are influenced by varying parameters [43], and according to 

the aim of this study, some of these were explored such as MP pH, organic solvent and water 

ratio, buffer concentration and column temperature. The column temperature was experimented 

with separately in section 3.3. 

Figure 21 shows four different buffers with two different concentrations; 5/30 mM AC (pH 

8.0), 5/30 mM ABC (pH 6.5), 5/30 mM AA (pH 5.5) and AF (pH 4.5) were examined (n = 3 

for each MP) using the ZIC®-cHILIC column on LC-UV system I. 

 

Figure 21: Schematics of different MP compositions tested with the ZIC®-cHILIC (150 x 0.3mm, 3 µm) column using 
LC-UV system I. The MP pH stated beneath each ACN/buffer was the pH in the aqueous-buffer solution. The red 
colored boxes represent the MP composition that did not work for the column, the orange boxes represent MP 
compositions that could work and green boxes represent the MP composition that suited the column the best.  

AF and AA are highly hygroscopic salts. Already when opening the container and weighing the 

salts, there were big almost transparent crystals. The final buffer concentration for a specific 

buffer when mixed with ACN could be too low to assist elution. This might be the case for 30 

mM ABC and AF as seen in Appendix - 5.4 in Figure 40 and Figure 42.  

It was observed that a higher concentration of ACN in the MP gave an increase in retention for 

PAPS (Figure 22), which was as expected. PAPS is a polar compound and would prefer polar 

environment. Since PAPS has higher affinity to the stagnant water layer than the MP (decreased 

partitioning between the stagnant water layer and the MP), PAPS would get retained and elute 
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later [44]. Another reasoning for the retention increase could be increased interactions between 

PAPS and the phosphocholine stationary phase.  

 

Figure 22: LC-UV system I chromatograms of 10 µg/mL PAPS standard solution obtained using three different 
ACN/30 mM AC ratios; 65:35(left), 70:30 and 75:25(right) as MP. ZIC®-cHILIC (150 x 0.3mm, 3µm) column was 
used with injection of 5 µg/mL PAPS standard solution. Each standard solution was diluted in the MP used. The 
flow rate was 10 µL/min and the injection volume was 250 nL.  

 

Three mechanisms mainly control the retention of HILIC; hydrophilic partitioning, hydrogen 

bonding, and electrostatic interaction. Since both the SP and PAPS are charged electrostatic 

interactions may play a very important role in the retention of PAPS. By the presence of buffer 

attractive or repulsive secondary interactions can be reduced [45, 46]. Electrostatic interactions 

and/or secondary interactions might be the reason behind why the PAPS peak in Figure 22, is 

almost one minute wide. Higher concentration of buffer could have been tested to see if that 

narrowed the peak. With respect to the predicted distribution coefficient (log D) values 

(equivalent to log P for ionizable compounds) for PAPS (referring to Table 9) and the MP pH, 

AC should give highest and AF shortest retention time. ABC should give higher retention than 

AA. With only two buffers being suitable for the ZIC®-cHILIC column, AC and AA at 

concentration 30 mM (see Figure 22 and in Appendix Figure 41), AC gave longer retention 

time.  The pH was adjusted in the aqueous buffer solution and by mixing it with an organic 

solvent, the pH does not remain the same. In addition to that, the pH should have been controlled 

accurately with a pH meter and not just strips. Hence, the accurate pH is not known.  

Table 9: The predicted log D values of PAPS as a function of pH and at 25 °C [47]. 

pH 1 2 3 4 5 6 7 8 9 10 

Log D -7.43 -8.08 -8.99 -9.47 -10.00 -10.39 -10.87 -11.21 -11.28 -11.28 
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From the qualitative analyses, ACN/30 mM AC (65/35, v/v) was chosen as the most suitable 

MP for the ZIC®-cHILIC column even though PAPS eluted around four minutes, which again 

was considered somewhat long to be a rapid method.   

 Sample preparation with syringe filters and recovery 

Due to centrifugal filters not being compatible with the extraction of PAPS from samples with 

a high ACN concentration needed for direct HILIC determination, a new sample preparation 

method was needed. A combination of ultrasonic treatment, centrifugation, and extraction with 

syringe filters was examined. In section 2.6.2, the sample preparation technique is explained in 

detail. However, to study the sample preparation the chromatographic system was set-up to 

determine both PAPS and ATP. Structurally PAPS and ATP differs marginally (Figure 2). In 

order to avoid coeluting peaks and interferences, both PAPS and ATP were determined.  

Even though the chromatograms looked similar for PAPS and ATP standards, the retention time 

kept changing, as seen in Figure 23. This drift in retention time could be caused by the column 

not being fully equilibrated, contamination or pump instability. HILIC columns need sufficient 

amount of time for equilibration. The main cause for this is the stagnant water layer functioning 

as the SP derived from the MP [46]. Usually, it requires 15-20 column volumes, depending on 

the column chemistry [48].  

 

 

Figure 23: LC-UV system I chromatograms of filtrated standard solutions injected on ZIC-cHILIC (150 x 0.3 mm, 
3µm); orange: 50 µg/mL PAPS, pink: 50 µg/mL PAPS and ATP, blue: 50 µg/mL ATP and green: 50 µg/mL PAPS and 
50 µg/mL ATP. The flow rate was 10 µL/min and injection volume was 250 nL. The MP was ACN/30 mM AC (65/35, 
v/v). 
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The retention time in the previous section of PAPS was around four minutes, on the same LC-

UV system II used in this section, and in this section, it shortened to two minutes. The retention 

time seemed to be stable and the sample preparation technique in section 2.6.2 was used from 

here on out.  

LC-MS system II was used to obtain the recovery from the syringe filters. The apparent 

recovery of PAPS from the syringe filters with a range of standard solutions was calculated to 

be %R=83% by extrapolation (see Appendix - Table 13 and Figure 44). The found recovery 

for the centrifugal filters was not exactly comparable with that found for the syringe filters. 

Compared to Dowood [3] who obtained a recovery of R% = 89% for the Amicon centrifugal 

filters, the obtained recovery is acceptable. Despite obtaining sufficient recovery, the peaks in 

Appendix - Figure 45 were very broad and the retention time kept drifting (Figure 24). The 

broad peaks could be caused by secondary interactions coming from residual silanol groups. 

The higher the pH is, the more silanol groups. However, this does not seem to be a problem for 

ZIC-HILIC [49]. Both ZIC-HILIC and ZIC®-cHILIC are silica based with slightly different 

functional groups. The drift in retention time was a repeating problem occurring for the ZIC®-

cHILIC column.  

The filtered 7 µg/mL PAPS standard solution and non-filtrated 8 µg/mL PAPS standard 

solution do not follow the trend of the rest of the points in Appendix - Figure 44 and Table 

13, which can be caused by an error whilst preparing the standard. No carry-over was present, 

as shown in Appendix - Figure 46. 

 

Figure 24: Retention time (min) of filtered (blue) and non-filtrated (red) PAPS solutions with different 
concentrations (3 µg/mL, 4 µg/mL, 5 µg/mL, 6 µg/mL, 7 µg/mL and 8 µg/mL) for examining recovery from the 
syringe filters (n=5). MP was ACN/30 mM AC (65/35, v/v). Injection volume was 0.25 µL and flow rate 10 µL/min 
on the ZIC®-cHILIC column.  
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Satisfactory recovery R%=83% was obtained despite having long retention time and broad 

peaks. 

 Identification of PAPS and ATP in samples and standards 

Since establishing a sample preparation technique appropriate for PAPS, the LC-MS system II 

was used in order to identify PAPS in sample solutions with certainty. First, a PAPS standard 

solution was analyzed, as seen in chromatograms in Figure 25. PAPS is a target of in-source 

fragmentation and cleaves off –SO3H
- and hence m/z 426 [3]. Intact PAPS and cleaved PAPS 

elute at the same time but the retention time is again changed from previous sections.  

 

Figure 25: SRM chromatograms of 10 µg/mL PAPS standard solution (in red). The MP was ACN/30 mM AC (65/35, 
v/v) and column used was ZIC®-cHILIC (150 x 0.3 mm, 3µm). The flow rate was 10 µL/min and the injection volume 
was 0.25 µL. The LC-MS system II was used. 

 

Then MDCK cell sample treated with 0.5 mM, 1 mM and 2 mM sodium chlorate spiked with 

PAPS was analyzed. As PAPS, ATP is also another target for in-source fragmentation and has 

the same m/z 426 as PAPS [3]. Despite having the same m/z, PAPS and ATP in the sample were 

separated by the LC column as shown in Figure 26.  

It is worth noticing with the ZIC®-cHILIC column and a MP consisting of ACN/30 mM AC 

(65/35, v/v) the plate number of PAPS was much smaller N=801 (n=3, %RSD=6%) compared 

to that obtained with the ZIC®-pHILIC column (50 x 2.1 mm, 5 µm) in section 3.1 (Table 8) 

and obtained by Dowood [3] ZIC®-pHILIC column (150 x 2.1 mm, 5 µm) 
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(N=2870, %RSD=3%). This could be caused by the difference between a polymer-based 

column and a silica-based column and/or the different composition of buffers. 

 

Figure 26: SRM chromatograms of PAPS and ATP in spiked MDCK cell samples treated with different sodium 
chlorate concentrations (in red) as in Figure 47. Other analysis conditions were as described in Figure 25. 

 

To sum up, even though too long retention time of PAPS and ATP in cell samples could be 

separated and identified in spite of having same m/z. 

Matrix interferences on retention 

The MDCK cell samples received had cells harvested in two different manners, trypsinization 

and scraping. In addition to that, they were treated with a range of sodium chlorate 

concentration. In Appendix - 5.3, the effect of sodium chlorate on PAPS levels was examined 

with respect to the difference between trypsinized and scraped cell pellets. Sodium chlorate as 

an inhibitor (explained in section 1.1.1) and should suppress PAPS peak, whilst the cell samples 

showed strange trends (Appendix - 5.3).  

A PAPS and ATP standard mixture was injected to see if they overlapped, which can interfere 

with the qualitative determination. The main challenge with detection of PAPS with mass 

spectrometry is interferences. Ion-source fragmentation can i.e. leave ATP with plenty of 

internal energy from ionization process causing it to fragment in the mass spectrometer. 

Phosphate groups can get cleaved off from ATP giving the m/z 426 identical to PAPS [3].   
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Figure 27 shows that PAPS and ATP highly overlapped and overlapped even after washing the 

column. The method had to be optimized all over again. 

 

Figure 27: SRM chromatogram of 10 µg/mL PAPS and ATP mixture. The ZIC-cHILIC column (150 x 0.3 µm, 3 µm) 
was used. Other analysis conditions were as described in Figure 25. 

 Establishment of new separation conditions for  

PAPS and ATP on ZIC®-cHILIC column 

 Optimization of mobile phase 

To solve the problem described in section 3.2.3, the organic-to-water ratio was changed in order 

to improve the separation of PAPS and ATP. However, PAPS and ATP could not be separated 

well enough with just adjusting the organic-to-water ratio in the MP as seen in Figure 28. 

By increasing the ACN content to 75%, the peaks for ATP and PAPS had a lot lower intensity 

because of band broadening. Instead of getting better separated, they also seemed to almost 

shape one peak. With increasing concentration of ACN, water gets the opportunity to interact 

strongly with residual silanols on the SP. In this manner, they get exposed and water molecules 

would get adsorbed onto them [15, 50]. With PAPS and ATP being polar compounds, they 

could have a stronger interaction with adsorbed water and therefore broadening the peaks. This 

way the mechanism for partitioning would become stronger. Lack of enough buffer ions can be 

another reason for such broad peaks [23]. As a result of all this, the intensity decreases.  
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Figure 28: SRM chromatograms of 10 µg/Ml PAPS and ATP standard mixture with respect to the organic-to-water 
ratio in MP (in red). The LC-MS system II was used with ZIC®-cHILIC column (150 x 0.3 mm, 3µm). The flow rate 
was 10 µL/min and the injection volume was 0.25 µL. All chromatograms are scaled.  

 

Thus, even though not getting complete separation of PAPS and ATP by increasing the 

concentration of ACN, MP ACN/30 mM AC (70/30, v/v) was still chosen as the MP. It separated 

the compounds better than other MP compositions investigated. 

 Optimization of temperature 

Not being entirely satisfied with the effect of increased concentration of ACN on the separation 

(in section 3.3.1), a change in temperature to assist the separation was opted for. With increasing 

temperature, the retention time kept increasing and the intensity kept decreasing. A temperature 

of 30°C seemed to be most appropriate helping the separation of PAPS (n=2, Rs=7) (Figure 

29).  

Generally, with increased temperature, the retention time should decrease. Increased 

temperature commonly results in a shift in equilibrium towards the mobile phase, shortening 

the retention time. That is because retention is an exothermic process and usually entropy is lost 

during interaction between MP and SP [20]. While for this case, the opposite was the case. This 

has been observed by a few studies mostly for RP phases but also for aliphatic carboxylic acids 

with HILIC [51-53]. In a study by Johnsen et. al. [54], for nucleoside triphosphates, it was 



41 

 

observed that for some of the nucleoside triphosphates retention time increased just like for 

PAPS. Increased temperature could promote the hydrophilic interactions with the aqueous 

stagnant layer surrounding the SP. One possible explanation could be with the strong 

hydrophilic interaction, PAPS and ATP could form clusters with salt and/or water molecules. 

This way these polar and small compounds could be in some sort be shielded from the organic 

MP [54]. A higher temperature could lead to PAPS starting to decompose and therefore the 

intensity also decreased with increasing temperature. However, since 30oC is below body 

temperature [55], PAPS should be able to tolerate that temperature without decomposing. 

 

 

Figure 29: SRM chromatograms of 10 µg/mL PAPS and ATP standard mixture with respect to column temperature 
(in red). Starting with ambient temperature and then increasing the temperature to 50°C. Each time the 
temperature was increased, the column was left for heating for 15 minutes and then each analysis was run. LC-
MS system II was used with ZIC®-cHILIC column (150 x 0.3 mm, 3 µm).  Other analysis conditions were as described 
in Figure 28. 

 

With the temperature being a helping factor, MP ACN/30 mM AC (70/30, v/v) and 30°C column 

temperature gave satisfactory separation of PAPS and ATP with Rs=7. 
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 Effects of conditioning the ZIC®-cHILIC column 

HILIC is known for being a demanding technique when it comes to repeatability and 

robustness. From the work in section 3.3, it is evident that the retention time was not stable and 

kept drifting. It was very difficult to find the source of the drift especially since only isocratic 

elution had been used throughout.  In addition to that other studies barely covers this problem. 

With the injection of a 10 µg/mL PAPS and ATP standard, retention time from the first injection 

to 10th injection increased by almost one minute (Figure 30).  

 

Figure 30: Retention time (min) as a function of injection number of 10 µg/mL PAPS and ATP standard mixture 
(n=15, %RSD(tR)=6%). LC-MS system II was used with ZIC®-cHILIC column (50 x 0.3 mm, 3 µm). Other analysis 
conditions were as described in Figure 28. 

 

Not only did the retention time drift, also the separation of PAPS and ATP got poorer 

(Appendix - Figure 48). By injection of a MDCK cell sample, the retention time 

(%RSD(tR)=6%) for ATP moved almost two minutes (Appendix - Figure 49). Only ATP was 

found by the SRM-method in that sample. Washing the column after using it in a few days in a 

row and equilibrating the column before each use in order to avoid buffer precipitation and/or 

contamination was manageable. The drift in retention time should not have occurred with such 

religious washing. 

Even though conditioning between each injection mostly makes sense for gradient elution, the 

column was conditioned between each injection. Usually, it is recommended 20 column 

volumes to equilibrate the column [48] but to begin with 10 column volumes were tested mainly 

to not compromise analysis time anymore. An acceptable deviation in retention time was set to 

5%. From the scatterplot in Figure 31, it can be seen that 10 minutes conditioning (%RSD=2%) 
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gave retention time with less deviation than 20 minutes of conditioning and no conditioning at 

all.  

 

Figure 31: Retention time (minutes) without and with (10 and 20 minutes) of conditioning 10 µg/mL PAPS (n=5)  
[56]. LC-MS system II was used with ZIC®-cHILIC column (50 x 0.3 mm, 3 µm). Other analysis conditions were as 
described in Figure 28.  

 

The MP pH, environment for silica, equilibration time, buffer concentration and sample 

preparation are all important factors affecting the performance of the column. Hence, it is a 

complex problem. These problems are discussed in more detail in section 3.6. 

10 minutes conditioning in between each injection stabilized the retention time of PAPS 

sufficiently and with 2% deviation in retention time. 

 Effects from cell sample matrix on PAPS 

retention over time 

By injecting filtrated cell samples spiked with PAPS, after some days, the retention of PAPS 

increased from 6 to 14 minutes (Figure 32, 10 µg/mL PAPS %RSD(peak area)=9%, 20 µg/mL 

PAPS %RSD(peak area)=1%).  
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Figure 32: SRM chromatograms of cell scraped MDCK sample treated with 0.5 mM chlorate and then spiked 
with different concentrations of PAPS (in red). LC-MS system II was used with ZIC®-cHILIC column (50 x 0.3 mm, 
3 µm). The column was conditioned in between each sample injection. All the chromatograms are scaled. Other 
analysis conditions were as described in Figure 28. 

 

Inefficient sample preparation could cause such major shift in retention time. The syringe filters 

could let macromolecules like proteins pass. The proteins could have interactions with the SP 

i.e. by charge and could form a temporary new SP. Therefore PAPS would interact differently 

and strongly which caused the elevated retention time.   

With LC-MS system II and ZIC®-cHILIC column, only 10 µg/mL of PAPS was detectable 

which is 20 times higher than for LC-MS system I and ZIC®-pHILIC column (section 3.1.2). 

The MS system II seemed to have temporary low sensitivity. Leaving the system untouched for 

24 hours, the column was severely clogged. There was no way of cleaning the column in either 

direction. Most likely the inlet frit was contaminated. Cleaning was tried with both low flow 

rate and high flow rate. No matter what was tried, the pressure on the column kept increasing 

and reaching the maximum pressure of the pump. 

This means that the developed sample preparation technique with syringe filters was not 

efficient enough to remove other small and large interfering molecules. The interferences 

elevated the retention time of PAPS.  
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 Retention of PAPS on other identical ZIC®-

cHILIC columns 

Two identical ZIC®-cHILIC previously used columns were examined to see if they produce 

the same results as the one first investigated. One of the columns was only usable in the reversed 

direction, whilst the other was older but usable in the right direction. A 10 µg/mL PAPS 

standard solution was injected with similar conditions as in the section earlier and the pressure 

was almost identical. The outcome was two different chromatograms as seen in Figure 33. 

These peaks in the chromatograms were not comparable with e.g. Figure 32. 

Judging the performance of the ZIC®-cHILIC columns with a critical eye, the columns did not 

provide repeatable chromatography. Even under experiments conducted under similar 

conditions, they gave different retention time and separation of PAPS and ATP. 

 

Figure 33: SRM chromatograms of 10 µg/mL PAPS and ATP standard mixture of Upper: ZIC®-cHILIC (150 x 0.3 
mm, 3 µm) used in [41]. Bottom: ZIC®-cHILIC (150 x 0.3 mm, 3 µm) in reversed direction. LC-MS system II was used 
with ZIC®-cHILIC column (50 x 0.3 mm, 3 µm).  Other analysis conditions were as described in Figure 28. 

 Mobile phase and sample composition 

considerations in hindsight 

With all the occurred problems during this thesis, this section is an attempt of a discussion of 

the problems regarding the retention time drift in hindsight. 
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 Effects of mobile phase pH on the ZIC®-cHILIC silica base 

HILIC columns are sensitive to how the column is used. Buffer concentration, washing 

procedure, equilibration time before the first injection (and in between) and MP pH all play a 

major role on how the column would perform. By comparing ZIC-HILIC and ZIC®-cHILIC 

column, it was found that the separation power of ZIC®-cHILIC was way more independent 

of pH than ZIC-HILIC [57]. At the same time, the pamphlet that followed the purchased 

column recommended a pH of 2-8 [58]. With a strongly alkaline pH, the silica underneath the 

zwitterionic group would start to dislodge and dissolve. Such phases are hydrolytically 

unstable. Silica can be degraded with two independent mechanisms; acid induced ligand 

hydrolysis from the silica support or base induced silica skeleton dissolution. The functional 

group adsorbs water and forms a water layer. This in return accelerates silica surface damage 

[59-61]. Several attempts are done to make stable HILIC phases by changing the binding 

chemistry or using pH stable titania and porous graphitic carbon [62-64]. It would then be 

important to select right silica-based HILIC column for future investigations and stable 

column. Fifteen injections (as in Appendix - Figure 48), were not enough to tell if the 

underlying silica deteriorated despite the MP pH being 8. Usually, to test the stability, around 

30 hours are needed to check for column dissolution [65]. Additionally, damaged silica would 

form a void and the biggest indicator for that would have been distorted peaks (all of them) 

with a “shoulder” or severe tail. The retention time would not be affected [66].  

pH is a major factor affecting the performance of HILIC, therefore, it should have been 

controlled by using a pH meter rather than pH strips. MP having pH close to silica's 

maximum limit, should have been controlled accurately.  pH strips are great for quick 

qualitative work but fail at accurate quantitative work and they have a high uncertainty value 

[67, 68]. There are possibilities of several potential errors while using pH strips; the color of 

the strip can be difficult to match exactly with the color on the box, colors of a strip 

corresponds to a range and not an exact value, pH strips are temperature sensitive and they are 

not suitable for extreme pH [68]. 

 Effects of buffer concentration  

With e-mail exchange with Dr. Andrew Alpert [65], the founding father of HILIC, a few 

things were made clear. Compounds with high m/z as PAPS, require a high concentration of 

buffer in the both MP and sample solvent. This is particularly important to ensure that all 
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ionizable groups share the same counterion. An unwanted outcome otherwise would be that 

the ions may swap the counterions during the chromatography. The polarity of the dissimilar 

pair of ion and counterion will vary. Thus, variation in retention time will occur. The problem 

with the used MP and buffer concentration are that the buffer was dissolved in the aqueous 

part first and then mixed with the organic part. With MP ACN/30 mM AC (70/30, v/v) 30% 

of 30 mM AC buffer flows through the column and that equals an overall concentration of 9 

mM and with MS low ionic strength is preferable [69]. On the contrary, the MP need at least 

20 mM buffer in the MP overall [65]. That equals 66.6 mM AC in 30% of the aqueous part of 

the MP [23, 65, 66]. The result of these factors could be skewed peaks or even many peaks 

for one analyte. Another important information accentuated by Alpert [65] was that 30 mM 

AC at pH 8, would actually be ABC and not AC. 

 Effects of sample preparation 

The syringe filters used for sample preparation had a pore size of 0.2 µm. Since constant 

issues with clogged column were experienced, the pore size was possibly too big. Pore size 

for microfiltration generally spans 0.1 µm to 1 µm and usually is suitable for removal of 

suspended solids, bacteria, and virus. In order to remove proteins, which were most likely 

present with the use of syringe filters, ultrafiltration is a better option. Pore size for that kind 

of filters spans 0.01 µm to 0.1 µm [70] which was the pore size for the centrifugal filters used 

in section 3.1.3. If the centrifugal filters were not limited to 20% ACN and centrifugation at 

14,000 rcf, could they possibly be a good fit with focus on the pore size. Dowood [3] 

somehow managed to incorporate the centrifugal filters in her developed method. 

 Effects of phosphate groups 

In addition to PAPS, compounds like ATP and ADP (structurally similar to PAPS) consists 

phosphate groups. Phosphate is also the building block of the ZIC®-cHILIC SP. Wakamatsu 

et. al. [71] and Shi et. al. [72] reported that compounds with phosphorylated nucleoside 

caused remarkable peak tailing in LC-MS by interacting with the stainless steel capillary inlet 

of the column. The compounds got strongly adsorbed. These effects could induce tailing 

effects affecting the resolution as well as sensitivity [73]. Han et. al. [74] resolved this issue 

by adding methylphosphonic acid to the MP of an RP-LC-MS rather than using phosphoric 

acid of phosphate buffers (not compatible with LC-MS due to non-volatility).  
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4 Conclusion 

A rapid determination of PAPS was neither achieved with a ZIC®-pHILIC column (50 x 2.1 

mm, 5 µm) nor with the use of LC-ESI-MS but the shortest retention time of PAPS (two 

minutes) was obtained with a ZIC®-cHILIC column (150 x 0.3 mm, 3 µm) and LC-UV. The 

centrifugal filters were not efficient due to their incompatibility with HILIC because the filters 

only tolerated 20% ACN and centrifugation force at 14,000 rcf. An alternative, syringe filters, 

did not give satisfying filtration of cell samples either causing clogging of the column. 

In the medical field, and other fields for that matter, time is money. Inconsistency, non-

reproducible results and unpredictable retention time is not something that would be useful for 

quantification or screening of metabolites, drugs or other compounds.  

Future work 

For further work, it might be wiser to either try to reinvestigate the use of a ZIC®-pHILIC 

column with an improved sample preparation technique. Core-shell particles HILIC column 

to achieve fast separation without increased back-pressure could be an option. Following up, a 

more selective sample preparation technique is highly needed. With possibilities of trying 

liquid-liquid extraction and maybe incorporate some filtration system like automated filtration 

and filter flush to avoid clogging of the column.  

Despite facing issues with the method, obtaining a retention time of around one minute for 

PAPS is absolutely feasible. Zhou et. al. [75] managed to determine ATP and ADP within a 

time frame of one minute with ultra-high performance liquid chromatography. With the 

proper conditions for PAPS and column, is there actually hope for getting a fast determination 

of PAPS with the use of an LC-MS/MS. 
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5 Appendix 

 Reproducibility of the obtained recovery of 

centrifugal filters 

A new attempt was made to check the reproducibility of the recovery of the centrifugal filters 

obtained in section 3.1.3. Pressure issues were constantly experienced resulting in cracked 

PEEK tubings. In addition, split peaks were observed. PEEK was changed to steel and back to 

PEEK again without being the source of the problem (Figure 34). Even every solution used 

was prepared fresh in order to avoid contamination but split peaks was not a result of that. 

Filtrated and non-filtrated blanks were analyzed and they were not the problem either 

(Appendix - Figure 43). 

 

Figure 34: LC-UV system I chromatograms of 50 µg/mL filtrated PAPS standard solution. Left: steel tubing from 
the pump to the injector (n=3). Right: changed back to PEEK tubing (n=3). The column used in this experiment was 
ZIC®-pHILIC (50 x 2.1 mm, 5 µm). Other analysis conditions were as described in Figure 20. 

 

Apart from not being able to resolve the issue, the UV signal began to fluctuate too much. 

The flow cell was taken out and cleaned. The pump was also directly coupled to the UV and 

washed with 30% HNO3 and then MP. After cleaning thoroughly the signal still fluctuated. It 

was determined that only one MP-flask could be used. It seemed like the pump had a problem 

in the mixing chamber with mixing MP from two reservoirs. After each filtration, there was 

always one drop of the sample left in the filter, therefore, an addition of 25% ACN to the 
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standard was another attempt. As expected in HILIC, retention time will increase with the 

increased amount of organic component, which was also seen in Figure 35.  

 

Figure 35: LC-UV system I chromatograms of 50 µg/mL filtrated PAPS standard solution with 25% more CAN. 
Left: filtrated PAPS-standard (n=3). Right: non-filtrated PAPS-standard (n=3). The column used in this 
experiment was ZIC®-pHILIC (50 x 2.1 mm, 5 µm). Other analysis conditions were as described in Figure 20. 

 

Finally, the column was washed and regenerated as described in section 2.8. Surprisingly the 

pressure dropped to around 100 bar from around 300 bar. There might be indications of dead 

volume here because of the broadened tailing of the peak. After the washing, the retention 

time of PAPS had increased dramatically (as seen in Figure 36). 

          

Figure 36: LC-UV system I chromatograms of 50 µg/mL filtrated PAPS standard solution. Left: filtrated PAPS-
standard (n=3). Right: non-filtrated PAPS-standard (n=3). The column used in this experiment was ZIC®-pHILIC 
(50 x 2.1 mm, 5 µm). Other analysis conditions were as described in Figure 20. 
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 Internal standard 

Table 10: The SRM parameters of m/z 436 for IS (13C-PAPS) tabulated for LC-MS system II. ZIC-cHILIC column 
(150 x 0.3 mm, 3 µm) was used. 

SRM Table for IS with LC-MS system II 

Precursor (m/z) Product (m/z) Collision energy (V) RF lens (V) 

436.755 119.071 58 228 

436.755 224.832 41 228 

436.755 330.753 28 228 

 

 Preparation of internal standard solutions 

Received 100 mg/mL isotope labeled PAPS (13C-PAPS) was diluted with ACN/30 mM AC 

(65/35, v/v) in order to obtain 10 µg/mL, 50 µg/mL and 1 mg/mL IS solutions. These standard 

solutions were prepared in separate Eppendorf tubes with a final volume of 1 mL. The 

procedure for preparation of the IS solutions is tabulated in Table 11. 

Table 11: The procedure of preparing standard solutions for IS.  

Stock solution Aliquot diluted Standard 

solution 

Volume 

diluent 

Final 

volume 

100 mg/mL 10 µL 1 mg/mL 990 µL 1 mL 

1 mg/mL 50 µL 50 µg/mL 950 µL 1 mL 

1 mg/mL 10 µL 10 µg/mL 990 µL 1 mL 
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 Optimization of internal standard 

Small vials of IS (13C-PAPS) were stored in the freezer and had been stored since 2015/2016. 

To begin with, a 10 µg/mL IS was directly injected to the MS with the help of a syringe pump 

with a flow of 10 µL/min and m/z 436 and 516 signal was not detectable. With higher flow, 

pressure build-up was experienced in the nozzle and syringe needle. As a result, the needle 

would pop out. Attempts with holding the needle in the nozzle with tape were made, but no IS 

signal was detected. This being unsuccessful this was again tried with a higher concentration at 

50 µg/mL IS. No matter how high the flow was adjusted the IS peak would still not be detected 

(see Figure 37). As a final endeavor, a standard with 1 mg/mL IS was prepared and injected. 

With several attempts and low signal for m/z 436 and 516, the MS did not manage to optimize.  

 

 

Figure 37: SRM chromatograms of IS with 10 µg/mL, 50 µg/mL and 1 mg/mL (n=5). The LC-MS system II and 
column ZIC®-cHILIC (150 x 0.3 mm, 3µm) was used. Other analysis conditions were as described in Figure 25. 

 

No peak for the IS was observed in chromatograms in Figure 37 and Figure 38.  It seemed like 

the IS might have degraded while being stored in the freezer. Biological materials should not 

be stored in a freezer without frost-free cycles. Frost accumulation can degrade biological 

materials. It is better suited for short-term storage and possibly not for 2-3 years [76].  
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Figure 38: SRM (m/z 426, 436 and 506, respectively) chromatograms of IS with for 10 µg/mL PAPS and IS standard 
mixture (n=5). The LC-MS system II and column ZIC®-cHILIC (150 x 0.3 mm, 3µm) was used. Other analysis 
conditions were as described in Figure 25. 

 Effects of sodium chlorate on common cell 

harvesting techniques such as cell scraping and 

trypsinization and PAPS with ZIC®-cHILIC column 

Since sodium chlorate acts as an inhibitor of PAPS, the effect of sodium chlorate was examined 

for scraped and trypsinized cells on PAPS. Surprisingly, the increasing amount of chlorate 

affects the peak area of PAPS with cells scraping and trypsinization differently.  

Since the sample sequence was running over-night, the signal from the pump/autosampler to 

the MS got cut. As a result from that, trypsinized cells with 20 mM were not analyzed and 

therefore missing in Figure 39. Trypsinized cells with 10 mM had only two injections 

completed unlike scraped cells with 10 mM which had five injections. Therefore 10 mM sodium 

chlorate for trypsinization and cell scraping are not directly comparable.  
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Figure 39: Concentration of sodium chlorate as a function of peak area PAPS. Scraped and trypsinized MDCK 
cells were treated with sodium chlorate. Sodium chlorate concentration ranges from 0 mM to 20 mM. Orange 
trend line: Trypsinized cells and blue trend line: scraped cells. The LC-MS system II and column ZIC®-cHILIC (150 x 
0.3 mm, 3µm) was used. Other analysis conditions were as described in Figure 25. 

 

Studies have shown that sodium chlorate abolishes sulfation by inhibiting ATP sulfurylase and 

hence the production of PAPS [77-79]. In this case, it looks like inhibition depends on how the 

cells are treated whether that is trypsinization or cell scraping and the concentration of sodium 

chlorate. For cell scraping peak area for PAPS increased but it got stable for given concentration 

ranges. On the other hand, for trypsinized cells, the effect of chlorate was rather more dramatic. 

Since these are two different harvesting methods, that probably makes a difference for the PAPS 

concentration. Kroll et. al. [80] showed that recovery of amino acids was significantly lower 

when cells were removed by scraping compared to trypsinization. Delhotal et. al. [81] reported 

cell harvesting by scraping, the ATP levels were 20 times lower than those collected by 

trypsinization. The results also showed that with the use of trypsin ATP degradation was 

avoided unlike for scraping. With that, cell scraping being a harsher cell harvesting method 

may explain why the effect of sodium chlorate was not significant for any concentrations of 

sodium chlorate. 1 mM sodium gave a rise in PAPS and then it slacks down. It is also the point 

with the highest standard deviation (see Effect of sodium chlorate with different concentrations 

on PAPS in scraped and trypsinized cells 
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Table 14). Chlorate inhibits PAPS formation by competing with sulfate ions for binding to ATP-

sulfurylase. Hence the level of undersulfation obtained by chlorate treatment relies on the 

concentration of chlorate and sulfate ions in the culture medium [82, 83].  

 Tables and chromatograms 

ZIC®-cHILIC column investigation – optimization of mobile phases 

 

Figure 40: LC-UV system I chromatograms of 10 µg/mL PAPS standard solution obtained using three different 
ACN/30 mM ABC ratios; 65:35(left), 70:30 and 75:25(right) as MP. ZIC®-cHILIC column (150 x 0.3, 3 µm) was 
used. Other analysis conditions were as described in Figure 22. 

 

 

Figure 41: LC-UV system I chromatograms of 10 µg/mL PAPS standard solution obtained using three different 
ACN/30 mM AA ratios 65:35(left), 70:30 and 75:25(right) as MP. ZIC®-cHILIC column (150 x 0.3, 3 µm) was used. 
Other analysis conditions were as described in Figure 22. 
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Figure 42: LC-UV system I chromatograms of 10 µg/mL PAPS standard solution obtained using three different 
ACN/30 mM AF ratios 65:35(left), 70:30 and 75:25(right) as MP. ZIC®-cHILIC column (150 x 0.3, 3 µm) was used. 
Other analysis conditions were as described in Figure 22. 

 

Limit of detection of PAPS using ZIC®-pHILIC 

Table 12: Tabulated chromatographic parameters for determination of LOD for PAPS with ZIC®-pHILIC (50 x 2.1 
mm, 5 µm) and LC-MS system I.  

 

 

 

 

Column

Calibration 

solution tR (min) w0.5 N Peak area

Averge 

peak area STD %RSD

5.36 0.74 291 3198

5.36 0.69 334 3299

5.36 0.75 283 3339

5.35 0.75 282 2776

5.38 0.75 285 3557

5.34 0.52 584 5574

5.35 0.5 634 5425

5.33 0.56 502 5393

5.38 0.55 530 4684

5.34 0.57 486 5042

5.31 0.43 845 8425

5.31 0.42 886 8398

5.31 0.41 929 8307

5.33 0.41 936 8579

5.33 0.42 892 7848

5.36 0.37 1163 10029

5.33 0.35 1285 10110

5.31 0.39 1027 9873

5.33 0.39 1035 10516

5.31 0.39 1027 10232

3234

5224

8311

10152

16

10

5

3

ZIC-pHILIC                           

(50 x 2.1 mm, 5 µm)

1 µg/mL 

PAPS

2 µg/mL 

PAPS

3 µg/mL 

PAPS

257

321

248

216

5

1

2

3

4 µg/mL 

PAPS

1

2

3

4

5

4

5

5

1

2

3

4

Number of replicates

1

2

3

4
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Sample preparation with centrifugal filters 

 

 

Figure 43: LC-UV system II chromatograms of 5 µL filtrated blank ACN/100mM AC (65/35, v/v). Left: filtered 
blank (n=3), middle: non-filtered blank (n=3) and right: filtered 50 µg/mL PAPS-standard (green) and the 
filtrated blank (black, blue and dark green). ZIC®-pHILIC column (50 x 2.1, 5 µm) was used.  Analysis conditions 
were as described in Figure 20. 

 

Recovery of syringe filters 

Table 13: Table of chromatographic parameters of filtrated and non-filtrated PAPS standard solutions (3, 4, 5, 6, 
7 and 8 µg/mL). 

 

Column

Standard 

solution tR (min) Peak area

Average peak 

area STD %RSD tR (min) Peak area

Average peak 

area STD %RSD

4.2 47965 2.7 51238

4.12 48448 2.82 59522

4.25 47899 3.87 56848

4.12 47477 4.05 48676

4.15 53668 4.12 58591

4.15 62199 4.27 119613

4.23 69393 4.2 87173

4.17 68129 4.15 82378

4.06 68985 4.15 108945

4.13 74706 4.07 104011

4.17 97239 4.1 104724

4.2 93768 4.13 101622

4.08 86239 4.13 113710

4.12 97023 4.13 121936

4.18 119818 4.08 151023

4.13 99098 4.27 139474

4.22 113837 4.28 170719

4.23 119205 4.23 169516

4.2 109741 4.25 157843

4.3 131403 4.22 152623

4.42 140182 4.35 172840

4.37 190632 4.28 200130

4.27 181035 4.37 182789

4.33 189437 4.37 216640

4.37 136914 4.4 154222

4.55 141331 4.42 147940

4.58 137119 4.45 190713

4.65 154207 4.52 184483

4.9 144363 4.57 171082

4.63 162047 4.6 158497

185324

170543

Non-Filtrated PAPS

49091

68682

98817

114657

54975

100424

118603

158035 11546 7

21585 12

15858 9

4264 8

13820 14

17704 15

24005 14

9075 6

Filtrated PAPS

167640

147813

9

6

8 µg/mL PAPS

1

2

3

4

5

1

2

3

4

5

11

2

3

4

5

5

2

3

4

5

Number of replicates

3 µg/mL PAPS

1

2309

4 µg/mL PAPS

1

3980

2

3

4

5

5 µg/mL PAPS

1

11229

6 µg/mL PAPS

1

10659

2

3

4

5

ZIC-

cHILIC                           

(150 x 0.3 

mm, 3 

µm)

7 µg/mL PAPS
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Figure 44: Concentrations of filtered (red) and non-filtered (blue) PAPS standard solution as a function of the 
peak area of PAPS.  Recovery curves for syringe filters. Points corresponding to solutions with concentrations as. 
Red trend line: Non-filtrated PAPS. Other analysis conditions were as described in Figure 24. 

 

 

Figure 45: SRM LC-MS system II chromatograms of filtered PAPS standard solutions with different 
concentrations of PAPS (in red) for the analysis for recovery of the syringe filters (n=5). All chromatograms are 
scaled. ZIC®-cHILIC column (150 x 0.3 mm, 3 µm) was used. Other analysis conditions were as described in 
Figure 24. 
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PAPS carry-over 

 

Figure 46: SRM LC-MS system II chromatograms of 10 µg/mL PAPS standard solution and blank (in red). ZIC®-
cHILIC column (150 x 0.3 mm, 3 µm) was used. Other analysis conditions were as described in Figure 25. 

Identification of PAPS and ATP in samples and standards 

 

Figure 47: SRM LC-MS system II chromatograms of scraped MDCK cell sample treated with different 
concentrations of chlorate (in red) for establishing PAPS peak. Samples were treated with 0.5 mM, 1 mM, and 2 
mM chlorate. The chromatograms are for m/z 426 and 506 (in red). ZIC®-cHILIC column (150 x 0.3 mm, 3 µm) 
was used. Other analysis conditions were as described in Figure 25. 
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Effects from cell sample matrix on PAPS 

 

Figure 48: SRM LC-MS system II chromatograms of 10 µg/mL PAPS and ATP standard mixture (n=15, in red). MP 
was ACN/30 mM AC (70/30, v/v). The column temperature was 30°C. ZIC®-cHILIC column (150 x 0.3 mm, 3 µm) 
was used. Other analysis conditions were as described in Figure 28. 

 

 

Figure 49: SRM LC-MS system II chromatograms of MDCK-II cell sample treated 0.5 mM chlorate and spiked 
with ATP (n=10, in red). ZIC®-cHILIC column (150 x 0.3 mm, 3 µm) was used. Other analysis conditions were as 
described in Figure 48.  



67 

 

Effect of sodium chlorate with different concentrations on PAPS in scraped and trypsinized 

cells 

Table 14: Chromatographic parameters tabulated for investigation of the effect of different concentrations of 
sodium chlorate and different cell treatment on PAPS.

 

Figure 50: SRM LC-MS system II chromatograms of scraped MDCK cell samples treated with different 
concentrations of sodium chlorate (in red) (n=5). All of the chromatograms are scaled. ZIC®-cHILIC column (150 
x 0.3 mm, 3 µm) was used. Other analysis conditions were as described in Figure 25. 

Column

Concetration of chlorate 

(mM) tR (min) Peak area Average STD %RSD tR (min) Peak area Average STD %RSD

3.1 138275 3.87 1010119

3.03 159777 3.92 1086393

2.78 198084 3.95 1017374

3.08 264217 4.00 970050

2.9 176139 3.87 1190253

2.77 234766 3.62 1066454

2.68 250923 4.00 997914

2.6 249674 4.30 955023

2.67 294540 3.83 1116664

2.65 259950 3.87 1009825

2.58 266474 4.02 1225877

2.7 270054 4.20 1307006

2.6 222719 3.85 1571785

2.67 225142 4.00 1092086

2.5 206960 4.17 1110232

2.63 218199 4.03 1136218

2.67 236769 4.12 1186654

2.63 255460 4.10 1168047

2.68 235455 4.00 1101684

2.68 252283 4.02 1111678

2.73 213886 4.15 807776

2.67 233928 4.15 994451

2.82 218408 4.50 865194

2.8 226383 3.60 975205

2.92 239882 4.38 628009

2.8 313271 4.12 894671

2.68 334470 4.37 725041

2.87 356542

2.88 282550

2.75 301066

2.77 309028

2.83 344046

2.88 327468

2.78 295192

2.85 324955
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Figure 51: SRM LC-MS system II chromatograms of trypsinized MDCK cell samples treated with different 
concentrations of sodium chlorate (in red) (n=5).  All of the chromatograms are scaled. ZIC®-cHILIC column (150 
x 0.3 mm, 3 µm) was used. Other analysis conditions were as described in Figure 25. 

 

Effect of conditioning the ZIC®-cHILIC column 

 

Figure 52: SRM LC-MS system II chromatograms of 10 µg/mL PAPS and ATP standard mixture. The column was 
conditioned for 10 minutes in between each injection. ZIC®-cHILIC column (150 x 0.3 mm, 3 µm) was used. Other 
analysis conditions were as described in Figure 48. 
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Figure 53: SRM LC-MS system II chromatograms of 10 µg/mL PAPS and ATP standard mixture. Column was 
conditioned for 20 minutes in between each injection. ZIC®-cHILIC column (150 x 0.3 mm, 3 µm) was used. Other 
analysis conditions were as described in Figure 48. 
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 Preparation of cell and Golgi fraction samples 

The preparation of cell and Golgi fraction samples [3] were done by Ph.D. student Ravi 

Adusumalli (at the Section for Physiology and Cell Biology, Department of Biosciences, UiO). 

MDCK cell culture: 

Madin-Darby canine kidney MDCK I and MDCK II cell lines are widely used as in-vitro model 

systems for polarized epithelia. MDCK cells are also very suitable for studies of sulfation since 

several papers have over the years addressed sulfation mechanisms in relation to 3’-

phosphoadenosine-5’-phosphosulfate (PAPS) synthesis in this cell line [82, 84-86]. 

MDCK II cells and MDCK B22 cells [85] over-expressing the PAPS transporter I, were grown 

adherently in 75 cm2 flasks with filter caps (NUNC) containing 20 mL of Dulbecco's modified 

Eagle's Medium (DMEM), complete with 5% fetal bovine serum (PAA), and 1% penicillin / 

streptomycin (Lonza). The cells were grown at 37°C with 5% CO2 and passed at confluency, 

every 3rd or 4th day, to a maximum of 15 passages. Passaging was done by washing the cells 

with 1x PBS-EDTA (Sigma) followed by incubation with trypsin (Gibco by Life technologies) 

until detachment and centrifugation of trypsinized cells added 10 ml complete DMEM in 50 

mL tubes at 1200 rpm for 5 minutes. The resulting cell pellet was resuspended in DMEM and 

passaged 1:6 to a new 75 cm2 flask. 

Preparation of cell pellets for PAPS quantification: MDCK cells (after passage 3) were 

grown to 100 % confluency in 75 cm2 flasks and treated with 0 mM, 1 mM, 2 mM, 5 mM, 10 

mM or 20 mM sodium chlorate (Merck) for 24 hrs and then collected in 15 mL sterile centrifuge 

tubes by trypsinization or scraping with a rubber policeman. After determining cell viability 

and number, the cells were washed three times with ice-cold PBS-EDTA, pelleted by 

centrifugation at 1200 rpm for 5 minutes and stored at -80°C. 

 

Cell counting: The number of viable cells was determined by the Trypan Blue Exclusion test. 

Cell suspensions were treated with Trypan Blue (Thermo Fisher Scientific) in a 1:1 ratio and 

pipetted into cell counting slides. The number of live and dead cells was determined by using 

the Countess II automatic cell counter (Invitrogen).  

 


