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Abstract 
 

Resolution of inflammation has long been considered a passive process, until the 

discovery of specialized pro-resolving lipid mediators (SPMs). These molecules, 

derived from ω-3 fatty acids and arachidonic acid (ω-6 fatty acid) play a crucial role in 

shifting the process of inflammation towards resolution. 

It has been almost 20 years since the first ω-3 fatty acid-derived SPM, resolvin E1, 

was discovered. Since then, research of biosynthetic pathways of the ω-3 fatty acids 

eicosapentaenoic acid, docosahexaenoic acid and n-3 docosapentaenoic acid has led 

to the discovery of several different families of SPMs: protectins, resolvins, maresins 

and their sulfido-conjugates.  

The whole field of research of SPMs was accelerated by the advancement of analytical 

methods, especially liquid chromatography – tandem mass spectrometry (LC-MS/MS). 

Due to their sensitivity and specificity, LC-MS/MS methods overtook the central role 

that enzyme-linked immunosorbent assay (ELISA) and gas chromatography – mass 

spectrometry (GC-MS) had in SPM analysis. 

However, the analysis of SPMs is still not without challenges. These molecules are 

produced in vivo in very low concentrations (picomolar to nanomolar), act locally and 

are readily further metabolized. The biggest challenge, however, remains that these 

molecules have several stereogenic centres, as well as isolated and conjugated double 

bonds, so a number of isomers are possible. Indeed, it was proven that the 

biosynthesis of SPMs is accompanied by the biosynthesis of their isomers, of which 

many have similar chromatographic and MS properties, but often lack pro-resolving 

activity. As a consequence, it is sometimes necessary to perform a chemical 

derivatisation of SPMs in order to unequivocally distinguish them from their isomers.  

The first part of this master thesis provides an overview of the literature methods used 

for the discovery and analysis of SPMs. The second part of the thesis presents efforts 

towards application of new derivatisation agents that could enable the analysis of 

certain types of SPMs that are otherwise difficult to analyse.     
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1  Introduction 
 

 

1.1  Inflammation 

 
Inflammation (lat. inflammatio) is a natural response of immune system to potentially 
harmful stimuli, such as pathogenic microorganisms, chemical and physical irritants or 
injury. Its primary function is protection of tissues and elimination of harmful factors. 

Inflammation has been recognized from ancient times by its observable symptoms: 
redness, heat, swelling and pain (rubor, calor, tumor, dolor). It was not before 18th 
century it was concluded that inflammation was a consequence of injury or disease, 
and not a disease by itself. (1) 

Today, it is well known that both cellular and chemical mediators of inflammation exist. 
In acute inflammation, vascular permeability rises, blood flow increases, pro-
inflammatory cytokines and chemokines are produced and leukocytes are activated 
and recruited to the site of inflammation led by chemokines and other chemical 
inflammatory mediators. In the beginning, leukocytes recruited are predominantly 
polymorphonuclear granulocytes (PMN, neutrophils). In this early phase, pro-
inflammatory mediators prostaglandins (such as PGE2) and leukotrienes (such as 
LTB4) are biosynthesized from arachidonic acid (AA). These mediators have an 
important role in stimulating vasodilatation and the formation of edema. As the 
inflammation process progresses, neutrophils are being replaced by monocytes and 
macrophages in the later stages of the inflammatory process. (1) 

The ideal outcome is the complete resolution of the inflammation, where neutrophils 
cease to infiltrate, and apoptotic neutrophils and cellular debris are removed by 
macrophages via efferocytosis. Acute inflammation usually resolves within a couple of 
days, with surrounding tissue gradually returning to its previous state. However, 
sometimes instead of getting resolved, the inflammation becomes chronic, lasting for 
weeks, months or even years. Recruitment of leukocytes continues, tissues are 
infiltrated by monocytes, macrophages and lymphocytes (neutrophils decline, while 
monocytes, macrophages and lymphocytes arise). As a consequence of the persistent 
immune response and lasting inflammation, tissues are damaged and remodelled, and 
the loss of function is often irreversible. (2, 3)  

Chronic inflammation is now recognized to be the root cause of many diseases, such 
as rheumatoid arthritis, chronic asthma, periodontal diseases, cardiovascular 
diseases, metabolic diseases, cancer and neurological disorders, like Alzheimer’s 
disease. (4) 



2 
 

Resolution of inflammation has long been considered to be a passive process. Return 
to homeostasis was explained by catabolism of pro-inflammatory mediators. (5) Rising 
evidence from the last two decades proves otherwise - resolution of inflammation is an 
actively regulated process. 
  
 
 

1.2  Polyunsaturated Fatty Acids 

 

The polyunsaturated fatty acids (PUFAs) arachidonic acid (AA), eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA) play important roles in human physiology. 
There is a rising knowledge about metabolic pathways of PUFAs and effects of their 
metabolic products in the resolution of inflammation. 

AA (C20:4 ω-6) is a ω-6 polyunsaturated fatty acid with four Z- double bonds. This fatty 
acid is a precursor to a range of both pro-inflammatory (prostaglandins, leukotrienes) 
and anti-inflammatory compounds (lipoxins).  

DHA (docosahexaenoic acid, C22:6 ω-3) and EPA (eicosapentaenoic acid, C20:5 ω-
3) are ω-3 PUFAs. These are the major dietary fatty acids, essential for normal body 
function and health. (6) DHA and EPA are not produced in mammalian tissues to any 
greater extent, and thus need to be part of the diet. One of the richest natural sources 
of ω-3 PUFAs is fish oil, but it is also found in canola oil and linseed. (7) (8)  

Beneficial health effect of fish oil has long been known. As early as in 1929, 
experiments on rats showed that exclusion of ω-3 fatty acids from the diet could lead 
to a deficiency disease. (9) Those were the beginnings of realizing the essential role 
of ω-3 PUFAs. In 1999, a study conducted on myocardial infarct survivors taking 1g of 
ω-3 PUFAs daily, along with aspirin and other preventive medications, showed a 
significant decrease (of around 45%) in cardiovascular death. (7)   

With these beneficial effects taken into account, it is no wonder there is a wide variety 
of dietary supplements with ω-3 fatty acids on the market. They are present either as 
solid dosage forms (mostly capsules, but also gelatine-free tablets) or as a highly 
concentrated fish oil. Different products on the Norwegian market contain 42-320 mg 
EPA per capsule (or ml) and 105-470 mg DHA per capsule (or ml). (10) Omacor® is 
the only registered medicine containing ω-3 PUFAs. It contains 1000 mg of PUFAs 
ethyl esters, of which 460 mg EPA and 380 mg DHA. Approved indications for 
Omacor® are secondary prophylaxis after myocardial infarction and 
hypertriglyceridemia. (11) 
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Figure 1. Structures of AA, EPA and DHA 

 

AA and EPA are both C:20 PUFAs, and DHA is C:22. They are all-cis polyunsaturated 
fatty acids where the double bonds are methylene interrupted, in other words, their 
double bonds are non-conjugated. 

 EPA can be converted to DHA in vivo. EPA is biosynthesized from α-linoleic acid 
(ALA). To be converted to DHA, EPA is first enzymatically converted to n-3 
docosapentaenoic acid (n-3 DPA). This acid was recently shown to be the origin of 
another class of SPMs with potent biological activity. (12) 

 
 

1.3  Oxygenated Polyunsaturated Fatty Acids  

 

PUFAs in organism are predominantly a part of phospholipid cell membranes, or 
present as triglycerides. When activated, they are released from the membrane, and 
then they undergo a series of oxidations mediated by either enzymes or free radicals. 
Oxygenated PUFAs are products of enzymatic oxygenation of PUFAs, and precursors 
of SPMs (specialized pro-resolving lipid mediators). There are three main enzymatic 
pathways: lipoxygenase (LOX), cyclooxygenase (COX) and cytochrome P450 
(CYP450) pathway. (12) 

Lipoxygenases are enzymes widely spread in plant, animal and human tissues. There 
are five isoforms of human LOX: 5-LOX, 12-LOX, 12R-LOX, 12/15-LOX and epithelial 
LOX, where number indicates the carbon atom in hydrocarbon chain which is most 
commonly oxygenised by the enzyme. Oxygenation is stereoselective, resulting in S-
hydroperoxy-products that can be further conversed to S-hydroxy acids. (12) 
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In lipoxygenase (LOX) pathways, several SPMs are produced: lipoxins A4 and B4, 
protectins (PD), maresins and D-series resolvins.  

Lipoxins A4 and B4 are products of AA, which is first oxygenised at position 15 by LOX-
15 to form hydroperoxy-product 15S-HpETE (15S-hydroperoxy-5Z,8Z,11Z,13E-
eicosatetraenoic acid) and then 15S-HETE (15S-hydroxy-5Z,8Z,11Z,13E-
eicosatetraenoic acid). Further oxidation at position 5 is mediated by 5-LOX. Along with 
lipoxins A4 and B4, some inactive isomers, like 6-epi-LXA4, have been found as reaction 
products. (13) 

AA is also a substrate for LOX-5, but final products in this pathway are pro-
inflammatory leukotrienes. Intermediate hydroxy-PUFA is 5S-HpETE. 

In a similar way, D-resolvins are produced from DHA. At first stage, LOX-15 
oxygenates DHA at position 17, giving 17S-HpDHA (17S-hydroperoxy-docosa-
4Z,7Z,10Z,13Z,15E,19Z-hexaenoic acid) and in the next step 17S-HDHA. 17S-HDHA 
is further metabolized by 5-LOX to give D-series resolvins. (14) 

Protectins are also products of DHA. DHA is first enzymatically oxygenised by 15-LOX 
to 17S-HpDHA and then to an epoxide. Further oxygenation of epoxide leads to 
formation of protectin D1 (PD1) or to PDx (dihydroxy acid protectin Dx). (15) 

DHA can also be a substrate to 12-LOX, giving rise to maresin 1 (MaR1) via 
intermediate 14S-HpDHA (14S-hydroperoxy-docosa-4Z,7Z,10Z,12E,16Z,19Z-
hexaenoic acid) and further enzymatic epoxidation and hydrolysis. 

Of note, it has been shown that transgenic rabbits with overexpressed LOX-15 tend to 
develop a much milder form of inflammation and tissue damage when exposed to pro-
inflammatory stimuli. (16) 

In addition to lipoxygenase pathways, there are routes that include cyclooxygenase-2 
(COX-2), where COX-2 is acetylated by aspirin (acetylsalicylic acid). Instead of 
inhibition of the enzyme, acetylation of COX-2 leads to the change of chirality of COX-
2 enzymatic products. In case of LMs, this enzymatic pathway generates LOX-like 
products with hydroxyl group in R-configuration. (1) Oxygenated PUFAs that are 
produced in these reactions are 15R-HETE from AA, 17R-HDHA from DHA and 18R-
HEPE from EPA. In further reaction series of aspirin-triggered pathways epimeric 
lipoxins (5-epi-LXA4, 15-epi-LXB4), E- and D-resolvins (17-epi-RvD1) and protectins 
(17-epi-PD1) arise. These compounds are also shown to be biologically active as anti-
inflammatory and pro-resolving mediators. (13, 17) Early studies concluded that these 
aspirin-triggered lipid mediators could explain some of the beneficial effects of aspirin, 
and should therefore be further investigated as part of the efforts to discover new anti-
inflammatory molecules with fewer side effects than those that are currently in use. 
(18) 

The third enzymatic pathway is cytochrome P450 (CYP450) mediated. In this pathway, 
15-epi-LXA4 and 15-epi-LXB4 are formed from AA via 15R-HETE and 15R-hydroxy-
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5(6)-epoxy-ETE. CYP450 can also lead to production of RvE1 from EPA via 18R-
HpEPE and 18R-HEPE. (13) 

It was shown that some of oxygenated PUFAs also have pro-resolving properties. For 
example, 17-HDHA enhances humoral immune response against influenza virus. (19)  

As outlined above, there exist numerous families of oxygenated PUFA products. These 
products contain both stereogenic centres and double bonds. Hence, several isomers 
of each product are possible. 

 

 

1.4  Specialized Pro-resolving Lipid Mediators  

 

Specialized pro-resolving lipid mediators (SPMs) are a class of biomolecules 
endogenously synthesized from AA and essential ω-3 PUFAs during the resolution 
phase of inflammation. They include lipoxins, protectins, resolvins and maresins, as 
well as their sulphido-conjugates. SPMs have the crucial role in the resolution of 
inflammation. Rising knowledge about their pro-resolving and anti-inflammatory 
properties depicts resolution of inflammation as actively regulated process. (1) A key 
step is class switching of lipid mediators from pro-inflammatory ones (prostaglandins, 
leukotrienes) to pro-resolving ones during the resolution phase. (5) 

These potent bioactive molecules have a number of effects in common: they limit 
further neutrophil recruitment to the site inflammation, and stimulate macrophage 
uptake of apoptotic PMN and cellular remnants. They exert their actions at as low as 
picomolar to nanomolar concentrations. At the same time, members of different 
families act as ligands to specific G-protein–coupled receptors and have their individual 
specific actions.  (4) 

Lipoxins were the first SPMs to be discovered. They are derived from AA and formed 
by lipoxygenase pathways via cell-cell interactions (for example platelet-leukocyte 
interactions), or produced from single cells such as macrophages. Alternatively, aspirin 
can trigger epimeric lipoxin production via COX-2 acetylation. Lipoxins have 
trihydrohytetraene structures. It was shown that lipoxins limit PMN recruitment and 
adhesion to the site of insult. (1) They also stimulate macrophages to uptake the 
remains of the apoptotic cells. (20) 
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Figure 2.  The ideal outcome of inflammation: edema is formed in acute inflammation, followed by PMN 
infiltration, and later monocyte and macrophage infiltration. SPMs (lipoxins, resolvins, protectins, 
maresins) biosynthesized in the resolution phase of self-limited inflammation. Adapted from reference 
(21) 

 

Resolvins (or resolution-phase interaction products) include E-series resolvins (RvE1, 
RvE2 and RvE3) derived from EPA and D-series resolvins (RvD1 - RvD6) derived from 
DHA. The 17R series of resolvins are produced from DHA by COX-2 in the presence 
of aspirin – these are so-called aspirin-triggered resolvins (AT-Rv).  

As mentioned, resolvin RvE1 was the first ω-3 PUFA derived SPM to be discovered, 
during the analysis of the inflammatory exudates in the mouse air pouch model. Its 
absolute configuration of stereogenic centres was confirmed by comparison with 
synthetic compounds. (12) Anti-inflammatory and pro-resolving actions of resolvins 
include stopping the production of pro-inflammatory mediators and regulating the 
recruitment of leukocytes, especially PMN. (1) 
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Figure 3.  In vivo enzymatic synthesis of RvE1 and RvE2 
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Figure 4.  Biosynthetic pathways of DHA-derived LOX-mediated resolvins (RvD1-RvD6) 

 

Protectins are derived from DHA. The first one to be discovered in 2002 in murine 
inflammatory exudate and human PMNs was protectin D1 (PD1). (12) These 
compounds are characterized by conjugated triene in their structure. In total they have 
six double bonds and 22 C atoms. 

Maresins (macrophage mediator in resolving inflammation, or MaR1) are DHA 
products in 12/15-LOX pathway, with 14S-HpDHA and 14S-HDHA as intermediates. 
They are the first SPMs produced by macrophages. (1) Discovered in 2009, they 
resemble potent bioactions observed with earlier found SPMs. Potency of action can 
vary among different SPMs. It was, for instance, observed that MaR1 is a stronger 
stimulant of efferocytosis by macrophages than RvD1. 
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Figure 5.  Biosynthesis of MaR1 

 

Recently, it was proven that n-3 DPA (n-3 docosapentaenoic acid) is origin of several 
new members of SPMs family. (22) These SPMs are produced in LOX pathways and 
have the same structure as D-series resolvins, protectins and maresins, except for the 
Z-double bond in the C4-C5 position. Examples of this new group of SPMs are PD1n-3 

DPA, MaR1n-3 DPA and others. (12) 

Sulfido-conjugates of resolvin, protectin and maresin, found in infectious murine 
exudates, E. coli infected mice and blood from sepsis patients, were recently also 
proven to possess pro-resolving and anti-inflammatory activity. (12) 

Macrophages have the capability of producing different types and amounts of SPMs in 
their different states of activation and dependent of tissue of origin. (23) 
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1.5  Identification of Specialized Pro-resolving Mediators  

 

The key for better understanding the role of SPMs in vivo is the development of 
sensitive and specific analytical methods for their identification, profiling and 
quantification in biological samples.  

 

 

1.5.1 Challenges 

 

In analysing SPMs, one needs to overcome several challenges: they appear in very 
low concentrations in vivo, act locally and are rapidly inactivated. In addition, SPMs 
show high stereoselectivity in their actions, and for that reason, it is very important to 
be able to distinguish them from related structures that are produced in the same 
metabolic pathways, but often lack biological activity. (24) Due to their structure, a 
multitude of isomeric structures is possible. (25) Some authors also warn about the ex-
vivo formation of LMs during sample collection and sample clean-up, which could make 
further applied analytical methods less reliable. (26) It is also important to note that 
samples should not be stored for long periods of time prior to analysis, because LMs 
are prone to auto-oxidation and isomerization. (23) 

 

 

1.5.2 Methods 

 

There are different methods that have been used for the analysis of SPMs.  

Enzyme-linked immunosorbent assay (ELISA) has long been a method of choice for 
quantitating LMs. ELISA can be used for highly sensitive detection and quantification 
of SPMs. The method requires specific antibody for each LM to be analysed. Its 
particular advantage is the possibility of quantitation of one specific SPM in a large 
number of samples in a relatively short time. Disadvantages of ELISA analysis are 
cross-reactivity and the fact that commercial ELISA-kits are not available for all of the 
compounds of interest. The method is quite expensive and only one LM can be 
determined in each assay, so it cannot be used for samples with a large number of 
different LMs. (27)  
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Another method that has been used is LC-UV. Here, samples are being analysed by 
their retention times and UV spectra. Limitation of this method is that it cannot be used 
for analysis of LMs that do not have chromophores. Another limitation is co-elution of 
peaks for some LMs with similar structures, and hence, inability to distinguish between 
them by using this method alone. 

PUFAs are generally lacking characteristic UV spectra, due to non-conjugated double 
bonds. On the other hand, SPMs do have conjugated diene-, triene- and tetraene 
chromophores, giving them characteristic UV spectral properties.  

GC-MS was the method that substituted ELISA as a method of choice for LM analysis 
in the past. Its particular advantage over ELISA is that it can detect multiple analytes 
in the same run. However, compounds need to be derivatized prior to analysis, and 
the sample preparation can be lengthy. A single derivatisation method is not always 
suitable for all the LMs in the sample. (27) Also, GC-MS methods are not applicable to 
all of the LMs – for example, there is a risk of thermal decomposition of oxygenated 
PUFAs. (28) 

LC-MS/MS has proven to be the most reliable method. It usually does not require 
derivatisation prior to analysis, and its particular advantage is that it gives a possibility 
to multi-analyte testing. (25) 

LC-MS/MS mediator lipidomics can be used for identification (matching), profiling, 
quantitation, structural elucidation, stereochemistry, and defining novel LMs. For 
compounds that have been identified, quantification or profiling is usually carried out 
by using multiple reaction monitoring (MRM) approach. It will be explained in more 
detail later in this thesis.  

 
 

1.5.3 Sample preparation 

 

The most common method for sample preparation and concentration is solid-phase 
extraction (SPE), though sometimes liquid-liquid extraction (LLE) and protein 
precipitation (PP) can also be used. In SPE, reverse-phase C18 cartridges are typically 
used. Samples are acidified prior to purification in order to protonate the carboxyl 
group. After elution, organic solvent used for the elution often needs to be removed (by 
nitrogen stream) in order to preserve the less stable eicosanoids. (25) 

Samples are usually extracted together with the known amount of deuterium-labelled 
internal standard (IS). When available, IS has the same structure as the analyte. For 
example, RvD1 can be extracted with deuterated RvD1 as IS. When corresponding 
deuterium-labelled IS is not available, compounds with similar polarity are used as IS. 
The reason for using IS is to determine recovery and efficiency of extraction. 
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1.5.4 Introduction to LC-MS/MS  

 

Liquid chromatography – tandem mass spectrometry (LC-MS/MS) is a technique that 
combines liquid chromatography as separation technique with highly diverse MS/MS 
detection that also separates different compounds based on their m/z (mass-to-
charge) ratio. After chromatographic separation, samples are ionised and then 
identified or quantified based on their m/z ratios.  

There are many different MS instruments with a wide variety of MS techniques. 
Development of LC-MS methods took place in early 1970s, about 20 years after GC-
MS methods were introduced. In contrast to GC-MS, where gaseous samples can be 
directly introduced to MS detector, it took decades to develop an appropriate interface 
that would modify liquid eluate from LC (ionisation) so that the sample can then be 
introduced to MS detector. (29) Ionisation methods most frequently used in 
pharmaceutical analysis are electrospray-ionisation (ESI) and atmospheric pressure 
chemical ionisation (APCI). (30)  

In LM metabololipidomics, approaches most commonly used are based on liquid 
chromatography - tandem mass spectrometry (LC-MS/MS). Here, LC separates LMs 
based on their physical and chemical properties. Then, the first mass analyser of the 
tandem mass spectrometer can isolate a selected ion. In the next step, this ion is being 
fragmented in vacuum, in the process of collision-induced dissociation (CID). The 
second mass analyser can then isolate a selected fragment ion. (30) Fragment ions 
and their abundances are determined by the structure of the precursor molecule. 
Therefore, fragmentation patterns are characteristic for the given analyte and thus can 
be used for identification and quantification. (31) This is the basis for single reaction 
monitoring (SRM), an approach widely used in lipidomics, where the analysis of lipids 
is based on the choice of characteristic precursor-product ion pairs. The advantage of 
LC-MS/MS is that more than one precursor-product ion pair can be observed in a single 
run; also, more than one product ion can be observed for the same precursor ion. This 
approach is called multiple reaction monitoring (MRM). (32) By using SRM and MRM, 
a much lower limit of detection (LOD) can be obtained in comparison to other standard 
techniques.  

LC-MS/MS techniques have undergone a remarkable advancement in the last 20 
years. There has been a high demand from the market, requiring shorter run times with 
maximised resolution for a growing number of samples. Thanks to that, methods have 
become more precise, sensitive and reliable. (33) Today, LC-MS techniques are the 
leading techniques in pharmaceutical analysis, especially because the majority of 
molecules analysed are thermally labile and hence cannot be analysed by GC-MS 
techniques. (34) 
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1.5.5  Application of LC-MS/MS and Metabololipidomic Techniques 
for the Identification of Specialized Pro-resolving Lipid Mediators  

 

Metabololipidomics is a broad term that encompasses isolation and identification of 
new lipid molecules, but also their profiling, quantification and biological pathways: 
places of origin, precursors as biological markers, isomers with different biological 
activity, in vivo effects and metabolic inactivation. (28) It can include numerous 
biological samples taken at different time points. There are a plenty of lipid molecules 
found in these samples, and those of biological and medical interest are sometimes 
found in very low concentrations. That is why it was so important to develop methods 
that are sensitive, and that can be used to detect and analyse many lipid molecules at 
the same time. (28) 

As already mentioned here, there are several analytical techniques that can be used 
for the identification of specialized pro-resolving lipid mediators. These techniques 
include LC-UV, ELISA, GC-MS and LC-MS, all of them with specific advantages and 
disadvantages. However, LC-MS/MS method proved to be the method of choice.  

Chromatographic separation is usually done using C18 columns. When needed, 
chromatographic columns with chiral stationary phases can also be used. For 
detection, a combination of UV detector and MS/MS detector has shown its 
advantages. Using this combination of detectors, both UV spectra of the eluent and 
MS/MS spectra were obtained. These data, together with retention times (RT) were 
used to compare the analysed LM with known LMs or theoretical LMs, in order to 
identify it.  

Therefore, one of the critical steps for successful identification of LMs was to create 
good databases with known and theoretical structures. These databases contained 
information about UV spectra, MS/MS spectra and retention times. The more 
information a database contained, the better were the chances that the right match 
would be found. (23) 

When it comes to MS/MS analysis, it was important to find characteristic fragmentation 
ions for each SPM that could be used for targeted qualitative or quantitative analysis.  

LC-UV-MS/MS combined the advantages of UV and MS/MS detection. However, after 
the advancement of MS/MS detectors and introduction of MRM in recent years, on-line 
UV detection is often omitted in most recent works. 
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1.5.6 Derivatization techniques  

 

SPMs are PUFA-derived molecules with conjugated double bonds and hydroxy-groups 
(2o alcohol) in their structure. This gives the possibility of a wide range of E/Z and S/R 
isomers. These isomers are often produced in the same biological pathways, but are 
either much less active, or are completely devoid of biological activity. Therefore, the 
analytical methods used need to be able to distinguish SPMs from their isomers. It is 
not always easy, as the example of maresin 1 (MaR1) and its double di-oxygenation 
isomer show (it will be explained in more detail later). Sometimes, even the most 
advanced methods, with long chiral chromatographic columns, are insufficient for a 
complete separation of isomers. In these cases, the use of derivatisation agents can 
lead to significant improvements. Sometimes, the derivatisation agent reacts with one 
of the isomers but not with the other; in other cases, both isomers react, but their 
properties are sufficiently modified to result in complete chromatographic separation. 
(35) 

A derivatisation technique successfully applied by T.V.Hansen and his collaborators 
included the Diels-Alder reaction using 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) as 
a dienophile. It was well known that E,E conjugated dienes give the Diels-Alder 
reaction much more readily than E,Z conjugated dienes – it takes shorter time and 
milder reaction conditions. Most of the SPMs found so far have the E,E-moiety, while 
their double di-oxygenation isomers have the E,Z-moiety. Taking this into account, 
Hansen and collaborators foresaw that, under proper conditions, SPMs would react 
with PTAD and their double di-oxygenation isomers would not. (35) 

 

 

Figure 6. Structure of 4-phenyl-1.2.4-triazoline-3.5-dione (PTAD) 

 

Indeed, their experiments and method development led to an easy and straightforward 
analysis of maresin 1 in the presence of its double di-oxygenation isomer, but other 
SPMs could be analysed with this method, as well. (35) 
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1.6  Structural Elucidation of Specialized Pro-resolving 
Mediators by matching with synthetic material  

 

Whenever a novel putative SPM is found, it is important to unequivocally determine its 
structure in order to distinguish it from its isomers, as well as to be able to research its 
biosynthetic pathways and biological actions.  

As shown on Fig. 7, analysis of novel active compounds includes both the analysis of 
their structure and of their functions in biological systems. That is why novel 
compounds need to be produced in higher amounts (“scale-up”), either by biogenic 
synthesis (like in the example of resolvin 1, using B. megaterium), or, most often, by 
total organic synthesis. In that way, structure of natural compounds can be compared 
to synthetic compounds with known structure, in order to unequivocally define the 
absolute configuration of the novel compounds. In addition to physical properties, it is 
important that bioactions of synthesized and novel molecules also match. (36) Higher 
amounts of synthesized compounds can then be used in further in vitro and in vivo 
experiments. (37) 

 

Figure 7. Mediator lipidomics: LC-MS/MS based analysis. Adapted from reference (37) 
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1.7  Novel Putative Specialized Pro-resolving Mediators  

 

The advancement of several analytical methods in recent years has led to easier 
discovery of novel pro-resolving lipid mediators. A good example of this is the discovery 
of PUFA esters with hydroxy-PUFAs present in adipose tissue in 2016 (Prague). (38) 
These molecules were shown to have pro-resolving properties using in vitro 
experiments. Most prominent examples are esters of DHA with hydroxy-DHA and 
hydroxylinoleic acid (HODE): 13-DHAHLA, 9-DHAHLA and 14-DHAHDHA. 

 

 

Figure 8. Structures of 9-DHAHLA, 13-DHAHLA and 14-DHAHLA 
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13-DHAHLA was particularly of interest for further investigation, because it was the 
only one found in significant amounts in human samples (in comparison to murine 
samples where all the above mentioned esters were found). (38) 

In order to confirm pro-resolving properties on in vivo models, as well as to investigate 
the exact structure of the active molecules, higher amounts of 13-DHAHLA needed to 
be synthesized by total organic synthesis. The LIPCHEM group in Oslo has 
synthesized both the R- and the S- isomer of 13-DHAHLA. In vivo experiments gave 
promising results, however, exact structural elucidation of the isomer present in 
biological samples proved to be a challenge. The reason for this was the fact that R- 
and S- isomers of 13-DHAHLA gave a very similar signal when analysed by LC-MS/MS 
techniques. Namely, their retention times were so close that it was impossible to 
distinguish between the two isomers, and their mass spectra were essentially the 
same. 1 

 
 

1.8 Aim of Studies 

 
‐ To provide an overview of the LC-MS/MS – metabololipidomic techniques used 

for SPMs (literature studies). 
 

‐ To develop new methodology for the identification of SPMs. 

Problems that scientists from Prague encountered when analysing 13-DHAHLA 
isomers gave the idea to the LIPCHEM group in Oslo to attempt derivatization of 
isomers, so that they could be more easily distinguished from one another. Since 
the isomers of 13-DHAHLA have the diene moiety in their structure, the idea of the 
LIPCHEM group was to attempt to induce the Diels-Alder reaction using a potent 
dienophile. This was the main goal of this master thesis – to try to develop a new 
method for the identification of novel special pro-resolving lipid mediators that are 
otherwise difficult to identify.  

 
 

  

                                                 
1 Information obtained from professor Trond Vidar Hansen’s personal correspondence 
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2   Results and Discussion 

 

Part 1.   An overview of the LC-MS/MS – 
metabololipidomic techniques used for the 
identification and analysis of SPMs 

 

2.1 The initial efforts 

 

SPMs are molecules that are produced in very small amounts in vivo, in picomolar to 
nanomolar concentrations. They act locally as ligands to specific G-protein coupled 
receptors (GPCRs), and disintegrate after a very short time. Thus, highly sensitive and 
selective methods need to be applied in their analysis. Finding a right isolation material 
and extraction techniques are equally important.  

One of the first biological systems used to study the resolution of inflammation was the 
murine dorsal air pouch model. In this model, sterile air is injected in the back of the 
mouse or the rat. The air pouch that is developed mimics synovial cavity. Injection of 
pro-inflammatory agents into the air pouch gives a good environment for the research 
of cell trafficking and inflammatory response. After sufficient time has passed, air 
pouches are lavaged and fluids are collected and analysed. (39) 

 

Murine air pouch model was particularly helpful because it allowed for direct analysis 
of where and when different LMs are produced during the resolution phase (temporal 
spatial differential analysis). It showed a class switch of lipid mediators. Namely, as the 
inflammatory exudate evolved in time, the lipid mediators produced switched from pro-
inflammatory prostaglandins and leukotrienes to anti-inflammatory and pro-resolving 
SPMs. (20) 
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It has only been less than two decades since the first ω-3 derived SPM, resolvin E1, 
was discovered. The murine air pouch model was used. Mice were fed standard rodent 
diet containing 0,26% ω-3 PUFAs. TNF-α was injected into 6 days dorsal air pouches 
to induce inflammation, and after that aspirin was injected at 3,5h and EPA at 4h. 
Exudates were collected after 6h, purified using solid-phase extraction (SPE), and then 
analysed by LC-MS/MS. Selected ion chromatograms at m/z 317 showed the presence 
of 5-HEPE (product of 5-LOX pathway) and novel 18-HEPE. Cells found in aspirin and 
EPA-treated exudates were mostly PMN, and their number was 25-60% lower than in 
exudates with TNF-α alone. A novel trihydroxy-containing compound was also found. 
(7) 

 

Figure 9. Structure of Resolvin E1 (RvE1) 

 

MS/MS spectra with diagnostic ions for 18R-HEPE and 5,12,18R-triHEPE (later 
termed resolvin 1) are shown on Fig. 10. The absolute configuration of alcohol at C18 
of 18-HEPE was shown to be R, using column with chiral stationary phase and 
comparing to the reference 18R-HEPE produced by biogenic synthesis using B. 
megaterium. (7) 

Also, 18R-HEPE and 5,12,18R-HEPE (resolvin 1) were injected i.v. in the mouse tail 
to check whether they inhibit TNF-α stimulated PMN infiltration into murine dorsal air 
pouch. It was shown that as low levels as 100 ng of 5,12,18R-HEPE were a potent 
inhibitor of PMN infiltration, while 18R-HEPE was far less effective. (7) 

These were the beginnings of mediator lipidomics for SPMs.  

 

COOH
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Figure 10.  Inflammatory exudates from murine air pouches treated with aspirin and EPA give novel 
compounds. (A) Selected ion chromatogram of 5S-HEPE and 18R-HEPE; (B) MS/MS of 18R-HEPE; 
(C) MS/MS of 5S-HEPE; (D) MS/MS of 12,15,18R-triHEPE (resolvin 1). Adapted from reference (7) 

 

Serhan and co-workers applied the same principle using the air pouch model in 2002, 
when they tested if DHA also was a substrate for aspirin-triggered COX-2. These 
experiments revealed new compounds that inhibited PMN migration and progress of 
inflammation. This time, rodent diet included DHA as well. (40) In addition to the air 
pouch model, another in vivo model was used: peritonitis in mice induced by 
intraperitoneal injection of zymosan A. In both in vivo models, selected ion 
chromatograms at m/z 343 proved the presence of 17-HDHA in exudates. Chiral 
stationary phase chromatography confirmed that over 95% of 17-HDHA was in the R 
configuration, which also indicated enzymatic origin. Also, novel 17R-trihydroxy 
products with the DHA backbone were identified at m/z 375: 4S,11,17R-triHDHA and 
trihydroxytetraene containing 7,8,17R-triHDHA. (40) These were later denoted AT-
RvD3 and AT-RvD1. 

Since 2002, the model of zymosan-induced sterile peritonitis in mice was the model of 
choice in the research and discovery of SPMs. (21) In this model, zymosan A, a 
polysaccharide component of Saccharomyces cerevisiae cell wall, is injected into the 
peritoneal cavity of mice. As a consequence, typical signs of inflammation occur, such 
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as leukocyte migration and infiltration and the production of inflammatory mediators. 
Sterile inflammation is self-resolved within 48 to 72 hours. (3) 

This model has several advantages over the previously used murine air pouch model. 
One of the biggest advantages of the method is that it is time saving, since neutrophils 
reach their peak concentration within 4 hours after zymosan A injection, and the 
inflammation is completely resolved within 48-72 hours. Besides, peritoneal cavity is a 
natural serosal cavity, and compared to an artificial air pouch cavity it mimics the actual 
inflammation conditions more accurately. For example, the leukocytes can migrate 
from the inflammation site to regional lymph nodes by their natural ways. Peritoneal 
cavity is easily accessible, sufficient amounts of exudates are being produced for LMs 
analysis, and the overall technique is relatively simple and reproducible. (3) 

 

 

2.2 The metabololipidomics era 

 

Metabolomics is an integral part of systems biology and includes qualitative and 
quantitative analysis of the endogenous metabolome. Metabolome is a term used for 
small metabolites (under 1500 Da) and other small biochemical products that have a 
role in physiological processes. A metabolomics study usually involves the 
comparative analysis of a normal state and a perturbed state, where the perturbation 
can be of any kind, such as inflammation, use of a medicine or change in diet. (41) 

Lipidomics is a term used to describe a process of identifying, profiling and quantifying 
lipids and lipid mediators in biosystems. It includes architecture/membrane lipidomics 
and mediator lipidomics. Lipidomics, together with proteomics and genomics, is a part 
of metabolomics, a rising field of research of metabolic pathways and pathway 
intermediates. (24)  

In an article from 2006, Serhan and collaborators describe a LC-UV-MS/MS mediator 
lipidomics approach to analyse temporal production of SPMs, in other words, 
appearance and levels of lipid mediators in different time points of inflammation and 
resolution. In vivo models used are murine air pouch model and peritonitis model.  

One of the most important steps in this research was to create databases with UV 
spectra, MS/MS spectra and retention times for well-known structures, as well as good 
search algorithms. Valuable approaches were taken from similar databases already 
developed for the GC-MS/MS analysis. The goal was to collect enough data to be able 
to define new structures based on their UV, MS/MS and chromatographic properties. 
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When using C-18 reverse-phase columns, elution takes place in the following order: 
trihydroxy-LMs elute first, then dihydroxy-, then monohydroxy-, and finally 
nonoxygenized molecules (like PUFAs).  

Different structures give also their signature in UV spectrum: monohydroxy-
compounds (like mono-HETEs, 17-HDHA etc.) have λmax ~ 235 nm, conjugated trienes 
(like LTB4 leukotriene) have triplet with λmax ~ 270 nm, conjugated tetraenes (LXA4 and 
LXB4) have triplet with λmax ~ 300 nm. Two conjugated dienes with methylene bridge 
(5S,15S-diHETE) have λmax ~ 242 nm. Some of the lipid compounds of interest do not 
have chromophores, and consequently have absorption maximums in vacuum UV 
range, which makes them less applicable for UV analysis. They have namely λmax < 
210 nm, which falls in the cut-off wavelength range of chromatographic eluents. (23) 

 

Table 1.  Absorption maximums for different double bond systems found in LMs 

Double bond system 
 

λmax 

Conjugated diene (mono-HETEs,  
17-HDHA, etc.) 

λmax ~ 235 nm 

Two conjugated dienes  
(5S,15S-diHETE, RvD5) 

λmax ~ 242 nm 

Conjugated diene + conjugated triene 
(RvE1, RvD3) 

λmax ~ 270 nm 

Conjugated triene  
(LTB4, MaR1, PD1) 

triplet with λmax ~ 270 nm 

Conjugated tetraene (LXA4, LXB4, RvD1, 
RvD2) 

triplet with λmax ~ 300 nm 

 

 

When it comes to MS/MS analysis, there are three different types of MS/MS fragment 
ions: 1) peripheral-cut ions are formed by neutral loss of H2O, CO2, amines, etc.; 2) 
chain-cut ions are formed by cleavage of a C-C bond in the carbon chain; 3) chain-
plus-peripheral cut ions are a combination of the other two. Chain-cut ions are the most 
important because they are more specific – they give information about the position of 
functional groups and double bonds. Most common chain-cut ions are derived by α-
cleavage – cleavage of a C-C bond next to the functional group like hydroxy group 
(23). 

Therefore, in order to identify potential new LMs, Serhan and collaborators matched 
their UV and MS/MS spectra and retention times to those of authentic and synthetic 
standards, if they were available. If not, data were compared to the theoretical data – 
virtual UV and MS/MS spectra and retention times predicted for potential novel SPMs. 
For the development of the search algorithm, the logic diagram shown in Fig. 11 was 
used. Search includes several consecutive steps. For example, UV spectra can be 
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checked first, and further searches include only MS/MS spectra of compounds whose 
UV spectra match the one analysed. When MS/MS spectra are also matched (based 
on several diagnostic ions), further search includes comparison of retention times 
(RTs). In routine analysis, ≥ 6 diagnostic ions of tandem MS/MS spectrum are being 
analysed. COCAD (Cognoscitive-Contrast-Angle Algorithm and Databases) system 
was used to treat intensity of each peak based on the ion identity – it will not be 
explained in detail here. Search result gave a compound in the database (real or 
theoretical) with the highest matching score (23).  

 

 

Figure 11. Logic diagram for developing LC-UV-MS/MS-based mediator lipidomic databases and search algorithms 
for PUFA-derived LMs (24) 
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2.3 Advancement of methods and the use of multiple 
reaction monitoring 

 

As already said, it is of a particular advantage to use methods that can analyse a large 
number of lipid molecules from different biological samples in a relatively short time. 
This is where the use of MRM (multiple reaction monitoring) methods made a 
breakthrough.  

In this highly sensitive approach, different chromatographic peaks are associated with 
MRM transitions of characteristic ion pairs, where the precursor ion is a molecular ion 
of SPM, and the product ion is a characteristic fragment ion. Instrument is usually run 
in the negative ionization mode, and the method of acquisition is Enhanced Production 
Ions (EPI). Many ion pairs can be followed in the same run – which is where the name 
“multiple” reaction monitoring comes from. MRM improves LC-MS/MS method 
sensitivity and detection limits as well. (28) 

It was reported that “the number of published LC–MS/MS methods for eicosanoid 
analysis markedly increased as mass spectrometers with high sensitivity and the 
capability of fast data acquisition became commercially available”. (25) 

The first time MRM approach was used for the analysis of LMs was in 1996, when it 
was used to quantitate 14 arachidonic acid-derived eicosanoids from a biological 
sample. (27)  

Masoodi, Serhan and co-workers reported the first analysis of novel SPMs using MRM 
in 2008. (28) They managed to simultaneously analyse twenty LMs, including 
protectins, resolvins and a number of oxygenated PUFAs by using LC/ESI-MS/MS 
assay. Tissue samples used were murine brain, liver and plasma. Sample purification 
and lipid extraction were performed using SPE cartridges, with 12-HETE-d8 as internal 
standard. For each LM analysed, MS spectra were used to choose adequate 
precursor-product ion pairs. During method optimisation, for each precursor-product 
ion pair a proper collision energy was chosen to give the best abundance (Fig. 12). As 
shown here, isobaric molecules can be distinguished from one another by using 
characteristic fragmentation ions in MRM. Also, as a part of method optimisation, 
murine samples were spiked with standard solutions of LMs and then compared to 
unspiked samples, to obtain the recovery estimates.  
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Figure 12.  MRM transitions and collision energies for precursor-product ion pairs of SPMs and 
oxygenated PUFAs (28) 

 

For chromatographic separation, a C18 column was used. Different retention times 
and different precursor-product ion pairs allowed for several compounds to be 
distinguished (Fig. 13). In case of co-eluting compounds, like 8-HETE and 12-HETE, 
their specific product ions (m/z 319 > 155 for 8-HETE and m/z 319 > 179 for 12-HETE) 
allowed for simultaneous analysis. Conversely, 9-HEPE (m/z 317 > 179) shared a 
product ion with a number of other HEPEs (though at lower abundance), like 5-, 8-, 12-
, 15- and 18-HEPE, which could lead to a cross-reactivity. However, these compounds 
were well separated chromatographically, so there was no problem of interference. 
(28) These two examples clearly show how the use of MRM improves sensitivity of the 
analysis compared to other conventional methods. The method proved to be sensitive, 
with detection limit of 10-20 pg and quantitation limit of 20-50 pg for different LMs. (28) 
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Figure 13.  Chromatograms showing the LC/ESI-MS/MS analysis of some of the twenty hydroxy-fatty 
acids, leukotrienes, resolvins and protectins analysed in the same run. Adapted from reference (28) 
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In their more recent works, Serhan and co-workers reported that up to 52 LMs could 
be analysed in a single LC- MS/MS run using MRM method. (23) Typically, C18 
chromatographic column is used, and instrument is run in negative ionisation mode. 
(23) If there are unmatched (unidentified) LMs with potent bioactivity, isotope trapping 
and chiral LC- MS/MS are used in order to determine pathways of biosynthesis. Fig. 9 
depicts simultaneous LC-UV-MS/MS analysis of 12 authentic and synthetic SPMs and 
LMs in a single run. Online UV spectra and MS/MS spectra are shown for RvD1 and 
RvE1 as examples. Characteristic fragmentation of the molecule is shown for both 
SPMs – and there can also be seen fragments chosen for product ions in precursor-
product ion pairs used for MRM analysis.  
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Figure 14.  LC-UV-MS/MS lipidomics of 12 LMs. (A) Total ion chromatogram of 12 LMs; Chromatogram 
for precursor-product ion pairs m/z 349 > 195 (for RvE1) and m/z 375 > 141 for RvD1. (B) Online UV 
spectra of RvE1 and RvD1. Adapted from reference (23) 
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Figure 14. (continued): (C) MS/MS spectrum of RvD1. (D) MS/MS spectrum of RvE1. Adapted from 
reference (23) 

 

 

Serhan and co-workers discovered maresin 1 (MaR1) in 2009. They used the zymosan 
A-induced peritonitis model as a self-resolving system to look for 17-HDHA as a marker 
of endogenous DHA conversion, but also to check for other possible pathways. Using 
the LC-MS/MS based targeted mediator lipidomics, they found 17S-HDHA as 
expected, and in addition 14S-HDHA, which accumulated with time during the 
resolution phase in 72 h course (Fig. 15). These two hydroxy-PUFAs were identified 
by characteristic diagnostic ions in their mass spectra. Here, MRM technique was used 
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again, to simultaneously measure the levels of 14S-HDHA and 17S-HDHA at different 
time points in the course of 72 h (Fig. 15). 

 

Figure 15.  Zymosan-induced peritonitis: PMN accumulation and decline during 72 h (dashed line); 
17S-HDHA (dotted line) and 14S-HDHA (continuous line) values obtained by using MRM. Adapted 

from reference (42) 

 

As these authors had the experience with 17S-HDHA as a marker of biosynthetic 
pathways for D-series resolvins and protectins, they wanted to check whether 14S-
HDHA was a precursor of novel bioactive molecules, too. In order to determine that, 
14S-HpDHA (produced via biogenic synthesis) and DHA were individually incubated 
with resident peritoneal macrophages. LC-MS/MS mediator lipidomics of the incubate 
showed two 7,14-dihydroxy products. They had different retention times, but their mass 
spectra were basically the same (Fig. 17). This indicated that they could be isomers. 
To investigate whether this was the case, the material that gave two peaks on the 
chromatogram needed to be isolated. Further confirmation of a novel structure was 
carried out using GC-MS. Isotope incorporation experiments with H2

18O showed that 
the hydroxyl-group at C7 was derived from water, and not molecular O2 as it tends to 
be when hydroxyl-group is enzymatically derived. To confirm that novel products are 
derived from DHA in presence of macrophages, deuterium (d5)-labeled DHA (with 5 
deuterium atoms at C21 and C22) was incubated with mouse macrophages. Dihydroxy 
products found in the incubate proved to carry d5, too, and identification was confirmed 
by characteristic ions on mass spectra. (42) 
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Figure 16.  Biosynthesis of MaR1 and double dioxygenation product 7S,14S-diHDHA (42) 

 

To monitor two 7,14-diHDHA isomers, LC-MS/MS was run in the negative ionization 
mode, and with EPI (enhanced product ion). For identification, precursor/product ion 
par 359.2/250.2 was used. Quantification was carried out using calibration curves. 
Deuterated internal standards 17-HDHA-d5 and PGE2-d4 were used to monitor the 
recovery. 

Of the two isomers, the one later termed MaR1 showed to have pro-resolving actions 
comparable to those of protectins and resolvins, while 7S,14S-dioxygenation isomer 
proved to be less potent. (42) 
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Figure 17.  (A) targeted LC-MS/MS mediator lipidomics of incubate of mouse-resident macrophages 
with DHA or 14S-HpDHA. Selected ion chromatogram (m/z 359/250) of MaR1 and its 7S,14S-isomer. 
(B) and (C) mass spectra of MaR1 and its 7S,14S-isomer. Adapted from reference (42) 

 

The examples given above illustrate the use of LC-MS/MS metabololipidomics in the 
discovery and identification of SPMs. 

LC-MS/MS metabololipidomic methods are also used to measure the capacity of 
different cells to produce SPMs. SPMs are often produced as a result of cell-cell 
interaction. These interactions can be simulated in vitro, in order to determine 
transcellular pathways for SPMs. (23) Cells can be stimulated by a range of agonists, 
like phagocytic (zymosan, urate crystals, apoptotic PMNs) and soluble (thrombin, 
calcium ionophores) agonists. The most important are agonists who react over cellular 
receptors.  

Two different cell types can be co-incubated, in order to determine whether their 
interaction during incubation (and stimulation by agonist specific for each cell type) 
gives rise to new pathways for new products. In order to do this, it is important to first 
analyse SPMs production of individual cell types before and after specific stimuli, as 
well as SPMs production of co-incubated cells exposed to the agonist to just one of the 
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cells. Indeed, it was shown that, when co-incubating neutrophils with platelets, in 
presence of both thrombin (platelet agonist) and fMLP (formyl-methionyl-leucyl-
phenylalanine, neutrophil agonist), novel products occurred in addition to cell-specific 
products. (23) 

Even though LC-MS/MS is the most powerful method for the LM identification, it should 
be underlined that the absolute configuration of novel LMs cannot be distinguished by 
this method alone. In order to determine the absolute configuration of novel putative 
SPMs, candidate structures need to be synthesized. Endogenous compound is then 
compared to candidate synthetic structures. It is important to match both their physical 
properties and their bioactivities, in order to unambiguously identify a new structure. 
(23) 

LC-MS/MS chiral analysis alone (without synthetic compounds for comparison) does 
have important applications in SPMs analysis. It can help distinguish whether an 
oxygenated metabolome is a product of auto-oxidation or enzymatic oxidation. PUFAs 
are particularly prone of auto-oxidation, and as a result, a racemic mixture of 
oxygenated products is formed. In contrast, when enzymatically oxidised, PUFAs tend 
to give products that have predominant isomeric ratios – for example, 14-HDHA, an 
intermediate in production of maresin 1 from DHA, was shown to be in 98% S-
configuration. R- and S- isomer gave 2 peaks on chromatogram, where peak area of 
the S-isomer was much bigger than peak area of R-isomer. Retention time (RT) of the 
S-isomer was confirmed by using synthetic compound (Fig. 18). For this purpose, chiral 
reverse-phase columns are used for chromatographic separation. (23) 

 

 

Figure 18.  (A) LC-UV-MS/MS-based analysis of 14-HDHA using chiral stationary phase columns after 
incubation of DHA with porcine 12-LOX. (B) MS/MS spectrum of 14-HDHA. Adapted from reference  
(23) 
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2.4 The metabololipidomics era – challenges  

 

As the example of maresin MaR1 shows, biosynthetic pathways during which SPMs 
are produced often lead to the by-production of molecules with similar chromatographic 
behaviour and similar MS spectra and, thus, can be difficult to distinguish from SPMs 
with potent activity by using LC-MS/MS mediator lipidomics approach only. This is not 
surprising, since SPMs discovered so far contain conjugated triene or tetraene moiety 
in their structure, as well as two or three secondary alcohols. This gives the possibility 
of a range of S/R and cis/trans isomers.   

In their work from 2016, Hansen, Dalli and Serhan (35) elaborated a new approach for 
easier identification of SPMs in the presence of double di-oxygenation isomers of 
SPMs – by chemical derivatization. Namely, most of the SPMs found have E,E,Z or 
E,E,Z,E moiety in their structure. In parallel, their double di-oxygenation isomers have 
E,Z,E moiety (Fig. 19). This difference gave the idea to the authors of using a reactive 
Diels-Alder reagent (dienophile) as a derivatization agent, since E,E conjugated double 
bonds give the Diels-Alder reaction much more promptly and under milder reaction 
conditions than E,Z conjugated double bonds. Only dienes that adopt the s-cis 
conformation can participate in the Diels-Alder reaction. (35) 

 

 

Figure 19.  PD1, MaR1 and their double di-oxygenation isomers 
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It was important to find a reactive dienophile, and at the same time not use too harsh 
conditions, since SPMs are sensitive compounds. The dienophile 4-phenyl-1,2,4-
triazole-3,5-dione (PTAD), which was commercially available, proved to be a good 
choice.  

Fig. 20 depicts the reaction between PTAD and SPMs with the E,E- conjugated diene 
moiety.  

 

 

Figure 20.  The Diels-Alder reaction between PTAD and a 1,4-disubstituted diene 

 

It was already known that PTAD adducts give MS spectra that are relatively simple and 
easy to interpret. They are characterised by abundant molecular ions, as well as 
fragment ions where fragmentation happens in the alpha position to nitrogen. Hence, 
these fragment ions give information about the position of the conjugated diene. (43) 
PTAD has been successfully used for the derivatisation of unsaturated fatty acids prior 
to analysis of positional isomers. It is hard to obtain reliable mass spectra of 
underivatised fatty acids because their double bonds can migrate during MS analysis, 
but with PTAD this problem was overcome. (44) PTAD has also been used as 
derivatisation agent to improve the sensitivity of the assay for vitamin D metabolites, 
1,25-dihydroxyvitamin D2 and 1,25-dihydroxyvitamin D3. (45) 

To develop the method for in vivo samples, Hansen et al inoculated E. coli in the mouse 
peritoneum. Exudates were collected after 12 h and analysed using LC-MS/MS 
metabololipidomics. Chromatograms obtained showed that signals from MaR1 and its 
double di-oxygenation isomer, as well as PD1 and its double di-oxygenation isomer, 
are so close that it was difficult to distinguish between two peaks (Fig. 21). That is why 
a method improvement was needed in the first place.  
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Figure 21.  MRM chromatograms of mouse peritoneal exudates after inoculation of E. coli. (a) PD1 and 
its double di-oxygenation isomer, m/z 359->153; (b) MaR1 and 7S,14S-diHDHA, m/z 359->250. Adapted 
from reference (35) 

 

In order to develop a method with PTAD derivatisation, synthetic material of PD1 and 
PD1n-3 DPA was used in separate experiments. Compounds were reacted with PTAD in 
CH2Cl2 at 0oC and analysed using LC-MS/MS metabololipidomics. MS spectra showed 
characteristic ions for the PD1-PTAD reaction product: m/z = 516 [M-H+-H2O]−, m/z = 
498 [M-H+-2H2O]− and m/z = 490 [M-H+-CO2]−, with signature ions m/z = 397, m/z = 
371 [M-H+-CO2PhCNO]− and m/z = 352 (Fig. 22). Corresponding fragmentation ions 
were found for the PD1n-3 DPA-PTAD reaction product, but no PTAD products were 
found for 7S,14S-diHDHA and 10S,17S-diHDHA, in line with the authors’ expectations. 
(35) 
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Figure 22.  LC-MS/MS chromatogram (left) and MS spectra (right) of the Diels-Alder reaction products 
between PTAD and PD1 (a) and PTAD and PD1 n-3 DPA. Adapted from reference (35) 
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Figure 23.  LC-MS/MS metabololipidomics of the reaction mixture of PTAD with 10S,17S-diHDHA (top) 
and PTAD with 7S,14S-diHDHA (bottom), showing that there was no reaction product. Adapted from 
reference (35) 

 

This method was confirmed using in vivo samples, as well as with a range of different 
SPMs. In conclusion, this is a fast and convenient approach to distinguish SPMs from 
their double di-oxygenation isomers, given that these SPMs have conjugated double 
bonds with the E,E conformation and that the isomers of these SPMs lack the E,E 
moiety. 
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2.5 Potential novel SPMs and challenges in their analysis  

 

Driven by the success of Serhan and his team, scientific teams from around the world 
continue to explore pro-resolving lipid mediators. In their work from 2016, Kuda and 
his collaborators in Prague described novel molecules with pro-resolving properties 
produced in white adipose tissue. (38) These molecules are esters of fatty acids and 
hydroxy fatty acids. According to FAHFA nomenclature, where FA stands for fatty acid, 
HFA for hydroxy fatty acid and a number for the position of hydroxyl-group, these new 
molecules were termed 13-DHAHLA, 9-DHAHLA and 14-DHAHDHA. 

To discover whether adipose tissue has the ability to produce SPMs, Kuda et al used 
serum and white adipose tissue samples of murine and human origin. In both cases, 
half of the group was supplemented with ω-3 PUFAs, and the other half was not. (38) 

Samples were purified using SPE with 5-PAHSA-2H31 and 9-PAHSA-13C4 (PAHSA = 
palmitic acid ester of hydroxystearic acid) as internal standards. After that, a highly 
advanced metabololipidomics approach was used, where both quantitative and 
qualitative analysis could be performed in a single run, thanks to the possibility of 
switching from the triple-quadrupole scan mode to full-scan ion trap mode. The 
principle of analysis is shown on (Fig. 24) on the example of 9-PAHSA. For 
quantification, MRM analyses were performed using one quantifier and two qualifier 
ions per FAHFA. Quantifier ions were fatty acid fragments, while qualifier ions were 
hydroxy fatty acid derived, with or without water loss. Further fragmentation of hydroxy 
fatty acid fragment gave characteristic fragments that could be used for identification, 
since they gave information about the position of the alcohol group. (38) 
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Figure 24.  Analysis of PAHSA isomers. A: 9-PAHSA gives specific 9-HSA fragments. B: MS/MS 
spectrum of 9-PAHSA and three major fragments. C: Chromatographic profile of PAHSA isomers (MRM 
537.5 > 255.2) in human serum (blue) and synthetic standards (red). The inserted table shows 
MS/MS/MS fragments (three stages of fragmentation) characteristic for different positional isomers of 
hydroxy group on HAS. C and D: Combination of triple-quadrupole scan mode and highly sensitive full-
scan ion trap mode within one analysis – specific fragments of HSA highlighted in magenta. Adapted 
from reference (38) 

 

Nine positional isomers of PAHSA were found in human samples. Supplementation 
with ω-3 PUFAs did not change the serum levels of PAHSA, but it proved to increase 
the levels of DHA-derived esters. The same approach explained for PAHSA was used 
to identify and quantify DHA-derived esters. As shown on (Fig. 25), 13-DHAHLA gives 
characteristic fragments of 13-HLA through two steps of fragmentation. These 
fragments can be used for qualitative analysis, whereas 13-DHAHLA and DHA ions 
(605,4 > 327.2) are used as precursor-product ion pair for quantitative analysis with 
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MRM approach. The levels of DHAHLA and DHAHDHA found were in the same range 
as the levels of SPMs (picomolar to nanomolar concentrations). (38) 

 

 

 

 

 

Figure 25.  Analysis of DHAHLA isomers. A: Fragmentation of 13-DHAHLA and 13-HLA specific 
fragments. B: MS/MS spectrum of 13-DHAHLA. C: MS/MS/MS spectrum of 13-DHAHLA with specific 
fragments in magenta. Adapted from reference (38) 

 

 

C 
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Kuda and co-workers showed using in vitro experiments that 13-DHAHLA has anti-
inflammatory and pro-resolving properties, at least in vitro – it reduced activation of 
macrophages by LPS and stimulated phagocytosis of zymosan A particles. (38) 
However, they pointed out that in order to perform further analysis of in vivo actions of 
13-DHAHLA and related molecules, as well as further structural elucidation, higher 
amounts of 13-DHAHLA needed to be synthesized by total organic synthesis. (38) To 
meet all these needs, collaboration between the Prague group and the LIPCHEM 
group in Oslo was started. Associate professor Anders Vik has prepared both the R- 
and S- stereoisomer of 13-DHAHLA: 

 

 

Figure 26. Structures of 13S-DHAHLA and 13R-DHAHLA 

 

The exact structural elucidation of in vivo produced 13-DHAHLA proved to be a 
challenge, since chromatographic separations of the two isomers failed, even with long 
HPLC columns with chiral stationary phases using different eluent combinations. 
Consequently, it was hard to distinguish between these two isomers and develop a 
good identification method. That is why a derivatisation with PTAD was tried in this 
case, as well.2 As mentioned before, SPMs with E,E moiety give the Diels-Alder 
reaction much more readily than their E,Z-isomers. However, E,Z isomers do react with 
dienophiles when they are given enough time and energy (higher reaction 
temperature). Kuda and co-workers attempted to induce reaction of R- and S- isomers 
of 13-DHAHLA with PTAD. After a prolonged reaction at room temperature using an 
excess amount of PTAD, two signals for each isomer of the Diels-Alder adduct were 

                                                 
2  Information  obtained  from  personal  communication  between  dr  Ondrej  Kuda  and  professor  Trond  Vidar 
Hansen 
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observed on HPLC chromatogram. When co-injected, separation of signals was not 
complete (Fig. 27). 

 

Figure 27.  Chromatographic separation of 13R-DHAHLA and 13S-DHAHLA reaction products with 
PTAD3 

 

Of note, in accordance with the reaction mechanism of the Diels-Alder reaction, two 
isomers of both the R- and S-stereoisomers of 13-DHAHLA are expected. (46) The 
two peaks observed on chromatograms for each isomer of 13-HDHA after reaction with 
PTAD are the peaks of the racemic mixture of the two Diels-Alder adducts formed. This 
is depicted in Fig. 28. 

                                                 
3 Figure obtained from professor T. V. Hansen’s personal correspondence 
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Figure 28.  Diels-Alder reaction between R- and S- isomers of 13-DHAHLA and PTAD - two possible 
outcomes for each isomer 
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Part 2.  Initial Efforts Towards New Methodology 

 

As previously described, PTAD derivatisation of 13-DHAHLA isomers did not lead to 
the satisfactory chromatographic separation. Both R- and S- stereoisomers gave two 
reaction products when reacted with PTAD. As a result, chromatograms of both 
isomers using a chiral chromatographic column gave two peaks, but they could not be 
completely separated when co-injected, since two of the four peaks had a very close 
retention times, and could not be separated well even with long chromatographic 
column with chiral stationary phase. 

This gave the idea to T. V. Hansen and the LIPCHEM group in Oslo to try the 
derivatisation of 13-DHAHLA isomers with a dienophile that has a stereogenic centre. 
This was the main objective of this master thesis – to attempt to find the optimal 
conditions for the chosen dienophiles to react with LMs with the E,Z- moiety, and 
hence, with isomers of 13-DHAHLA, and after that, develop a protocol for LC-MS/MS 
analysis. 

Dienophiles chosen as putative derivatization agents for our experiments were 
commercially available (R)- and (S)-N-(1-phenylethyl)maleimide. These molecules 
have one stereogenic center. The idea was to introduce a new stereogenic centre in 
the reaction product, in order to possibly make the separation and analysis easier. We 
started our experiments with (S)-N-(1-phenylethyl)maleimide (S-PEM).  

 

 

Figure 29. Structure of N-(1-phenylethyl)maleimide (PEM) 

 

Outline of the putative Diels-Alder reaction between S-PEM and an E,Z-conjugated 
diene is shown on (Fig. 30). As depicted here, reaction products have five stereogenic 
centers. The absolute configuration on C1 and C4 of the diene in the reaction product 
is defined by the general rules of the Diels-Alder reaction, where the “inside groups” of 
the s-cis conformation of the diene are on the same side of the new formed six-
membered ring in the reaction product (and on the other side are the “outside groups” 
of the s-cis conformation). (46) That is why in the case of an E,Z-conjugated diene the 
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remainders of hydrocarbon chain are on the opposite sides of the six-membered ring. 
In theory, four possible reaction products occur. 

 

 

Figure 30.  Diels-Alder reaction between an E,Z-conjugated diene and (S)-N-(1-phenylethyl)maleimide 
with four possible reaction products 

 

Our goal was to develop a method that could be used for the derivatization and further 
identification of E,Z-conjugated dienes in general, with special focus on 13-DHAHLA 
isomers. However, since 13-DHAHLA isomers are not commercially available, and 
only limited amounts of them were obtained by total organic synthesis, we started our 
experiments by using 17S-HDHA. This hydroxy PUFA is commercially available as a 
0,1 mg/ml ethanol solution and has an E,Z-moiety, which made it an ideal candidate 
for the development of our method.  

 

Figure 31. Structure of 17S-HDHA 
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We tried to make the Diels-Alder reaction happen with different solvents, different 
reaction temperatures and after different periods of time. In order to check whether the 
reaction took place, UV spectrometry and TLC were used.  

17S-HDHA is partially UV active due to the presence of conjugated double bonds. Its 
absorption maximum is at λ = 237 nm. Therefore, the idea was to monitor the reaction 
between 17S-HDHA and S-PEM by recording spectra in UV range at different time 
points and checking whether the change of the absorption maximum or the overall 
signal occurs.  

In order to do so, a solution of 17S-HDHA was mixed with a solution of the desired 
dienophile in the same solvent. Different reaction conditions were attempted. Summary 
of the reaction conditions used and the results obtained is provided in Table 2. 
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Table 2.  An overview of the Diels-Alder reaction conditions attempted for this master thesis, as well as the reaction outcomes obtained 

 LM 
cLM 

[mg/ml] 
Dienophile 

Dienophile 
molar access 

[%] 
Solvent Temperature Duration 

Reaction took place 

UV TLC MS 

1 17S-HDHA 0,002 S-PEM 5 ethanol room temp. 4 h no / no 

2 17S-HDHA 0,01 S-PEM 10 ethanol 40oC 24 h no / no 

3 17S-HDHA 0,01 S-PEM 10 ethanol 60oC 24 h no / no 

4 17S-HDHA 0,01 PTAD 5 ethanol room temp. 4 h no / no 

5 17S-HDHA 0,01 
PTAD (3 days 
old) 

5 dichloromethane room temp. 2 h no no no 

6 17S-HDHA 0,01 S-PEM 10 ethanol 80oC 24 h no no no 

7 17S-HDHA 0,01 PTAD 5 dichloromethane 35oC 4 h yes yes yes 

8 MaR1 0,01 PTAD 100 methanol room temp. 4 h yes yes yes 

9 MaR1 0,01 S-PEM 5 methanol room temp. 4 h no no no 

10 MaR1 0,01 S-PEM 1000 methanol room temp. 4 h no no no 

11 17-oxo-DHA 0,01 PTAD 10 dichloromethane room temp. 2 h no no no 

12 17-oxo-DHA 0,01 PTAD 10 dichloromethane 35oC 2 h no no no 

13 17-oxo-DHA 0,01 S-PEM 10 dichloromethane room temp. 2 h no no no 

14 17-oxo-DHA 0,01 S-PEM 10 dichloromethane 35oC 2 h no no no 

15 (±)17-HDHA 0,02 S-PETAD 5 dichloromethane room temp. 24 h unsure yes yes 

16 (±)17-HDHA 0,02 S-PETAD 300 dichloromethane 35oC 24 h yes yes yes 

17 17S-HDHA 0,02 S-PETAD 5 dichloromethane 35oC 24 h unsure unsure yes 

18 17S-HDHA 0,02 S-PETAD 300 dichloromethane 35oC 24 h yes unsure yes 

19 MaR1 0,02 S-PETAD 5 dichloromethane 35oC 24 h unsure unsure yes 

20 MaR1 0,02 S-PETAD 300 dichloromethane 35oC 24 h yes unsure yes 
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 Herein, the obtained results are presented in more detail: 

1)  S-PEM, ethanol solution, room temperature, c = 0,002 mg/ml 

The mixture of 0,002 mg/ml ethanol solution of 17S-HDHA and S-PEM (5% molar 
excess) was kept in a dark place at room temperature. UV spectrum was taken at 0 
min, 15 min, 30 min, 60 min, 120 min, 180 min and 240 min. λmax of the mixture was at 
224-231 nm. No major change of spectrum took place, indicating that the reaction most 
probably did not take place. 

 

2) S-PEM, ethanol solution, 40oC, c = 0,01 mg/ml 

This time, a higher concentration of 17S-HDHA was used: 0,01 mg/ml, and the excess 
of S-PEM was 10%. UV spectrum was taken at 0 min, 120 min and 240 min. After 
initial UV measurement, the mixture was warmed up in oil bath at 40oC. Since there 
was no significant change of spectrum after 2h, the solution was kept at 40oC 
overnight. The next day UV measurement was taken, and no significant change of 
spectrum took place.  

 

3) S-PEM, ethanol solution, 60oC, c = 0,01 mg/ml 

The concentration of 17S-HDHA was 0,01 mg/ml, and the excess of S-PEM was 10%. 
UV spectrum was taken at 0 min, 120 min, 240 min and after keeping the mixture at 
60oC overnight. After the initial UV measurement, the mixture was warmed up in oil 
bath at 60oC. Once again, no significant change of spectrum took place.  

 

In parallel, we decided to check if we can induce 17S-HDHA to react with PTAD. PTAD 
was previously successfully used as dienophile in the Diels-Alder reaction to 
distinguish between LMs with E,E-conjugated diene moiety and E,Z-moiety (MaR1, 
PD1 and their double di-oxygenation isomers). This time, it was presumed that it will 
take longer time and higher temperature in order for E,Z-conjugated diene to react. 

 

4) PTAD, ethanol solution, room temperature, c = 0,01 mg/ml 

The mixture of 0,01 mg/ml 17S-HDHA in ethanol solution and PTAD (5% molar excess) 
was kept in a dark place at room temperature. UV spectrum was taken at 0 min, 15 
min, 30 min, 60 min, 120 min, 180 min and 240 min. λmax of 17S-HDHA alone was at 
237 nm, PTAD alone at 227 nm and mixture at 233 nm. No major change of spectrum 
took place, indicating that no reaction occurred.  
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Of note, PTAD is commercially available as a powder with intense ruby colour. When 
dissolved in ethanol, the solution readily changed colour to orange, and at the same 
time bubbles of gas occurred. This gave the reason to suspect that PTAD may be 
reacting with ethanol. Therefore, we decided to try another solvent – dichloromethane 
(CH2Cl2). 

 

5) PTAD, dichloromethane solution, room temperature, c = 0,01 mg/ml 

The ethanol from the sample of commercial 17S-HDHA was first removed with the 
stream of nitrogen. After that, 17S-HDHA was dissolved in dichloromethane to a 
concentration of 0,01 mg/ml. λmax of 17S-HDHA alone was at 232 nm, PTAD alone at 
228 nm and mixture at 229 nm. UV spectra were taken at 0 min, 15 min, 30 min, 60 
min and 120 min. No significant change of spectrum took place. 

 

All of the samples derived from experiments mentioned above were kept at -18oC. MS 
spectra of all the samples were taken. Sample with dichloromethane solution was first 
treated with nitrogen stream to remove dichloromethane, and residuals were dissolved 
in ethanol prior to the MS analysis. Fragments on MS spectra did not indicate the 
formation of the Diels-Alder adduct. 

 

At this point, we decided to introduce TLC method as a double check for the results 
obtained from UV analysis. To do so, we needed to find a right eluent composition for 
the mobile phase, as well as derivatisation reagent for 17S-HDHA. The mixture of 17S-
HDHA and PTAD was also analysed, to see whether the signal is different from the 
one of 17S-HDHA.  

 Mixture of CH2Cl2 and methanol in ratio 95:5 did not lead to satisfactory 
chromatographic development.  

 Mobile phase of ethyl-acetate : hexane = 50:50 proved to be a good choice with 
CAM (Cerium ammonium molybdate ) as a staining agent. The Rf value of 17S-
HDHA was 0,17, and the mixture of 17S-HDHA and PTAD gave the spot with 
the same Rf value.  
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 Mobile phase of ethyl-acetate : hexane = 70:30 gave even better result, with Rf 
= 0,53. This mobile phase was chosen for further experiments. 
 

 

 

6) S-PEM, ethanol solution, 80oC, c = 0,01 mg/ml 

We decided to attempt to induce the reaction with a temperature slightly higher than 
the ethanol boiling point. A completely closed system was used, in order to prevent 
ethanol from evaporating. Spectra were taken after 2h and after keeping the mixture 
at 80oC overnight. No significant change of UV spectrum took place. TLC analysis 
showed a clear presence of 17S-HDHA in the 17S-HDHA-PTAD mixture. 

 

 

7) PTAD, dichloromethane solution, 35oC, c = 0,01 mg/ml 

Dichloromethane evaporates easily, so solution was warmed at 35oC for 2 h. This time, 
a freshly prepared solution of PTAD in dichloromethane was used, after noticing that 
colour of the stock solution fades away, even when kept at refrigerator.   

Rf = 0.17

17S-HDHA 17S-HDHA
+

PTAD

Rf = 0.53

17S-HDHA 17S-HDHA
+

PTAD
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UV spectra showed the change of signal. TLC analysis showed no sign of 17S-HDHA 
in the 17S-HDHA-PTAD mixture. In addition, the sample was analysed on MS, and MS 
spectrum showed fragments that were expected for the Diels-Alder reaction product of 
17S-HDHA and PTAD. In other words, we succeeded to get 17S-HDHA to react with 
PTAD. 

 

 

Figure 32. The Diels-Alder reaction between 17S-HDHA and PTAD 

 

However, our goal to successfully induce the reaction between 17S-HDHA and S-PEM 
was yet to be reached. 

 

We decided to check if S-PEM reacts with LMs with E,E-conjugated diene moiety. As 
mentioned before, E,E-conjugated dienes react in Diels-Alder reaction much more 
readily than E,Z-conjugated dienes. For that purpose, maresin 1 (MaR1) obtained by 
the LIPCHEM group by total organic synthesis (47) was used. 

 

 

8), 9) and 10) MaR1, methanol solution, room temperature, c = 0,01 mg/ml 

All solutions were made in methanol, because MaR1 obtained by total organic 
synthesis was kept in methanol. Both PTAD and S-PEM were used as dienophiles. UV 
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spectrum of MaR1 showed absorption maximum at 270 nm, with shoulders on both 
sides of the main signal (triplet).  

 With 5% excess of PTAD the peak of MaR1 on UV spectrum got lower, and with 
100% excess of PTAD the peak disappeared completely. TLC analysis with 
100% excess of PTAD confirmed that the reaction took place, since there was 
no spot of MaR1 in the mixture. MS spectrum of the sample confirmed that the 
reaction took place. 
 

 With 5% excess of S-PEM the peak on UV spectrum remained the same.  
 

 Even with as much as 1000% excess of S-PEM there was no change of signal. 

 

As experiments with MaR1 showed, S-PEM is hard to react even with LMs that have 
E,E-conjugated diene moiety. 

 

We decided to try another approach: oxidation of 2o alcohol in 17-HDHA to ketone – 
17-oxo-DHA. We believed that the carbonyl group would cause the conjugated diene 
to become more reactive, and hence easier to react with a dienophile.   

A racemic mixture of 17-HDHA isomers was used. 17-HDHA was oxidised to the 
corresponding oxo-compound (17-oxo-DHA) using the Dess-Martin periodinane 
reagent (DMP). (48) TLC method was used to check whether the oxidation of 17-HDHA 
was complete. The oxidation was continued overnight, and when finished, solvents 
were evaporated using nitrogen stream, and residues were dissolved in 
dichloromethane to the concentration of 0,05 mg/ml. This concentration was proposed 
assuming that the 17-HDHA was completely oxidised to 17-oxo-DHA.  

 

 

Figure 33. Oxidation of 17-HDHA to corresponding ketone 

 

11) 17-oxo-DHA c = 0,01 mg/ml, PTAD, dichloromethane solution, room 
temperature  

UV spectrum of dichloromethane solution of 17-oxo-DHA alone showed a peak at 232 
nm, and another one, much lower at 275 nm. PTAD alone had λmax at 229 nm. A 
solution of 17-oxo-DHA with 10% excess of PTAD was kept at room temperature for 2 
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hours. UV spectrum showed absorption maximum at 229 nm, and there was no peak 
at 275 nm, which could be a sign that the reaction took place. However, TLC signals 
were too pale and therefore could not be used as an indicator whether the reaction 
took place. MS spectrum of the sample did not contain ions that would be indicative of 
the reaction product. 

 

12) 17-oxo-DHA c = 0,01 mg/ml, PTAD, dichloromethane solution, 35oC 

A solution of 17-oxo-DHA with 10% excess of PTAD was kept at 35oC for 2 hours. No 
significant change of signal on UV spectrum occurred. TLC signals were too pale and 
therefore could not be used as an indicator whether the reaction took place. Once 
again, MS spectrum of the sample did not contain ions that would be indicative of the 
reaction product. 

 

13) 17-oxo-DHA c = 0,01 mg/ml, S-PEM, dichloromethane solution, room 
temperature 

As previously observed, UV spectrum of dichloromethane solution of 17-oxo-DHA 
showed a peak at 232 nm, and another one, much lower at 275 nm. S-PEM in 
dichloromethane gives a high peak at 230 nm. Hence, the mixture of the two 
compounds gave a high peak on UV spectrum at 230 nm. After 2 hours, no significant 
change of spectrum occurred. TLC signals were too pale and therefore inappropriate 
as an indicator whether the reaction took place. MS spectrum of the sample did not 
contain ions that would be indicative of the reaction product. 

 

14) 17-oxo-DHA c = 0,01 mg/ml, S-PEM, dichloromethane solution, 35oC 

A solution of 17-oxo-DHA with 10% excess of S-PEM was kept at 35oC for 2 hours. 
After 2 hours no significant change of spectrum occurred. TLC signals were too pale 
and therefore inappropriate as an indicator whether the reaction took place. MS 
spectrum of the sample did not contain ions that would be indicative of the reaction 
product. 

 

After these experiments, we concluded that our attempts to make the dienes of interest 
react with S-PEM did not succeed. Even at higher reaction temperatures and with 
prolonged reaction time, S-PEM as derivatisation agent did not serve the purpose, as 
we could not prove the presence of cycloaddition product by any of the methods used. 
Therefore, Professor Trond V. Hansen came to a new idea: to try the Diels-Alder 
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reaction with a new dienophile, that would have a combined structure of PTAD and 
PEM: 

 

 

Figure 34. Structure of 4-(1-phenylethyl)-3H-1,2,4-triazole-3,5(4H)-dione (PETAD) 

 

This compound was expected to have all the advantages and reactivity of PTAD. At 
the same time, the fact that it has a stereogenic center would possibly contribute to 
better separation of reaction products with conjugated dienes. Another advantage over 
PEM is the fact that the double bond that forms a ring with the diene in the  Diels-Alder 
reaction in between two nitrogen atoms, and not carbon atoms, which gives fewer 
possible isomeric reaction products in the Diels-Alder reaction (Fig. 35) compared to 
PEM.  

 

 

 

Figure 35.  Diels-Alder reaction between S-PETAD and E,Z-conjugated diene, with two possible 
reaction products 

 

N N

N

H3C

OO



56 
 

However, this new dienophile was not commercially available. Therefore it had to be 
made by total organic synthesis. The dienophile was ordered from a synthesis 
laboratory in Krakow, Poland.  

The synthesis of the new dienophile proved to be a lengthy process. Ordered in the 
end of October 2017, with estimated delivery in January 2018, was followed by several 
delays. However, it was finally delivered to the LIPCHEM group in the first half of March 
2018.  The late delivery of the new reagent did not leave a lot of time for additional and 
more extensive laboratory trials, having in mind that the deadline for the submission of 
the master thesis was 3rd April 2018. However, we managed to repeat the initial 
experiments with the new dienophile, using following dienes: (±)17-HDHA, 17S-HDHA 
and MaR1. The solvent used was dichloromethane, since the producer provided the 
information that PETAD is unstable in the alcohol solutions.  

   

15)  (±)17-HDHA c = 0,02 mg/ml, S-PETAD, dichloromethane solution, room 
temperature 

Ethanol was removed from 20 µl of the commercially available stock solution of (±)17-
HDHA. The dichloromethane solution of S-PETAD (5% molar excess) was used to 
dissolve the residues, and dichloromethane was added to the final volume of 100 µl. 
The mixture was kept at room temperature. UV spectra were taken initially, after 2h 
and after 24 h. Absorbance maximum of the mixture was at 232 nm. No significant 
change of UV spectrum was observed over time. TLC analysis, however, showed no 
sign of (±)17-HDHA in the mixture. MS spectrum showed fragment that was expected 
for the Diels-Alder reaction product of (±)17-HDHA and S-PETAD, which confirmed 
that the reaction took place. 

 

16)  (±)17-HDHA c = 0,02 mg/ml, S-PETAD 300% excess, dichloromethane 
solution, 35oC 

The mixture was prepared as explained in 15), and kept at 35oC in oil bath. UV spectra 
were taken initially and after 2h. Absorbance maximum of the mixture was at 232 nm. 
Since no significant change of UV spectrum was observed after 2h, additional amount 
of S-PETAD was added, so that there was 300% excess of it in the final solution. This 
led to an immediate change of spectrum – the absorbance at 237 nm (where the 
absorbance maximum of (±)17-HDHA is) became much lower. The mixture was kept 
at 35oC overnight, and the UV spectrum was taken again after 24 h. TLC analysis 
showed no sign of (±)17-HDHA in the mixture. MS spectrum showed characteristic 
molecular ion that was expected for the Diels-Alder reaction product of (±)17-HDHA 
and S-PETAD, which confirmed that the reaction took place. Compared to the sample 
with 5% excess of S-PETAD, this sample had a much higher abundance of the 
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molecular ion, indicating that the reaction was incomplete with only 5% excess of S-
PETAD. 

 

17) 17S-HDHA c = 0,02 mg/ml, S-PETAD, dichloromethane solution, 35oC 

20 µl of the commercially available stock solution of 17S-HDHA was transferred to a 
HPLC vial, and ethanol was removed under the stream of nitrogen. The 
dichloromethane solution of S-PETAD (5% molar excess) was used to dissolve the 
residues, and dichloromethane was added to the final volume of 100 µl. The mixture 
was kept at 35oC in oil bath. UV spectra were taken initially, after 2h and after 24h. 
Absorbance maximum of the mixture was initially at 238 nm, but changed after 2h to 
232 nm. Signals on TLC plate were too pale to be indicative of whether the reaction 
took place. MS spectrum showed characteristic molecular ion that was expected for 
the Diels-Alder reaction product of 17S-HDHA and S-PETAD, which confirmed that the 
reaction took place.  

 

18) 17S-HDHA c = 0,02 mg/ml, S-PETAD 300% excess, dichloromethane solution, 
35oC 

20 µl of the commercially available stock solution of 17S-HDHA was transferred to a 
HPLC vial, and ethanol was removed under the stream of nitrogen. The 
dichloromethane solution of S-PETAD (300% molar excess) was used to dissolve the 
residues, and dichloromethane was added to the final volume of 100 µl. The mixture 
was kept at 35oC in oil bath. UV spectra were taken initially, after 2h and after 24h. 
Absorbance maximum of the mixture was initially at 238 nm, but changed after 2h to 
230 nm. Signals on TLC plate were too pale to be indicative of whether the reaction 
took place. MS spectrum showed characteristic molecular ion that was expected for 
the Diels-Alder reaction product of 17S-HDHA and S-PETAD, which confirmed that the 
reaction took place.  

 

19) MaR1 c = 0,02 mg/ml, S-PETAD, dichloromethane solution, 35oC 

20 µl of the stock solution of MaR1 synthesized by the LIPCHEM group was transferred 
to a HPLC vial, and methanol was removed under the stream of nitrogen. The 
dichloromethane solution of S-PETAD (5% molar excess) was used to dissolve the 
residues, and dichloromethane was added to the final volume of 100 µl. The mixture 
was kept at 35oC in oil bath. UV spectra were taken initially, after 2h and after 24h. 
Absorbance maximum of the mixture was initially at 274 nm, with characteristic 
shoulders on both sides of the signal. This characteristic triplet signal was still present 
on UV spectrum after 2h and after 24h, though with lower absorbance. Signals on TLC 
plate were too pale to be indicative of whether the reaction took place. MS spectrum 
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showed characteristic molecular ion that was expected for the Diels-Alder reaction 
product of MaR1 and S-PETAD, which confirmed that the reaction took place. 
Molecular ion of MaR1 was also present on MS spectrum, showing that the reaction 
was incomplete with 5% excess of S-PETAD. 

 

20) MaR1 c = 0,02 mg/ml, S-PETAD 300% excess, dichloromethane solution, 35oC 

20 µl of the stock solution of MaR1 synthesized by the LIPCHEM group was transferred 
to a HPLC vial, and methanol was removed under the stream of nitrogen. The 
dichloromethane solution of S-PETAD (300% molar excess) was used to dissolve the 
residues, and dichloromethane was added to the final volume of 100 µl. The mixture 
was kept at 35oC in oil bath. UV spectra were taken initially, after 2h and after 24h. 
Absorbance maximum of the mixture was initially at 229 nm, with the characteristic 
triplet of MaR1 at 274 nm completely absent.  

This indicated that the reaction took place completely. Signals on TLC plate were too 
pale to be indicative of whether the reaction took place. MS spectrum showed dominant 
characteristic molecular ion that was expected for the Diels-Alder reaction product of 
MaR1 and S-PETAD.  
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3   Conclusions and future studies 
 

Our efforts towards the development of a new derivatization protocol for SPMs 
included experiments with three different dienophiles: the two known reagents PTAD 
and S-PEM, and the novel reagent S-PETAD. We already knew that PTAD reacted 
with E,Z-conjugated dienes under suitable conditions. Indeed, we managed to induce 
the reaction of 17S-HDHA and MaR1 with PTAD. However, chromatographic analysis 
of PTAD adducts of novel putative SPMs discovered by the Praha group did not lead 
to the satisfactory separation of signals. That is why we focused on developing a new 
derivatization protocol, where an extra stereogenic center would be introduced by 
using S-PEM as a dienophile. Different solvents, reaction temperatures and reaction 
duration were attempted, and the reaction outcome was investigated by using three 
different analytical methods: UV spectrometry, TLC and MS. Oxidation of 17-HDHA to 
the corresponding ketone was also studied. Given that the reaction took place, our 
goal was to establish a HPLC method for the separation of the Diels-Alder adducts 
obtained. 

Unfortunately, we did not succeed in inducing the S-PEM react with either 17S-HDHA, 
as E,Z-diene, or MaR1, as E,E-diene. Therefore, the novel reagent S-PETAD, with the 
combined structure of PTAD and S-PEM was ordered. Experiments were repeated in 
the same manner as for S-PEM, using dichloromethane as a solvent. This time, our 
attempts led to success. S-PETAD reacted with racemic 17-HDHA, 17S-HDHA and 
MaR1, as unambiguously confirmed by MS spectra. Our conclusion is that dienophiles 
with double bond between two carbon atoms are far less reactive in the Diels-Alder 
reaction than dienophiles with the -N=N- moiety. 

To the great disappointment of the student, the novel reagent S-PETAD was delivered 
to the LIPCHEM group too late to be able to continue with HPLC experiments as initially 
proposed in this master thesis. Still, there is a reason for satisfaction - a new reagent 
has been introduced, with the potential of becoming a powerful tool in the future 
analysis of SPMs. This gives plenty of opportunity for further studies, perhaps for some 
new master thesis. 

The first part of this thesis gives a thorough overview of methods that have been used 
for the analysis of SPMs in the last two decades.  
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4   Experimental 

 

4.1  Materials and apparatus 

All commercially available reagents and solvents were used without further purification, 
unless otherwise stated. S-PETAD (4-[(1S)-1-phenylethyl]-4,5-dihydro- 3H-1,2,4- 
triazole-3,5-dione) was not commercially available and was therefore ordered from the 
chemical synthesis laboratory Selvita services in Krakow, Poland. MaR1 was 
synthesized by the LIPCHEM group. 

UV spectrometry was performed on Agilent Technologies Cary 8454 UV-Vis 
spectrophotometer. Thin layer chromatography (TLC) was performed on TLC Silica gel 
60 F254 aluminium-backed plates from Merck. Mass spectra were recorded at 70 eV 
on a Waters Prospec Q, with ESI as a method of ionization.  

 

4.2  Experimental procedures 

 

4.2.1  Attempted reaction between 17S-HDHA and S-PEM in ethanol 
at room temperature 

2 µl of the commercially available stock solution of 17S-HDHA c = 0,1 mg/ml was mixed 
with 10 µl of 0,0123 mg/ml S-PEM ethanol solution in a HPLC vial, and 88 µl of ethanol 
was added to the final volume of 100 µl. UV spectrum of the mixture was taken at 0 
min, 15 min, 30 min, 60 min, 120 min, 180 min and 240 min, using ethanol as a blank. 
Maximum absorbance was at 237 nm. No change of UV spectrum was observed. 
Theoretical exact mass of the reaction product was 545.31. MS spectrum of the sample 
did not indicate that the reaction took place. 

 

4.2.2  Attempted reaction between 17S-HDHA and S-PEM in ethanol 
at 40oC 

10 µl of the commercially available stock solution of 17S-HDHA c = 0,1 mg/ml was 
mixed with 10 µl of 0,0615 mg/ml S-PEM ethanol solution in a HPLC vial, and 80 µl of 
ethanol was added to the final volume of 100 µl. After the initial measurement, the 
mixture was kept at 40oC in the oil bath. UV spectrum of the mixture was taken at     0 
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min, 120 min, 240 min and 24 h, using ethanol as a blank. Maximum absorbance was 
at 237 nm. No change of UV spectrum was observed. Theoretical exact mass of the 
reaction product was 545.31. MS spectrum of the sample did not indicate that the 
reaction took place. 

 

4.2.3  Attempted reaction between 17S-HDHA and S-PEM in ethanol 
at 60oC 

10 µl of the commercially available stock solution of 17S-HDHA c = 0,1 mg/ml was 
mixed with 10 µl of 0,0615 mg/ml S-PEM ethanol solution in a HPLC vial, and 80 µl of 
ethanol was added to the final volume of 100 µl. After the initial measurement, the 
mixture was kept at 60oC in the oil bath. UV spectrum of the mixture was taken at     0 
min, 120 min, 240 min and 24 h, using ethanol as a blank. Maximum absorbance was 
at 237 nm. No change of UV spectrum was observed. Theoretical exact mass of the 
reaction product was 545.31. MS spectrum of the sample did not indicate that the 
reaction took place. 

 

4.2.4  Attempted reaction between 17S-HDHA and PTAD in ethanol at 
room temperature 

10 µl of the commercially available stock solution of 17S-HDHA c = 0,1 mg/ml was 
mixed with 10 µl of 0,05338 mg/ml PTAD ethanol solution in a HPLC vial, and 80 µl of 
ethanol was added to the final volume of 100 µl. UV spectrum of the mixture was taken 
at 0 min, 15 min, 30 min, 60 min, 120 min, 180 min and 240 min, using ethanol as a 
blank. Maximum absorbance was at 233 nm. No change of UV spectrum was 
observed. PTAD changed color from ruby red to orange when dissolved in ethanol, 
and the gas bubbles appeared. That indicated that PTAD is not stable in ethanol. 
Theoretical exact mass of the reaction product was 519.27. MS spectrum of the sample 
did not indicate that the reaction took place. 

 

4.2.5  Attempted reaction between 17S-HDHA and PTAD in 
dichloromethane at room temperature 

10 µl of the commercially available stock solution of 17S-HDHA c = 0,1 mg/ml was 
transferred to a HPLC vial, and the solvent (ethanol) was evaporated under a nitrogen 
stream. 10 µl of 0,05338 mg/ml PTAD dichloromethane solution was then added, and 
80 µl of dichloromethane was added to the final volume of 100 µl. UV spectrum of the 
mixture was taken at 0 min, 15 min, 30 min, 60 min and 120 min, using 
dichloromethane as a blank. Maximum absorbance of the mixture was at 229 nm. No 
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change of UV spectrum was observed. Dichloromethane was evaporated from the 
sample prior to MS analysis, and the residuals were dissolved in ethanol. Theoretical 
exact mass of the reaction product was 519.27. MS spectrum of the sample did not 
indicate that the reaction took place. 

 

4.2.6  Attempted reaction between 17S-HDHA and S-PEM in ethanol 
at 80oC 

10 µl of the commercially available stock solution of 17S-HDHA c = 0,1 mg/ml was 
mixed with 10 µl of 0,0615 mg/ml S-PEM ethanol solution in a HPLC vial, and 80 µl of 
ethanol was added to the final volume of 100 µl. After the initial measurement, the 
mixture was kept at 80oC in the oil bath. UV spectrum of the mixture was taken at     0 
min, 2 h and 24 h, using ethanol as a blank. Maximum absorbance was at 224 nm. No 
change of UV spectrum was observed. TLC was performed using ethyl-acetate : 
hexane = 70:30 as a mobile phase. TLC plate was developed by using CAM stain and 
heating until spots appeared. The spot obtained from the 17S-HDHA-S-PEM mixture 
had the same Rf value as the spot obtained from 17S-HDHA, indicating that there was 
still 17S-HDHA present in the mixture. Theoretical exact mass of the reaction product 
was 545.31. MS spectrum of the sample did not indicate that the reaction took place. 

 

4.2.7  Attempted reaction between 17S-HDHA and PTAD in 
dichloromethane at 35oC 

0,05338 mg/ml PTAD dichloromethane solution was prepared ex tempore, since it was 
observed during previous experiments that the color of PTAD stock solution faded 
away after few days. 10 µl of the commercially available stock solution of 17S-HDHA 
c = 0,1 mg/ml was transferred to a HPLC vial, and the solvent (ethanol) was evaporated 
under a nitrogen stream. 10 µl of 0,05338 mg/ml PTAD dichloromethane solution was 
then added, and 80 µl of dichloromethane was added to the final volume of 100 µl. 
After the initial measurement, the mixture was kept at 35oC in the oil bath.UV spectrum 
of the mixture was taken initially, after 2 h and after 24 h, using dichloromethane as a 
blank. Maximum absorbance of the mixture was at 229 nm. UV spectrum has changed 
with time, indicating that the reaction took place. TLC was performed using ethyl-
acetate : hexane = 70:30 as a mobile phase. TLC plate was developed by using CAM 
stain and heating until spots appeared. No spot of 17S-HDHA was observed in the 
17S-HDHA-PTAD mixture on the developed TLC plate. Dichloromethane was 
evaporated from the sample prior to MS analysis, and the residuals were dissolved in 
ethanol. Theoretical exact mass of the reaction product was 519.27. Molecular ion of 
the reaction product was observed on the MS spectrum ([M+Na] +, m/z = 542.26), 
confirming that the reaction took place. 
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4.2.8  Attempted reaction between MaR1 and PTAD in methanol at 
room temperature 

MaR1 was prepared by the LIPCHEM group by total organic synthesis, and kept as 
0.1 mg/ml methanol solution at -80oC. 10 µl of the stock solution of MaR1 c = 0,1 mg/ml 
was mixed with 10 µl of the freshly prepared 0,051 mg/ml PTAD methanol solution in 
a HPLC vial, and 80 µl of methanol was added to the final volume of 100 µl. Maximum 
absorbance of MaR1 methanol solution alone was a triplet with maximum at 271 nm, 
and shoulders at 262 nm and 282 nm. UV spectrum of the mixture after 2 h showed a 
much lower absorbance at 271 nm, indicating that the reaction took place, however, 
the characteristic triplet signal of MaR1 was still observed. Therefore, the solvent was 
removed under a nitrogen stream. Then, additional 30 µl of the 0,051 mg/ml PTAD 
methanol solution and 70 µl of methanol were added, so that there was 300% molar 
excess of PTAD in the final solution. UV spectrum of this solution lacked the 
characteristic triplet signal of MaR1. TLC was performed as previously described. No 
spot of MaR1 was observed in the MaR1-PTAD mixture on the developed TLC plate. 
Theoretical exact mass of the reaction product was 535.27. Molecular ion of the 
reaction product was observed on the MS spectrum ([M+Na] +, m/z = 558.26; [M-H] -, 
m/z = 534.26), though with lower abundance, confirming that the reaction took place. 

 

4.2.9  Attempted reaction between MaR1 and S-PEM in methanol at 
room temperature 

10 µl of the stock solution of MaR1 c = 0,1 mg/ml was mixed with 4 µl of the freshly 
prepared 0,1544 mg/ml S-PEM methanol solution in a HPLC vial, and 86 µl of methanol 
was added to the final volume of 100 µl. Maximum absorbance of MaR1 methanol 
solution alone was a triplet with maximum at 271 nm, and shoulders at 262 nm and 
282 nm. UV spectrum of the mixture after 2 h showed no change of signal. 

 

4.2.10 Attempted reaction between MaR1 and S-PEM (1000% 
excess) in methanol at room temperature 

The solvent from the mixture of MaR1 and S-PEM described in 4.2.9 was removed 
under a nitrogen stream. Then, additional 40 µl of the 0,1544 mg/ml S-PEM methanol 
solution and 60 µl of methanol were added, so that there was approximately 1000% 
molar excess of S-PEM in the final solution. UV spectrum of the mixture after 2 h 
showed no change of signal. TLC was performed as previously described. The spot 
obtained from the MaR1-S-PEM mixture had the same Rf value as the spot obtained 
from MaR1, indicating that there was still MaR1 present in the mixture. Theoretical 
exact mass of the reaction product was 561.31. MS spectrum of the sample did not 
indicate that the reaction took place.   
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4.2.11 Attempted reaction between 17-oxo-HDHA and PTAD in 
dichloromethane at room temperature 

Racemic 17-HDHA was oxygenized to 17-oxo-HDHA following the procedure 
described in the supplementary data of the reference (48). 1000 µl of the stock solution 
of 0.1 mg/ml 17-HDHA in ethanol was transferred to a HPLC vial. Ethanol was 
evaporated under the nitrogen stream. Residuals were dissolved in 40 µl 
dichloromethane. Suspension of 0,00016 g DMP in dichloromethane was added to the 
17-HDHA solution. Mixture was stirred for four hours at room temperature. TLC 
analysis showed that there was still 17-HDHA in the mixture, so the stirring was 
continued over night. Next day, aqueous solution of Na2S2O3 and saturated aqueous 
solution of NaHCO3 (1:1) were added to the mixture. Aqueous layer was removed 
using automatic pipette, and then it was extracted three times with diethyl ether. 
Organic layers were combined and washed with brine, and then dried using Na2SO4. 
Solution over Na2SO4 was taken with syringe and filtered through HPLC filter. Obtained 
solution was clear and colorless. Organic solvents were removed under the nitrogen 
stream, and the residuals were dissolved in 1 ml of dichloromethane. Calculated 
concentration of 17-oxo-DHA solution was 0,05 mg/ml. Absorption maximum of the 
solution was at 229 nm. 

20 µl of the stock solution of 17-oxo-HDHA in dichloromethane c = 0,05 mg/ml was 
mixed with 10 µl of the freshly prepared 0,05338 mg/ml PTAD. 70 µl of 
dichloromethane was added to the final volume of 100 µl. The mixture was kept at 
room temperature for 2 hours. UV spectrum showed no change of signal. TLC was 
performed as previously described. Spots on the developed TLC plate were too pale, 
and thus could not be used as an indicator of whether the reaction took place. 
Theoretical exact mass of the reaction product was 517.25. MS spectrum of the sample 
did not indicate that the reaction took place. 

 

4.2.12 Attempted reaction between 17-oxo-HDHA and PTAD in 
dichloromethane at 35oC  

20 µl of the stock solution of 17-oxo-HDHA in dichloromethane c = 0,05 mg/ml was 
mixed with 10 µl of the freshly prepared 0,05338 mg/ml PTAD. 70 µl of 
dichloromethane was added to the final volume of 100 µl. The mixture was kept at 
35oC for 2 hours. UV spectrum showed no change of signal. TLC was performed as 
previously described. Spots on the developed TLC plate were too pale, and thus could 
not be used as an indicator of whether the reaction took place. Theoretical exact mass 
of the reaction product was 517.25. MS spectrum of the sample did not indicate that 
the reaction took place. 
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4.2.13 Attempted reaction between 17-oxo-HDHA and S-PEM in 
dichloromethane at room temperature 

20 µl of the stock solution of 17-oxo-HDHA in dichloromethane c = 0,05 mg/ml was 
mixed with 10 µl of the freshly prepared 0,0615 mg/ml S-PEM. 70 µl of 
dichloromethane was added to the final volume of 100 µl. The mixture was kept at 
room temperature for 2 hours. UV spectrum showed no change of signal. TLC was 
performed as previously described. Spots on the developed TLC plate were too pale, 
and thus could not be used as an indicator whether the reaction took place. Theoretical 
exact mass of the reaction product was 543.29. MS spectrum of the sample did not 
indicate that the reaction took place. 

 

4.2.14 Attempted reaction between 17-oxo-HDHA and S-PEM in 
dichloromethane at 35oC 

20 µl of the stock solution of 17-oxo-HDHA in dichloromethane c = 0,05 mg/ml was 
mixed with 10 µl of the freshly prepared 0,0615 mg/ml S-PEM. 70 µl of 
dichloromethane was added to the final volume of 100 µl. The mixture was kept at 
35oC for 2 hours. UV spectrum showed no change of signal. TLC was performed as 
previously described. Spots on the developed TLC plate were too pale, and thus could 
not be used as an indicator whether the reaction took place. Theoretical exact mass of 
the reaction product was 543.29. MS spectrum of the sample did not indicate that the 
reaction took place. 

 

4.2.15 Attempted reaction between (±)17-HDHA and S-PETAD in 
dichloromethane at room temperature 

20 µl of the 0,1 mg/ml stock solution of (±)17-HDHA in ethanol was transferred to a 
HPLC vial and ethanol was evaporated under the nitrogen stream. 20 µl of the freshly 
prepared 0.062 mg/ml S-PETAD solution in dichloromethane was added, and 80 µl of 
dichloromethane was added to the final volume of 100 µl. After the initial UV 
measurement, the mixture was kept at room temperature. UV spectra were taken 
initially, after 2h and after 24h. Absorption maximum changed from 239 nm to 232 nm. 
TLC was performed as previously described. Spots on the developed TLC plate were 
too pale, and thus could not be used as an indicator whether the reaction took place. 
Theoretical exact mass of the reaction product was 547.30. Molecular ion of the 
reaction product was observed on the MS spectrum ([M+Na] +, m/z = 570.29), though 
with lower abundance, confirming that the reaction took place. 
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4.2.16 Attempted reaction between (±)17-HDHA and S-PETAD 
(300% excess) in dichloromethane at 35oC 

20 µl of the 0,1 mg/ml stock solution of (±)17-HDHA in ethanol was transferred to a 
HPLC vial and ethanol was evaporated under the nitrogen stream. 80 µl of the freshly 
prepared 0.062 mg/ml S-PETAD solution in dichloromethane was added, and 20 µl of 
dichloromethane was added to the final volume of 100 µl. After the initial UV 
measurement, the mixture was kept at 35oC in oil bath. UV spectra were taken initially, 
after 2h and after 24h. Absorption maximum changed from 239 nm to 232 nm. TLC 
was performed as previously described. Spots on the developed TLC plate were too 
pale, and thus could not be used as an indicator whether the reaction took place. 
Theoretical exact mass of the reaction product was 547.30. Molecular ion of the 
reaction product was observed on the MS spectrum, confirming that the reaction took 
place. 

 

4.2.17 Attempted reaction between 17S-HDHA and S-PETAD in 
dichloromethane at 35oC 

20 µl of the 0,1 mg/ml stock solution of 17S-HDHA in ethanol was transferred to a 
HPLC vial and ethanol was evaporated under the nitrogen stream. 20 µl of the freshly 
prepared 0.062 mg/ml S-PETAD solution in dichloromethane was added, and 80 µl of 
dichloromethane was added to the final volume of 100 µl. After the initial UV 
measurement, the mixture was kept at 35oC in oil bath. UV spectra were taken initially, 
after 2h and after 24h. Absorption maximum changed from 239 nm to 230 nm. TLC 
was performed as previously described. Spots on the developed TLC plate were too 
pale, and thus could not be used as an indicator whether the reaction took place. 
Theoretical exact mass of the reaction product was 547.30. Molecular ion of the 
reaction product was observed on the MS spectrum ([M+Na] +, m/z = 570.29), though 
with lower abundance, confirming that the reaction took place. 

 

4.2.18 Attempted reaction between 17S-HDHA and S-PETAD 
(300% excess) in dichloromethane at 35oC 

20 µl of the 0,1 mg/ml stock solution of 17S-HDHA in ethanol was transferred to a 
HPLC vial and ethanol was evaporated under the nitrogen stream. 80 µl of the freshly 
prepared 0.062 mg/ml S-PETAD solution in dichloromethane was added, and 20 µl of 
dichloromethane was added to the final volume of 100 µl. After the initial UV 
measurement, the mixture was kept at 35oC in oil bath. UV spectra were taken initially, 
after 2h and after 24h. Absorption maximum was at 229 nm from the initial 
measurement. TLC was performed as previously described. Spots on the developed 
TLC plate were too pale, and thus could not be used as an indicator whether the 
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reaction took place. Theoretical exact mass of the reaction product was 547.30. 
Molecular ion of the reaction product was observed on the MS spectrum ([M+Na] +, m/z 
= 570.29), confirming that the reaction took place. 

 

4.2.19 Attempted reaction between MaR1 and S-PETAD (5% 
excess) in dichloromethane at 35oC 

20 µl of the 0,1 mg/ml stock solution of MaR1 in methanol was transferred to a HPLC 
vial, and methanol was evaporated under the nitrogen stream. 19 µl of the freshly 
prepared 0.062 mg/ml S-PETAD solution in dichloromethane was added, and 81 µl of 
dichloromethane was added to the final volume of 100 µl. After the initial UV 
measurement, the mixture was kept at 35oC in oil bath. UV spectra were taken initially, 
after 2h and after 24h. Absorption maximum was at 274 nm, with characteristic 
shoulders on both sides of the peak, and did not change at consecutive measurements. 
TLC was performed as previously described. Spots on the developed TLC plate were 
too pale, and thus could not be used as an indicator whether the reaction took place. 
Theoretical exact mass of the reaction product was 563.30. Molecular ion of the 
reaction product was observed on the MS spectrum ([M+Na] +, m/z = 586.29), 
confirming that the reaction took place. 

 

4.2.20 Attempted reaction between MaR1 and S-PETAD (300% 
excess) in dichloromethane at 35oC 

20 µl of the 0,1 mg/ml stock solution of MaR1 in methanol was transferred to a HPLC 
vial, and methanol was evaporated under the nitrogen stream. 76 µl of the freshly 
prepared 0.062 mg/ml S-PETAD solution in dichloromethane was added, and 24 µl of 
dichloromethane was added to the final volume of 100 µl. After the initial UV 
measurement, the mixture was kept at 35oC in oil bath. UV spectra were taken initially, 
after 2h and after 24h. Absorption maximum was at 229 nm from the initial 
measurement, and no characteristic triplet at 274 nm was observed, indicating that the 
reaction took place at once and completely. TLC was performed as previously 
described. Spots on the developed TLC plate were too pale, and thus could not be 
used as an indicator whether the reaction took place. Theoretical exact mass of the 
reaction product was 563.30. Molecular ion of the reaction product was clearly present 
on the MS spectrum ([M+Na] +, m/z = 586.29), confirming that the reaction took place. 
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6   Appendix 
 

6.1 UV spectra  

 

 

Figure A 1. UV-VIS spectrum of 0.002 mg/ml 17S-HDHA in ethanol 
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Figure A 2. UV-VIS spectrum of the mixture of 0.002 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol right 
after mixing 

 

 

 

Figure A 3. UV-VIS spectrum of the mixture of 0.002 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
15 min 
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Figure A 4. UV-VIS spectrum of the mixture of 0.002 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
30 min 

 

 

 

Figure A 5. UV-VIS spectrum of the mixture of 0.002 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
45 min 
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Figure A 6. UV-VIS spectrum of the mixture of 0.002 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
60 min 

 

 

 

Figure A 7. UV-VIS spectrum of the mixture of 0.002 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
120 min 
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Figure A 8. UV-VIS spectrum of the mixture of 0.002 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
180 min 

 

 

 

Figure A 9. UV-VIS spectrum of the mixture of 0.002 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
240 min 
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Figure A 10. UV-VIS spectrum of 0.01 mg/ml 17S-HDHA in ethanol 

 

 

 

Figure A 11. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol right 
after mixing 
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Figure A 12. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
2h at 40oC 

 

 

 

Figure A 13. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
4h at 40oC 
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Figure A 14. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
staying at 40oC over night 

 

 

 

Figure A 15. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
2h at 60oC 

 



79 
 

 

Figure A 16. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
4h at 60oC 

 

 

 

Figure A 17. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and S-PEM (5% excess) in ethanol after 
staying at 60oC over night 
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Figure A 18. UV-VIS spectrum of 0,005338 mg/ml PTAD in ethanol 

 

 

 

Figure A 19. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and PTAD (5% excess) in ethanol right 
after mixing 
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Figure A 20. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and PTAD (5% excess) in ethanol after 15 
min at room temperature – overlay with the initial UV spectrum  

 

 

 

Figure A 21. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and PTAD (5% excess) in ethanol after 30 
min at room temperature 
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Figure A 22. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and PTAD (5% excess) in ethanol after 60 
min at room temperature 

 

 

 

Figure A 23. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and PTAD (5% excess) in ethanol after 
120 min at room temperature 
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Figure A 24. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and PTAD (5% excess) in ethanol after 
180 min at room temperature 

 

 

 

Figure A 25. UV-VIS spectrum of PTAD 0.005358 mg/ml in dichloromethane 
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Figure A 26. UV-VIS spectrum of 0.01 mg/ml 17S-HDHA in dichloromethane 

 

 

 

Figure A 27. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and PTAD (5% excess) in dichloromethane 
after 15 min at room temperature 
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Figure A 28. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and PTAD (5% excess) in dichloromethane 
after 30 min at room temperature 

 

 

 

Figure A 29. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and PTAD (5% excess) in dichloromethane 
after 60 min at room temperature 
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Figure A 30. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and PTAD (5% excess) in dichloromethane 
after 120 min at room temperature 

 

 

 

Figure A 31. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and S-PEM (10% excess) in ethanol after 
2h at 80oC 
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Figure A 32. UV-VIS spectrum of the mixture of 0.01 mg/ml 17S-HDHA and freshly made PTAD (5% excess) in 
dichloromethane after 2h at 35oC 

 

 

 

Figure A 33. UV-VIS spectrum of 0.1 mg/ml MaR1 in methanol 
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Figure A 34. UV-VIS spectrum of the mixture of 0.1 mg/ml MaR1 and PTAD (10% excess) in methanol 

 

 

 

Figure A 35. UV-VIS spectrum of the mixture of 0.1 mg/ml MaR1 and PTAD (300% excess) in methanol 
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Figure A 36. UV-VIS spectrum of the mixture of 0.1 mg/ml MaR1 and S-PEM (10% excess) in methanol 

 

 

 

Figure A 37. UV-VIS spectrum of the mixture of 0.1 mg/ml MaR1 and S-PEM (300% excess) in methanol 
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Figure A 38. UV-VIS spectrum of the mixture of 0.1 mg/ml MaR1 and S-PEM (1000% excess) in methanol 

 

 

 

Figure A 39. UV-VIS spectrum of 0.1 mg/ml 17-oxo-DHA in dichloromethane 
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Figure A 40. UV-VIS spectrum of the mixture of 17-oxo-DHA and PTAD (10% excess) in dichloromethane 

 

 

 

Figure A 41. UV-VIS spectrum of the mixture of 17-oxo-DHA and PTAD (110% excess) in dichloromethane 
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Figure A 42. UV-VIS spectrum of 0.1 mg/ml PTAD in dichloromethane 

 

 

 

Figure A 43. UV-VIS spectrum of the mixture of 17-oxo-DHA and S-PEM (10% excess) in dichloromethane 
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Figure A 44. UV-VIS spectrum of the mixture of 17-oxo-DHA and S-PEM (110% excess) in dichloromethane 

 

 

 

Figure A 45. UV-VIS spectrum of 0.1 mg/ml S-PEM in dichloromethane 



94 
 

 

Figure A 46. UV-VIS spectrum of S-PETAD in dichloromethane 

 

 

 

Figure A 47. UV-VIS spectrum of the mixture of (±)17-HDHA and S-PETAD (5% excess) in dichloromethane after 
3 h at room temperature 
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Figure A 48. UV-VIS spectrum of the mixture of (±)17-HDHA and S-PETAD (5% excess) in dichloromethane after 
24 h at room temperature 

 

 

Figure A 49. UV-VIS spectrum of the mixture of (±)17-HDHA and S-PETAD (5% excess) in dichloromethane after 
3 h at 35oC 
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Figure A 50. UV-VIS spectrum of the mixture of (±)17-HDHA and S-PETAD (300% excess) in dichloromethane after 
3 h at 35oC 

 

 

 

Figure A 51. UV-VIS spectrum of the mixture of (±)17-HDHA and S-PETAD (300% excess) in dichloromethane after 
24 h at 35oC 
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Figure A 52. UV-VIS spectrum of the mixture of 17S-HDHA and S-PETAD (5% excess) in dichloromethane initially 

 

 

Figure A 53. UV-VIS spectrum of the mixture of 17S-HDHA and S-PETAD (5% excess) in dichloromethane after 2h 
at 35oC 
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Figure A 54. . UV-VIS spectrum of the mixture of 17S-HDHA and S-PETAD (5% excess) in dichloromethane after 
24h at 35oC 

 

 

Figure A 55. UV-VIS spectrum of the mixture of 17S-HDHA and S-PETAD (300% excess) in dichloromethane 
initially 
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Figure A 56. UV-VIS spectrum of the mixture of 17S-HDHA and S-PETAD (300% excess) in dichloromethane after 
2h at 35oC 

 

 

Figure A 57. UV-VIS spectrum of the mixture of 17S-HDHA and S-PETAD (300% excess) in dichloromethane after 
24h at 35oC 
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Figure A 58. UV-VIS spectrum of the mixture of MaR1 and S-PETAD (5% excess) in dichloromethane initially 

 

 

Figure A 59. UV-VIS spectrum of the mixture of MaR1 and S-PETAD (5% excess) in dichloromethane after 2h at 
35oC 
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Figure A 60. UV-VIS spectrum of the mixture of MaR1 and S-PETAD (5% excess) in dichloromethane after 24h at 
35oC 

 

 

Figure A 61.  UV-VIS spectrum of the mixture of MaR1 and S-PETAD (300% excess) in dichloromethane initially 
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Figure A 62. UV-VIS spectrum of the mixture of MaR1 and S-PETAD (300% excess) in dichloromethane after 2h 
at 35oC 

 

 

 

Figure A 63. UV-VIS spectrum of the mixture of MaR1 and S-PETAD (300% excess) in dichloromethane after 24h 
at 35oC 
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6.2 MS spectra  

 

 

Figure A 64. MS spectrum of 17S-HDHA, ESI in the negative ion mode 
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Figure A 65. MS spectrum of 17S-HDHA,  ESI in the positive ion mode 

 



105 
 

 

 

 

Figure A 66. MS spectrum of 17S-HDHA with PTAD in ethanol, ESI in the negative ion mode 
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Figure A 67. MS spectrum of 17S-HDHA with PTAD in ethanol, ESI in the positive ion mode 
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Figure A 68. MS spectrum of 17S-HDHA with PTAD in dichloromethane, ESI in the negative ion mode. 
Dichloromethane evaporated prior to analysis, and residuals reconstituted in ethanol. 
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Figure A 69. MS spectrum of 17S-HDHA with PTAD in dichloromethane, ESI in the positive ion mode. 
Dichloromethane evaporated prior to analysis, and residuals reconstituted in ethanol. 
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Figure A 70. MS spectrum of 17S-HDHA with S-PEM in ethanol at room temperature, ESI in the negative ion mode 
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Figure A 71. MS spectrum of 17S-HDHA with S-PEM in ethanol at room temperature, ESI in the positive ion mode 
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Figure A 72. MS spectrum of 17S-HDHA with S-PEM in ethanol at 40oC, ESI in the negative ion mode 
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Figure A 73. MS spectrum of 17S-HDHA with S-PEM in ethanol at 40oC, ESI in the positive ion mode 
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Figure A 74. MS spectrum of 17S-HDHA with S-PEM in ethanol at 60oC, ESI in the negative ion mode 

 

 



114 
 

 

Figure A 75. MS spectrum of 17S-HDHA with S-PEM in ethanol at 60oC, ESI in the positive ion mode 
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Figure A 76. MS spectrum of 17S-HDHA with freshly made PTAD in dichloromethane after 2h at 35oC. ESI in the 
positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in ethanol. 
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Figure A 77. MS spectrum of MaR1 with freshly made PTAD in methanol after 2h at room temperature. ESI in the 
negative ion mode.  
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Figure A 78. MS spectrum of MaR1 with freshly made PTAD in methanol after 2h at room temperature. ESI in the 
positive ion mode. 
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Figure A 79. MS spectrum of 17S-HDHA with freshly made S-PEM in dichloromethane after 2h at 35oC. ESI in the 
negative ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in methanol. 
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Figure A 80. MS spectrum of 17S-HDHA with freshly made S-PEM in dichloromethane after 2h at 35oC. ESI in the 
positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in methanol. 
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Figure A 81. MS spectrum of 17-oxo-DHA with freshly made PTAD in dichloromethane after 2h at room temperature. 
ESI in the negative ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in 
methanol. 
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Figure A 82. MS spectrum of 17-oxo-DHA with freshly made PTAD in dichloromethane after 2h at room temperature. 
ESI in the positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in methanol. 
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Figure A 83. MS spectrum of 17-oxo-DHA with freshly made PTAD in dichloromethane after 2h at 35oC. ESI in the 
negative ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in methanol. 
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Figure A 84. MS spectrum of 17-oxo-DHA with freshly made PTAD in dichloromethane after 2h at 35oC. ESI in the 
positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in methanol. 
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Figure A 85. MS spectrum of 17-oxo-DHA with freshly made S-PEM in dichloromethane after 2h at room 
temperature. ESI in the negative ion mode. Dichloromethane evaporated prior to analysis, and residuals 
reconstituted in methanol. 
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Figure A 86. MS spectrum of 17-oxo-DHA with freshly made S-PEM in dichloromethane after 2h at room 
temperature. ESI in the positive ion mode. Dichloromethane evaporated prior to analysis, and residuals 
reconstituted in methanol. 
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Figure A 87. MS spectrum of 17-oxo-DHA with freshly made S-PEM in dichloromethane after 2h at 35oC. ESI in the 
negative ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in methanol. 
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Figure A 88. MS spectrum of 17-oxo-DHA with freshly made S-PEM in dichloromethane after 2h at 35oC. ESI in the 
positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in methanol. 
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Figure A 89.  MS spectrum of (±)17-HDHA with freshly made S-PETAD in dichloromethane after 24h at 35oC. ESI 
in the positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in methanol. 
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Figure A 90. MS spectrum of (±)17-HDHA with freshly made S-PETAD (300% excess) in dichloromethane after 24h 
at 35oC. ESI in the positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in 
methanol. 
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Figure A 91. MS spectrum of 17S-HDHA with freshly made S-PETAD in dichloromethane after 24h at 35oC. ESI in 
the positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in methanol. 
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Figure A 92. MS spectrum of 17S-HDHA with freshly made S-PETAD (300% excess) in dichloromethane after 24h 
at 35oC. ESI in the positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in 
methanol. 
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Figure A 93. MS spectrum of MaR1 with freshly made S-PETAD in dichloromethane after 24h at 35oC. ESI in the 
positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in methanol. 
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Figure A 94. MS spectrum of MaR1 with freshly made S-PETAD (300% excess) in dichloromethane after 24h at 
35oC. ESI in the positive ion mode. Dichloromethane evaporated prior to analysis, and residuals reconstituted in 
methanol. 

 

 

 


