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To Gedeon.  

“The measure of life is not what that life accomplishes, but rather the impact that life 

has on others.” 

- Jackie Robinson  
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8 CHAPTER 1 

 

Humans, as well as other living organisms, are exposed to many foreign compounds that are 

referred to as xenobiotics (from Greek xenos- foreigners and bios-life). Some of them can 

exhibit bioactivity by interacting with biological targets, such as proteins and nucleic acids, 

present in the body. By acting upon biological targets, xenobiotics can change or modulate 

their biological function and/or activity, posing a potential health hazard. Bioactive 

xenobiotics can originate from diverse sources including pollutants present in the 

environment, constituents of food, metabolites of pharmaceuticals, and toxins in (snake) 

venoms that can have life-debilitating and threatening effects. The latter two are studied in 

this thesis. 

Human exposure to the potentially toxic xenobiotics can be minimized or even prevented. 

This can be achieved by conducting relevant studies focusing on identifying the source of 

toxicity/bioactivity, and detecting and identifying the individual bioactive/toxic components. 

A potentially hazardous sample – whether it is a pure compound, a metabolic mixture or 

crude venom – first has to undergo a bioactivity evaluation in order to deduce the 

anticipated/expected toxicity. At this stage it is known what kind of bioactivity a sample 

exerts and how potent it is. The next step is to find out which compound or compounds 

(with potential additive activities) are responsible for the observed bioactivity. For this, 

starting with a complex mixture, the analytical chemist separates the different components 

into fractions that next are evaluated for their bioactivity. As the bioactivity profile of a 

sample is revealed, the subsequent step is to identify the bioactive compounds by structural 

elucidation.  

Current state-of-the-art methodologies assessing bioactivity and toxicity of compounds in 

mixtures have shown to be successful, but they still have limitations that can be critical for the 

analysis of some sample types. For example, present screening platforms require relatively 

large sample amounts to screen for bioactivity/toxicity, which makes it difficult to analyze 

samples available only in very small quantities. Other limitations are associated with the 

separation, detection and unambiguous identification of bioactive and potentially toxic 

compounds that are present in highly complex mixtures and/or are low abundant. Therefore, 

to circumvent the limitations and be able to answer new questions, development of new and 

improved analytical methodologies remains necessary.  

In the following sections of this introductory chapter, I discuss current approaches for the 

screening of bioactive compounds in complex mixtures and selected methods used for 

bioactive compound identification. Additionally, I discuss the need for innovative analytical 

approaches, such as miniaturization of existing methods, as well as the development of new 

bioactivity screening platforms. Next, I describe ion mobility spectrometry as a method for 

separation of molecules (including isomers), and for studying the behavior of ions in gas 

phase that could aid in structural identification of unknowns. In the last part of the 
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Introduction I give a brief explanation of the different sample types that were analyzed and 

studied in this thesis – these include metabolic mixtures of pharmaceuticals and snake 

venoms. The Introduction is closed by the Scope of the thesis. 

1.1. Why bioactivity/toxicity evaluation of samples? 

Whether a sample contains a metabolic mixture of a low-molecular-weight drug candidate, or 

is a mixture of toxic proteins and peptides (e.g., snake venoms), in order to evaluate its 

toxicity and potency, it has to be tested against a biological target. A common approach is to 

begin with in vitro tests using bioassays for measuring enzyme activity or receptor binding, or 

using cellular and/or tissue assays. Next, if necessary, in vivo tests are carried out using small 

animals, such as mice and rats, or other animal models that are ethically and economically 

more accepted, but less predictive – e.g., Danio rerio (zebrafish) [1], Drosophila 

melanogaster (fruit fly) [2], and Caenorhabditis elegans (nematode) [3]. 

In the process of discovering and developing a drug, the safety of a patient is of utmost 

importance. Therefore, at an early stage in the drug development process, a large number of 

tests evaluating drug candidates are performed [4]. Early testing also gives an indication of 

unfavorable physico-chemical properties of compounds and, thereby, the opportunity for early 

removal of compounds not meeting the expected requirements (failing fast and cheap 

approach). Metabolic drug-drug interactions (DDIs) are of particular concern during the drug 

development process, as they can lead to serious adverse and toxic effects. DDIs occur when a 

drug affects the pharmacokinetics of another, co-administered drug by, for example, 

inhibiting or inducing enzymes responsible for the metabolism of that particular drug [5]. 

Based on a recent guidance proposed by the Food and Drug Administration (FDA) [6], it is 

vital to perform reaction-phenotyping studies by which, in a semi-quantitative manner, the 

contribution of the different relevant cytochrome P450 enzymes (CYPs) to the metabolism of 

a drug is assessed [7]. CYPs comprise the most important enzyme family responsible for the 

metabolism of drugs and other xenobiotics. Reaction-phenotyping also provides information 

on the anticipated clearance rate of a drug from the body and on its DDI potential. Similarly 

to parent drugs, drug metabolites can exert pharmacological effects and/or toxicity, 

contributing to CYP-mediated DDI. Therefore, it is recommended to perform CYP-mediated 

DDI assessment also on metabolites derived from an investigational drug, when they show 

pharmacological activity or reach a significant plasma exposure [6]. CYPs are predominantly 

present in the liver and, therefore, early stage studies on metabolic pathways of 

investigational drug candidates are often performed using liver stand-alone systems such as 

primary hepatocytes [8] and liver fractions such as liver microsomes and S9 fractions. In 

addition, recombinant CYPs [9–12] and recently introduced inter-organ interaction systems 

[13] are used for assessing DDIs at the level of CYP inhibition and induction.  
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Snake venoms comprise toxic peptides and proteins (mainly enzymes) that individually and in 

concert affect a number of critical physiological processes in the human body after 

envenomation [14]. Assessment of these pathological activities and of the composition of 

venoms is performed in order to gain information relevant for snakebite diagnosis and 

treatment. On the other hand, venoms comprise a great number of highly active compounds of 

which some exert pharmacological properties, which are of interest to the pharmaceutical 

industry. As such, venoms can be a good source of new lead compounds [15]. Although there 

is a tendency to limit the use of animal models in testing venom toxicity [16], a great number 

of studies still are performed in vivo using, for example, mice to investigate lethality, 

hemorrhagic effects and other toxicities of venoms [17, 18].  

Toxins present in snake venoms exert their activities often by complex mechanisms of action 

that are very difficult to be exerted using in vitro models. A good example is the snake venom 

metalloproteinase (SVMP) family, which comprises enzymatic toxins with predominantly 

hemorrhagic activity. The evaluation of this hemorrhagic activity is very difficult to be 

observed in cell-based in vitro models due to the complex mechanism of action. SVMPs 

function by damaging capillary vessels through a two-step process. The process starts with the 

hydrolysis of important constituents of the basement membrane of endothelial cells – in 

particular collagen IV and perlecan – that compose a capillary vessel, resulting in the 

weakening of the vessels wall. Eventual disruption of capillary vessels is caused by 

biophysical hemodynamic forces normally present in the microcirculation (blood circulation 

in small vessels), i.e. wall tension and shear stress [19]. Development of a model that contains 

all necessary components of the endothelial cells and can mimic blood circulation is still 

difficult.  

Both in vitro and in vivo tests are performed either with crude venom samples [16, 18] or with 

separate venom components such as isolated toxins [20]. Since a vast amount of information 

on snake venom composition is described in literature and the main toxin families responsible 

for clinical manifestation of snakebites are known (see Table 1), a number of tests to evaluate 

toxicity and lethality of snake venoms have been established. Among these tests are assays 

that provide information on cytotoxicity [21–23], hyaluronidase activity [24], L-amino acid 

oxidase activity [25, 26], phospholipase A2 activity  [27], and proteolytic activity. The assays 

for proteolytic activity include fibrin(ogen)olytic, caseinolytic and thrombolytic activity tests 

which assess the proteolytic activities of snake venom serine and metalloproteinases (SVSPs 

and SVMPs, respectively) [20]. To obtain a broader picture of the complete bioactivity profile 

of venoms and of its potency, a panel of tests is usually performed. 
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1.2. Finding the bioactive/toxic components  

Bioactivity-guided fractionation (BGF) 

Bioassay performed on a complex sample (without separation) provides practical, however 

only generic information on the bioactivity, toxicity and/or potency of the bulk sample. More 

useful would be to know exactly which component(s) of the sample is/are responsible for the 

observed bioactive and/or toxic effects. The conventional approach that has been used for 

many years to screen and identify bioactive compounds in complex mixtures is bioactivity-

guided fractionation (BGF) [28]. Originally, BGF was developed to aid in screening for 

pharmacologically active compounds in natural extracts for drug discovery and development 

purposes. Later on, BGF found important application in screening and identification of toxic 

pollutants in environmental samples. In this field of research, the approach was coined 

‘effect-directed analysis’ (EDA) [29–31]. Other applications of BGF include food analysis to 

identify health-promoting components (for example those with antioxidant properties) [32], or 

contaminants with possible toxic activity (e.g., pesticides and endocrine disrupting 

compounds). In addition, BGF has been used to identify active compounds in plant extracts, 

e.g., those inhibiting drug metabolizing enzymes such as CYPs [33].  

In BGF, a mixture that contains bioactive compounds is first separated with, for example, 

liquid chromatography (LC). Next, fractions of the column effluent are manually or 

automatically collected into vials or onto a microtiter well plate [28]. The collected fractions 

are exposed to a bioassay of choice and fractions showing bioactivity are further analyzed 

with liquid chromatography-tandem mass spectrometry (LC-MS/MS). Optionally, nuclear 

magnetic resonance (NMR) is used to elucidate the molecular structure of the bioactive 

compounds. Although BGF has been shown successful, it can be cumbersome and time 

consuming. In case of complex samples, often iterative cycles of fractionation, bioassaying 

and analysis are required to reach a sufficient purification and separation of a component 

exerting bioactivity/toxicity. Multiple re-fractionation and re-analysis hold the risk that a 

bioactive compound is lost or missed during the process [28]. 

Different strategies for bioactivity profiling of complex mixtures utilizing MS have been 

developed [34–39]. These are grouped into pre-, on- and post-column bioaffinity screening 

formats [35, 36, 39, 40]. In the post-column methods (i.e. BGF, EDA, High-Resolution 

Screening (HRS) and nanofractionation analytics) mixtures are chromatographically separated 

prior to bioactivity measurement of the individual components. In the on-column methods, 

target-analyte interactions are measured using, for example, affinity chromatography columns 

in which a target (e.g., enzyme or receptor) has been immobilized on a solid support [39]. 

Affinity chromatography therefore provides a chromatographic separation of mixtures based 
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on binding of analytes to the immobilized target resulting in information on binding 

properties of the individual analytes assessed by MS detection. Affinity chromatography can 

be performed using frontal and zonal approaches, which are described in detail by Singh et al. 

[39]. Pre-column approaches offer specific and sensitive differentiation of compounds with 

affinities toward selected targets present in complex mixtures prior to their chromatographic 

separation and MS detection. An example of a pre-column approach is ligand fishing method 

[41, 42], in which magnetic beads coated with a selected target protein/receptor (e.g., 

acetylcholinesterase [AChE]) [41] are directly added to a mixture of proteins and peptides 

(e.g., snake venom). In this mixture, proteins with affinities toward AChE selectively bind to 

the coated beads, which separate them from the rest of the mixture. After a number of elution 

steps the sample is chromatographically separated and detected by MS. Other important pre-

column approach is ultrafiltration (e.g., pulsed ultrafiltration mass spectrometry) [43, 44], in 

which a special ultrafiltration unit with a molecular weight cut-off membranes (filters) is used 

to separate (purify) analyte-target complexes from unbound analytes (constituents of the 

mixtures without affinity toward the selected target). This separation is based on the 

molecular weight of the sample constituents. Following the dissociation of the analyte-target 

complexes, further analysis of the bioactive analyte(s) with MS is performed. For more 

examples of pre-column bioaffinity screening approaches the reader is referred to a review by 

Jonker et al. [36]. 

Post-column screening approaches  

In order to improve the resolution and efficiency of BGF, high-resolution screening (HRS) 

approaches have been introduced [45, 46]. In HRS, the effluent from an LC column is 

continuously mixed with a liquid flow of selected bioreagents that make up a bioassay. 

Analytes and bioassay reagents are then incubated for a short time (a few minutes or less) in a 

continuous flow reaction coil followed and led through a detector for bioassay readout. 

Usually, fluorescence detection is used [46–48], but ultraviolet-visible (UV-Vis) absorbance 

[49] and mass spectrometry (MS) [50, 51] detection also have been used as bioassay readout. 

Employing MS in HRS approaches is attractive as it can provide chemical information and 

identification of bioactive compounds, even when they are low abundant. 

Three different configurations of bioactivity screening platforms incorporating MS detection 

can be discerned (Figure 1). In the first (Figure 1A), the MS is coupled directly to the exit of 

the reaction coil, probing its total effluent. In this configuration, the MS provides the readout 

of either a free ligand or a product formed by an enzymatic reaction. This setup encompasses 

a label-free bioassay where ligands and substrates can be directly monitored by their 

molecular mass. The molecular mass selectivity of the setup in principle allows simultaneous 

readout of multiple bioassays as well as detection of eluting analytes [35]. Main problems in 
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coupling MS directly with the bioassay reaction coil are associated with the interference of 

bioassay constituents (i.e. non-volatile buffers and additives) with MS detection, causing 

ionization suppression [35].  

To overcome these limitations a second setup was developed in which MS detection is used 

only for compound characterization and is performed in parallel to bioassay readout that is 

performed with, for example, fluorescence-based detection (Figure 1B). In this setup a flow 

split after the chromatographic column directs part of the effluent to a reaction coil for the on-

line bioassay, while the other part is led to the MS. This approach found a large number of 

applications, for instance, to detect tacrine metabolites that exert bioactivity toward 

acetylcholinesterase (AChE) [52], to detect and identify soluble epoxide hydrolase inhibitors 

present in metabolic mixtures [53] and others [48, 54]. The downside of this approach is that 

it can only be used for homogenous bioassays with intrinsically short incubation times (a few 

minutes). Too long bioassay incubations would cause extensive peak broadening and thus loss 

of chromatographic resolution. Another disadvantage of the on-line approach is its 

incompatibility with cellular assays and assays containing insoluble and membrane bound 

components [35].  

In order to allow longer bioassay times and application of inhomogeneous assays, the so-

called at-line nanofractionation analytics were developed (Figure 1C). Here using a post-

column split, effluent is divided into two parts, of which the larger portion (e.g., 90%) is 

directed to a high-resolution fractionation collector, and the smaller portion (e.g., 10%) is 

directed to parallel MS analysis. Effluent fractions are collected in serpentine fashion on a 

microtiter well plate (96–1536 wells). Fractionation is in the second range (cf. minute range 

for traditional BGF) allowing chromatographic resolution largely to be maintained. Plates 

containing LC fractions are commonly freeze-dried prior to applying a bioassay of choice, 

including cell-based bioassays. Since the bioassay part is disconnected from the separation 

part, there is no incubation time restriction. In addition, nanofractionation allows for 

multiplexing (by exposing fractions collected on a plate to more than one bioassay), and it 

also allows for bioassay-guided proteomics (identification of bioactive peptides and proteins) 

– both options are presented in Chapter 3. Disadvantages of the nanofractionation method 

include an overall increase in the total analysis time, some loss in chromatographic resolution 

for short incubation time bioassays (as compared to the HRS approach), and the possibility of 

losing compounds during the freeze-drying step. If needed, the latter issue can be avoided by 

using a so-called keeper i.e. by adding glycerol or DMSO solutions to the wells of the well 

plates prior to collection of the small fractions [55]. The nanofractionation technique has 

found a number of applications, for example in screening for bioactive compounds in plant 

extracts [56], snake venoms [40, 57], estrogenic compounds in environmental samples [58], 

and enzyme inhibitors in metabolic mixtures [59].  
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Figure 1. Different approaches used for bioactivity screening and bioactive compound identification: A. On-line 

high-resolution screening (HRS): I, a complex sample is chromatographically separated; II, the column effluent 

containing separated ligands is directed to a reaction coil to which bioassay constituents (enzyme and substrate) 

are infused; the reaction is initiated and takes place in the reaction coil; III, the ligand-enzyme complexes, the 

products, and free ligands that elute from the reaction coil are analyzed by MS; IV, MS chromatogram with 

bioactivity measurement is generated; B. On-line high-resolution screening (HRS): I, a complex mixture is 

chromatographically separated; II, the column effluent containing separated ligands is split and partly directed to 

a reaction coil where bioassay constituents are added and mixed; III, next bioactivity is measured with, e.g., a 

fluorescence detector; IV, the other part of the effluent is directed to MS for parallel chemical assignment; V, 

bioactivity chromatogram obtained is correlated with MS data; C. Nanofractionation analytics: I, a complex 

sample is chromatographically separated; II, with a flow split the effluent is divided into two parts: 10% is 

directed to MS for chemical assignment; IV, 90% is directed to a UV absorbance detector and next V to a 

fraction collector where small fractions (5–20 s) are continuously collected onto a high-density microtiter well 

plate; VI, the solvent is evaporated; VII, and the dried fractions are exposed to a bioassay mixture; VIII, bioassay 

readout in the form of a bioassay chromatogram is generated and (IX) correlated to MS chromatogram. LC, 

liquid chromatography; tR, retention time; MS, mass spectrometry. 



 GENERAL INTRODUCTION AND SCOPE OF THE THESIS 15 

 

Further developments: Miniaturization of bioactivity/toxicity screening methodologies  

One limitation of HRS as well as nanofractionation methods is the required sample volume of 

approximately 10–50 μL. Although these are quite small sample volumes as compared to 

what is required for conventional BGF, for some applications they are often not feasible. For 

example, venoms of small animals, such as spiders, snakes, scorpions, ticks and mosquitos, 

are usually available only in very small volumes. Non-invasive sampling of bioactive extracts 

from delicate and endangered ecosystems, such as coral reefs, also provides only minute 

samples. In order to overcome the sample volume restrictions, HRS setups have been 

miniaturized. Heus et al. [60] presented microfluidic HRS in which sample volumes of 50 nL 

were sufficient for analysis. This was accomplished by using nanoLC for sample separation 

and an on-line microfluidic-based bioassay using a capillary fluorescence detector for low-

dead volume readout. LED-induced confocal fluorescence detection was employed using a 

bubble cell capillary as a detection cell. The method was successfully used for screening for 

ligands binding to the acetylcholine binding protein (AChBP). Further development of this 

miniaturized HRS method included implementation of parallel MS detection using a 1:1 post-

column flow split that directed half of the effluent to the microfluidics bioassay incubation 

chip, and the other half to MS [61, 62]. Similarly to the conventional size HRS bioassay 

approaches, the miniaturized methodology can be applied only to homogeneous and relatively 

simple bioassays with short incubation times. Cell-based bioassays, bioassays with long 

incubation times, and other complex bioassay formats require an approach in which the 

bioactivity testing is performed at- or off-line. To this end, a miniaturized version of 

nanofractionation analytics would be required. In the miniaturized nanofractionation system, 

nanoLC effluent can be collected on a solid substrate (e.g., glass slide) at second-range 

fractionation rates and the deposited fractions can be exposed to a miniaturized bioassay. 

Such an approach has now been developed and is presented in Chapter 4 of this thesis.  
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1.3. Identification of bioactive compounds using mass spectrometry  

Whether a bioactive compound is a small molecule (e.g., a drug metabolite) or a peptide or 

protein (e.g., venom toxins), assessing the complete structure and/or conformation of analytes 

typically involves the use of a combination of techniques that provide complementary 

information. These include nuclear magnetic resonance (NMR), infrared (IR), Raman, X-ray 

and vibrational circular dichroic (VCD) spectroscopy and/or mass spectrometry (MS) [63, 

64]. Complex mixtures often need a separation – typically LC or gas chromatography (GC) – 

that precedes a selective detection method. In recent years, the hyphenation of ion mobility 

spectrometry (IMS) with MS (IMS-MS) has been introduced as a separation method and a 

tool that can aid in the structural characterization of molecules. In this section, different 

approaches used to identify small and large molecules using MS are described, followed by 

an introduction to IMS-MS and trapped ion mobility spectrometry (TIMS).  

MS is a commonly used technique to analyze unknown compounds due to its potentially high 

selectivity, sensitivity, accuracy and resolution, and the relative ease of its hyphenation with 

separation techniques, such as LC or GC. In addition, the popularity of using MS instruments 

is high due to their increased availability and accessibility in modern industrial and academic 

laboratories. MS analysis starts with the ionization process, through which analyte molecules 

in solution, solid or gas phase are turned into gas-phase ions. A commonly used ionization 

technique for studying drug metabolites in solution is electrospray ionization (ESI). The 

ionization process of ESI is considered as soft, which means that only limited energy is 

transmitted to a molecule and therefore (usually) no fragmentation occurs [65]. For 

identification of unknown compounds, high-resolution (HR) MS instruments with tandem MS 

(MS-MS) or multistage MS (MS
n
) capabilities are required. HRMS can provide accurate ion 

masses (e.g., masses between 100 and 1000 Da with uncertainty starting in the fourth decimal 

place) and isotopic patterns, allowing determination of the elemental composition (molecular 

formula) of an unknown compound. MS-MS and MS
n
 experiments can provide additional 

structural information based on detection of fragment ions, which are commonly formed by 

collision-induced dissociation (CID) [64, 66].  

Most drug metabolites are not true unknowns, as their structures should possess similarities 

with the parent drug. Still, assigning the detailed structure of a metabolite can be challenging. 

Drug metabolites can result from CYP-induced biotransformation reactions [67], such as C-

oxidation, dealkylation, hydroxylation and N-oxidation. However, uncommon CYP-induced 

multistage reactions can include formations of intermediates and rearrangements, as for 

example, ring expansion or ring formation [67]. Assignment of drug metabolites from 

common CYP conversions can be performed with LC-HRMS using full scan mode, and then 

search in the spectra for predicted target metabolite masses. Another approach for detection of 

the common metabolites is by LC-MS/MS in a list-dependent approach. Listed masses of 
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metabolites are searched for using MS survey scans and when detected they subsequently 

undergo fragmentation and again MS analysis (i.e. MS/MS) [68]. Assignment of drug 

metabolites resulting from uncommon reactions is more difficult due to their unpredictable 

structure [69].  

After chromatographic separation of a metabolic mixture, a common starting point in the 

identification of unknown metabolites entering the MS is to perform a full HRMS scan and 

then select the most intense precursor ions for subsequent isolation and fragmentation. This 

approach refers to as data dependent acquisition (DDA). For DDA a number of acquisition 

parameters can be tuned, for example, a duty cycle time, number of precursor ions and their 

intensities, as well as the dynamic exclusion window, which is a parameter by which repeated 

fragmentation of the same ion can be avoided [70]. Although DDA has been used extensively, 

low abundant components of complex mixtures may be missed when they co-elute with 

several high-abundant components. Therefore, a more comprehensive approach for complex 

samples is data independent acquisition (DIA) in which all precursor ions of a chosen m/z 

range are collectively selected and fragmented. Clearly, the obtained mass spectra are more 

complex and may be difficult to interpret [70].  

A metabolite mass spectrum obtained in a full scan HRMS mode during LC-MS can be 

interrogated with a number of post-acquisition data filtering approaches, such as mass defect 

filter (MDF) [69] and isotope pattern filter (IPF) [71]. A mass defect of a molecule can be 

calculated by subtracting its nominal mass from its exact mass. For example, in the case of 
16

O the subtraction of the nominal mass (16 Da) from its exact mass (15.99491 Da) gives a 

mass defect of –0.00509 Da [72]. Each compound (e.g., parent drug) has a defined mass 

defect (associated with its empirical formula) which changes upon structural alterations 

introduced by, e.g., metabolic transformation. Changes in the mass defect after metabolic 

transformations that result in metabolites similar to the parent compound (in terms of the 

structure and nominal mass) were found to fall within a narrow range of ±50 mDa. For 

instance, hydroxylation of a parent compound (+16 Da) decreases its mass defect by 5 mDa, 

and methylation reaction (+14 Da) increases the mass defect by 15 mDa. Considering that 

mass defect of most endogenous compounds that are present in complex matrices, such as 

plasma, feces and bile (common matrices encountered in drug metabolic studies) do not fall 

within this mass defect shift range (±50 mDa), the use of mass defect as a filtering tool results 

in cleaner and simpler mass spectra as only compounds that show mass defect shift within the 

±50 mDa range are selected (it has to be noted that this trend does not apply to endogenous 

compounds that are present in urine) [69]. Since there are a number of different 

biotransformation reactions happening in the human body, different types of drug metabolites 

can be produced, also those with structures and nominal masses significantly different from 

the one of a parent compound. This means that the mass defect in these metabolites may not 

fall in the ±50 mDa range. These include: conjugation reaction, dehalogenations reactions and 
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reactions in which the structure of the parent compound is cleaved into two substructures (via 

e.g., reduction of disulfide bridges and O-, N- and S- dealkylation reactions). For instance, 

glutathione conjugation reaction (+305 Da) increases the mass defect by 68.2 mDa. Since it is 

not possible to simply increase the range of the mass defect in the filtering tool – this would 

lead to a lower level of selectivity and discrimination against the endogenous interfering 

compounds – multiple mass defect filters are used [73]. IPF facilitates identification of drug 

metabolites of distinct isotopic pattern due to the presence of natural isotopes (such as 

bromide, chloride and sulphur), or metabolites that are labeled with a stable isotope (for 

example 
2
H and/or 

13
C) [71, 74]. Post-acquisition methods that can be used for the 

fragmentation data (MS/MS) include product ion filter (PIF) and neutral loss filter (NLF) 

[74–76]. In PIF, metabolite detection is based on the presence of fragments that have been 

observed in the fragmentation pattern of the parent compound. In the NLF, metabolites are 

detected based on neutral losses, which are fragments with a specific m/z loss that can be 

predicted from the fragmentation of the parent compound or metabolite. NLF commonly is 

used to detected drug conjugates resulted from Phase II metabolism.  

In order to obtain information on the structure of bioactive proteins and peptides, for example 

those present in venoms, proteomics approaches are often used [52, 77]. For this, commonly a 

peptide mixture resulting from protein cleavage by a protease (e.g., trypsin), is analyzed by 

(nano)LC-MS/MS. Samples can first undergo prefractionation using, for example, gel 

electrophoresis. The obtained fractions undergo digestion and further analysis [78]. The 

digestion of proteins into smaller peptide fragments allows separation of the formed peptides 

that is followed by efficient electrospray ionization (ESI) or matrix assisted laser desorption 

ionization (MALDI) and MS detection, and peptide ion fragmentation [79]. Trypsin cuts 

peptides specifically at the carboxyl side of lysine and arginine residues, unless they are 

followed by a proline [80]. The use of more than one proteolytic enzyme (in parallel) can 

provide complementary information on the proteins and may lead to a better protein coverage 

and thus identification confidence [81, 82]. MS/MS fragmentation of the tryptic peptides (up 

to 15 amino acids) usually is performed with a moderate CID energy that predominantly 

generates b and y ions, on which the charge is being retained at the N- or C-terminal peptide 

fragment, respectively [83, 84]. Similarly to the analysis of small molecules, tryptic peptides 

are analyzed with MS and MS/MS using DDA and DIA acquisition approaches. The resulted 

high-resolution and high mass accuracy fragment spectra are submitted to a database search 

engine, for instance Mascot. The database contains protein sequences generated in silico (by a 

computer algorithm), which next undergo fragmentation (again in silico) that results in a 

number of m/z values. These values are then compared with those found in MS spectrum and 

scored. Common databases used in the searches for peptides and proteins obtained from 

(snake) venoms are Uniprot and NCBI [85]. The results of the database matching approach 

provide information on the protein coverage that shows how close the experimental and the 
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theoretical data are, and tells whether a protein has been identified and how confident the 

identification is. Frequently, the reference MS spectrum of a specific protein under study is 

not in a database, in particular when one deals with unknown peptides and proteins. In this 

situation only partial information on the peptide or protein sequence is obtained by matching 

the experimental data to the data of a protein that belongs to a related species. The partial 

information on a peptide or protein sequence can be then searched with tools such as Basic 

Local Alignments Search Tool (BLAST). In BLAST the query sequence is compared to 

sequences that already exist in a selected target database for protein similarity and protein 

family assignment. If a database search shows no matches, often manual MS/MS data 

interpretation is performed – the so-call de novo sequencing – in which a sequence of a 

peptide is identified and can be further submitted to BLAST analysis. There is a large number 

of studies in which snake venom proteomic analysis has been performed [86–91]. 

Ion mobility spectrometry 

Ion mobility spectrometry (IMS) allows separation of small and large gas-phase molecular 

ions based on their size, shape, charge and also on their physico-chemical properties [92, 93]. 

The recently increased popularity of IMS is a result of its improved resolution, sensitivity, and 

combination with MS, forming a platform with multidimensional analytical capability. In 

conventional drift tube (DT) IMS separation of ions takes place in a drift tube filled with a 

buffer gas across which a constant, low electric field is applied. Ions migrating in the drift 

tube collide with neutral molecules of the buffer gas resulting in a constant migration speed 

that depends on ion size and shape [92]. The ion mobility K equals v/E where v is the ion 

speed and E the electric field. K depends on several buffer gas and ion characteristics 

(equation 1): 
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where q is the ion’s charge, N is the density number of the buffer gas, k is the Boltzmann’s 

constant, T is the temperature of the buffer gas, m is the molecular mass of the buffer gas, M 

is the molecular mass of the ion, and Ω is the collision cross section (CCS) of the ion [92]. To 

facilitate comparison of results, often K0 (reduced mobility) is used as this value is normalized 

with respect to the pressure and temperature of the buffer gas [93, 94].  

Separation based on the shape of a molecule can be of advantage in analyzing, for example, 

isomeric and isobaric compounds that possess the same mass and charge, and thus are 
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difficult to be distinguished with MS only. For instance, many drugs undergo oxidation 

reaction resulting in a number of positional isomers, i.e. hydroxylated metabolites, which 

differ only in the position of the hydroxyl group. Considering that the position of a hydroxyl 

group can affect the pharmacological activity of a metabolite, separation and detection of the 

different positional isomers, as well as an unambiguous determination of hydroxylation sites 

is imperative [95]. In recent years, IMS-MS has been increasingly used to study positional 

isomers in Phase I and Phase II metabolic mixtures, in order to improve their separation and 

to aid in identification of the exact site of metabolization [95–97]. 

IMS can aid in elucidating a structure of an unknown. For that the experimentally determined 

CCS and the calculated CCS of a proposed structure are needed. CCS can be calculated using 

computational methods such as the projection superposition approximation (PSA), the exact 

hard-sphere scattering (EHSS) or the trajectory method [93]. CCS provides analyte-specific 

information (as it reflects its geometry, shape and size), but it also depends on the 

experimental conditions like, e.g., the gas temperature and the properties of the buffer gas 

[98]. 

Although the resolving power of IMS devices has been improving recently – with trapped ion 

mobility spectrometry (TIMS) a resolving power (R) of 400 has been achieved [99] – the 

difficulty in unambiguously identifying isomeric metabolites with a very similar CCS is still 

an issue. This was observed in the study by Reading et al. [100] when analyzing 

glucuronidated metabolites of estradiol and naringenin. To improve IMS separation of ions of 

similar CCSs, different methods have been applied, including chemical derivatization of an 

analyte [95], use of a different buffer gas [101], and addition of counter ions resulting in 

adduct formation [100]. For example, cation adduct formation has been used to improve the 

separation of carbohydrate isomers or drug metabolites [100, 102]. Reading et al. [100] 

observed a shift in the CCS of the protonated and deprotonated form of naringenin-4-

glucuronide and of naringenin-7-glucuronide, resulting in a larger CCS for naringenin-7-

glucuronide than naringenin-4-glucuronide. Similarly, a shift in the CCSs of the isomers was 

observed after sodium adducts formation.  

TIMS is the most recent addition to the family of IMS devices, which includes drift tube ion 

mobility spectrometry (DTIMS), travelling wave ion mobility spectrometry (TWIMS) [103], 

high field asymmetric waveform ion mobility spectrometry (FAIMS) [104], open loop ion 

mobility spectrometry (OLIMS), differential mobility analyzer (DMA) [105] and overtone 

mobility spectrometry (OMS) [106, 107]. TIMS separates gas phase ions according to their 

size, shape and charge, but its operational mode differs substantially from conventional IMS. 

In conventional IMS ions are dragged by a low electric field through a stationary buffer gas, 

whereas in TIMS a flowing buffer gas moves analyte ions through an opposed electric field 

gradient until they are held stationary (‘trapped’ ) [108]. In TIMS, the analysis consist of three 
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stages: accumulation, trapping and elution [109, 110]. The analysis starts with ionization of 

the sample molecules by ESI. Next, the generated ions are introduced to the TIMS analyzer 

through a glass capillary via the capillary exit (Figure 2A). A deflection plate set to a 

repulsive potential pushes the ions orthogonally in the direction of the entrance funnel, which 

is followed by the TIMS tunnel (i.e. the actual analyzer). A constant flow of buffer gas drives 

the ions into the TIMS tunnel. The funnel and tunnel consist of a set of ring electrodes, to 

which radio frequency (RF) and direct current (dc) potential is applied. The RF confines the 

ions radially counteracting their radial diffusion. In the analyzer section an increasing dc 

potential is applied to the successive ring electrodes, generating an electric field gradient 

(EFG). The direction of the electric field is opposite of the gas flow. As a consequence, upon 

entering the analyzer section, ions slow down due to their mobility K in the EFG until the 

local voltage is sufficiently high to stop (‘trap’) them. This results in a spatial separation of 

ions according to their K, trapping larger more bulky ions (low mobility ions) at the higher 

end of the EFG, and more compact and smaller ions (high mobility ions) at the lower end of 

the EFG. After a certain trapping time, ions are blocked from entering the TIMS funnel by 

switching the potential of the deflection plate. Subsequently, the EFG is decreased at a user 

defined rate and ions start eluting in order of increasing K from the TIMS tunnel and proceed 

through the exit funnel toward the QTOF mass spectrometer for high-resolution mass analysis 

[111]. When the instrument is calibrated using ions of known K (or CCS), the software can 

construct a mobilogram, plotting intensity vs. 1/K0, taking experimental conditions (e.g., T 

and P) into account. 

TIMS offers the advantage of achieving a high resolving power (up to 400) in small physical 

distances, i.e. without the need for long drift tubes. Such high resolving power may facilitate 

separation of isomeric and isobaric structures [99, 112, 113]. In TIMS, resolving power can 

be adjusted by, e.g., the width and steepness of the EFG, the scanning rate at which the EFG 

is progressively decreased (the elution parameters), the velocity of the buffer gas (which 

determines the virtual effective length of the drift tunnel), and the RF that confines ions 

radially [108–110].  

The TIMS design has been further improved, involving an increase of the length of the tunnel 

from 46 mm to 96 mm [114] (Figure 2B). This modification encompassed the implementation 

of an ion accumulation trap before the actual analyzer section, allowing a duty cycle (i.e. the 

percentage of ions detected in relation to the total number of ions generated) of up to 100%. 

In this setup, ions may enter the TIMS funnel continuously – i.e. the deflection plate potential 

is not changed – and are first trapped in the ion accumulation trap by an EFG. After a certain 

time, the EFG is canceled and a package of accumulated ions is instantly transferred to the 

TIMS analyzer section. After that, the trapping EFG is immediately restored so that new 

entering ions are accumulated. At the same time the earlier transferred package of ions 

undergoes TIMS analysis as described above using a second EFG. Thus, ion accumulation 
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and mobility analysis occur simultaneously (in parallel), and in principle all generated ions 

can be analyzed. This mode of operation, which was coined “parallel accumulation”, was not 

used in this thesis. 

 

 

Figure 2. A: Original TIMS: I, Cross section of TIMS analyzer; II, Scheme showing trapping and elution by 

respective changes in the electric field of the TIMS analyzer; 1. Ion entrance and accumulation (no separation); 

2. Ion trapping (positioning of ions according to their shape/mobility and charge); 3. Ion elution (separation). B: 

Parallel accumulation TIMS: I, Cross section of TIMS analyzer; II, a scheme showing accumulation, trapping 

and elution by respective changes in the electric field in the two stages of the TIMS analyzer; 1. Ion 

accumulation (left) and elution after EFG separation (right); 2. Ion transfer from accumulator to TIMS analyzer 

by pulse cancellation of the accumulation EFG.  
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1.4 Background information on the sample types used in this research  

Drug metabolic mixtures 

Most drugs and other xenobiotics are metabolized after entering the body, which usually 

results in their biotransformation to more easily excretable forms called drug metabolites. In 

some instances, metabolites with an increased or modified pharmacological activity are 

formed and can cause toxicity [115, 116]. In humans, metabolism of drugs is based on two 

types of biochemical reactions: Phase I and Phase II reactions. The major biotransformation 

reactions can be found in Figure 3. Phase I reactions introduce functional groups to a drug, for 

example, a hydroxyl group, which most often renders it more polar (less lipophilic). These 

incorporated functional groups are used as sites for the attachment of endogenous groups, so-

called conjugates, in the subsequent Phase II metabolic reactions. In most cases, conjugation 

reactions further increase the polarity and hydrophilicity of drugs thereby facilitating 

excretion [117]. The most important enzymes contributing to Phase I reactions are the heme-

thiolate containing cytochrome P450 monooxygenase enzymes (CYPs). It was estimated that 

CYPs are involved in the metabolism of over 70% of marketed drugs [118, 119]. So far, over 

fifty CYP isoenzymes have been described to be present in the human body and among them 

only a few are critical in the metabolism of xenobiotics. These important CYPs are 

CYP3A4/5, 2C9, 2C19, 2D6, 1A2, 1A1, and 2E1 [120]. Furthermore, for many of the CYPs, 

genetic polymorphisms have been found causing inter-individual variability in 

pharmacological activity and toxicity of drugs [121]. 

Due to the broad and overlapping substrate specificity, a few CYP isoforms can metabolize a 

broad spectrum of drugs and other xenobiotics. This broad specificity causes them 

particularly prone to inhibition or induction, which in patients exposed to polypharmacy can 

lead to drug-drug interactions (DDI) and subsequently to serious adverse drug reactions 

(ADRs) [5, 122].  
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Figure 3. Phase I and Phase II biotransformation reactions in the human body. 

 

DDIs can occur when an enzyme required for the metabolism of a drug is inhibited or induced 

by a second, co-administered drug. As a consequence, changes in the pharmacokinetics of the 

first drug metabolized by the same enzyme can occur. Here, enzyme induction (causing an 

accelerated metabolism of a drug) can lead to a rapid clearance of that drug and a thus partial 

or complete loss of its efficacy. Enzyme inhibition, on the other hand, can lead to drug 

accumulation in the body after repeated administration, causing toxicity [118]. The possible 

severity of ADRs associated with CYP enzyme inhibition had led to the withdrawal of several 

drugs from the market, including astemizole, cisapride, terfenadine, cervistatin and mibefradil 

[123, 124]. 

In their latest draft of the guidance for industry on In Vitro Metabolism- and Transporter- 

Mediated Drug-Drug Interaction Studies, the FDA [125] recommends that apart from the 

parent drug candidate, drug metabolites should be assessed for their DDI potential. For 

instance, studying inhibitory properties of drug metabolites toward CYPs is advised especially 

in cases when a parent compound alone does not show any enzyme inhibition. In this case 

additional investigation should be conducted after considering: 1) that a metabolite possesses 

pharmacological activity; 2) its plasma concentration is significant relative to the parent drug; 

3) the structure of a metabolite shows its potential to cause time-dependent inhibition. The 

relevance of assessing drug metabolites was evaluated and supported by Yeung et al. [126] 

and Isoherranem et al. [127]. Based on the available literature, they showed that over 80% 

(106 out of 129) of drugs available on the US pharmaceutical market that are known to inhibit 

CYPs (e.g., bupropion and sertraline), have circulating metabolites, which can also contribute 

to CYP inhibition. From these facts it becomes evident that early assessment of potential DDI 

liabilities and/or inhibitory properties of drugs and their metabolites could improve the 

effectiveness of the drug development pipeline and lead to drug safety improvement. 



 GENERAL INTRODUCTION AND SCOPE OF THE THESIS 25 

 

Snake venoms 

Venom is defined as “a secretion, produced in a specialized gland in one animal and delivered 

to a target animal through the infliction of a wound (regardless of how tiny it may be), which 

contains molecules that disrupt normal physiological processes in the victim so as to facilitate 

feeding or defense by the producing animal” [128]. Venoms evolved as specialized tools in 

some animals, through evolutionary selection pressure. Those animals include snakes, 

scorpions, sea snails, jellyfish, spiders, ticks, cone snails, and centipedes [129]. From a 

biochemical point of view, venom is a complex mixture comprising mainly non-enzymatic 

and enzymatic bioactive peptides and proteins with high potency and specificity, which act 

individually or in concert on biological targets. Many of those bioactive peptides and proteins 

are proteolytic enzymes or ion channel blockers. This implies that venoms can be harming 

and sometimes life-threatening to humans after envenomation. At the same time, venoms are 

a rich reservoir of pharmacologically active compounds that potentially can be turned into 

medicines [15, 130]. Envenomation by bees, wasps, ticks, spiders and scorpions are quite 

common, but the most serious are snake bites. Snake bites have been found to be responsible 

for 80% of envenomation-related deaths [131], which counts for 81,000–137,000 estimated 

deaths every year worldwide [14]. The medical significance and impact of snakebite 

envenoming increases even more if snakebite-related morbidity is added to the picture. Such 

morbidities include permanent physical disabilities, such as amputations, post-traumatic stress 

and chronic infections [14, 132]. Snakebite envenoming has been recognized as a neglected 

tropical disease (NTD), affecting mainly poorer populations living in (sub-)tropical rural areas 

of Asia and Africa, and gained a special attention from non-governmental organizations, and 

from medical and scientific professionals from around the world [14, 133].  

So far, the only effective treatment for snakebite envenoming has been antivenom 

administration. Antivenoms are polyclonal purified immunoglobulins G (IgGs) or their Fab or 

F(ab’)2 fragments. The IgGs are collected from serum or plasma of animals (commonly horse 

and sheep) which have been hyperimmunized with crude snake venom or multiple venoms (in 

case of the production of a polyvalent antivenom) [134, 135]. However, the efficacy of 

antivenoms is limited as they are specific toward venom toxins that were used in the 

hyperimmunization processes. Considering that venom composition varies not only between 

different snake species, but also within the same species of different geographical location 

[136] or age (ontogenetic variation) [137], finding an effective snakebite treatment is not easy. 

Furthermore, depending on the purity of antivenoms, their administration can lead to adverse 

side effects, of which the most common are an anaphylactic shock (early reaction, within the 

first minutes of administration) and serum sickness (late reaction, within one and two weeks 

after administration) [135]. One step to improve and broaden the efficacy of future snakebite 

treatment is to develop toxin and/or pathology-specific treatments. This new treatment 
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concept is based on the fact that the major toxic and devastating pathological effects of 

snakebite envenoming are due to a limited number of enzyme families that commonly are 

present in snake venoms. The most important snake venom toxins and their pathological 

effects are outlined in Table 1. Currently, studies are performed on several toxin-specific 

treatments and so far promising results have been shown. These include the phospholipase A2 

(PLA2) inhibitors varespladib [138] and its metabolite methylvarespladib, and the snake 

venom metalloproteinase SVMP inhibitor batimastat  [139]. Snake venom PLA2 are enzymes 

hydrolyzing glycerophospholipids exhibiting predominantly neurotoxic and myotoxic activity 

[140]. Ainsworth et al. [141] recently reported the survival of a mouse to which venom was 

administered after treatment with ethylenediaminetetraacetic acid (EDTA), a metal chelator. It 

was assumed that the lethality was prevented due to the neutralizing effects of EDTA on zinc 

dependent SVMPs. In order to prove this assumption further studies are needed.  

In order to progress and develop the toxin specific treatments for snake bites eventually to the 

clinic, detailed information on the composition of snake venoms is needed. In addition, 

information on the molecular interactions of, for example, potential inhibitors with individual 

venom components, is required. Most information on venom composition is currently 

obtained with venomics approaches, in which venom toxins are isolated and identified using 

proteomics and transcriptomics [131, 142]. Besides, traditional biochemical approaches 

providing detailed information on function and biological/toxicological effects are used. In 

this thesis (Chapter 3), a nanofractionation platform was demonstrated and used as a new 

analytical tool for the assessment of snake venom composition by screening venoms for the 

presence of toxic venom serine proteases (SVSPs) and snake venom metalloproteinases 

(SVMPs). 
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Table 1. Snake venom toxin families known to be profoundly responsible for the devastating effects of snakebite 

envenoming.  

Toxin family Toxic activity Ref 

SVMPs Predominant hemorrhagic activity caused by weakening of the basement 

membrane in the capillary vessels by hydrolysis of its components (e.g., type IV 

collagen, perlecan) followed by blood capillary wall disruption due to 

hemodynamic forces in the circulation; fibrin(ogen)olysis, anticoagulation, 

antiplatelet and apoptosis. Present in Viperidae, Colubridae, Crotalidae, and in 

much lower amounts also in Elapidae snake families. 

[19, 

143] 

SVSPs Affecting blood coagulation (pro- and anticoagulation) by interfering with the 

coagulation cascade, fibrinolysis, and platelet aggregation. Primarily present in 

Viperidae, Crotalidae, Elapidae and Colubridae snake families. 

[144–

146] 

PLA2s Acts by hydrolysis of intact phospholipids by which their lysophospholipids 

products and fatty acids, which are involved in the damage of tissue membrane, are 

released. In addition, it can act as an agonist/antagonist by binding to target 

proteins (non-enzymatic activity): myotoxic, neurotoxic, cardiotoxic and/or 

anticoagulant effects. Present in Elapidae, Viperidae, and Crotalidae snake family. 

[140, 

147–

149] 

Hyaluronidases 

(HYAs)  

Known as venom spreading factors; they degrade hyaluronic acid (HA), which is a 

polysaccharide present mainly in the extracellular matrix (ECM) of soft connecting 

tissues, and degrade the integrity of the ECM. HYAs cause an increased tissue 

permeability resulting in an increased rate of venom toxin distribution and local 

tissue damage. Present in Elapidae, and in lower amounts also observed in 

Viperidae and Crotalidae snake families. 

[150, 

151] 

3FTx Neurotoxic activity by interfering neurotransmitters in the central and peripheral 

nervous systems; cardiotoxic, anticoagulant and antiplatelet effects. Present in 

Elapidae, Colubridae, in much smaller amounts in Viperidae and Crotalidae snake 

families.  

[152–

155] 

 

 

 

 

 

  



 

 

Scope of the thesis 

The detection and assessment of bioactive/toxic xenobiotics that are present in complex 

mixtures is by no means an easy process. The difficulty lies in that the compounds of interest 

often are present at low concentrations in samples of high complexity. Another aspect that has 

to be considered is the available amount of a sample, which may not be sufficient to perform a 

study as the analytics applied require more. This often is the case when studying venoms or 

extracts derived from small animals – ticks, scorpions, bees, small snakes, mosquitoes, 

centipedes and spiders – and animals inhabiting extreme or difficult to reach environments, 

such as the deep sea. Current methodologies hyphenating separation techniques with both 

detection techniques and bioassays have shown to be successful in the detection and 

identification of sample components exhibiting potent bioactivity/toxicity. Yet, their 

application is still limited to samples which are available in relatively large amounts. So far 

the screening methodologies developed for small sample volumes show limitations with 

regard to applicable bioassays, which often need to have short incubation times and be 

relatively simple.  

The scope of the research described in this thesis is on broadening the span of existing 

screening methodologies (Chapters 2 and 3), as well as on the design, development and 

application of a new miniaturized fractionation platform – utilizing picofractionation – for 

screening of samples of limited volume (Chapter 4). In addition, the potential of TIMS for 

studying small-analyte ion mobility as function of adduct ion formation, and for separating 

isomers was investigated in Chapter 5.  

Chapter 1 introduces the subject of bioactivity/toxicity, and the importance of studying 

bioactive and toxic compounds. The different approaches used to assess and detect bioactive 

and toxic compounds present in complex and difficult samples, i.e. drug metabolic mixtures 

and snake venoms, are described. Chapter 1 gives an insights into traditional approaches, such 

as bioactivity guided fractionation (BGF) as well as less conventional methods, including 

nanofractionation analytics. Further developments on systems’ miniaturization facilitating 

analysis of samples available only in small volumes, are discussed. Selective detection 

methods which can aid in structural identification of bioactive/toxic compounds, such as MS 

and IMS, are discussed. Finally, Chapter 1 provides a brief introduction to drug metabolism, 

which is relevant to Chapter 2, and to venoms, which are relevant to Chapter 3 and 4.  

Chapter 2 presents a study in which nanofractionation analytics was developed for the 

detection of potent inhibitors of a drug metabolizing enzyme cytochrome P450 (CYP) 1A2 

present in metabolic mixtures of new chemical entities (NCEs). CYPs are important drug 

metabolizing enzymes that are characterized by low substrate specificity. The low substrate 
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specificity makes them prone to possibly dangerous DDIs caused by enzyme inhibition (or 

activation). In this study, potent CYP1A2 inhibitors present in mixtures and in vitro generated 

Phase I metabolites of ellipticine were LC separated and deposited onto 384-well microtiter 

plates using nanofractionation, and in parallel analyzed with MS. After centrifuge freeze-

drying of the well plates, the collected 6-s sized fractions were exposed to a fluorescence-

based CYP1A2 bioassay. This bioassay relies on the conversion of the fluorogenic substrate 

7-ethoxyresorufin to its fluorescent product resorufin by CYP1A2. The fluorescence readout 

was used to generate bioactivity chromatograms in which enzyme inhibition is displayed as 

negative peaks. To validate the method five known potent inhibitors of CYP1A2 were used to 

determine their IC50 values and next compare them with values obtained using conventional 

methods and those reported in literature. Four of the inhibitors were measured in a mixture in 

order to test the separation capability of the method and the feasibility to correctly assign MS 

data with bioassay chromatograms obtained from bioactivity measurements. Finally, an in 

vitro metabolic mixture of ellipticine was analyzed. Based on literature, the main metabolism 

of ellipticine is through oxidation which results in a number of hydroxylated ellipticines 

differing in the position of a hydroxyl group. With this method we aimed at separating the in 

vitro generated hydroxyellipticines and assessing their individual inhibitory activities toward 

CYP1A2. Further on, an attempt to identify the generated metabolites was made.  

In Chapter 3 a nanofractionation method was developed for screening of proteases i.e. snake 

venom serine proteinases (SVSPs) and snake venom metalloproteinases (SVMPs) – major 

toxic components in snake venoms, which are responsible for, amongst other, hemorrhagic 

activity after envenomation accidents. Assessing venoms for the presence of SVSPs and 

SVMPs, and their subsequent identification can aid in the development of newer and better 

antivenoms and non-antivenom based therapeutic agents. The mechanism of the latter ones is 

based on neutralization of the devastating activities of proteases. Simultaneously, the method 

was applied to screen for compounds with a pharmacological potential – plasmin inhibitors. 

Plasmin is a serine protease that plays an important role in fibrinolysis. In this study, 

following chromatographic separation (with a reverse phase (RP)), the sample effluent was 

split in two portions, 90 and 10%. 10% of the effluent was directed to MS and the other 90% 

was collected onto a 384-well plate for further bioactivity analysis. In the bioassay part of the 

method new approaches are introduced: multiplexing bioassaying and bioassay-guided 

proteomics. Multiplexing allows performing more than one bioassay/measurement on 

fractions collected in a 384-well microtiter plate. Multiplexing was used to perform bioassays 

to differentiate between zinc and calcium dependent metalloproteinases. Applying a bioassay-

guided proteomics allowed selection for further proteomic studies only those fractions which 

showed bioactivity. Combined use of the orthogonal complementary separation mechanisms 

of RP and HILIC aimed to facilitate the identification of compounds responsible for the 

inhibitory and proteolytic activities. To evaluate the method, IC50 value of leupeptin (a potent 
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plasmin inhibitor) was determined and compared with values from literature. Leupeptin was 

analyzed at five different concentrations to investigate the sensitivity and robustness of the 

method. The feasibility of the method was shown with the analysis of two snake venoms: 

Daboia russelli and Crotalus basiliscus.  

Chapter 4 presents further miniaturization of a nanofractionation system which was coined 

picofractionation analytics. The main aim of this research was to allow interrogation of 

samples that are available only in minute quantities, such as venoms and extracts of rare or 

small animals. For this screening system, nanoLC is used instead of normal bore LC. 

Nanoliter volume LC fractions are collected by a non-contact spotter device that deposits 

nanoLC effluent on a hydrophobic glass slide, thereby creating a spotted microarray. In 

Chapter 4 a detailed description of the approach used to achieve a non-contact collection of 

nanoliter samples is described. For this study, a fluorescence-based bioassay that was 

developed in Chapter 3 was used. The bioassay underwent miniaturization and adaptations 

that were required to prevent unwanted evaporation of the bioassay droplets. These are 

presented and discussed. The fluorescence bioassay readout (as kinetic measurement) was 

performed with an in-house modified inverted fluorescence microscope. The fluorescence 

readout was used to generate so-called microarray bioactivity chromatograms (MBC), which 

can finally be correlated with UV absorbance detection and MS data of the analyzed samples 

obtained in parallel and separately, respectively. The picofractionation analytics was 

evaluated with two plasmin inhibitors – leupeptin and aprotinin. The feasibility of the method 

was shown by screening four snake venoms for the presence of plasmin inhibitors and 

compounds exhibiting proteolytic activities, i.e. SVMPs and SVSPs.  

Chapter 5 presents a study in which TIMS was used to investigate the behavior of gas phase 

ions of 14 pharmaceutically relevant compounds. The analytes differed in their shape, mass 

and structural flexibility (due to a different number of rotating bonds). The compounds were 

measured as analyte-proton and analyte-metal complexes. Since TIMS offers a tunable 

resolving power (that can reach a value as high as ~ 400) the complexes were studied using 

two sets of parameters. One set allowed analysis at a higher resolving power and narrower 

electric field gradient range (EFG) to detect possible different conformations of the same 

analyte-metal complex. The second set of parameters allowed analysis at a lower resolving 

power but a wider EFG gradient to investigate the tendency of the analytes to form dimers 

next to the monomers. The study aimed at finding trends and behaviors of ions (e.g., their 

tendencies to form complexes with cations, generate dimers) that would be associated with 

their structures. This information could be used as a potential aid in structural recognition of 

unknowns. In addition, utilizing the separation potential of TIMS, a study to resolve two 

structural isomers, i.e. tetrahydrocannabinol (THC) and cannabidiol (CBD) in the gas phase 

was performed.  
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Abstract  

With early assessment of inhibitory properties of drug candidates and their circulating 

metabolites toward cytochrome P450 enzymes, drug attrition, especially later in the drug 

development process, can be decreased. Here we describe the development and validation of 

an at-line nanofractionation platform, which was applied for screening of CYP1A2 inhibitors 

in Phase I metabolic mixtures. With this platform, a metabolic mixture is separated by liquid 

chromatography (LC) followed by parallel nanofractionation on a microtiter well plate and 

mass spectrometric (MS) analysis. After solvent evaporation, all metabolites present in the 

nanofractionated mixture are assayed utilizing a fluorescence CYP1A2 inhibition bioassay 

performed on the plate. Next, a bioactivity chromatogram is constructed from the bioassay 

results. By peak shape and retention time correlation of the bioactivity peaks with the 

obtained MS data, CYP1A2-bioactive inhibiting metabolites can be identified. The method 

correctly evaluated the potency of five CYP1A2 inhibitors. Mixtures comprising potent 

inhibitors of CYP1A2 or in-vitro generated metabolites of ellipticine were evaluated for their 

inhibitory bioactivities. In both cases good LC separation of all compounds was achieved and 

bioactivity data could be accurately correlated with the parallel recorded MS data. Generation 

and evaluation of Phase II metabolites of hydroxylated ellipticine was also pursued.  
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Introduction  

Sensitive, robust and high-throughput tests have become essential in late drug discovery to 

early drug development studies, allowing more toxicity assays to be run for larger compound 

numbers. Routine methods used for early evaluation of the inhibition potency of new 

chemical entities (NCE) for relevant cytochrome P450 (CYP) isoforms, involve the use of 

liver microsomes [1, 2] or recombinant CYP enzymes expressed in bacteria [3] or yeasts [4], 

together with specific probe substrates. These bioassays are based on a single-enzyme 

paradigm, which means that if a compound being tested inhibits the enzymatic metabolism of 

the probe substrate, it will inhibit all substrates for that particular enzyme [5]. For bioassay 

readout, standalone fluorescence and liquid chromatography (LC) with fluorescence, ultra 

violet (UV) absorbance, or tandem mass spectrometry (MS/MS) detection, are standard 

methods used in screening for CYP inhibitors [6–8]. All of these methods have the common 

bottleneck that they can only be applied for the analysis of pure compounds. This limitation 

implies that if individual metabolites present in metabolic mixtures are to be assessed for their 

potency to inhibit one or more relevant CYPs, the metabolites first have to be generated in 

relatively large quantities, purified by LC, and then concentrated. This is a cumbersome 

process, especially if many metabolic mixtures have to be tested. This bottleneck was 

overcome with the development of post-column bioaffinity methodologies also known as 

high-resolution screening (HRS), which integrates a chromatographic separation of 

compounds present in complex mixtures with subsequent on-line biological assaying and 

parallel mass spectrometry [9]. In this on-line setup individual components of a mixture are 

separated with high performance liquid chromatography (HPLC) and then are directed to a 

continuous flow reaction coil in which enzyme, a fluorogenic substrate and necessary 

bioassay co-factors are continuously infused. The on-line approach can be done with 

fluorescence and UV detection, as well as with parallel MS detection [10, 11]. Although the 

on-line approach was successfully used for the detection and evaluation of CYP inhibitors 

present in academic mixtures [12], metabolic mixtures [11], and for screening natural extracts 

for inhibition of other enzymes [13], it is limited to bioassays requiring short incubation 

times. Incubation times longer than 3 min will cause excessive peak broadening thereby 

making accurate detection and identification of bioactives difficult. In order to cope with this 

drawback of HRS, in recent years an at-line screening technology hyphenating 

chromatographic separation with both, MS and high-resolution nanofractionation, has been 

developed. This analytical methodology allows post-column high-density well-plate based 

bioassaying with parallel chemical analysis (MS), and facilitates profiling of biologically 

active mixtures using complicated bioassays and/or bioassays with long incubation times [9, 

14]. 
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Here we describe the design and implementation of an at-line nanofractionation methodology 

in 384-well plate format for the screening of metabolic mixtures for drugs and their 

metabolites that inhibit CYP1A2. Results obtained from the CYP1A2 bioassay are plotted as 

bioassay chromatograms in order to correlate inhibiting compounds to MS data for chemical 

identification. CYP1A2 is mainly present in the liver (about 13-15%) [15] and is involved in 

the metabolism of drugs such as caffeine, tacrine and phenacetin, and naturally occurring 

compounds, for example coumarin and flavonoids [15]. CYP1A2 can be inhibited in a 

reversible and/or irreversible (mechanism based inhibition (MBI)) manner by several clinical 

drugs including rutaecarpine and furafylline [16, 17]. The main advantage of the approach 

presented here compared to the earlier published HRS work [18] is the possibility to expose 

the nanofractionated metabolites to much longer incubation times, which enables kinetic 

studies (measurement in-time per well). The longer incubation time allows MBI and other 

types of time dependent inhibition (TDI) to be measured sensitively. Other types of TDI 

include formation of metabolites with potent reversible inhibitory properties, which as in the 

case of MBI requires longer incubation times and/or pre-incubation steps to be effectively 

detected. For an accurate detection of MBI, a pre-incubation of the drug with the enzyme of 

interest is required, as the drug first undergoes metabolic transformation by the enzyme, 

during which a reactive intermediate is formed, which next binds irreversibly to the active 

sites of that enzyme causing its inhibition [17]. The present study describes method 

development and optimization followed by validation using a set of standard CYP1A2 

inhibitors presented as a mixture. For proof of principle, the CYP1A2 inhibiting potential and 

parallel structure elucidation of in vitro generated phase I metabolites of ellipticine is 

discussed. The study is finalized with the in vitro generation and preliminary assignment of 

Phase II metabolites of the earlier obtained Phase I metabolic mixtures of ellipticine.  
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Experimental 

Chemicals  

Acetonitrile (ACN) and formic acid (FA) were from Biosolve B.V. (Zwijndrecht, The 

Netherlands), dimethyl sulfoxide (DMSO) and hydrochloride acid (HCl) were from Riedel-de 

Haen (Valkenswaard, The Netherlands), alpha-naphthoflavone (αNF), fluvoxamine maleate, 

alamethicin (from Trichoderma viride), uridine 5-diphospho glucuronic acid (UDPGA) 

trisodium salt, glucose-6-phosphate (G-6-P), glucose-6-phosphate dehydrogenase (G-6-P 

dehydrogenase), monopotassium phosphate (KH2PO4), Trizma® Base, and D-saccharic acid 

1,4-lactone monohydrate all were purchased from Sigma-Aldrich (Zwijndrecht, The 

Netherlands). 7-Ethoxyresorufin (7-ER) was obtained from Enzo Life Sciences 

(Raamsdonkveer, The Netherlands), magnesium chloride (MgCl2) was from (Fluka analytical, 

Steinheim, Germany), reduced nicotinamide adenine dinucleotide (NADPH) was from 

AppiChem (Lokeren, Belgium). Dexamethasone (DEX) - induced rat liver microsomes 

(RLM), recombinant CYP1A2 expressed in Escherichia coli (E. coli) and 9-

hydroxyellipticine were a kind gift of Dr. Jan Commandeur from the Division of Molecular 

and Computational Toxicology (VU Amsterdam, The Netherlands). The DEX-induced RLM 

were prepared as described by Rooseboom et al. [19]. Recombinant CYP1A2 was prepared as 

described by Kool et al. [20]. The concentration of recombinant CYP1A2, fused to NADPH 

CYP-reductase, was 45 mM.  
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At-line high-resolution nanofractionation platform with parallel MS detection  

The platform consisted of a gradient HPLC system, an in-house built nanofractionator, and a 

mass spectrometer (Figure 1). 

 

Figure 1. At-line high-resolution nanofractionation system with parallel MS detection. NCE-new chemical 

entity; I, In vitro generation of Phase I metabolic mixture of a drug (M1-metabolite 1, M2-metabolite 2); II, 

Chromatographic (C18) separation of the metabolites; III, Split of the eluate in 1:9 ratio; IV, 10% of the eluate is 

going to MS; V, MS data acquisition; VI, 90% of the eluate is nanofractionated on a 384-well plate; VII, 

Evaporation of the solvent; VIII, Bioassay mixture containing CYP1A2 enzyme, 7-ethoxyresorufin and NADPH 

is robotically pipetted over the well-plate; IX and X: Inhibitory activity of metabolites toward CYP1A2 analyzed 

with a fluorescence plate reader; XI, Reconstruction of bioassay readout. ex, excitation; em, emission; RT, 

retention time; XIC, extracted ion chromatogram.  

 

HPLC with split to high-resolution nanofractionation system 

A Gilson 234 autoinjectior module (Villiers Le Bel, France) was used to inject 50 µL of 

sample for LC separation. Standards and mixtures were separated using an XBridge C18 

(4.6×100 mm; 5 m) analytical column from Waters in combination with an XBridge guard 

column packed with the same material. For the separations, gradient elution was used mixing 

two mobile phases, which were delivered by two Shimadzu LC-20AD pumps (’s 

Hertogenbosch, The Netherlands). Mobile phase A consisted of 98% water, 2% ACN and 
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0.1% FA (v/v/v), and mobile phase B was 2% water, 98% ACN and 0.1% FA (v/v/v). For a 

standard mixture consisting of four potent inhibitors the following gradient elution program 

was applied: 0–2 min 0–20% B, 2–4 min 20% B, 4–6 min a linear increase to 45% B, 6–7 min 

isocratic at 45% B, 7–9 min a linear increase to 80% B, 9–11.5 min a linear increase to 90% 

B, 11–12.5 min isocratic at 90% B, in 0.5 min return to starting conditions and 13–18 min 

equilibration at 0% B. Metabolic mixtures of ellipticine were separated with the following 

gradient: 0–2 min 10% B, 2–36.5 min a linear increase to 27% B, 36.5–37 min a steep 

increase to 90% B, 37–42 min isocratic at 90% B, 42–42.5 min return to starting conditions of 

10% B and equilibration until 50 min. The flow rate was kept at 0.6 mL/min throughout each 

analytical run and separation was performed at 37 C using a CTD-30 column oven from 

Shimadzu. The column effluent was split 1:9 with the 10% portion directed to the mass 

spectrometer via a Shimadzu SPD-20A UV detector set at 240 nm. The 90% portion was 

nanofractionated onto black 384-well microtiter plates (Greiner Bio One, Alphen aan den 

Rijn, The Netherlands).  

Nanofractionation system  

A detailed description of the nanofractionation system can be found elsewhere [21, 22]. 

Briefly, the nanofraction collector consisted of a modified 235 Gilson autosampler. To 

efficiently collect droplets onto a high density microtiter well plate, a fused-silica capillary 

extension was connected to the LC outlet PEEK tubing using a standard PEEK connector, 

which was mounted to the robotic arm of the Gilson 235 in order to move the capillary over 

the well plate. The height of the silica capillary tip was fixed at 1–2 mm above the plate using 

an in-house made height adjustor. Capillary tip well-to-well movement was done every 6 s in 

a serpentine fashion. All nanofractionation operations were controlled with in-house 

developed software (Ariadne, VU University, Amsterdam). Following nanofractionation, the 

plates were vacuum centrifuged overnight (O/N) using a RVC 2-33 CD plus maxi 

concentrator (SalmenKipp, Breukelen, The Netherlands), with rotation set at 1500 rpm and 

pressure at 0.10 mbar. The temperature in the rotating chamber was maintained at 30 °C. 

After vacuum evaporation, the dried plates were ready for at-line bioassaying, or they were 

stored at −20 °C until analysis.  

MS  

An Ultima quadrupole time-of-flight (q-ToF) mass spectrometer from Waters (Manchester, 

UK) was used parallel to at-line nanofraction collection. Electrospray ionization (ESI) was 

employed, in positive mode. The capillary voltage was 3 V, source temperature 100 °C, 

desolvation temperature 200 °C, and the nitrogen flow 50 L/hr. Acquired data were analyzed 

with MassLynx v4.0 software from Waters. For final high-resolution MS and MS/MS 
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analysis of the metabolic mixtures, a Maxis HD quadrupole time-of-flight mass spectrometer 

(Bruker Daltonics, Bremen, Germany) was used together with an IonBooster ion source. 

Experimental details on these analyses can be found in the Supplementary Materials. 

At-line CYP1A2 inhibition bioassay 

Freeze-dried plates were screened for the presence of CYP1A2 inhibitors with an at-line 

performed fluorescence-based bioassay. For this, the well-established catalytic reaction 7-

ethoxyresorufin-O-deethylation, known as EROD, was used for bioassay readout. In this 

reaction, in presence of the co-factor NADPH, the substrate 7-ethoxyresorufin is converted 

into the highly fluorescent product resorufin by CYP1A2 [23]. The EROD bioassay was 

optimized for use in combination with nanofractionation (See Supplementary Materials 

“EROD assay optimization” section). The optimized bioassay reagent mixture consisted of 

2.5 mM MgCl2, 0.2 mM NADPH, 1.5 µM 7-ethoxyresorufin and 2 nM CYP1A2 in 0.1 M 

phosphate buffer at pH 7.4. For all bioassay measurements the enzyme and substrate working 

solutions were prepared freshly and separately in two Greiner tubes by diluting them in a 

buffer containing MgCl2 and NADPH. The solutions were kept on ice. The substrate and 

enzyme solutions were gently mixed for approximately 10 s prior to pipetting with a 

Multidrop 384 from Thermo Scientific (Ermelo, The Netherlands) set to dispense 40 µL of 

the bioassay mixture into all 16 rows of a 384-well plate.  

The multilabel well plate reader Victor
3
 (PerkinElmer, Inc, Waltham, MA, USA) with optical 

filters excitation/emission wavelength 530/572 nm, and temperature kept at 37 C, was used 

to measure the fluorescence signal kinetically. Each plate was measured 10 times with time 

intervals of 3.1 min, generating a kinetic curve for each well. The slope of each kinetic curve 

was calculated and used as bioassay response for reconstructing a bioassay chromatogram. In 

these so-called reconstructed bioassay chromatograms the slopes measured for each well were 

plotted against the time of the nanofraction collection of that particular well. From these 

chromatograms the presence of CYP1A2 inhibitors could be identified as negative peaks. 

IC50 measurements for assay validation  

Inhibitory potencies of five known inhibitors of CYP1A2 were determined using the 

nanofractionation system. The resulting values were then compared with those obtained after 

standard (i.e. not post column) plate reader assaying. For the nanofractionation approach, 

different concentrations of the following ligands were used: fluvoxamine (0.16–100 µM), 

αNF (0.032–100 µM), ellipticine (0.002–100 µM), 9-hydroxyellipticine (0.01–100 µM) and 

rutaecarpine (0.032–100 µM). Structures of the inhibitors are depicted in Figure S1. For the 

standard non-chromatographic plate reader assaying, seventeen different concentrations were 
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used, ranging from 0.003–200 µM for all inhibitors tested. A volume of 10 µL of each 

inhibitor solution at four times the final concentration was pipetted into a well and then the 

plate was vacuum centrifuged O/N. The plate was bioassayed the following day. From the 

collected data IC50 curves were constructed for which the response values were normalized 

between 0% and 100%. All IC50 values were determined with PRISM v5 software using the 

equation log(inhibitor).vs normalized response-variable slope. 

In addition, to show that MBI can roughly be distinguished from reversible inhibition, 

reaction curves generated with selected concentrations of inhibitors under study (9-

hydroxyellipticine, rutaecarpine, and furafylline) were compared and evaluated. The two 

known mechanism based inhibitors used were rutaecarpine and furafylline. 

Detection of CYP1A2 inhibitors present in mixtures 

Standard mixture  

Four potent inhibitors of CYP1A2 9-hydroxyellipticine, rutaecarpine, αNF (20 mM stock 

concentration) and ellipticine (40 mM stock concentration) were mixed in 50:50 (v/v) ACN-

water to a final concentration of 1, 0.2, 1 and 4 M for 9-hydroxyellipticine, rutaecarpine, 

αNF and ellipticine, respectively. Of this mixture, 50 µL was analyzed by the at-line 

nanofractionation system with parallel MS detection. For information on the separation 

gradient see the Experimental section. The nanofractions were then vacuum centrifuged and 

subsequently exposed to the CYP1A2 bioassay. 

Phase I and Phase II metabolic incubations of ellipticine  

Phase I metabolites of ellipticine were generated in vitro according to a modified protocol 

detailed in Kool et al. [24]. Briefly, a 50 µL (DEX)-induced rat liver microsomal incubation 

containing 100 µM ellipticine was metabolized at 37 °C for 90 min followed by ice-cold ACN 

protein precipitation and SpeedVac evaporation of the supernatant. 

Phase II metabolites were generated in vitro using an earlier produced Phase I metabolic 

mixture of ellipticine. Briefly, 100 μL of an evaporated Phase I metabolic mixture was 

incubated in a total volume of 80 µL DEX-induced (RLMs) mixed with 50 µg/mL of 

alamethicin in presence of 5 mM UDPGA at 37 °C for 90 min. To stop the reaction, 400 µL 

ice cold ACN was added. The samples were then centrifuged and the supernatant collected 

and transferred to clean glass vials, and next analyzed by LC-MS. Detailed descriptions of the 

Phase I and II metabolic incubations can be found in the Supplementary Materials sections 

“Phase I metabolic incubation” and “Phase II metabolic incubation”. 
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Results and discussion 

This study describes the development and demonstration of an at-line high-resolution 

nanofractionation platform with parallel MS for rapid screening of CYP1A2 inhibitors in 

metabolic mixtures. For this, samples containing potent inhibitors of CYP1A2 present in a 

mixture, and Phase I metabolites of ellipticine, were separated with HPLC followed by 

nanofractionation on 384-well microtiter plates with parallel MS detection. Nanofractions 

were collected with a frequency of 6 s per well, as shown optimal by Mladic et al. [14] for 

achieving good metabolite detectability, while collecting a sufficient number of data points to 

construct bioactivity chromatograms. 

Bioassay validation for application to nanofractionation analytics 

IC50 determination  

Assay optimization is described in the Supplementary Materials, Results section. Optimal 

assay conditions found are described in the Experimental section. Assay validation was 

accomplished by comparing IC50 values obtained for five CYP1A2 inhibitors 1) after 

nanofractionation and 2) from pipetting the compounds manually onto a well plate. In both 

cases, solvent was evaporated using a vacuum centrifuge for well plates. The results obtained 

after bioassaying the plates were compared to results reported in literature. The five CYP1A2 

inhibitors chosen for validation of the nanofractionation platform were fluvoxamine, which is 

a selective serotonin reuptake inhibitor, the flavonoid alpha-naphtoflavone (αNF), and the 

three alkaloids ellipticine, 9-hydroxyellipticine and rutaecarpine. From the bioassay 

measurements, bioassay chromatograms were generated. An example of stacked bioassay 

chromatograms obtained for rutaecarpine, ellipticine and 9-hydroxyellipticine measurements 

at different concentrations injected are shown in Figures 2A, 2B, and 2C, respectively. 

Reconstructed bioassay chromatograms of αNF and fluvoxamine can be found in 

Supplementary Materials Figure S2A and S2B, respectively. In the bioassay chromatograms, 

inhibition of CYP1A2 is detected as a negative peak.  
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Figure 2. A: Reconstructed bioassay chromatograms showing inhibition of CYP1A2 by rutaecarpine at different 

concentrations injected: (I) 100 μM, (II) 20 μM, (III) 4 μM, (IV) 0.8 μM, (V) 0.16 μM, (VI) 0.032 μM. (VII) 

Extracted ion chromatogram of rutaecarpine (100 µM). B: Reconstructed bioassay chromatograms showing 

inhibition of CYP1A2 by ellipticine at different concentrations injected: (I) 100 μM, (II) 20 μM, (III) 4 μM, (IV) 

1 μM, (V) 0.2 μM, (VI) 0.04 μM, (VII) 0.008, (VIII) 0.002. (IX) Extracted ion chromatogram of ellipticine (0.2 

µM). C: Reconstructed bioassay chromatograms showing inhibition of CYP1A2 by 9-hydroxyellipticine at 

different concentrations injected: (I) 100 μM, (II) 20 μM, (III) 4 μM, (IV) 1 μM, (V) 0.2 μM, (VI) 0.05 μM, (VII) 

0.01 μM. (VIII) Extracted ion chromatogram of 9-hydroxyellipticine (4 µM). All measurements were performed 

in duplicate. Fractions of 6 s were collected.  

 

To transform this data in IC50 values, the following aspects have to be taken into account: 

chromatographic dilution, spreading of an eluting compound over several wells, dilution after 

injection in the chromatographic system, and the volume in which the dried eluates are 

reconstituted. These combined are referred to as the dilution factor. To calculate IC50s of 

nanofractionated compounds the mean of the reconstructed bioassay chromatogram baseline 

and the height of the minimum of the negative peak were subtracted and next plotted against 

the inhibitor concentration injected. Injections were done in serial dilution fashion and 

concentrations injected were plotted using a logarithmic scale (x-axis) vs. negative peak 

height of the peak minimum (y-axis). From these data, IC50 curves were plotted and IC50s 

were calculated, after taking the dilution factor into account. As the peak minimum is used as 
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readout, only the concentration of inhibitor present in the well (or a few adjacent wells) which 

represent this peak minimum is taken into account. The concentration in this well compared 

to the injected concentration represents the dilution factor. The dilution factor can be 

determined by injecting a known concentration of a fluorescent compound in the 

nanofractionation system and measuring the highest concentration of this compound found 

back in the nanofractionated plate after adding the same volume and buffer composition to the 

plate as for the bioassay. Dividing the fluorescence signal measured (on the plate) of a well 

containing the fluorescent compound at the injected concentration by the highest fluorescent 

signal measured from the nanofractionated compound on the plate will give the dilution 

factor. The dilution factor was found to be 2.4 (data not shown). Possible discrepancies in the 

IC50 values between the nanofractionated and manually pipetted compounds, which are still 

present after correction with the dilution factor are for a part associated with the different 

physicochemical properties (i.e. polarities) between the compound used to calculate the 

dilution factor, which was fluorescein, and the inhibitors under study. Chromatographic 

separation of fluorescein resulted in a narrower peak than the inhibitors thus the fractions 

were collected over less wells in a well plate lowering the value of the dilution factor. For the 

relatively non-polar inhibitors, more chromatographic and post-chromatographic peak 

broadening occurs resulting in predictable shifts in their IC50s measured. These shifts when 

calculating IC50s of the different CYP1A2 inhibitors must be taken into account.  

IC50 values of the manually pipetted compounds were found consistent with those found in 

literature, with exception of the non-polar compounds 9-hydroxyellipticine and αNF. The 

IC50 values found in our study were about 6 and 7 times higher than those reported in 

literature, for 9-hydroxyellipticine and αNF, respectively (Table 1). This discrepancy could be 

caused by partial loss of analytes due to their rather low solubility in the bioassay reaction 

mix and/or non-specific binding to plastic or glass during the process of sample preparation 

and analysis.  
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Table 1. Comparison of IC50 values of potent CYP1A2 inhibitors after nanofractionation and after manual 

pipetting. IC50 values of the nanofractionated compounds were corrected with the dilution factor.  

Inhibitor  IC50 after 

nanofractionation (µM) 

IC50 after manual 

pipetting (µM) 

IC50 found in 

literature (µM)  

References  

Ellipticine 0.05 0.029 0.015–0.11  [18, 25] 

9-OH 

Ellipticine 

0.2 0.18 0.015–0.030 [18] 

α-NF 0.12 0.18 0.006–0.026 [18, 26, 27] 

Fluvoxamine 3.6 1.5 0.035–2.07  [18, 28, 29] 

Rutaecarpine 0.14 0.16 0.022–0.51 [30, 31] 

 

In the case of MBI the fluorescent product formation is observed to decrease in time 

indicating inactivation of the CYP1A2 enzyme, as is roughly shown for the MBI compounds 

rutaecarpine and furafylline (Figure S3C and S3D). Since only a subtle difference could be 

observed from the data obtained for rutaecarpine and furafylline, a much clearer difference 

between MBI and reversible inhibition would be obtained with additional pre-incubation of 

the enzyme and the compounds. However, this would decrease the throughput of the method. 

Hence, this pre-incubation step was not included in the current method, but evidently can be 

implemented if needed. The fluorescent product formation in time for the different inhibitors 

tested did however give preliminary indications on the possibility to identify MBI, which 

should then be investigated further with methodologies appropriate for the type of inhibition, 

and/or by repeating the current method with pre-incubation steps included. 

Detection of CYP1A2 inhibitors in mixtures 

Results of a typical analysis of a mixture of CYP1A2 inhibitors (αNF, ellipticine, 9-

hydroxyellipticine and rutaecarpine) performed with the nanofractionation system, are 

presented in Figure 3 in which the bioactivity chromatogram (measured in duplicate) was 

correlated to the parallel obtained MS chromatogram. The retention time and peak shape of 

the eluting compounds was consistent. The chromatographic resolution was well maintained 

during nanofractionation and bioassaying, as demonstrated by the good and reproducible 

correlation between the bioassay chromatogram and MS chromatogram. The four inhibitors 

were clearly detected, showing that the methodology presented is capable of detecting 

inhibitors of CYP1A2 present in mixtures.  
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Figure 3. Detection of potent inhibitors of CYP1A2 present in a mixture: I, 9-hydroxyellipticine (1 μM); II, 

ellipticine (0.2 μM); III, rutaecarpine (1 μM) and IV alpha-naphthoflavone (4 μM). A: Reconstructed bioassay 

chromatogram of the mixture showing inhibition of CYP1A2, which is correlated to extracted ion 

chromatograms (B) of [M+H]
+
 ions of the inhibitors. Fractions of 6 s were collected. 

Phase I metabolic mixtures 

As circulating metabolites of lead compounds can also contribute to the inhibition of 

metabolizing enzymes, it is pivotal to test potential inhibitory properties of all metabolites for 

relevant CYPs during drug discovery. For demonstration purposes, the nanofractionation 

methodology was next used to analyze Phase I metabolic mixtures of the test compound 

ellipticine. A typical bioassay chromatogram and parallel acquired MS chromatogram are 

depicted in Figure 4. In this example, an optimized gradient was used to achieve a good 

separation of the metabolites, resulting in a chromatographic run of 50 min. However, to 

maintain the initial high-throughput screening aspect of the method for profiling unknown 

metabolic mixtures, a fast generic gradient is used for the first rapid screening assessment. 

Only after the first screening round and evaluation of the bioactivity chromatograms, 

chromatographic gradients for selected metabolic mixtures are adjusted to achieve a better 
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chromatographic resolution and/or separation. Since 6 s nanofractions were collected to 

maintain chromatographic resolution, the nanofractionation started 10 min after injection in 

order to fit the total fractions on one 384-well plate. With a separate analysis it was checked 

that the eluate of the first 10 min of the chromatogram did not show any inhibitory activity 

(data not shown). In principle, if bioactive compounds have to be collected over more than 40 

min, a second 384-well plate can be used. Thus, analyzing complex mixtures for which long 

chromatographic gradients are required, is possible.  

Six negative peaks were observed in the bioactivity chromatogram of the Phase 1 metabolic 

mixture of ellipticine: at 18.9, 19.6, 22.7, 31.4, 39.8, 41.5 min (Figure 4A). Correlation of the 

bioactivity data with MS chromatograms revealed that, apart from peaks at 31.4 and 39.8 min, 

the mono-oxidized metabolites of ellipticine were responsible for the bioactivity. In the total-

ion chromatogram (TIC) obtained from parallel MS detection, the major peak was observed at 

19–21 min and could be assigned to the parent compound ellipticine (m/z 247 = [M+H]
+
). The 

large width of the corresponding peak in the bioactivity chromatogram was caused by the 

high injected concentration of ellipticine; 100 µM was used for the metabolic incubation. 

Intense peaks in bioactivity chromatograms may appear broadened due to the intrinsic non-

linear (sigmoidal) concentration-response relation [14, 32]. The XIC of m/z 263.1, which 

represents a mass of mono-oxidized ellipticine metabolites, showed ten peaks, but due to a 

low intensity observed in the mass spectra of some of them (<500 counts), i.e. peaks with 

retention time (RT): 27.4, 31.4, 38.8, 42.9, 46.64 min, they were not considered to be relevant 

oxidation products. It should be mentioned that the lower signal intensities could be the result 

of the ionization conditions that were tuned for the parent compound, in this case ellipticine, 

and not for the metabolites. If the bioassay chromatogram shows a clear negative peak at the 

elution time of peaks with low signal intensity in MS, additional MS analyses with altered 

ionization conditions can be performed. Five chromatographic peaks (M1–M5, Figure 4B), 

which showed a good correlation with the bioactive peaks in the bioassay chromatogram, 

were further investigated. According to Stiborová et al. [2], the oxidized products of 

ellipticine most probably include mono-hydroxylated metabolites at positions 7, 9, 12 and 14, 

and an N-oxidated ellipticine metabolite. Of these, the M1 eluting at 18.9 min was 

unambiguisly identified as 9-hydroxyellipticine with the use of a synthetic standard of 9-

hydroxyellipiticine. This metabolite was observed to be one of the major oxidation products 

of ellipticine, which earlier in this study was already shown to be a potent inhibitor of 

CYP1A2. Other major metabolties were shown to be M2 (RT: 19.6 min) and M3 (RT: 22.7 

min). 
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Figure 4. Detection of CYP1A2 inhibitors present in a Phase I metabolic mixture of ellipticine. A: 

Reconstructed bioassay chromatogram of the mixture collected with 6 s fractions. Six negative peaks were 

observed which all had a good correlation with a peak of a metabolite observed in the extracted ion 

chromatograms (XICs) of the LC-MS data; B: I, total ion chromatogram (TIC); II, XIC at m/z 245.1 loss of 

water from the oxidized ellipticine; III, XIC at m/z 247.1- ellipticine [M+H]
+
; IV, XIC at m/z 261.1, which is a 

possible degradation product of ellipticine; V, XIC at m/z 263.1- [M+H]
+
 of the oxidized ellipticine. Five 

oxidized metabolites of ellipticine were identified and are depicted as M1–M5. Only M1 and M2 showed clear 

inhibition of CYP1A2. 

 

The MS+ spectrum of M2 (all MS spectra are provided in Figure S4) showed a strong peak 

with m/z 263.1 and in M3 a substantial loss of water from the oxidized ellipticine was 

observed (m/z 245.1). Water loss (Δ m/z 18) is a known non-specific neutral loss, and its 

presence can be used to distinguish aliphatic from aromatic hydroxylation [33]. According to 

Stiborová et al. [34] non-aromatic hydroxylation in ellipticine is possible on two positions, i.e. 

C12 and C13, which indicates that M3 could be either the 12- or 13-hydroxyellipticine. Less 

evident are the M4 (RT: 39.8 min) and M5 (RT: 41.5 min) metabolites. In M4, the ion with 

m/z 263.1 shows a relatively high intensity (1012 counts), however in M5 the intensity 

measured of the m/z 263.1 ion was two times lower. Considering the late elution of M5 



IDENTIFICATION OF CYP1A2 INHIBITORS IN METABOLIC MIXTURES 59 

 

comparing to the parent compound ellipticine, it is possible that M5 metabolite is an N-oxide, 

as those metabolites often have a similar or longer retention times than their parent compoud 

[35]. However, in our study based on this assumption, the elution order would be not in 

agreement with data reported by Stiborová et al. [34], where the N-oxide generated in human, 

rat and rabbit liver microsomes eluted later than other metabolites, but still before the parent 

compound. This discrepancy, however, could be the result of different chromatographic 

conditions used in this study (including the mobile phase composition) as compared to those 

used by Stiborová et al. [34] who used methanol/heptane sulphonic acid/acetic acid for 

isocratic elution. In contrast to other oxidized metabolites observed, M5 shows the formation 

of a dimer (m/z 525.3), which according to the study of Ibrahim et al. [36] could also be an 

indication of an N-oxide. In their study, while analyzing N-oxide derivatives in ESI+, they 

observed protonated and sodiated species to form dimers. The dimer formation was observed 

only in analyses with ESI+, and not with atmospheric pressure chemical ionization (APCI). 

Lack of dimers after APCI could be explained by the harsher ionization conditions than those 

in ESI. ESI is known to promote formation of adduct ions, including dimers [37]. In addition 

to the oxidized products, the metabolic mixture of ellipticine contained ions with m/z 245.11 

[(M+H)-H2O]
+
, which most probably resulted from the loss of a water molecule in the 

hydroxylated ellipticine due to in-source fragmentation, and peaks at m/z 261.14, which is a 

loss of two hydrogens that could be an oxidized product of a degraded ellipticine. Despite of a 

good peak correlation of the metabolites of ellipticine with the bioassay chromatogram trace, 

the inhibitory activity toward CYP1A2 for some metabolites, i.e. M3 and M5, could not be 

confirmed due to the co-elution of another peak observed with an m/z 245 for M3 and for M5 

two peaks with m/z 245.1 and m/z 247.1.  

For accurate peak shape and retention time correlation of the bioactivity peaks with MS peak, 

only single MS detection was performed. In the next part, identities of generated metabolites 

of ellipticine were fully or partly elucidated using high-resolution MS/MS.  

Metabolite identification with high-resolution and accuracy MS using MS/MS 

fragmentation 

The metabolic profile of ellipticine resulting from analysis by UHPLC hyphenated to HR-

QTOF MS is shown in the Supplementary Materials Figure S5. In the MS/MS spectrum of the 

ion m/z 263.118 from M1 (9-hydroxyellipticine) (Figure S6 (M1)), a substantial loss of the 

methyl radical (m/z 248.095, Δ +0.3 mDa), the loss of formaldehyde (m/z 233.107, Δ +0.1 

mDa), and a secondary fragmentation from the peak of m/z 233.107 was observed, which 

resulted in the loss of a methyl radical (m/z 218.084, Δ +0.1 mDa). Negligible loss of a 

hydroxyl radical and water were observed, which further confirms aromatic hydroxylation 

resulting in 9-hydroxyellipticine. The fragmentation spectrum of M2 (m/z 263.118), depicted 
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in Figure S6 (M2), shows a substantial loss of either water (Δ m/z 18) and a hydroxyl radical 

(Δ m/z 17), which is represented by ions with m/z 245.107 (Δ +0.1 mDa) (~21% relative 

intensity (RI)) and m/z 246.115 (Δ 0.0 mDa) (~37% RI), respectively. The RI is based on the 

highest peak present in the MS/MS spectrum, in this case the peak with m/z 263.118. A 

fragment with m/z 248.094 (Δ −0.2 mDa) indicates loss of a methyl radical. The high water 

loss, as mentioned earlier may indicate that the hydroxylation in this metabolite (M2) most 

probably is not on an aromatic ring [33]. This suggests that M2 could be either a 12- or 13-

hydroxyellipticine, as those are the only positions in ellipticine for aliphatic hydroxylation to 

take place. The fragment with m/z 218.084 (Δ +0.1 mDa), based on accurate mass, could 

result from the loss of a methyl radical and of a formaldehyde [(M+H)−H2C=O]
+
. The 

MS/MS spectrum of M3 (m/z 263.118) (Figure S6 M3) shows a considerable loss of a methyl 

radical with a relative intensity (RI) of ~33%, and a small peak of less than ~1% RI indicative 

of a water loss [(M+H)−H2O]
+
, which suggests an aromatic hydroxylation. The ion with m/z 

230.083 represents a loss of both water and a methyl radical. The fragment ion with m/z 

233.106 is consistent with a loss of formaldehyde. M4 shows also a substantial loss of water 

with a RI of ~100%, and a loss of a methyl radical (m/z 230.083, Δ −0.6 mDa). The loss of 

water in M4 again suggests that the hydroxylation in this metabolite is not present on the 

aromatic ring [38]. In the M5 metabolite a characteristic dimer formation with m/z 525.228, 

which could indicate an N-oxide was observed (Figure S6 M5). The formation of dimers in 

the case of N-oxides is in line with the previous observation made by Ibrahim et al. [36] and 

increases the probability that M5 indeed is an ellipticine N-oxide. Suggested structures of the 

fragments of M1, M2 and M3, which are based on the accurate mass measurements, are 

presented in Figure S7.  

Phase II metabolic mixture of Phase I metabolic mixture of ellipticine 

Lastly, Phase II metabolites of ellipticine were generated with the use of Phase II 

glucuronidation enzymes present in RLMs using the co-factor UDPGA for conjugation. 

Based on previous reports the metabolic pathway of ellipticine includes sulphate and 

glucuronide Phase II conjugation [39, 40]. For production of Phase II metabolic mixtures, 

Phase I metabolic mixtures of ellipticine were used. In the Phase II metabolic mixtures four 

metabolites with m/z 439.14 were identified (RT: 4.7, 5.9, 6.5 and 7.9 min), indicating 

glucuronidation of the hydroxylated ellipticine metabolites (Figure 5). Due to the low 

intensity in the MS of the metabolites observed, MS/MS experiments were not performed. 

One of the metabolites (RT: 6.5 min) was identified to be the glucuronide of 9-

hydroxyellipticine with the use of a Phase II metabolic transformation of the 9-

hydroxyellipticine standard. 
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Figure 5. Analysis of ellipticine glucuronides obtained after in vitro metabolic incubation of Phase I metabolites of 

ellipticine. Four glucuronidated hydroxyellipticines, which are depicted as G1–G4, were detected. In the figure, S indicates 

the glucuronidated 9-hydroxyellipticine, which was confirmed in a separate experiment by in vitro glucuronidating 9-

hydroxyellipticine.  
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Experimental  

UHPLC–MS metabolic profiling: Phase I and Phase II metabolites of ellipticine 

A sample containing Phase I metabolic mixture of ellipticine and another sample containing 

Phase II metabolites of hydroxyellipticine (injection volumes 2 and 5 µL, respectively) were 

chromatographically separated using Dionex UltiMate® 3000 (Thermo Scientific, Ermelo, 

The Netherlands) with ultra high performance liquid chromatography (UHPLC) system prior 

to MS analysis. The column used for separation of both mixtures was Acquity BEH C18 

(2.1×150 mm; 1.7 µm), and the separation was performed at 37 °C. Gradient elution using 

mobile phase A (100% water + 0.1% FA (v/v)) and mobile phase B (100% acetonitrile + 

0.1% FA (v/v)) was used: 0–1.3 min 10% B, 1.3–18.9 min 27% B, 18.9–19.2 min an increase 

to 90% B, 19.2–21.7 min isocratic at 90% B. In 0.3 min, a linear decrease of the percentage of 

eluent B to starting conditions was applied followed by 4.1 min equilibration. The total run 

time was 25.8 min. The flow rate was kept at 0.37 mL/min. Samples were ionized with ESI+ 

and measured with a Maxis HD high-resolution quadrupole time of flight (Bruker Daltonics, 

Bremen, Germany). An ion source IonBooster was used. The Phase I metabolic mixtures were 

analyzed in auto MS/MS mode, allowing MS and MS/MS data to be acquired in a single 

analysis. These measurements were performed at m/z range of 50–1600, and the source 

parameters were as follows: 1 kV capillary voltage, 4.0 bar nebulizer gas, dry gas flow was 

2.5 L/min at 225 °C. Fragments were generated with a collision energy of 40 eV. Phase II 

metabolites were measured in MS mode only. The source parameters where the same as used 

for the measurements of the Phase I metabolites, apart from the temperature of the dry gas 

which was 275 °C. High accuracy MS analysis was possible with a post-run internal 

calibration, for which a calibrant consisting of formate clusters was infused at the beginning 

of each run. The data were acquired with OTOF Control 4.0 software and processed with 

Compass DataAnalysis 4.3, both from Bruker. 

EROD Assay optimization 

To select the optimal concentration of CYP1A2 enzyme and 7-ethoxyresorufin fluorescence 

substrate for the bioassay used in the current study, 6.25 µL of solutions containing different 

concentrations of enzyme (1.25–10 nM) and substrate (0.075–10 µM) were pipetted in a 

matrix fashion into a 384-well plate prior to kinetic plate reader measurement (using a 

Victor
3
, PerkinElmer, Inc, Waltham, MA, USA). The enzyme solutions were always added 

after the substrate solutions. The NADPH co-factor was used at an end concentration of 1 mM 

at 25% of the total reaction volume (25 µL), and was added after the substrate and the enzyme 

solutions. 25% of the reaction mix included a solution containing only the reaction buffer, 
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which would be the volume of the sample or inhibitor under investigation. The enzymatic 

formation of fluorescent product was measured for 30 min for every well and from the linear 

part (which was from 3 to max 18 min) of the resulting curves, the slopes were calculated. 

These slopes were the parameters used to depict the enzymatic activity of CYP1A2 in each 

well. Using the data measured, the KM value was calculated with PRISM v5 software with the 

Michaelis-Menten equation. Evaluation of the NADPH co-factor concentration was 

performed by measuring it at four different concentrations, i.e. 0.2, 0.5, 0.75 and 1 mM. 

Lastly, the total well volume of the bioassay mixture was evaluated using four different final 

volumes: 20, 30, 40 and 50 µL using 2 nM of the enzyme, 1.5 µM of the substrate and 0.2 

mM of NADPH. The final optimized bioassay mixture consisted of 2.5 mM MgCl2, 0.2 mM 

NADPH, 1.5 µM substrate 7-ethoxyresorufin and 2 nM of CYP1A2 enzyme in 0.1 M 

phosphate buffer at pH 7.4, and the optimal well volume was 40 µL. For all measurements the 

enzyme and substrate working solutions were prepared separately in two Greiner tubes by 

diluting them in a buffer containing MgCl2 and NADPH, shortly before measurement of each 

nanofractionated plate. The solutions were kept on ice. The substrate and enzyme solutions 

were gently mixed for approximately 10 s prior to pipetting with a Multidrop 384 from 

Thermo Scientific (Ermelo, The Netherlands) set to dispense 40 µL of the bioassay mixture 

into all 16 rows of a 384-well plate. 

Phase 1 metabolic incubation  

The incubation mixture consisted of 50 μL of dexamethasone (DEX)-induced rat liver 

microsomes (RLM; 12.9 mg/mL), which were diluted 10-fold in 50 mM phosphate buffer at 

pH 7.4 containing 5 mM MgCl2, 5 mM glucose-6-phosphate and 5 activity units of glucose-6-

phospate dehydrogenase. Ellipticine (40 mM stock in DMSO) was added to the reaction 

mixture at a volume required to obtain a final concentration of 100 µM. The metabolic 

reaction was initiated by adding 30 mM of NADPH at a volume representing 10% of the 

reaction mixture volume. Ellipticine was incubated at 37 °C for 90 minutes, and during that 

time, 10 mM NADPH solution, in the same volume as previously, was added at 30 minutes 

intervals. The incubation was terminated with the addition of ice-cold acetonitrile 2 times the 

volume of the final incubation mixture. Incubations without NADPH and ellipticine were 

performed in parallel as controls. The mixtures were then centrifuged for 5 min at 10,000 rpm 

and the supernatant transferred to clean Eppendorf tubes, followed by evaporation in a Savant 

SpeedVac Plus SC110A (Holbrook, NY, USA). The samples were reconstituted in 500 μL of 

98% water, 2% ACN and 0.1% FA and injected into the at-line nanofractionation platform 

with parallel MS detection. The mixtures were separated with HPLC using the gradient and 

MS parameters provided in the experimental section of the main manuscript. 
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Phase II metabolic incubation 

The Phase I metabolic mixture was aliquoted in volumes of 100 µL in Eppendorf tubes, and 

the aliquots were dried in a SpeedVac Eppendorf Centrifuge 5418. The metabolic reaction 

was performed with the dried samples following a modified protocol of Welsch et al. [1] 

Briefly, 80 µL solution containing 0.5 mg/mL of DEX-induced RLMs mixed with 50 µg/mL 

of alamethicin and 0.1 M Tris-HCl buffer (pH 7.4) were prepared and kept on ice for 15 min. 

Pre-incubation of microsomes with alamethicin is recommended to disrupt the membrane of 

the endoplasmic reticulum (ER) inside which the active sites of UGTs are located. This 

procedure increases the rate of the glucuronidation reaction by facilitating the diffusion of 

substrates and co-factors into the ER [2]. In parallel, the dried Phase I metabolic mixture of 

ellipticine was reconstituted in 80 µL incubation mixture containing 5 mM MgCl2 and 0.5 

mM D-saccharic acid 1.4-lactone monohydrate. Next, both solutions were mixed and pre-

incubated at 37 °C for 3 min. When ready, the metabolic reaction was started with the 

addition of 40 µL of 5 mM UDPGA, and incubated at 37 °C for 90 min. The final incubation 

mixture volume was 200 µL. A reaction without addition of UDPGA was used as a negative 

control. To stop the reaction, ice cold acetonitrile was added at a volume of two times the 

incubation mixture volume. The samples were then centrifuged and the supernatant collected 

and transferred to clean glass vials, and next injected into LC-MS for analysis.   
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Results and discussion  

Bioassay optimization 

The concentration of all bioassay components used in the bioassay, i.e. the enzyme CYP1A2, 

the substrate 7-ethoxyresorufin, co-factor NADPH, and the well volume of the bioassay were 

optimized (data not shown). For this, first the KM value of the biochemical EROD reaction 

was determined and was found to be 3.4 µM ± 0.3 µM using the bioassay without the vacuum 

evaporation step of the 384-well plates. This result was consistent with literature data reported 

in the works of Shimada et al. [3] and Johansson et al. [4], who found values of 3.0 µM and 

2.4 µM, respectively. Lower KM values for the EROD reaction however have also been 

reported, and they are in the range of 0.01–0.99 µM [5, 6]. Comparison of KM values between 

different studies can be difficult and they do not always show consistency, especially when 

different enzymatic systems are compared such as liver microsomes, bacterial expression 

systems and, as used in this study, CYP1A2 fused with NADPH reductase. This conclusion 

was also made by Iwata et al. [6], who used a recombinant human CYP1A2 system co-

expressed with human NADPH-P450 reductase, and obtained a KM value for the EROD 

reaction of 0.99 µM. According to Iwata et al. [6] there are three potential reasons for the 

variation in the kinetic activities between microsomal systems and P450 expressed in E. coli: 

first, additional metabolism can be caused by other CYPs present in liver microsomes, 

second, there is a difference in the lipid constituents present in both systems, and last, the 

modifications in the recombinant enzyme’s amino acid sequence can lead to enzyme kinetic 

alterations. Additionally, in the case of our model, the fusion of a modified CYP1A2 enzyme 

to rat cytochrome P450 NADPH-reductase could also have an impact on the enzyme activity 

and KM for the biochemical EROD reaction. The KM value of CYP1A2 for EROD found in 

our study was ~3 times higher than the one in the study of Iwata et al. [6]. The discrepancy 

could be due to differences in our system, which included the use of a rat CYP450 NADPH- 

reductase, and not human which was used by Iwata’s et al. [6]. Additionally, the use of 

solubilized membranes of E. coli in our study and not the whole cells of E. coli as used by 

Iwata et al. could also have an impact on the catalytic reaction.  

The concentration of CYP1A2 enzyme chosen for the optimized bioassay was 2 nM, and the 

substrate concentration, which was considered optimal, was 1.5 µM. Factors which were 

considered in choosing the enzyme concentration included stability of the enzyme, rate of the 

enzymatic reaction and the total cost of the bioassay. Results from the optimization of the 

NADPH concentration did not show substantial differences at any of the NADPH 

concentrations tested and therefore the lowest concentration tested, which was 0.2 mM, was 

chosen. This concentration still maintained saturating conditions that are required to ensure 
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that NADPH will not be a limiting factor in the reaction [7]. Among the tested end volumes 

(20–50 µL), 40 µL was observed to give the lowest variation in the baseline (SD±9%).  

Metabolite identification with high-resolution and accurate MS using MS/MS fragmentation 

The metabolic profile of ellipticine resulting from analysis by UHPLC hyphenated to HR-

QTOF MS is shown in the Supplementary Materials Figure S5. The depicted LC-MS traces 

are of the base peak chromatogram (BPC), the XIC of the mono-oxidized ellipticine 

metabolites (m/z 263.118, Δ +0.3 mDa ), and the XIC of water loss of the hydroxylated 

metabolite [(M+H)−H2O]
+
 m/z 245.107 (Δ +0.1 mDa). The chromatographic profile of the 

mixture analyzed is similar to the one analyzed with the setup in which the nanofractionation 

system was included. In the MS/MS spectrum of the parent compound ellipticine (m/z 

247.1234) (Figure S6 ELL), the main fragment observed was m/z 232.0995 (~50% relative 

intensity (RI)), which based on the accurate mass and nitrogen rule indicates the loss of a 

methyl radical [(M+H)-15]
+●

 from the aromatic ring. Generation of odd-electron (OE) ion 

fragments in ESI-MS/MS is not commonly observed due to the even-electron (EE) rule, 

which applies to soft type of ionization such ESI and APCI. However, it does occur and is 

dependent on the molecular structure. The even-electron rule was investigated in a study by 

Thurman et al. [8] who looked at fragmentation of pesticides in ESI-MS/MS. They reported 

that the main fragments were indeed EE ions, however, they also observed formation of OE 

ions. The characteristic feature of the structures of compounds, in which the OE fragment was 

observed, was the presence of an aromatic ring. They suggested that an aromatic ring provides 

stabilization for the OE ions, which can explain the loss of the methyl radical from the 

aromatic ring in the case of ellipticine in our study. Based on the number of mono-oxidized 

ellipticine metabolite peaks in the XIC trace of m/z 263.118, the metabolic mixture of 

ellipticine contained at least five mono-oxygenated metabolites including M1-M5, the same 

metabolites as observed in the previous analysis done with the parallel nanofractionation and 

those reported by Stiborova et al. [9]. Stiborova et al. found five main metabolites of 

ellipticine in metabolic mixtures after incubation with rat (induced with β-naphthoflavone (β-

NF) or pregnenolone-16alpha-carbonitrile (PCN)), rabbit (induced with (β-NF) and rifampicin 

(RIF)), and human liver microsomes.  

In addition to the mono-oxygenated ellipticine metabolites, the data showed six peaks in the 

XICs at m/z 279.112, which indicate double oxygenation of ellipticine. These secondary 

metabolites were not investigated further in this study.  
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Phase II metabolic mixture of Phase I metabolic mixture of ellipticine 

Phase II metabolic conjugation reactions are important detoxication pathways through which 

drugs and other xenobiotics become often very hydrophilic and thereby can readily be 

excreted from the body. These metabolic conversions involve conjugation of endogenous 

molecules, for example glucuronic acid, sulphate or glutathione, to functional groups that are 

present in a drug, or that were introduced to it via Phase I metabolism. In contrast to Phase I 

metabolites, it is less common for Phase II biotransformation products to cause drug-drug 

interactions and toxicity, however there is much less attention being paid to those metabolites 

and their involvement in DDI can be underestimated [10]. Examples of Phase II metabolites, 

which were shown to exhibit inhibitory potency toward metabolizing enzymes include 

gemfibrozil 1-O--glucuronide, which inhibits CYP2C8 and the human organic anion 

transporting polypeptide (OATP2) [11]. The enzymes that are responsible for Phase II 

metabolism are transferases and those include the UDP-glucuronosyltransferase (UGTs), 

sulfotransferases (SULTs), N-acetyltransferases (NATs) and glutathione-S-transferases 

(GSTs). Enzymatic Phase II glucuronidation reaction by UGTs is known to be the major 

Phase II metabolic pathway [12]. 

Based on previous reports the metabolic pathway of ellipticine includes sulphate and 

glucuronide Phase II conjugation [13, 14]. For production of Phase II metabolic mixtures, 

Phase I metabolic mixtures of ellipticine were used. In the Phase II metabolic mixtures four 

metabolites with m/z 439.14 were identified (RT: 4.7, 5.9, 6.5 and 7.9 min), indicating 

glucuronidation of the hydroxylated ellipticine metabolites (Figure 5). Due to the low 

intensity in the MS of the metabolites observed, MS/MS experiments were not performed. 

One of the metabolites (RT: 6.5 min) was identified to be the glucuronide of 9-

hydroxyellipticine with the use of a Phase II metabolic transformation of the 9-

hydroxyellipticine standard. 
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Supporting figures 

 

 

Figure S1. Known inhibitors of CYP1A2 used in this research: (A) ellipticine, (B) 9-hydroxyellipticine, (C) 

fluvoxamine, (D) rutaecarpine, (E) alpha-naphthoflavone, (F) furafylline. 
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Figure S2. A: Bioassay chromatograms showing inhibition of CYP1A2 by alpha-naphthoflavone at different 

concentrations injected: I, 100 μM; II, 20 μM; III, 4 μM; IV, 0.8 μM; V, 0.16 μM; VI, 0.032 μM. VII, Extracted 

ion chromatogram of alpha-naphthoflavone (4 µM); B: Bioassay chromatograms showing inhibition of CYP1A2 

by fluvoxamine at different concentrations injected: I, 100 μM; II, 20 μM; III, 4 μM; IV, 0.8 μM; V, 0.16 μM. VI, 

Extracted ion chromatogram of rutaecarpine (0.8 µM). The measurements were performed in duplicate or in 

triplicate. Fractions of 6 s were collected.   

 

 

 

 



78 CHAPTER 2  

 

 

Figure S3.  Comparison of reaction curves of two reversible CYP1A2 inhibitors A: 9-hydroxyellipticine at 

concentrations 200 µM (1), 0.19 µM (2), 0.006 µM (3) and 0.003 µM (4) and B: Fluvoxamine at concentrations 

25 µM (1), 1.5 µM (2), 0.006 nM (3) and two irreversible inhibitors: C: Rutaecarpine at concentrations 6.25 µM 

(1), 0.78 µM (2) and 0.012 µM (3); D: Furafylline at concentrations 200 µM (1), 25 µM (2), 0.006 µM (3).   
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Figure S4. MS spectra of mono-oxidized ellipticine measured with LC-MS. The corresponding chromatogram is 

depicted in Figure 4 as the XIC of the mono oxidized ellipticine metabolites (m/z of 263.1) showing M1–M5 as 

clear peaks. MS spectrum of M1 and of the parent compound ellipticine is not shown.  
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Figure S5. Analysis of a Phase I metabolic mixture of ellipticine using high-resolution and accuracy mass 

spectrometry. (I) Base peak chromatogram (BPC), (II) extracted ion chromatogram of the ellipticine [M+H]
+
 ion 

(m/z 245.10), (III) extracted ion chromatogram of the mono-oxidized ellipticine ions (m/z 263.11). In this 

analysis five oxidized metabolites of ellipticine were observed, which is in accordance with the data obtained 

from the previous analysis (see Figure 4). The MS/MS data of the mono-oxidized ellipticine metabolites are 

depicted in Figure S6. 
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Figure S6. MS/MS data obtained from oxidized ellipticine metabolites (m/z 263.11) measured with UHPLC 

hyphenated to HR-QTOF MS (for the corresponding extracted ion chromatogram (XIC) chromatogram see 

Figure S5). Ellipticine (ELL): MS/MS data of m/z 247.12, in which the loss of a methyl radical is shown (m/z 

323.09); (M1): MS/MS data of m/z 263.11 with a zoomed view on the mass range 200–270 Da. M1 which was 

identified as 9-hydroxyellipticine with a chemical standard; (M2): MS/MS data of m/z 263.11 with a zoomed 

view on the mass range 200–300 Da, in which ions with the loss of water (m/z 245.10) and hydroxyl radical ions 

(m/z 246.11) were substantially observed; (M3) MS/MS data of m/z 263.11 with a zoomed view on the mass 

range 200–270 Da; (M4): MS/MS data of m/z 263.11 (M5): MS spectrum of M5, in which the dimer formation 

of the oxidized ellipticine (m/z 525.22) is visible which suggests that the compound is an N-oxide. 
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Figure S7. Proposed fragment structures of three oxidized metabolites of ellipticine based on accurate mass 

measurement. 
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Abstract  

To better understand envenoming and to facilitate the development of new therapies for 

snakebite victims, rapid, sensitive and robust methods for assessing the toxicity of individual 

venom proteins are required. Metalloproteinases comprise a major protein family responsible 

for many aspects of venom-induced haemotoxicity including coagulopathy, one of the most 

devastating effects of snake envenomation characterized by fibrinogen depletion. Snake 

venoms are also known to contain anti-fibrinolytic agents with therapeutic potential, which 

makes them a good source of new plasmin inhibitors. Plasmin degrades fibrin clots, and thus 

changes in its activity can lead to life-threatening levels of fibrinolysis. Here, we present a 

methodology for the screening of plasmin inhibitors in snake venoms and the simultaneous 

assessment of general venom protease activity. Venom is first chromatographically separated 

followed by column effluent collection onto a 384-well plate using nanofractionation. Via a 

post-column split, mass spectrometry (MS) analysis of the effluent is performed in parallel. 

The nanofractionated venoms are exposed to a plasmin bioassay, and the resulting bioassay 

activity chromatograms are correlated to the MS data. To study observed proteolytic activity 

of venoms in more detail, venom fractions were exposed to variants of the plasmin bioassay 

in which the assay mixture was enriched with zinc or calcium ions, or the chelating agents 

EDTA or 1,10-phenanthroline. The plasmin activity screening system was applied to snake 

venoms and successfully detected compounds exhibiting anti-plasmin (anti-fibrinolytic) 

activities in the venom of Daboia russelii, and metal dependent proteases in the venom of 

Crotalus basiliscus.  
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Introduction  

Plasmin is a trypsin-like enzyme, which plays a crucial role in the fibrinolytic pathway where 

it hydrolyses blood clots and maintains normal hemostasis. Plasmin originates from 

plasminogen, and is activated by tissue plasminogen activator (tPA) or urokinase plasminogen 

activator (uPA) [1]. Although the fibrinolytic activity of plasmin is regulated by the 

physiological inhibitors α2-antiplasmin and α2-macroglobulin, in many cases (e.g., major 

surgeries, hemophilia, von Willebrand syndrome, heavy menstrual bleeding) medicinal 

exogenous inhibitors are required to properly control its activity [1, 2]. Examples of plasmin 

inhibitors currently used successfully in the clinic are ε-aminocaproic acid (EACA) and 

tranexamic acid (TXA). However, their potency and selectivity are low, and consequently 

these drugs have to be administered in high doses, which significantly increases the risk of 

adverse effects [1]. Therefore, there is a high demand for new, more potent and selective, anti-

fibrinolytic agents.  

Many snake venoms are a rich source of molecules that interfere with coagulation and 

fibrinolysis pathways in the hemostatic system [3]. Both anti- and pro- fibrinolytic activities 

have been observed, mostly in the venoms of the Viperidae snake family [4]. Anti-plasmin 

proteins usually belong to the Kunitz/bovine pancreatic trypsin inhibitors (BPTI) family and 

so far a number of Kunitz-type protease inhibitors have been isolated and purified from snake 

venoms, including Kunitz Inhibitor-I (DrKIn-I) and -II (DrKIn-II) from Daboia russelii [5], 

and the textilinins from Pseudonaja textilis [6]. 

The fibrin(ogen)olytic effect of snake venom toxins results from different mechanisms, for 

example, stimulation of plasminogen activators from endothelial cells [7], direct plasminogen 

activation [8, 9] or direct cleavage and degradation of fibrinogen and fibrin [10–13]. Most of 

the molecules which exhibit fibrin(ogen)olytic activities belong to the snake venom serine 

protease (SVSP) and snake venom metalloproteinase (SVMP) toxin families [4, 14]. Both 

SVSPs and SVMPs are proteolytic enzymes of which the latter require zinc ions as metal co-

factors for catalytic activity, and in some cases calcium for structural stability [14–16]. 

SVMPs have been recognized as one of the main components of venoms responsible for 

causing pathologies associated with snakebites [15]. Snakebites remain an important and 

neglected public health issue [17] especially in poorer, tropical areas of the world where 

access to healthcare is problematic. Such bites result in extensive mortality (~94,000 

deaths/annum) and morbidity (~3–5 times the number of annual deaths), as the result of the 

hemorrhagic, coagulopathic, neurotoxic and/or cytolytic effect of different snake venoms [18, 

19]. Apart from their high hemorrhagic activities, which is most profound in the P-III class, 

SVMPs are reported to exhibit fibrin(ogen)olytic, apoptotic, inflammatory, and factor Xa and 

prothrombin activating properties [14]. Considering the significant hazard that SVMPs 
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represent to victims of envenomation, information on their presence, molecular structure and 

bioactive properties will help in the development of more specific, and thus more effective 

treatments for snake envenoming, such as aptamers [20], snake venom toxin inhibitors [21, 

22], recombinant antivenoms [23] or chelating agents [22, 24]. 

Due to the complex nature of snake venoms, multiple analytical techniques are required for 

the identification and biochemical characterization of individual toxins. A straightforward and 

effective methodology for screening venoms for selected bioactivities is nanofractionation 

analytics [25–27]. In this approach, a venom is first separated by liquid chromatography (LC) 

after which the column effluent is split, with one part being fractionated with high-resolution 

into a high-density microtiter well plate (typically 96 to 1536 wells) and the other part being 

interrogated simultaneously by mass spectrometry (MS) analysis. The collected fractions on 

the microtiter plate are subsequently exposed to a bioassay. As chromatographic resolution is 

essentially maintained, the results of the bioassay readout can be constructed into a bioactivity 

chromatogram, which can be accurately correlated with the parallel obtained MS 

chromatogram. Besides venom research, the nanofractionation technique also has shown to be 

useful for drug-drug interaction profiling [23], environmental analysis [28]
 
and profiling 

natural extracts [29]. 

In this study, we present nanofractionation analytics for the screening of plasmin inhibitors 

and proteases. We applied the developed methodology to the analysis of venoms from the 

medically relevant viperidae snakes Daboia russelii and Crotalus basiliscus for the presence 

of plasmin inhibitors as well as (metallo)proteinases that exhibit fibrin(ogen)olytic activity 

similar to plasmin. Daboia russelii, also known as Russell’s Viper, is responsible for 

substantial proportion of snakebite-induced morbidity and mortality in Asia, and causes 

diverse symptoms such as coagulopathy, swelling, neurotoxicity and pain [30]. Crotalus 

basiliscus, known as the Mexican west-coast rattlesnake, as indicated by its name can be 

found mainly in Mexico. Envenomation by this snake leads to local tissue damage, systemic 

bleeding and hypotension [31]. The fibrin(ogen)olytic proteins were further evaluated for 

their activity dependency on metal ions by applying to the nanofractionated venoms the 

plasmin bioassay mixture enriched with zinc and calcium ions, and also in the presence of the 

metal chelating agents 1,10-phenanthroline or EDTA. Plasmin inhibitors and proteolytic 

enzymes detected by the applied screening methodology were subsequently characterized.  

  



SCREENING OF PLASMIN INHIBITORS AND SVMP 87 

 

Experimental 

Chemicals and biological samples  

Human plasmin was purchased from Haematologic Technologies, Inc. (Essex Junction, VT, 

USA) and used at 670 µg/mL in 1:1 glycerol/water solutions (v/v). Fluorogenic substrate H-

D-Val-Leu-Lys-AMC was purchased from BACHEM (Bubendorf, Switzerland) and 

dissolved in DMSO to a stock concentration of 40 mM. Leupeptin hydrochloride (dissolved in 

Milli-Q water to obtain a stock of 10 mM), 1,10-phenanthroline, bovine serum albumin 

(BSA), calcium chloride, DMSO, EDTA, iodoacetamide, trypsin from bovine pancreas, and 

Trizma, were all obtained from Sigma (Zwijndrecht, The Netherlands). Hydrochloric acid 

(HCl) was received from Riedel-de-Haën (Zwijndrecht, The Netherlands), formic acid (FA) 

and β-mercaptoethanol were purchased from Merck (Darmstadt, Germany), and ULC-MS 

grade acetonitrile (ACN) was obtained from Biosolve (Valkenswaard, The Netherlands). 

Lyophilized snake venoms were from Daboia russelii (Dr) and Crotalus basiliscus (Cb), 

which both are from the Viperidae family. The Daboia russelii venom (Sri Lankan origin) 

was provided by Dr. Nicholas Casewell from the Alistair Reid Venom Research Unit, 

Liverpool School of Tropical Medicine, and the Crotalus basiliscus venom (Captive bred), 

was provided by Dr. Freek Vonk, Naturalis Biodiversity Centre. Depending on the 

experiment performed, solutions of the venoms were prepared in Milli-Q water at 

concentrations of 4 mg/mL, 5 mg/mL or 0.5 mg/mL and stored at −80 °C.  

LC, nanofractionation and MS detection 

Bioassay optimization and analyses of crude snake venoms were performed using a Shimadzu 

high performance liquid chromatography (HPLC) system (‘s Hertogenbosch, The 

Netherlands) consisting of a Shimadzu SIL-30AC autosampler and a Shimadzu LC-20AB 

binary pump, which were interfaced to an Ultima Q-TOF MS instrument (Waters, Bradfrod, 

UK). Dr and Cb venoms at a concentration of 4 mg/mL (injected volume, 45 μL) and 

leupeptin standards (injected volume, 20 μL) at five different concentrations (ranging from 6–

200 µM) were separated with a Waters XBridge C18 column (4.6×100 mm, particle size 5 

µm) (Milford, MA). The analytical column was protected by a guard column comprising the 

same packing material. Both columns were kept in a CTD-30 column oven (Shimadzu) set to 

37 °C. Gradient elution was performed employing mobile phase A (98% water, 2% ACN, 

0.1% FA (v/v/v)) and mobile phase B (98% ACN, 2% water, 0.1% FA (v/v/v)). The gradient 

used for separation started at 0% B with a linear increase to 50% B in 20 min followed by an 

increase to 90% B in 2 min. The gradient was held at 90% B for two min, and then returned in 

1 min to the starting conditions (0% B). Column re-equilibration was 5 min, resulting in a 
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total analysis time of 30 min. The flow rate was 0.5 mL/min. Using a post-column flow split, 

90% of the eluate was directed via a Shimadzu SPD-20A UV detector (set at 200 nm) to in-

house developed nanofractionation system, and the other 10% of the eluate was analyzed with 

an Ultima Q-TOF mass spectrometer equipped with electrospray ionization in positive ion 

mode (ESI+). The following settings of the ionization source were used: capillary voltage, 

3.25 kV; source temperature, 125 °C; desolvation temperature, 200 °C; gas flow, 250 L/hr. 

The mass range was set to 50–2000 m/z.  

Detailed information on the nanofractionation system can be found elsewhere [28, 32]. 

Briefly, the system was built from a modified 235 Gilson autosampler, in which a fused silica 

capillary extension connected to LC tubing made of polyether ether ketone (PEEK) was 

mounted to the robotic arm, which allowed the capillary needle to move in xy directions. 

Fractions of 6 s were collected onto a black 384-well plate (Greiner Bio One, Alphen aan den 

Rijn, The Netherlands) in a serpentine way. After nanofractionation, the plates were 

evaporated overnight (O/N) using a RVC 2-33 CD plus maxi concentrator (Salm en Kipp, 

Breukelen, The Netherlands) with a rotation speed of 1500 rpm, pressure of 0.10 mbar, and 

temperature of 30 °C. After solvent evaporation, the dried plates were stored at −20 °C prior 

to bioassaying. A simplified scheme showing the analytical method can be found in Figure 

S1. 

Plasmin bioassay  

Screening for snake venom components modifying the activity of plasmin was performed 

with an optimized bioassay mixture containing 100 ng/mL plasmin and 5 µM fluorogenic 

substrate H-D-Val-Leu-Lys-AMC dissolved in 100 mM TRIS-HCl buffer (pH 7.5) containing 

0.1% BSA (w/v). The bioassay optimization results can be found in the Supplementary 

Materials section S1. The bioassay mixture was prepared by adding equal volumes of 

substrate and the enzyme solutions in 100 mM Tris-HCl buffer with 0.1% BSA. The buffer 

solution was at room temperature (RT), whereas the enzyme and substrate stock solutions 

were kept at −20 °C. Prior to bioassaying, the enzyme and the substrate were thawed and 

diluted in buffer contained in two Greiner tubes. The solutions were carefully mixed (for 5 s) 

to prevent air bubble formation. Directly after preparing 50 µL of the bioassay mixture was 

pipetted over a black 384-well plate (Greiner Bio One, Alphen aan den Rijn, The 

Netherlands) using a Multidrop 384 reagent dispenser (Thermo Scientific, Ermelo, The 

Netherlands). A VarioSkan LUX microplate multimode reader (Thermo Scientific, Ermelo, 

The Netherlands) was used to measure fluorescence of each well kinetically at 380 and 460 

nm excitation and emission wavelength, respectively. The temperature inside the plate reader 

was set at 37 °C. Each measurement comprised 10 cycles allowing generation of a kinetic 

curve, and subsequent determination of its slope, which was plotted against the time of 
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nanofraction collection, producing a so-called bioactivity chromatogram. Negative peaks in 

the bioactivity trace represent inhibition of plasmin, and positive peaks indicate the presence 

of plasmin inducers or, more likely in the case of venoms, proteases exhibiting an enzymatic 

activity similar to plasmin. 

The Z’ factor, introduced by Zhang et al. [33], was used as a statistical parameter to assess the 

quality of the bioassay. For that, the inhibitor leupeptin (200 µM concentration representing 

full enzyme inhibition) and a sample containing mobile phase A, were used as a positive and 

negative control, respectively. Both solutions were pipetted over a 384-well plate at volumes 

of 10 µL per well using the Multidrop 384 reagent dispenser. Next, the plates were vacuum-

centrifuge evaporated and exposed to the plasmin bioassay. Measurements were performed in 

duplicate.  

Bioactive compound identification and sample purification for proteomics  

Reversed-phase (RP) LC and hydrophilic interaction liquid chromatography (HILIC) 

orthogonal separation strategy, fraction collection and proteomics 

Identification of bioactive compounds from venoms of Dr and Cb involved nanofractionation 

onto 384-well plates with parallel high-resolution MS analysis using a Maxis HD quadrupole 

time-of-flight MS (Bruker Daltonics, Bremen, Germany). For nanofractionation and MS, 5 

mg/mL Dr venom and 0.5 mg/mL Cb venom (50 µL injected using a SIL-20AC autoinjector; 

Shimadzu, Canby, OR, USA) were separated on an XBridge BEH300 C18 (4.6×150 mm; 

particle size, 3.5 µm) analytical column placed in a column oven (model CTO-20AC 

Shimadzu, Canby, OR, USA) kept at 30 °C. A binary mobile phase consisting of mixtures of 

solvent A (98% water, 2% ACN, 0.1% FA (v/v/v)) and solvent B (98% ACN, 2% water, 0.1% 

FA (v/v/v)) was used for gradient elution: 0–50% B in 20 min, 50–90% B from 20 to 24 min, 

isocratic at 90% B from 24–29 min, back to 0% B in 0.1 min. Column equilibration was then 

performed for another 10 min using 0% B, resulting in a total analysis time of 40 min. The 

flow rate was 0.5 mL/min. The MS was equipped with an ESI source (Apollo) used in 

positive mode. The capillary voltage was 4.5 kV, and nebulization was done with nitrogen gas 

(0.4 bar). Ion desolvation was performed using nitrogen as a drying gas heated to 200 °C and 

flowing at a rate of 4 l/min. Mass accuracy was assured by internal calibration using an ESI-L 

low concentration tune mix (Agilent, Santa Clara, California, USA) in every run. 

An orthogonal separation of the two crude venoms was performed using an Atlantis silica 

HILIC (4.6×150 mm; pore size, 100 Å; particle size, 3 µm) analytical column. The separation 

was performed using gradient elution with solvent A composed of 98% ACN, 2% water, 

0.2% FA (v/v/v) and solvent B of 98% water, 2% ACN, 0.2% FA (v/v/v). The gradient started 
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at 30% B and increased to 50% B in 15 min. The next 10 min, the gradient rose to 95% B and 

remained at 95% B for 10 min. Within 2 min, the gradient returned to initial conditions. 

Column equilibration was set for 23 min at 30% B resulting in a total analysis time of 60 min. 

The flow rate was 0.5 mL/min. MS conditions were the same as used for RPLC analysis.  

The nanofractionated venoms were exposed to the plasmin bioassay by robotic pipetting of 

the bioassay mixture to every second well on the plate. As an eluting compound usually is 

distributed over multiple wells, the alternating wells (i.e. without bioassay mixture) could be 

used for other analyses (e.g., proteomics). From the bioactivity chromatograms, wells with 

bioactive compounds were identified and the content of adjacent wells was subsequently 

subjected to proteomic analysis. The content was dissolved in 100 µL water and after 30 min, 

50 µL samples were transferred to low-protein binding Eppendorf tubes containing digestion 

buffer and reduction agent for tryptic digestion.  

Throughout the study, leupeptin was used as a time calibration point for accurate correlation 

of the bioactivity and MS chromatograms. Leupeptin was analyzed using RPLC and HILIC 

separation (Figures S2A and S2B, respectively). This experiment enabled calculation of the 

time delay, which is observed in the MS data acquisition compared to the nanofractionation 

process. This delay is due to differences in LC-tubing length between the two systems, the 

column used and the flow rates applied, and has to be measured after each change made in the 

system.  

Tryptic digestion of bioactive proteins  

Bioactive proteins present in the venoms analyzed underwent tryptic digestions according the 

following protocol. Briefly, reduction of disulfide bonds was performed by adding 50 µL of 

each bioactive fraction (reconstituted in 100 µL water) from a nanofractionated snake venom 

to a solution containing 75 µL of 25 mM ammonium bicarbonate (pH 8.2) and 7.5 µL of 0.5% 

β-mercaptoethanol prepared in water (v/v). The solutions were shortly vortexed and then 

incubated at 95 °C for 10 min using a dry block heating thermostat (Bio TDB-100; Biosan 

Ltd, Riga, Lativa). After cooling down to room temperature the solutions were centrifuged at 

a speed of 21,500 rpm for 10 s. Next, the reduced proteins were alkylated for 30 min with 15 

µL of 100 mM iodoacetamide in the dark at room temperature. After the alkylation procedure, 

proteins were digested by adding 3 µL of a 0.1 μg/μL trypsin solution prepared in 25 mM 

ammonium bicarbonate (pH 8.2). The stock solution of the trypsin used was 1 mg/mL 

prepared in 1 mM HCl and stored at −20 °C. The samples were incubated for 3 hours at 37 °C 

followed by addition of an extra 3 µL of the same trypsin solution and then incubated O/N at 

37 °C. The digestion was quenched with 5 µL of 5% formic acid in water (v/v) followed by 

centrifugation at 21,500 rpm for 10 s. The collected supernatant was transferred to LC-MS 

vials and analyzed with nanoLC-ESI-MS/MS (see the next section). 
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NanoLC-MS/MS analysis of the tryptic digests 

Following tryptic digestion, samples were separated and analyzed with an Ultimate 3000 

Nano HPLC system (Thermo Scientific) interfaced to a Bruker Maxis quadrupole time-of-

flight MS instrument. Detailed information on these analyses can be found in the 

Supplementary Materials section S2. Identification of proteins was performed with the search 

engine Mascot (version 2.301). Raw MS data were converted into centroided peak lists using 

DataAnalysis version 5.0 (Bruker). The parameters used for Mascot searches were set as 

follow: enzyme specificity, semiTrypsin; missed cleavages, 2; fixed modification, 

carbamidomethyl (C); variable modification, oxidation (M) peptide mass tolerance, 0.1%; 

fragment mass tolerance, 0.05 Da; no restriction for species was used. The instrument was set 

to ESI-QUAD-TOF.  

 

Results and discussion 

Evaluation of the plasmin bioassay  

Screening snake venoms for plasmin inhibitors and (metallo)proteinases exhibiting activity 

similar to plasmin was performed with a fluorescence-based bioassay, which was based on the 

protocol reported by Tervo et al. [34]. Bioassay optimization is described in the 

Supplementary Materials section S1 and Figure S3. The optimized bioassay mixture 

comprised 100 ng/mL end concentration of plasmin enzyme and fluorogenic aminocoumarin 

based substrate H-D-Val-Leu-Lys-AMC at a final concentration of 5 µM, in 100 mM Tris-

HCl buffer (pH 7.5) containing 0.1% BSA. BSA was used following the findings by Tervo et 

al. [34], who observed that it prolonged the enzymatic activity of plasmin. In our study, 0.1% 

BSA increased the signal-to-noise ratio (S/N) approximately three times and improved the 

baseline stability (data not shown).  

A well-performing bioassay should have a statistical Z’ factor between 0.5–1 [33]. To 

determine the Z’ factor for the plasmin bioassay, the plasmin inhibitor leupeptin at 200 µM 

(causing full inhibition of the enzyme) and a sample containing mobile phase A were used as 

positive and negative controls, respectively (Figure 1). The Z’ value for the plasmin bioassay 

was found to be 0.74, which is considered excellent. The obtained S/N at maximum inhibition 

of plasmin was high with an average S/N of 54. 
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Figure 1. Assessment of the bioassay performance. The Z’-factor for the bioassay was calculated to be 0.74. 

Positive control (C+) wells contain mobile phase A (n=96); negative control (C-) wells contain 200 µM 

leupeptin (n=96). The wells were evaporated to dryness prior to the bioassay. 

Optimization and validation of the nanofractionation approach 

To evaluate the performance of the total nanofractionation/bioassay system, the plasmin 

inhibitor leupeptin was analyzed at different concentrations. The experimentally determined 

IC50 for leupeptin was 8.4 μM (data not shown). Figure 2 shows bioactivity chromatograms 

of the different leupeptin solutions analyzed, which correlated nicely with the parallel 

recorded MS data, as shown for the analysis of 100 µM leupeptin, detected at m/z 427.3. The 

bioactivity chromatograms show inhibition of plasmin as negative peaks. Leupeptin shows 

two peaks in the XIC at 13.3 and 14.3 min as it comprises a mixture of diasteroisomers of 

leupeptin that are generated in solution due to racemization reactions [35]. The two peaks at 

13.3 and 14.3 min are seen in the bioactivity chromatograms. The peak shapes of the two 

diastereoisomeric peaks in the bioactivity trace could exactly be correlated by the parallel 

obtained MS chromatogram. The sigmoidal concentration–response relation of the bioassay, 

causes the bioactivity peaks to show broadening at high concentrations leupeptin injected, 

which is quite common for this type of analyses [26, 36]. Chromatographic band dispersion, 

spreading of eluting compounds over multiple wells and additional dilution of the dried wells 

after reconstitution of the deposited components in the wells with bioassay mixture, results in 

a difference between bioassay concentration and injected concentration, denoted as dilution 

factor [37], which was ~ 3.2.  
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Figure 2. Evaluation of the overall performance of the nanofractionation system using the plasmin inhibitor 

leupeptin, which was nanofractionated at five concentrations injected: I, 6.3 μM; II, 25 μM; III, 50 μM; IV, 100 

μM; V,  200 μM. VI, The extracted ion chromatogram (m/z 427.3, [M+H]
+
) of the analysis of 100 µM leupeptin 

with on-line LC-MS. RFU, Relative Fluorescence Units; XIC, extracted ion chromatogram. 
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Profiling plasmin inhibition and proteolytic activity in Cb and Dr venoms  

Venoms of Cb and Dr were analyzed for 1) the presence of proteins exhibiting inhibitory 

activity toward plasmin, and 2) the presence of proteases exhibiting plasmin-like activities 

and/or plasmin activators. Figure 3 shows results obtained after injection of 4 mg/mL of the 

venoms. In the bioactivity chromatograms of Cb venom (Figure 3I), no negative peaks were 

observed implying that Cb venom did not contain components with significant anti-plasmin 

(anti-fibrinolytic) activity. To our knowledge no anti-fibrinolytic activities of Cb venom have 

been reported in literature. However, the bioactivity chromatograms of Cb venom showed a 

clear positive peak between 17 and 18 min, indicating protein components with possible 

proteolytic and fibrin(ogen)olytic activity. Cb venom is known to have fibrinolytic properties 

and a number of fibrinolytic enzymes have previously been isolated from this venom [31, 38, 

39]. To investigate whether the positive peak observed resulted from proteases exhibiting 

proteolytic properties similar to plasmin, or it resulted from the activity of a plasmin inducer, 

variants of the bioassay were applied. 
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Figure 3. (I-VI) Bioactivity chromatograms obtained for Cb and Dr venoms using the following assay variants: 

I, full plasmin bioassay mixture containing plasmin and substrate; II, bioassay mixture containing only the 

substrate; III, bioassay mixture containing only the substrate and buffer enriched with zinc ions; IV, bioassay 

mixture containing only the substrate and buffer enriched with calcium ions; V, bioassay mixture containing only 

the substrate and buffer enriched with EDTA; VI, bioassay mixture containing plasmin, substrate and 1,10-

phenanthroline. VII, Total-ion chromatogram obtained for Cb and Dr venoms with on-line parallel LC-MS. The 

rectangular grey shades indicate the elution of the bioactive peaks. Photos of the snakes: Crotalus basiliscus 

(source: Shutterstock/ Bernhard Richter); Daboia russelii (source: Shutterstock/ Meet Poddar). RFU, Relative 

Fluorescence Unit. 

 



96 CHAPTER 3 

 

The analysis of the venom of Dr resulted in bioactivity chromatograms showing clear 

inhibition of plasmin (Figure 3I). Injection of a venom sample of 4 mg/mL showed multiple 

negative peaks eluting at 8.9 and 9.9 min, clearly indicating the presence of anti-plasmin/anti-

fibrinolytic activity. Dr venom has previously been reported to contain the Kunitz type 

protease inhibitors DrKIn-I and -II which exert anti-fibrinolytic activity. Some reports, 

however, showed that Dr venoms also contain SVSPs and SVMPs, which could potentially 

exert fibrin(ogen)olytic properties [40, 41]. However, in our study, positive peaks were not 

observed. 

For further investigation of the increased enzyme activities observed for the two venoms, six 

different variants of the plasmin bioassay were applied. In the first variant, the bioassay 

mixture was prepared without the addition of plasmin to test whether the active protein is a 

plasmin analogue that converts similar substrates or is a plasmin activator. In the second and 

third variants, the bioassay mixture was prepared without plasmin and was enriched with 

calcium
 
(1 mM) or

 
zinc

 
(0.2 mM) ions, respectively. This was done to determine whether 

bioactivity could be ascribed to a metalloproteinase and, if so, to differentiate between 

calcium or zinc dependency. To confirm that the resulting bioactive protein is a 

metalloproteinase, in the fourth and fifth variant of the bioassay the metal ion chelators EDTA 

(50 mM) or 1,10-phenanthroline (5 mM) were added, while again excluding plasmin from the 

mixture. The chelator 1,10-phenanthroline specifically binds zinc ions, deactivating zinc-

dependent metalloproteinases only, whereas EDTA chelates both zinc and calcium ions [42]. 

In the sixth and final variant 1,10-phenanthroline was added to the full bioassay mixture, in 

order to deactivate SVMPs (if present) and allow the detection of inhibitors that are co-eluting 

with SVMPs.  

Results from the analyses of both venoms using the six assay variants are shown in Figure 3 

(I–VI) for Cb and Dr, respectively. An extensive discussion of the results of these experiments 

can also be found in the Supplementary Materials section S3. Briefly, in the venom of Cb, the 

major positive peak was also observed when plasmin was not included in the bioassay 

mixture. This indicates that the bioactive protein detected is not a plasmin inducer, but an 

enzyme that is capable of converting the substrate. Subsequent experiments (bioassay variants 

2–5) showed that the activity of the bioactive protein increased about threefold (compared to 

the results obtained with substrate only [variant 1]) when calcium ions were added to the 

bioassay mixture, indicating possible calcium dependency or increased stability of the protein. 

The addition of zinc ions did not affect the intensity of the bioactivity peak. To assure that the 

changes observed in the bioassay are not a result of the variation between different 

plates/bioassays tested, additional experiments confirming the dependence of the bioactive 

compounds on metal ions were performed. Two bioassay mixtures, with added calcium and 

zinc ions, respectively, were pipetted into alternating wells of one microtiter well plate 

containing nanofractionated venom. This was done to exclude potential inter-experiment 
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variations between nanofractionated runs. The results (Figure S4A) showed an activity-

inducing effect of the calcium
 
ions on the eluted bioactive proteins, confirming the results of 

the earlier experiments. Figure 3 shows that, in the case of Dr venom, no increased enzyme 

activity was observed, indicating that the bioactive compounds detected (Figure 3 I–VI) were 

predominantly plasmin inhibitors (anti-fibrinolytic agents) [43].  

Identification of the bioactives 

For identification of the observed bioactive proteins, the two crude venoms were each 

nanofractionated twice using the orthogonal chromatographic separation mechanisms RPLC 

and HILIC. The resulting nanofractionated plates were then exposed to the bioassay mixture 

by pipetting it to the even rows, leaving the odd rows empty (containing only the dried 

fractions). Based on the bioactivity chromatograms resulting from these experiments, 

information on the elution time of the bioactives, their positions in the well plates and their 

molecular weight was obtained for each stationary phase used. Subsequently, wells containing 

dried fractions which were not exposed to the bioassay mixture, but which were adjacent to 

wells with bioactive proteins, were subjected to tryptic digestion and proteomic analysis. The 

bioactivity chromatograms correlated to corresponding MS data for Cb and Dr venoms are 

presented in Figure 4. The bioactivity chromatogram for Cb venom (0.5 mg/mL injected 

concentration) analyzed with RPLC (Figure 4) displayed a clear positive peak at 19.5 min. 

The HILIC analysis of Cb venom showed a bioactive component peak eluting as a sharp peak 

between 5.7–6.5 min. The m/z values that correlated with the bioactivity peak for both 

bioactivity chromatograms were 1264.92 (charge state 11+ protein mass 13903.06), and 

759.70 (charge state 3+; peptide mass 2276.05). Based on the earlier experiments in which 

different variants of the plasmin assay were used, the bioactive is expected to be a calcium 

dependent protease. However, no protein with a molecular mass between 20 and 100 kDa (i.e. 

the mass range of known snake venom metalloproteinases) was observed, most likely due to 

the limited ionization efficiency achieved for larger intact proteins. The highest mass that was 

detected with RPLC-MS and HILIC-MS was approximately 15 kDa, which matches well with 

the phospholipase A2 (PLA2) family (13–15 kDa). Considering that venom is a complex 

mixture, some peptides and proteins will not be separated and will co-elute making the 

determination of the bioactive peptides more difficult. The presence of the mass (15 kDa) can 

be explained by co-elution of PLA2 with the real bioactive observed in both bioactivity 

chromatograms [3, 44].  
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Figure 4. Correlation of bioactivity and MS chromatograms obtained for Cb (C. basiliscus) and Dr (D. russelii) 

venoms after RPLC and HILIC separations. The data were acquired on-line in parallel to the nanofractionation 

with LC-MS. XIC, extracted ion chromatogram; BPC, base peak chromatogram; RFU, Relative Fluorescence 

Unit. 
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Slightly different results were obtained from the proteomic analysis of the bioactive wells. 

Mascot search results obtained from the nanoLC-MS data for the trypsin-digested bioactive 

proteins revealed the presence of peptide sequences that matched SVSPs and SVMPs. 

Together, five proteins were found in the samples obtained from RP analysis, and eight 

proteins were found after HILIC. The peptide sequences found in the venom sample analyzed 

with RPLC, matched the proteins catroxase-1 (protein coverage, 10%; protein score, 99), for 

which two distinct peptides were found, and catroxase-2 (protein coverage 17%; protein 

score, 91), with two distinct peptides. Both of the catroxases came from Crotalus atrox. A 

match was also found with a serine protease from Crotalus durissus (protein coverage, 13%; 

protein score, 233), for which two peptides were found. Although the Mascot report showed 

the two catroxases to fit into the family of SVSPs, the protein catroxase on several occasions 

has been reported to be a SVMP [13, 45]. For example, Chiou et al. [13] reported catroxase as 

a fibrinolytic protein that belongs to the family of SVMPs, as it was found to be inhibited by 

EDTA. This discrepancy can be explained by the fact that several catroxases exist and they 

are a mixture of SVSPs and SVMPs 

(http://www.uniprot.org/uniprot/?query=CATROXASE&sort=score). It is important to 

mention, however, that the sequence of SVMP catroxase has been only partially determined. 

It is possible that our sample contains a bioactive protein with a sequence that matched 

partially with SVSP cartoxases found in C. atrox, however it still possesses metal-

dependency, as showed by its inhibition with EDTA. This information supports our earlier 

results suggesting that the bioactive could be a fibrinolytic calcium-dependent 

metalloproteinase. In addition, we recovered peptide sequences matching SVSPs from 

Protobothrops jerdonii (protein coverage 8%, protein score 100) with a single matched 

peptide, and an acidic phospholipase A2 from Crotalus viridis (protein coverage 18%, protein 

score 59) with two peptides matched. The SVMP atrolysin-d, which is known to have calcium 

and zinc binding sites (http://www.uniprot.org/uniprot/P15167) was found after HILIC-MS 

analysis (protein coverage 3%, protein score 123), for which a single peptide was found. 

Detailed information obtained from the Mascot searches revealing the protein coverage and 

scores for Cb venom analyzed with RPLC and HILIC can be found in Table S2 in the 

Supplementary Materials.  

When Dr venom (injected concentration, 5 mg/mL) was analyzed by RPLC-MS and HILIC-

MS, the observed bioactivity peaks correlated with m/z 931.04 Da (charge state 8+; peptide 

mass 7440.25) and m/z 984.88 (charge state 7+; peptide mass 6887.10) (Figure 4). Further 

analysis of the trypsin digested bioactive well with nanoLC-MS and Mascot analysis obtained 

after RPLC, revealed the presence of four proteins, and in the case of HILIC analysis, the 

number of found proteins was five. The matched proteins include the Kunitz-type serine 

protease inhibitor C6 from Daboia siamensis venom (protein coverage, 43%; protein score, 

343) for which five peptides were found, and Kunitz-type serine protease inhibitors 3 and 4, 

http://www.uniprot.org/uniprot/?query=CATROXASE&sort=score
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both from Daboia russelii venom (protein coverage, 36%; protein score, 58, three matched 

peptides; and protein coverage, 33%; protein score, 125, one matched peptide, respectively). 

For the proteomic analysis of bioactive fractions collected after HILIC separation, the best 

match was for the co-eluting basic PLA2 VRV-PL-VIIIa (protein coverage, 87%; protein 

score, 2173), for which seventeen peptides were found, and PLA2 VRV-PL-V (protein 

coverage, 71%; protein score, 1935), for which seven peptides were found. Both proteins 

were found to be from Daboia russelii venom. Kunitz-type serine protease inhibitor 3 was 

also found in the HILIC bioactive fraction, however, at a protein score of 65 and protein 

coverage of 20%, with a single peptide matched. Detailed results from Mascot analysis listing 

all protein and peptides found together with the protein and peptides scores, % coverage, 

observed and expected masses of the peptides can be found in Table S3 (Supplementary 

Materials). 
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Conclusions 

In this study, a nanofractionation platform was developed and applied for the screening of 

snake venoms for plasmin inhibitors and (metallo)proteinases with similar activity to plasmin. 

A 384-well format plate reader fluorescence assay for plasmin activity was optimized and 

implemented in the platform. The usefulness of the methodology was demonstrated by 

analyzing venoms of the snakes Daboia russelii (Dr) and Crotalus basiliscus (Cb). In Dr 

venom, plasmin inhibitors were detected and identified by downstream proteomic analysis. In 

Cb venom, fibrin(ogen)olytic enzymes that act in a manner similar to plasmin were found. 

These enzymes were shown to be potentially calcium dependent proteases that exhibited 

similarity to known SVMP venom toxins. The method developed is a reliable and high-

throughput screening tool that helps in discovering new drug leads by exposing individual 

proteins present in snake venoms to a bioassay mixture containing a drug target of interest. 

The parallel MS analysis and off-line proteomic studies that follow the bioactivity 

assessment, allow for bioactive protein identification in a high-throughput manner. 

Understanding the composition of snake venoms, in particular toxins that are responsible for 

the life debilitating and life-threatening manifestation of snakebites, may also aid in the 

development of new toxin-specific antivenoms that have already been demonstrated to have 

the potential to neutralize toxins in venoms of snakes species that are geographically and 

phylogenetically distinct [22]. 
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Experimental 

S1. Plasmin bioassay development and optimization  

The plasmin bioassay is a fluorescence-based bioassay in which conversion of the fluorogenic 

substrate H-D-Val-Leu-Lys-AMC by plasmin to its fluorescent product 7-amino-4-

methylcoumarin is measured. The bioassay developed for this study is based on the protocol 

published by Tervo et al. [1]. 

The optimization procedure included selection of the concentration and pH of the buffer, the 

concentration of plasmin and of H-D-Val-Leu-Lys-AMC, and optimization of the well 

volume. A Tris-HCl buffer was chosen and tested at 50 and 100 mM, and at pH 7.0, 7.5, 7.8 

and 8.0. For these experiments, the enzyme and the substrate were diluted in the respective 

buffers to final concentrations of 100 ng/mL and 5 µM, respectively. The measurements were 

replicated six times using black, 384-well format, microtiter well plates. The fluorescence was 

measured kinetically with a VarioSkan LUX microplate reader set to an excitation and 

emission wavelength of 380 and 460 nm, respectively, with a bandwidth of 12 nm. The 

measurements were performed at 37 °C. The 100 mM buffer (pH 7.5) showed the best 

performance (i.e. showing the smallest signal variation between replicates and the highest 

fluorescence signal intensity) (Figures S3A and S3B for 100 mM and 50 mM, respectively).  

Using the optimized buffer, ten H-D-Val-Leu-Lys-AMC concentrations between 0 and 50 µM 

were tested at an enzyme concentration of 100 ng/mL. Substrate at each concentration was 

mixed with plasmin, and the product formation was measured in time. For each well, an 

enzymatic reaction curve was generated and all curves were then used to calculate KM value 

(31 μM) using the Michaelis-Menten kinetic model using Prism v.5 software (Figure S3C). At 

5.0 μM substrate a stable baseline with a satisfying S/N ratio was obtained. To minimize the 

costs of the bioassay, 5 μM substrate was chosen for the bioassay. 

For selection of the optimal assay volume, the bioassay mixture was tested at 25, 50 and 75 

µL volumes. For each tested volume, bioassay mixture was pipetted into 300 wells of a black 

384-well microtiter plate using a Multidrop 384 reagent dispenser. The enzymatic activity 

was measured over 10 cycles. The slope for each well over these 10 cycles was calculated and 

plotted against the well number. The readout of the well plate was performed in a serpentine 

way (from well 1A to 1K, and then from 2K to 2B, etc. covering the whole 384-well plate). 

This readout fashion will mimic the readout of a nanofractionated plate, also performed in a 

serpentine way. The data was plotted as if it was a “blank” nanofractionated plate for which 

the signal should be the same in all wells. This way discrepancies can now nicely be observed 

since edge effects are observed as regular zigzag patterns in the plotted data. From these 
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results the optimal mixture volume (i.e. the data showing the least differences in highest and 

lowest signals, and the smallest zigzag pattern) was determined to be 50 µL (Figure S3D). 

The fully optimized plasmin bioassay mixture (50 µL) comprised 100 ng/mL plasmin and 5 

µM substrate in 100 mM Tris-HCl buffer (pH 7.5) with 0.1% BSA. 

S2. NanoLC-MS/MS analysis of tryptic digests 

The nanoLC system consisted of a NCS-3500RS Nano/Cap System with a NCP-3200RS 

Nano/Cap Pump and WPS-3000(RS) Autosampler UltiMate 3000 Series from Thermo 

Scientific. Prior to separation, samples were pre-concentrated on a C18 trapping column 

(Acclaim PepMap 100 C18 LC Columns, 5 µm, 5 mm length, 0.3 mm I.D. from Thermo 

Fisher Scientific) connected to the analytical column (Acclaim PepMap 100 C18 LC 

Columns, 2 µm, 150 mm length, 0.75 mm I.D. from Thermo Fisher Scientific) via a 6-port 

switch valve. Both columns were kept at 45 °C. Analyses started by injecting 1 µL of sample 

onto the trapping column via a 20 µL injection loop (the injection mode used was µL-pickup, 

in which sample is aspirated with help of a transport liquid, which was pure water) at a flow 

rate of 10 µL/min using the sample loading pump. At this stage, the trapping column was not 

in line with the nanoflow solvent (NS) pumps. After 4 min the 6-port valve was switched to 

the position in which the pre-column was in line with the NS pumps enabling the trapped 

peptides and proteins to be eluted onto the analytical column. The flow rate of the NC pump 

was maintained at 0.5 µL/min throughout the analysis. Separation was performed using binary 

gradient elution with solvent A comprising water with 0.1% FA (v/v) and solvent B 

comprising 80% ACN, 20% water and 0.1% FA (v/v/v). The following gradient was used for 

separation (after trapping 4 min): from 4–10 min an isocratic flow at 1% B, which increased 

to 20% B in 10–15 min. From 15–45 min, the percentage B increased to 45% and next within 

1 min it increased to 85% B, where it remained for 5 min. Then in 0.5 min it returned to initial 

conditions. Column equilibration time was set at 8.5 min. At 59 min, the 6-port valve was 

switched back to the position in which the trapping column was in line with the loading pump 

delivery system for the next 1 min. The nanoLC system was controlled by Chromeleon 

version 7.2 SR4 software. A Maxis HD quadrupole time-of-flight MS (Bruker Daltonics, 

Bremen, Germany) was operated in positive electrospray ionization (ESI) mode with a 

capillary voltage set at 1.3–1.4 kV, a dry gas flow rate of 3 l/min and dry gas temperature set 

at 150 °C. Analyses were performed using auto MS/MS scan mode. Full mass spectra were 

acquired (m/z 500–2000), from which the three most intense ions per scan were fragmented 

using collision induced dissociation (CID) in stepping mode. The parameters used for 

fragmentation were: collision energy, 80–100%; timing, 50%. Parameters used for the basic 

stepping can be found in Table S1. Mass accuracy of 1–2 ppm was ensured by calibrating the 
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system with an ESI-L Low concentration Tuning Mix (Agilent, Santa Clara, California, 

USA).  

S3. Detailed plasmin bioassay results of the six bioassay variants 

Cb and Dr were investigated for the presence of proteinases and their possible calcium and/or 

zinc dependency. The two venoms (4 mg/mL each) were nanofractionated and next exposed 

to six different variants of the plasmin bioassay, which are described in detail in the main 

manuscript of this study (Section “Profiling plasmin inhibition and proteolytic activity in Cb 

and Dr venoms”).  

Starting with the first variant, in which no plasmin was used, the bioactivity chromatograms 

are shown in Figure 3II for Cb and Dr. For clarity, first the results of Cb venom and then 

these of Dr venom will be discussed. Considering that the bioactive peak in Cb venom did not 

disappear when running the bioassay without plasmin, most probably other proteases present 

in the venom are directly responsible for conversion of the substrate to its fluorescent product. 

Venom derived from Cb is known to be rich of proteolytic enzymes that show 

fibrin(ogen)olytic properties. An example includes basilase, which is a metalloproteinase 

containing zinc and calcium ions (1 and 2 mol per mol of protein, respectively), suggesting 

that its activity is dependent on both metal ions [2]. Assessment of the type of protease 

identified in the bioactivity chromatogram, i.e. whether it belongs to a family of 

metalloproteinases or serine protease, was performed by exposing nanofractionated snake 

venom to the second and third variant of the bioassay mixture (i.e. without plasmin and with 

the addition of zinc (0.2 mM) (Figure 3III) or calcium (1 mM) (Figure 3IV) ions, 

respectively). An increase of a bioactivity peak after addition of any of the two ions suggests 

dependence of the bioactive protein on the particular metal ion added. Zinc and calcium ions 

are known constituents of snake venom proteases, which are vital for the catalytic activity of 

metalloproteinases and also stabilize their structural conformation [3]. The results of the 

bioassays were compared to the ones in which only the substrate was used (Figure 3II). Figure 

3IV shows a threefold increase when the venom was exposed to a bioassay mixture enriched 

with calcium ions. The addition of zinc ions, however, showed no significant changes in 

intensity of the bioactivity peak (Figure 3III). 

Variation between plates can be expected as introduced by the chromatographic analyses, the 

time between placing venom in the cooled autosampler and actual analysis, the time between 

nanofractionation and vacuum centrifugation, the duration of vacuum centrifugation, as well 

as small changes in activity of the bioassay constituents during bioassay preparation. In order 

to assure that the variations observed in the bioassay are not a result of the variation between 

different plates/bioassays tested, additional experiments confirming the dependence of the 

bioactive compounds on the metal ions were performed. In these experiments two bioassay 
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mixtures, one enriched with calcium ions and the other with zinc ions, were pipetted into 

alternating wells of one microtiter well plate containing nanofractionated venom. Here it has 

to be noted that the nanofractionation is done in serpentine fashion with filling the wells of 

columns of a well plate from left to right. Pipetting alternating wells with calcium or zinc 

solutions is done perpendicular to the nanofractionation pattern (i.e. alternating rows of a well 

plate are filled). This experiment confirmed a positive influence of calcium ions on the eluted 

bioactive proteins, as a twofold higher intensity of the bioactive peak was observed (Figure 

S4A). 

Finally, the presence of metalloproteinases was further confirmed by an experiment in which 

the metal ion chelator 1,10-phenanthroline (5 mM) or EDTA (50 mM) was added to the 

bioassay mixture. Figure 3VI shows a bioactivity chromatogram of Cb venom after 1,10-

phenanthroline addition in which the bioactivity peak intensity did not change compared to 

the bioactivity chromatogram obtained from the experiment without the zinc chelator (Figure 

3III). EDTA, which is known to chelate divalent ions including calcium and zinc, was 

observed to decrease the intensity of the activation peak by twofold (Figure 3V). The decrease 

of the peak intensity in this experiment indicated that proteases present in the Cb venom 

probably are calcium ion dependent. To reassure that the lower intensity of the bioactivity 

peak was indeed influenced by the addition of EDTA, and not by earlier mentioned variations 

observed between measurements, also here bioassay mixtures with and without EDTA were 

pipetted into alternating wells onto one microtiter well plate containing nanofractionated Cb 

venom. The results of this experiment (Figure S4B) confirmed that by removing calcium ions 

from the sample, the bioactivity decreased supporting the conclusion that indeed the positive 

peak observed was at least partly resulting from a calcium dependent proteolytic enzyme. 

Another explanation to the observed results could be that the positive peak contains two or 

more proteases, in which only one is calcium dependent. The removal of calcium ions would 

cause a substantial decrease in the activity peak of the calcium dependent proteases, however 

not for other non-calcium dependent ones.  

In case of Dr venom, the use of bioassay mixture without plasmin addition (first variant of the 

bioassay mixture) resulted in disappearance of the negative peaks, as plasmin was not present 

in the bioassay mixture, and no presence of activation peaks was observed either (Figure 3II). 

The addition of zinc
 
ions (variant 2, Figure 3III) and addition of calcium ions (variant 3, 

Figure 3IV) to the bioassay mixture not containing plasmin showed no bioactivity. A further 

experiment in which EDTA (variant 4) was added to the bioassay mixture containing only the 

substrate, showed no bioactivity (Figure 3V). Addition of 1,10-phenanthroline to the mixture 

containing the enzyme and substrate revealed two additional negative peaks between 14 and 

18 min in the bioactivity chromatogram (Figure 3VI). These negative peaks might represent 

additional plasmin inhibitors, which due to a possible co-elution with metal dependent 

proteases that were not detected possibly due to their low concertation or low stability, could 
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not be identified after exposing the nanofractionated venom to the normal variant of the 

bioassay (i.e. only containing plasmin and the substrate). Therefore, the two negative peaks 

most probably are plasmin inhibitors. 
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Supplementary figures and tables 

 

 

Figure S1. Nanofractionation system with parallel MS data acquisition. After nanofractionation and vacuum 

centrifuge drying of the 384-well plate, a fluorescence plasmin activity assay is performed. I, Chromatographic 

separation of snake venom; II, Split (10% of the column effluent) to MS analysis; III, UV detection followed by 

IV high-resolution (6 s) nanofractionation of 90% of the column effluent; IV’, MS analysis; V, Evaporation of 

solvent; VI,  Bioassay mixture addition: a) addition of the full bioassay mixture containing the enzyme and the 

substrate, b) addition of the bioassay mixture enriched with zinc ions (yellow) or calcium ions (red) in alternative 

way; c) addition of the full bioassay mixture to every second well of the well plate; VII, Fluorescence readout; 

VIII, Selection of wells with bioactive proteins for tryptic digestion; IX, Analysis of tryptic digests using 

nanoLC-MS/MS; X, Identification of bioactive proteins using Mascot database search. LC, liquid 

chromatography; MS, mass spectrometry; tR, retention time. 
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Figure S2. Time alignment of the nanofractionated bioassay and the MS data using leupeptin for (A) RPLC 

analysis, and (B) HILIC analysis. I, bioactivity chromatograms; II, extracted ion chromatograms. Leupeptin 

[M+H]
+
 is 427.3025 Da. 
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Figure S3. Bioassay optimization: (A) 50 mM TRIS-HCl buffer at various pH; and (B) 100 mM TRIS-HCl 

buffer at various pH; (C) Determination of KM value at 100 ng/mL plasmin and ten substrate concentrations 

ranging between 0 and 50 µM. (D) Bioassay mixture volume optimization using 100 ng/mL plasmin and 5 µM 

substrate in 0.1 M TRIS-HCl buffer with 0.1% BSA. RFU, relative fluorescence unit.  
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Figure S4. Bioassay chromatograms of Cb venom nanofractionated on a single plate and exposed to two 

different bioassay mixtures using the alternating well method. (A) Plasmin bioassay with alternating 

zinc/calcium enrichment; (B) Plasmin bioassay with alternating EDTA/no EDTA addition. 
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Table S1. Isolation and fragmentation parameters used for nanoLC-MS/MS analysis of the digested bioactive 

proteins and peptides found in Cb and Dr. 

 Type  Mass Width Collision Charge state 

Base 500 8 35 1 

Base 500 8 30 2 

Base  500 8 25 3 

Base 500 8 20 4 

Base 1000 10 50 1 

Base 1000 10 40 2 

Base 1000 10 35 3 

Base 1000 10 30 4 

Base 2000 15 70 1 

Base 2000 15 50 2 

Base 2000 15 45 3 

Base 2000 15 40 4 



  

 
 

  

Table S2. Mascot search results for Crotalus basiliscus bioactives. The information in the table includes: The accession number, protein score, protein name, protein % 

coverage, number of matches, Mr Obs (observed molecular mass), Mr Exp (expected molecular mass), Mr Calc (calculated molecular mass), peptide score, and Expect 

(expectation value). 

Crotalus basiliscus Hilic 

Accession 

number 

Protein 

score 

Protein name % Coverage No  

of 

matches 

Number 

of distinct 

sequences 

Mr Obs. Mr Exp. Mr 

Calc. 

Peptide 

Score 

Expct. Peptide sequence 

VSP_CRODD 163 Snake venom serine 

protease OS=Crotalus 

durissus durissus PE=2 

SV=1 

17 7 3 559.7972 1117.5799 1117.

5801 

70 0.00098 R.TLCAGILEGGK.

G 

 1249.5829 2497.1512 2497.

1472 

63 7.30E-05 K.VFDYTEWIQSII

AGNTDATCPP.- 

504.9026 1511.6858 1511.

6787 

44 4.00E-03 L.VIGGDECNINE

HR.S 

VSP1_CROAT 129 Snake venom serine 

protease catroxase-1 

OS=Crotalus atrox PE=1 

SV=1 

24 6  4 559.7972 1117.5799 1117.

5801 

70 0.00098 R.TLCAGILEGGK.

D 

 698.348 1394.6814 1394.

683 

61 0.004 R.AAYPEYGLPAT

SR.T 

715.358 1428.7014 1428.

7031 

73 0.00016 L.SLPSSPPSVGSV

CR.I 

960.792 2879.3543 2879.

3589 

48 0.00015 K.VFDHLDWIQSII

AGNTDATCPFVN

F.- 

VSP2_CROAT  82 Snake venom serine 

protease catroxase-2 

OS=Crotalus atrox PE=1 

SV=1 

12 2 2 500.2303 1497.6691 1497.

663 

55 0.0002 L.VVGGDECNINE

HR.S 

 714.7009 2141.0808 2141.

0463 

61 0.00027 K.LLDDAVCQPPY

PELPATSR.T 

VSPY_MACLB 71 Chymotrypsin-like protease 

VLCTLP OS=Macrovipera 

lebetine PE=1 SV=1 

13 4 2 500.2303 1497.6691 1497.

663 

55 0.0002 L.VVGGDECNINE

HR.S 

 824.0618 2469.1637 2471.

1679 

39 0.0077 K.VFDYSDWIQSII

AGNTTATCPL.- 

WM1AD_CROA

T 

123 SVMP atrolysin-D PE=1 

SV=3 

3 7 1 536.6153 1606.824 1606.

8256 

61 0.0005 R.VHEIVNFINGFY

R.S 



 

 
 

Table S2. (Cont.) Mascot search results for Crotalus basiliscus bioactives. The information in the table includes: The accession number, protein score, protein name, protein 

% coverage, number of matches, Mr Obs (observed molecular mass), Mr Exp (expected molecular mass), Mr Calc (calculated molecular mass), peptide score, and Expect 

(expectation value). 

Crotalus basiliscus Hilic (cont) 

Accession 

number 

Protein 

score 

Protein name % Coverage No  

of 

matches 

Number 

of distinct 

sequences 

Mr Obs. Mr Exp. Mr 

Calc. 

Peptide 

Score 

Expct. Peptide sequence 

VSP3_PROJR 115 Snake venom serine 

protease 3 

OS=Protobothrops jerdonii 

PE=2 SV=1 

8 5 1 1242.0646 2482.1147 2482.

1475 

65 1.40E-05 N.VFNYTDWIQSII

AGNTDATCPP.- 

PA2AF_CROVV 98 Acidic phospholipase A2 

Cvv-E6f OS=Crotalus 

viridis viridis PE=1 SV=1 

26 4 3 722.3081 1442.6017 1442.

5965 

53 0.0002 R.SGLFWYGAYG

CY.C 

 565.2405 1692.6996 1691.

7131 

53 0.0045 K.NGEIICEDDDPC

KK.Q 

502.5192 1504.5357 1504.

5356 

35 0.0044 R.CCFVHDCCYG

K.A 

VM2I_CROBA 77 Disintegrin basilicin 

OS=Crotalus basiliscus 

PE=1 SV=1 

23 1 1 684.2932 2049.8579 2049.

8601 

77 1.90E-06 K.LRPGAQCAEGL

CCDQCR.F 

  



  

 
 

  

Tabel S2. (Cont.) Mascot search results for Crotalus basiliscus bioactives. The information in the table includes: The accession number, protein score, protein name, protein 

% coverage, number of matches, Mr Obs (observed molecular mass), Mr Exp (expected molecular mass), Mr Calc (calculated molecular mass), peptide score, and Expect 

(expectation value). 

Crotalus basiliscus RP C18 

Accession 

number 

Protein 

score 

Protein name % Coverage No  

of 

matches 

Number 

of distinct 

sequences 

Mr Obs. Mr Exp. Mr 

Calc. 

Peptid

e Score 

Expct. Peptide sequence 

VSP_CRODD 233 Snake venom serine 

protease OS=Crotalus 

durissus durissus PE=2 

SV=1 

13 8 2 1249.5779 2497.1413 2497.

1472 

84 1.70E-07 K.VFDYTEWIQSII

AGNTDATCPP.- 

 504.8994 1511.6763 1511.

6787 

47 0.0025 L.VIGGDECNINE

HR.S 

VSP1_CROAT 99 Snake venom serine 

protease catroxase-1 

OS=Crotalus atrox PE=1 

SV=1 

10 2 2 715.3554 1428.6961 1428.

7031 

76 6.20E-05 L.SLPSSPPSVGSV

CR.I 

 698.346 1394.6775 1394.

683 

73 0.00061 R.AAYPEYGLPAT

SR.T 

VSP2_CROAT 91 Snake venom serine 

protease catroxase-2 

OS=Crotalus atrox PE=1 

SV=1 

17 3 3 739.8746 1477.7346 1477.

7413 

45 0.016 K.LDSPVSNSEHIA

PL.S 

 500.2308 1497.6707 1497.

663 

40 0.0036 L.VVGGDECNINE

HR.S 

714.6984 2141.0735 2141.

0463 

74 6.90E-06 K.LLDDAVCQPPY

PELPATSR.T 

VSP3_PROJR 100 Snake venom serine 

protease 3 

OS=Protobothrops jerdonii 

PE=2 SV=1 

8 4 1 1242.057 2482.0994 2482.

1475 

52 0.00014 N.VFNYTDWIQSII

AGNTDATCPP.- 

PA2AF_CROVV 59 Acidic phospholipase A2 

Cvv-E6f OS=Crotalus 

viridis viridis PE=1 SV=1 

18 2 2 502.5176 1504.5309 1504.

5356 

39 0.0028 R.CCFVHDCCYG

K.A 

 564.9099 1691.7078 1691.

7131 

51 0.0013 K.NGEIICEDDDPC

KK.Q 

 



 

 
 

Table S3. Mascot search results for Daboia russelli bioactives. The information in the table includes: The accession number, protein score, protein name, protein % coverage, 

number of matches, Mr Obs (observed molecular mass), Mr Exp (expected molecular mass), Mr Calc (calculated molecular mass), peptide score, and Expect (expectation 

value). 

Daboia russelii HILIC 

Accession 

number 

Protein 

score 

Protein name % Coverage  No  

of 

matches 

Number 

of distinct 

sequences 

Mr 

Obs. 

Mr Exp. Mr calc. Sco

re 

Expe

ct. 

Peptide sequence 

PA2B8_DA

BRR 

2173 Basic phospholipase A2 VRV-PL-

VIIIa OS=Daboia russelii PE=1 

SV=1  

80 63 14 471.726

4 

941.4383 941.4317 47 0.036 L.YPDFLCK.G 

 484.248

8 

966.4831 966.477 45 0.05 R.QNLNTYSK.K 

495.259

9 

988.5053 988.5012 69 0.000

25 

R.VNGAIVCEK.G 

675.321

1 

1348.6277 1348.619

6 

68 0.000

18 

K.YMLYPDFLCK.G 

683.317

4 

1364.6203 1364.614

5 

47 0.029 K.YMLYPDFLCK.G + 

Oxidation (M) 

691.272

4 

1380.5302 1380.522

7 

75 6.80E

-06 

Y.SSYGCYCGWGGK.

G 

729.314

3 

1456.614 1456.614

9 

41 9.10E

-03 

R.ICECDKAAAICF.R 

538.581

8 

1612.7236 1612.716 73 5.30E

-06 

R.ICECDKAAAICFR.Q 

892.381

8 

1782.7491 1782.738

2 

74 2.60E

-03 

K.LAIPSYSSYGCYCG

W.G 

897.402

1 

1792.7897 1792.819

6 

109 9.20E

-09 

R.VNGAIVCEKGTSCE

NR.I 

598.603

9 

1792.7899 1792.819

6 

77 8.60E

-07 

R.VNGAIVCEKGTSCE

NR.I 

646.308

5 

1935.9038 1935.893

3 

46 1.90E

-03 

K.YMLYPDFLCKGEL

KC.- 

650.638

1 

1948.8923 1948.920

7 

83 3.10E

-07 

K.RVNGAIVCEKGTSC

ENR.I 

675.969

2 

2024.8857 2024.876

1 

82 3.00E

-07 

K.LAIPSYSSYGCYCG

WGGK.G 

1013.45

03 

2024.8861 2024.876

1 

112 8.90E

-10 

K.LAIPSYSSYGCYCG

WGGK.G 



  

 
 

  

Tabel S3. (Cont.) Mascot search results for Daboia russelli bioactives. The information in the table includes: The accession number, protein score, protein name, protein % 

coverage, number of matches, Mr Obs (observed molecular mass), Mr Exp (expected molecular mass), Mr Calc (calculated molecular mass), peptide score, and Expect 

(expectation value). 

Daboia russelii HILIC (cont) 

Accession 

number 

Protein 

score 

Protein name % Coverage  No  

of 

matches 

Number 

of distinct 

sequences 

Mr Obs. Mr Exp. Mr 

calc. 

Score Expect. Peptide sequence 

PA2B8_DABRR 2173 Basic phospholipase A2 

VRV-PL-VIIIa OS=Daboia 

russelii PE=1 SV=1  

80 63 14 975.7852 2924.3337 2926.

334 

97 3.80E-09 K.MILEETGKLAIP

SYSSYGCYCGWG

GK.G 

      772.6319 2314.8738 2314.

8687 

73 1.10E-05 R.CCFVHDCCYG

NLPDCNPK.S 

PA2B5_DABRR 1935 Basic phospholipase A2 

VRV-PL-V OS=Daboia 

russelii PE=1 SV=1  

71 62 16 471.7264 941.4383 941.4

317 

47 0.036 L.YPDFLCK.G 

 484.2488 966.4831 966.5

134 

45 0.05 T.KNLNTYSK.I 

495.2599 988.5053 988.4

648 

69 0.00025 R.VNGAIVCEQ.G 

675.3211 1348.6277 1348.

6196 

68 0.00018 I.YMLYPDFLCK.G 

683.3174 1364.6203 1364.

6145 

47 0.029 I.YMLYPDFLCK.G

 + Oxidation (M) 

691.2724 1380.5302 1380.

5227 

75 6.80E-06 Y.SSYGCYCGWG

GK.G 

713.8253 1425.636 1425.

6275 

36 0.0024 K.LAVPFYSSYGC

Y.C 

729.3143 1456.614 1456.

6149 

41 0.0091 R.ICECDKAAAICF

.T 

731.8638 1461.7131 1461.

7036 

59 0.0013 K.IYMLYPDFLCK.

G 

739.8609 1477.7072 1477.

6985 

74 0.00015 K.IYMLYPDFLCK.

G + Oxidation (M) 

849.4331 1696.8516 1696.

8416 

117 3.60E-09 -

.SLLEFGMMILEE

TGK.L 

857.4293 1712.844 1712.

8365 

104 3.90E-08 SLLEFGMMILEET

GK.L + Oxidation 
(M) 



 

 
 

Tabel S3. (Cont.) Mascot search results for Daboia russelli bioactives. The information in the table includes: The accession number, protein score, protein name, protein % 

coverage, number of matches, Mr Obs (observed molecular mass), Mr Exp (expected molecular mass), Mr Calc (calculated molecular mass), peptide score, and Expect 

(expectation value). 

Daboia russelii HILIC (cont) 

PA2B5_DABRR 1935 Basic phospholipase A2 

VRV-PL-V OS=Daboia 

russelii PE=1 SV=1  

71 62 16 865.4265 1728.8385 1728.

8314 

73 1.20E−05 -

.SLLEFGMMILEE

TGK.L + 2 

Oxidation (M 

 857.4301 1712.8456 1712.

8365 

110 1.40E-08 -

.SLLEFGMMILEE

TGK.L + Oxidation 

 897.4021 1792.7897 1792.

7832 

109 9.20E−09 R.VNGAIVCEQGT

SCENR.I 

598.6039 1792.7899 1792.

7832 

77 8.60E−07 R.VNGAIVCEQGT

SCENR.I 

915.3926 1828.7707 1828.

7589 

72 1.10E−06 K.LAVPFYSSYGC

YCGW.G 

630.6594 1888.9563 1888.

9467 

47 0.0018 K.IYMLYPDFLCK

GELK.C 

646.3085 1935.9038 1935.

8933 

46 0.0019 I.YMLYPDFLCKG

ELKC.- 

650.6381 1948.8923 1948.

8843 

83 3.10E−07 K.RVNGAIVCEQG

TSCENR.I 

691.3089 2070.9048 2070.

8968 

66 0.0028 K.LAVPFYSSYGC

YCGWGGK.G 

1036.4617 2070.9089 2070.

8968 

91 1.30E−05 K.LAVPFYSSYGC

YCGWGGK.G 

1064.9719 2127.9292 2127.

9183 

28 0.024 K.LAVPFYSSYGC

YCGWGGK 

 

 



  

 
 

  

Tabel S3. (Cont.) Mascot search results for Daboia russelli bioactives. The information in the table includes: The accession number, protein score, protein name, protein % 

coverage, number of matches, Mr Obs (observed molecular mass), Mr Exp (expected molecular mass), Mr Calc (calculated molecular mass), peptide score, and Expect 

(expectation value). 

Daboia russelii HILIC (cont) 

PA2B_VIPRE 1463 Basic phospholipase A2 

vurtoxin OS=Vipera renardi 

PE=1 SV=1 

29 35 4 471.7264 941.4383 941.4

317 

47 0.036 Y.YPDFLCK.K 

 849.4331 1696.8516 1696.

8416 

117 3.60E-09 G.SLLEFGMMILE

ETGK.N 

857.4293 1712.844 1712.

8365 

104 3.90E-08 G.SLLEFGMMILE

ETGK.N + 

Oxidation (M) 

857.4301 1712.8456 1712.

8365 

110 1.40E-08 G.SLLEFGMMILE

ETGK.N + 

Oxidation (M) 

865.4265 1728.8385 1728.

8314 

73 1.20E-05 G.SLLEFGMMILE

ETGK.N + 2 

Oxidation (M) 

877.9431 1753.8716 1753.

863 

95 1.70E-07 E.GSLLEFGMMIL

EETGK.N 

772.6319 2314.8738 2314.

8687 

73 1.10E-05 R.CCFVHDCCYG

NLPDCNPK.I 

VKT3_DABRR 65 Kunitz-type serine protease 

inhibitor 3 OS=Daboia 

russelii PE=2 SV=1 

20 1 1 651.9631 1952.8674 1952.

8588 

65 0.0063 K.EFIYGGCHGNA

NNFPTR.D 

PA2AI_TRIST 63 Acidic phospholipase A2 

CTs-A3 OS=Trimeresurus 

stejnegeri PE=1 SV=1 

11 1 1 557.5885 1669.7437 1669.

7375 

63 0.00017 K.AVCECDKAAAI

CFR.D 

 

  



 

 
 

Tabel S3. (Cont.) Mascot search results for Daboia russelli bioactives. The information in the table includes: The accession number, protein score, protein name, protein % 

coverage, number of matches, Mr Obs (observed molecular mass), Mr Exp (expected molecular mass), Mr Calc (calculated molecular mass), peptide score, and Expect 

(expectation value). 

Daboia russelii RP C18 

PA2B_VIPRE 493 Basic phospholipase A2 

vurtoxin OS=Vipera renardi 

PE=1 SV=1 

11 11 2 849.4249 1696.835

2 

1696.

8416 

94 1.60E-07 G.SLLEFGMMILE

ETGK.N 

 877.9387 1753.862

7 

1753.

863 

96 2.40E-07 E.GSLLEFGMMIL

EETGK.N 

VKTC6_DABSI 343 Kunitz-type serine protease 

inhibitor C6 OS=Daboia 

siamensis PE=2 SV=1 

43 8 5 677.2835 1352.552

5 

1352.

5528 

66 0.00029 Y.GGCGGNANNF

ETR.D 

 798.3331 1594.651

6 

1594.

6511 

78 4.00E-07 R.FYYNPASNQCQ

GF.T 

367.1814 1464.696

3 

1464.

7004 

32 0.03 R.HTCGASGNVGP

RPR.I 

809.3397 1616.664

8 

1616.

6638 

140 3.30E-12 F.TYGGCGGNAN

NFETR.D 

1065.442 3193.304

1 

3193.

3043 

128 2.20E-12 R.FYYNPASNQCQ

GFTYGGCGGNAN

NFETR.D 

VKT4_DABRR 125 Kunitz-type serine protease 

inhibitor 4 OS=Daboia 

russelii PE=2 SV=1 

33 3 3 677.2835 1352.552

5 

1352.

5528 

66 0.00029 Y.GGCGGNANNF

ETR.D 

 798.3331 1594.651

6 

1594.

6511 

78 4.00E-07 R.FYYNPASNQCQ

GF.I 

814.8215 1627.628

3 

1628.

7001 

45 0.00079 F.IYGGCGGNANN

FETR.D 

VKT3_DABRR 58 Kunitz-type serine protease 

inhibitor 3 OS=Daboia 

russelii PE=2 SV=1 

36 4 2 855.3362 1708.657

8 

1708.

6572 

33 0.02 K.FCYLPADPGEC

MAY.I + Oxidation 

(M) 
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Abstract  

High-throughput screening platforms for the identification of bioactive compounds in 

mixtures have become important tools in the drug discovery process. Miniaturization of such 

screening systems may overcome problems associated with small sample volumes and 

enhance throughput and sensitivity. Here we present a new screening platform, coined 

picofractionation analytics, which encompasses microarray bioassays and mass spectrometry 

(MS) of components from minute amounts of samples after their nano liquid chromatographic 

(nanoLC) separation. Herein, nanoLC was coupled to a low-volume liquid dispenser equipped 

with pressure-fed solenoid valves, enabling 50-nL volumes of column effluent (300 nL/min) 

to be discretely deposited on a glass slide. The resulting fractions were dried and subsequently 

bioassayed by sequential printing of nL-volumes of reagents on top of the spots. Unwanted 

evaporation of bioassay liquids was circumvented by employing mineral oil droplets. A 

fluorescence microscope was used for assay readout in kinetic mode. Bioassay data were 

correlated to MS data obtained using the same nanoLC conditions in order to assign 

bioactives. The platform provides the possibility of freely choosing a wide diversity of 

bioassay formats, including those requiring long incubation times. The new method was 

compared to a standard bioassay approach, and its applicability was demonstrated by 

screening plasmin inhibitors and fibrinolytic bioactives from mixtures of standards and snake 

venoms, revealing active peptides and coagulopathic proteases. 
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Introduction 

Current approaches used for analyzing complex mixtures for bioactivity properties involve 

the use of screening platforms that commonly combine several analytical techniques [1–3]. 

The so-called nanofractionation approach encompasses liquid chromatographic (LC) 

separation, using conventional-bore columns, on-line coupled to UV absorbance and mass 

spectrometric (MS) detection, as well as to a bioassay via continuous collection of microliter 

fractions of the column effluent [1]. Fractions of 3 to 10-s are collected on microtiter well 

plates and subsequently centrifuge freeze-dried and exposed to a bioassay of choice. The 

overall bioassay readout is then constructed into a bioactivity chromatogram and correlated to 

the parallel obtained UV-absorbance and MS data with the objective to identify (unknown) 

bioactive compounds. This technology has been applied successfully to a wide range of 

complex mixtures, including snake venoms [4–6], plant extracts [7], environmental samples 

[8, 9] and metabolic mixtures of new chemical entities (NCEs) [10]. 

Natural samples such as animal venoms or biofluids from small animals may be precious 

sources of new drugs. However, these samples are often available only in very small amounts 

and are therefore typically not suitable for most established screening platforms. Microfluidic 

high-resolution screening (HRS) platforms [1] employing on-line homogeneous bioassays 

have shown potential to tackle this problem [11, 12]. However, these systems allow only short 

incubation times and require relatively high concentrations of a soluble target protein (e.g., 

receptor or enzyme) to attain satisfactory performance. An alternative to on-line microfluidic 

bioassaying could be the coupling of microarray bioassays, which can accommodate hundreds 

to thousands of minute-volume bioassay reactions, to nano liquid chromatography (nanoLC), 

which employs nL/min range flow rates and small sample injection volumes (nL to low μL). 

Small molecular microarrays (SMMs) have been successfully implemented in drug discovery 

processes [13–15], such as for drug-drug interaction screening of cytochrome P450 enzymes 

[16–18] and drug cytotoxicity evaluation [19, 20], but have also found application in the 

identification of pesticides in food [21] and environmental samples [22], and of bioweapon 

toxins [23]. However, these microarray platforms are only suited for screening pure 

compound libraries or single-analyte samples, limiting their usefulness to analyze complex 

mixtures of bioactive compounds, such as venoms and natural extracts, as they would require 

pre-separation. 

Off-line chemical analysis of mixtures of components after nanoLC [24] has been achieved 

via fractionation of nanoLC effluent using various deposition approaches [25–29]. Pereira et 

al. [28] and Küster et al. [26, 27] used a microfluidics T-junction for contact deposition 

generating droplets by shear force using perfluorodecalin and subsequent spotting onto plates 

for MALDI-MS. Küster et al. [26] managed to deposit liquid droplets of ~2.5 nL. Non-contact 



130 CHAPTER 4 

 

deposition of low-nL volume droplets requires application of some sort of force to dislodge 

droplets from a dispensing tip. Young and Li [29] applied a pulsed voltage to a solenoid coil 

to deposit effluent droplets from a connected fused-silica capillary onto MALDI-plates in a 

non-contact fashion. This method was shown to be optimal for droplet sizes above 100 nL, 

but by decreasing the distance between the surface of the collecting plate and the capillary tip, 

spot volumes down to 20 nL could be achieved. 

In the present study, we introduce a new fractionation platform for profiling bioactive 

components in small volumes of complex mixtures after separation by nanoLC. This 

‘picofractionation’ system analyzes nL to low-μL sample volumes and deposits 10-s fractions 

(50 nL each) of nanoLC effluent onto a coated glass slide. For this purpose, a nanoliter-

volume liquid dispenser was used, providing contactless droplet array printing of the column 

effluent. The bioactivity of the fractionated samples was assessed by applying a fluorescence-

based bioassay using a spot-on-spot approach. Microarray bioassay readout was performed 

kinetically using a modified fluorescence microscope. The resulting data were converted to 

microarray bioactivity chromatograms (MBCs) and correlated with nanoLC-UV and -MS data 

for (structural) assignment of bioactive compounds. We evaluated the described 

picofractionation platform by employing a plasmin bioassay for the profiling of four snake 

venoms in order to detect the presence of plasmin inhibitors (anti-fibrinolytic agents) and 

proteases with fibrinolytic-like activities.  
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Experimental 

Chemicals and snake venoms  

All chemicals used were purchased commercially and the details can be found in the 

Supplementary Materials (SM) section S1.  

Lyophilized snake venom samples from Bothrops asper (Costa Rica), Deinagkistrodon acutus 

(captive bred of Chinese origin), Trimeresurus trigonocephalus (Sri Lanka) and Trimeresurus 

purpureomaculatus (Thailand) were sourced from historical venom samples stored in the 

Centre for Snakebite Research & Interventions at the Liverpool School of Tropical Medicine. 

For analysis, the venoms were diluted in MilliQ water from a stock solution (5 mg/mL in 

water) to a concentration of 1 mg/mL. The venom samples were stored at −80 °C until use.  

Preparation of glass slides and coating  

To ensure a hydrophobic surface, standard microscope glass slides (76×26 mm) with ground 

edges from Fisher Scientific (Loughborough, United Kingdom) were coated with 4 mL of a 

mixture comprising 16 mL of methyltrimethoxysilane (MTMOS), 6.4 mL of 5 mM HCl and 

16 mL of 25 mM potassium phosphate buffer at pH 8 according to the protocol of Lee et al. 

[30]. The slides were coated at least four days prior to nanoLC spotting. Detailed information 

on the coating procedure can be found in the SM section S2.  

NanoLC 

NanoLC was performed with a Dionex Ultimate 3000 nanoLC system from Thermo Scientific 

equipped with an autosampler, two binary high-pressure gradient pumps, one loading pump 

and a variable wavelength UV absorbance detector set to 214 nm. Samples (1 µL unless 

otherwise stated) were first loaded onto a trapping column (0.3 mm ID; 5 mm length; packed 

with Acclaim PepMap 100 C18 from Thermo Fisher; 5 µm pore size) for 6 min using a 

loading pump delivering acetonitrile-water (2:98; v/v) with 0.1% TFA at a flow rate of 10 

µL/min. After 6 min the trapping column was switched in line with the analytical column 

(C18; 75 μm ID; 150 mm length; 2 µm pore size) through a 6-port switch valve. All analyses 

were performed using a gradient elution with a mobile phase comprised of solvent A (water-

acetonitrile-formic acid (98:2:0.1; v/v/v)) and solvent B (acetonitrile-water-formic acid 

(98:2:0.1; v/v/v). Further information on the nanoLC gradients can be found in the SM section 

S3.  
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For sample analysis with MS detection, the nanoLC was coupled to a Bruker TIMS-TOF 

instrument (Bremen, Germany) using a CaptiveSpray source and a nanoBooster (Bruker 

Daltonics) employing acetonitrile. The MS source settings were as follows: capillary voltage, 

1200 V; nanoBooster gas pressure, 0.25 bar; temperature, 150 °C. The range of m/z 50–3000 

was covered. For nanoLC-MS analysis the injection volumes for D. acutus, T. 

trigonocephalus, and T. purpureomaculatus were 100 nL and for B. asper 500 nL. The 

chromatographic methods (i.e. gradients) used to separate the standard solution (a mixture of 

leupeptin diastereoisomers) and the dissolved snake venoms were the same as used for the 

post-column microarray bioassaying analyses.  

Fractionation of nanoLC effluent 

Collection of nanoliter fractions of nanoLC effluent was facilitated by the nano-volume liquid 

dispenser Preddator from Red&Whyte Limited (London, UK) equipped with four (1–4) 

pressure fed solenoid valves. The nanoLC effluent was led to the Preddator by a ~30 cm long 

fused-silica capillary (75 µm I.D. and 365 µm O.D.) which was connected to the 280 µm O.D. 

capillary exiting the UV absorbance detector using a Teflon sleeve connector (Thermo 

Scientific). The other end of the fused-silica capillary was inserted into a fluorinated ethylene 

propylene (FEP) tubing sleeve (length 5.8 cm; O.D. 1/16 in; I.D. 0.0155 in) which was 

mounted in a custom-made holder placed to the left side of the dispensing arm of the 

Preddator that moves in XY directions. A schematic view of the complete platform is shown 

in Figure 1. The tip of the capillary inserted into the FEP tubing sleeve was protruding ~5 mm 

outside the tubing sleeve and was placed centrally below the opening of the most left 

positioned solenoid valve (1) in the arm of the Preddator.  
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Figure 1. Picofractionation platform: I, Complex mixture (e.g., venom) is separated using nanoLC and detected 

with (II) UV-Vis absorbance detection; III, Column effluent is picofractionated in a non-contact manner onto an 

MTMOS-coated glass slide; The picofractionation is performed using a low volume liquid dispenser shown in 

(IV); V, After ambient drying the enzyme (E) is spotted onto the effluent fractions, followed by mineral oil (O) 

droplet deposition; After 30 min of pre-incubation, the bioassay reaction was initiated by addition of a substrate 

(S) droplet into the enzyme and analyte mixture; VI, Bioassay microarray readout; VII, MS and bioassay data 

correlation. MBC, microarray bioassay chromatogram. 

 

Figure S2 presents a zoomed image of the interface between nanoLC and the nano-volume 

liquid dispenser. Collection of nanoliter effluent fractions was possible by using solenoid 

valve 1 to dispense water droplets of 100 nL that hit and merge “in flight” with the effluent 

droplets exiting the tip of the connecting capillary, providing contact-free deposition of LC 

effluent fractions onto the receiving glass slide. Correct positioning of the capillary tip was 

essential in order to achieve repeatable and microarray-bioassay-compatible collection of the 

nanoLC effluent. To prevent “climbing” of the droplet along the outside of the capillary by 

adhesion forces, its tip was silylated with MTMOS coating solution (more detailed 

information on the capillary preparation can be found in SM, section S4). This treatment 

renders the tip more hydrophobic and lasted for ~3–4 weeks. The picofractionation process 

was managed by the in-house developed software Ariadne v. 1.10, enabling spotting of 

effluent fractions ranging from 0.1 to 900 s. In this study, a fraction was spotted every 10 s. 
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Microarray plasmin-activity assay with fluorescence readout 

The deposited nanoliter fractions were exposed to a plasmin bioassay that was adapted from a 

previously developed 384-well microtiter plate format as described by Zietek et al. [31]. 

Collected effluent fractions dried within ~5 min at ambient atmosphere and were then covered 

with a 100-nL drop of water dispensed by solenoid valve 3 of the Preddator (spot-on-spot; 

Figure 1) at an overpressure of 200 mbar (i.e. atmospheric pressure + 200 mbar). Next, 100 

nL of a 200 ng/mL plasmin solution dissolved in 0.1 M Tris-HCl buffer enriched with 0.1% 

BSA (w/v) was spotted onto the water droplets on the glass slides using solenoid nozzle 2 at 

an overpressure of 200 mbar. Then, two droplets of mineral oil (200 nL each) were dispensed 

0.2 mm left and right, respectively, of each spotted droplet of plasmin solution, in order to 

prevent disintegration of the enzyme solution droplet. The mineral oil was dispensed using 

solenoid valve 4 at an overpressure of 1650 mbar. Several other spotting sequences were 

tested prior to reaching the here described optimal procedure (see Figure S3). After depositing 

the mineral oil, the spots were incubated for 30 min at RT under a polystyrene black cover, 

without touching the surface of the glass slide. Finally, the bioassay was initiated by 

dispensing 100 nL of the fluorogenic substrate H-D-Val-Leu-Lys-AMC (10 µM) onto the 

incubation droplets, with solenoid valve 2 at an overpressure of 200 mbar. The prepared 

microarray glass slide was then directly placed in a glass slide holder of a Märzhäuser Wetzlar 

XY stage (type SCAN IM 130×100; Wetzlar, Germany) mounted on top of a Lumascope 620 

(Etaluma, Carlsbad, CA, USA) inverted fluorescence microscope for fluorescence readout and 

image acquisition (Figure S4). For detection of the product of the enzymatic reaction (7-

amino-4-methylcoumarin (AMC)) an excitation filter of 370–410 nm was used. In the 

Lumascope 620, fluorescence emission light was detected by a digital camera containing a 

high sensitivity monochrome complementary metal oxide semiconductor (CMOS) image 

sensor. An apochromatic microscope objective with 4× magnification (numerical aperture 

(NA), 0.13; working distance (WD), 17.2 mm, type number MA1012) from Meiji Techno 

(San Jose, California, USA) was used for the measurements. To automate image acquisition 

of all microarray bioassay spots at fixed time intervals (i.e. kinetic measurements), the XY 

stage and the fluorescence microscope were controlled with the µManager (version 1.4) open 

source software [32] that allowed synchronization of the hardware. Information on the image 

acquisition and processing of the microarray data can be found in SM, section S5.  
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Performance and quality of the plasmin microarray bioassay  

The performance of the microarray bioassay was first evaluated by determining IC50 values 

of the plasmin inhibitors leupeptin and aprotinin. Details on this procedure can be found in the 

SM S6. The Z’-factor was used to determine the assay quality according to Zhang et al. [33] 

(see SM S7). 

 

Results and discussion  

We present the development and validation of a so-called picofractionation screening 

platform which combines nanoLC of bioactive samples with microarray bioassaying 

employing a fluorescence microscope via contactless fractionation of the nL/min column 

effluent. Parallel nanoLC-MS analyses of the same samples were performed for correlating 

bioactivity of components to their accurate mass.  

Fractionation of nanoLC effluent 

To achieve non-contact deposition of 50-nL fractions of nanoLC effluent, a fused-silica 

capillary connected to the nanoLC column was positioned at an angle of 45° just underneath a 

solenoid valve of a dispensing arm of a high-accuracy low-volume dispenser (Figure S2). 

Positioning and the angle of the capillary with respect to the nozzle of the solenoid valve, 

along with the shape of the capillary tip, were important parameters to ensure reproducible 

and accurate deposition of effluent droplets on to the microarray glass slide. A capillary with 

a blunt end and a hydrophobic tip (silylated with MTMOS), prevented ‘climbing’ of liquid 

along the outside of the capillary and yielded optimal detaching of nanoLC effluent by the 

ejected water droplets. The distance between the nanoLC effluent capillary and the spotter 

nozzle was kept small (~ 2 mm), as was the distance between the capillary tip and the glass 

slide surface (~ 2 mm). These parameters provided precise and consistent droplet deposition 

on the glass slide for mobile phases containing up to 67% solvent B. Above this percentage of 

solvent B, the position of the capillary had to be adjusted ~ 0.5 mm further away from the 

spotter nozzle (decreasing the distance between the tip of the capillary and the glass slide to 

less than 1.5 mm) in order to ensure appropriate droplet deposition.  

Microarray bioassay format  

The bioactivity of individual compounds separated by nanoLC and deposited on the glass 

slide has to be measured with a bioassay suitable for microarray formats. Bioassaying in small 
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volumes raises issues associated with unwanted evaporation of bioassay solvents and with re-

dissolving of the dried fractions. To prevent water evaporation during the microarray assay 

incubation, we adapted the droplet-in-oil approach of Sun et al. [34]. In their approach, 

mineral oil was spotted first on a glass slide to generate droplet arrays into which analytes and 

the bioassay components were ejected for generation of bioassay-in-oil-droplets. However, in 

our case, after column effluent droplet spotting, the LC solvent evaporates leaving dry spots. 

Therefore, prior to spotting of the enzyme solution, a 100-nL droplet of water was dispensed 

on top of the dried fraction, in order to re-dissolve deposited components and thus to facilitate 

their mixing with the enzyme. The water droplet was partially evaporated (approximately 

70%) prior to spotting of the enzyme solution to avoid additional dilution of the bioassay 

components. Then, mineral oil was spotted to the plasmin solution, followed by 30 min 

incubation at room temperature under a polystyrene cover. However, spot-on-spot printing of 

the oil resulted in disintegration of the previously spotted droplets of the plasmin solution. 

Therefore, different approaches of spotting mineral oil onto the bioassay reaction mix were 

evaluated (see Figure S3 for details). We found that spotting two oil droplets 0.2 mm adjacent 

(left and right) to an enzyme droplet maintained the enzyme droplet’s integrity, while the two 

oil droplets merged into one, covering the enzyme droplet. The bioassay reaction was 

subsequently initiated by spotting 100 nL of substrate solution through the oil cover into the 

enzyme and sample component-containing inner droplet. 

Even when taking an enzyme solution that was prepared freshly from a stock kept at −20 C°, 

a decrease of enzymatic activity over time was observed when the solution was dispensed 

(data not shown). This activity loss appeared to be due to exposure to ambient temperature 

solution and evaporation of the enzyme solution. Therefore, the enzyme solution was kept on 

ice as long as possible prior to dispensing and then dispensed quickly followed by coverage 

with mineral oil. This was achieved by dispensing not more than 100 droplets with one 

portion of cold enzyme solution. For the next 100 droplets, a new cold portion was used. Fast 

dispensing of the enzyme and the oil was achieved by time-optimizing the point-to-point 

movement of the liquid dispenser using the control software. 

The biochemical conditions and reagent concentrations of the plasmin inhibition assay used in 

an earlier developed plate reader format [31] were transferred to and evaluated with the 

microarray bioassay format. The microarray assay quality and dynamic range were assessed 

by determining the Z’-factor, which was 0.71, indicating an excellent bioassay according to 

Zhang et al. [33] (Figure 2). Comparable results were obtained for the 384-well plate format, 

where the Z’-factor for the same bioassay was determined to be 0.74 [31]. The good 

agreement in the Z’-factors shows the straightforward transfer of a bioassay initially 

developed for 384-well plate format (operating at 50 µL well volume) to the microarray 

format that requires only 200 nL of the bioassay mixture (i.e. 250 times lower volume).  
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Figure 2. Bioassay evaluation with Z’-factor. Positive control (leupeptin at 200 μM; n=100) and negative control 

(mobile phase A; n=100). SD: standard deviation. RFU, relative fluorescence unit; SD, Standard Deviation. 

 

In order to evaluate whether the microarray bioassay can accurately determine inhibitory 

properties of bioactives, IC50 values of two potent plasmin inhibitors, leupeptin and 

aprotinin, were determined and compared with IC50 values obtained using the standard 384-

well plate reader bioassay [31]. Determination of IC50 values was performed with the 

microarray bioassay on dried inhibitor spots that were spotted on a MTMOS coated glass 

slide. Leupeptin and aprotinin were dispensed at ten different concentrations ranging from 0 

to 400 µM and from 0 to 30 µM, respectively. Figure S5 shows the IC50 curve of leupeptin 

obtained with the microarray bioassay. The IC50 for leupeptin was found to be 4.7 µM (SD, 

2.7 µM), which was approximately two times lower than the IC50 obtained using the 384-

well plate reader format (8.9 µM; SD, 3.1 µM). For aprotinin an IC50 value of 51 nM (SD, 

26.5) was determined with the microarray bioassay, whereas the IC50 value was 34.5 nM 

(SD, 13.6) with the plate reader assay (Figure S5). Choo et al. [35] reported an IC50 of 21.7 

nM for aprotinin against plasmin. Hence, although we used different conditions for our 

plasmin bioassay – we used a different enzyme concentration and a fluorogenic instead of a 

chromogenic substrate as in the case of Choo et al. – the inhibitory potency of aprotinin 

toward plasmin found in our study agreed well with the value of Choo et al.  
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NanoLC-microarray bioassaying of plasmin inhibitors  

In order to evaluate the performance of the picofractionation platform, in terms of 

repeatability and sensitivity, various concentrations of a mixture of leupeptin and aprotinin 

were analyzed by nanoLC and the column effluent was fractionated on MTMOS-coated glass 

slides. Figure 3 shows representative resulting microarray bioactivity chromatograms (MBCs) 

of leupeptin injected at concentrations ranging from 10 to 200 μM. The highest concentration 

injected induced full inhibition of plasmin, which is depicted in Figure 3 as a negative peak in 

the upper superimposed chromatogram. A gradually lower percentage of full inhibition was 

observed upon injection of lower leupeptin concentrations, as reflected by decreasing heights 

of the negative peaks. A concentration of 10 µM appeared to be the bioassay detection limit. 

The bioactivity peaks for leupeptin were relatively narrow and no extensive dose-dependent 

peak broadening was observed. However, for aprotinin, a high-affinity plasmin inhibitor, 

extensive peak broadening was already observed at 30 µM, due to the sigmoidal dose-

response relationship typical for bioactivity detection [10, 36]. The lowest concentration of 

aprotinin at which plasmin inhibition was still observed was an injected concentration of 44 

nM. The retention time of the chromatographic peak and the bioactive peak was stable for 

both compounds at each concentration measured, demonstrating robustness of the method.  
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Figure 3. Superimposed microarray bioactivity chromatograms (MBCs) resulting from microarray bioassays of 

fractionated leupeptin (left) and aprotinin (right) injected at different concentrations to nanoLC. The MBCs are 

correlated with nanoLC-UV traces (bottom) obtained from measurement of leupeptin and aprotinin at 25 µM and 

30 μM, respectively. RFU, relative fluorescence unit.  

 

An important characteristic of the picofractionation system is the capability to maintain the 

chromatographic resolution obtained during separation. To test the picofractionation system 

for this characteristic, two leupeptin diastereoisomers were analyzed [37]. Both 

diastereoisomers possess potent inhibitory activities toward plasmin, and can be separated by 

RPLC. Previous analyses, however, were performed using a relatively fast gradient, which did 

not result in diastereoisomers separation in the MBCs (Figure 3). By applying a shallower 

(60-min) gradient, the leupeptin diastereoisomers were separated with baseline resolution, 

allowing fractionation and microarray bioactivity testing of the individual diastereoisomers 

(Figure 4).  
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Figure 4. Analysis of a mixture of leupeptin diastereoisomers (25 μM) using the picofractionation platform 

(top). The MBC was correlated with the UV absorbance trace (middle) and MS chromatogram (bottom). For MS 

analysis, leupeptin at a concentration of 2 µM was used. BPC: base peak chromatogram. MBC, microarray 

bioassay chromatogram; RFU, relative fluorescence unit.   

 

NanoLC-microarray bioassay analysis of snake venoms  

Venoms are complex mixtures containing multiple bioactive compounds with high potency 

and/or selectivity for a range of biological targets. Hence, bioactives derived from venoms are 

considered valuable entry points for drug discovery. Although attractive for these reasons, 

studying venoms can be challenging due to their complexity and, often, minute quantities of 

available material [38]. To evaluate the usefulness of the nanoLC platform when coupled to 

both post-column microarray bioassaying and MS detection, we analyzed four venoms 

originating from the pit vipers Bothrops asper, Deinagkistrodon acutus, Trimeresurus 

trigonocephalus and Trimeresurus purpureomaculatus, respectively. Figures 5 and S6 show 

MBCs of the four venoms correlated to UV chromatograms and separately obtained nanoLC-

MS data. In the MBC of B. asper, also known as fer-de-lance (Figure 5), a broad positive 
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signal between 28 and 33 min was observed, which suggests that the venom contains peptides 

and/or proteins with fibrinolytic activity. B. asper venom is known to contain a number of 

proteolytic enzymes, including class PI, PII and PIII snake venom metalloproteinases 

(SVMPs), which are at least in part responsible for the devastating toxic effects in cases of 

snakebite envenoming [39]. For further information on SVMP classification the reader is 

referred to a review on SVMPs by Takeda et al. [40]. Other reported literature on 

metalloproteinases isolated from B. asper describes hemorrhagic activity of SVMPs including 

the the PI SVMP BaP1 (22.7 kDa) [41] and PIII SVMP BaH4 (69 kDa) [42]. Considering the 

width of the positive MBC peak observed, most probably the observed bioactivity is due to 

multiple, partly co-eluting, bioactive compounds present in the venom. Similar broad 

bioactive peaks were also observed during analyses of snake venom samples using the 

normal-bore chromatography based nanofractionation system [4]. This implies that the 

picofractionation approach provides comparable separation efficiency. Upon correlating the 

MBC with the obtained MS data, the m/z values of a number of component ions were 

observed in the time frame of the positive MCB peak (Table S1). In Figure 5, the total ion 

chromatogram (TIC) and extracted ion chromatograms (XICs) of the relevant m/z values are 

plotted. Although a number of compounds with masses in the range of 20–30 kDa were 

observed, and which could be SVMPs or SVSPs (especially those eluting between 31 and 32 

min), due to the co-elution of these compounds it was not possible to determine which ion(s) 

were responsible for the bioactivity. In order to enhance the selectivity of the method when 

dealing with co-eluting bioactive compounds, an orthogonal separation technique could be 

applied in the future, for instance, hydrophilic interaction chromatography (HILIC). Such an 

approach was already shown successful in previous studies using normal-bore LC separations 

of venoms [6, 31]. 

The venom of D. acutus, also known as ‘the hundred pacer’, exhibited similar fibrinolytic-like 

activities to those observed for B. asper. When analyzed using the picofractionation platform, 

a positive peak in the MBC between 23 and 28 min was visible (Figure S6). In addition, 

between 28 and 32 min, a negative peak representing plasmin inhibition was observed. While 

previous reports have described fibrinolytic metalloproteinases, e.g., FIIa (26 kDa) and Dacin 

(23 kDa) in the venom of D. acutus [43, 44], to our knowledge anti-fibrinolytic activities have 

not yet been reported. The XICs of m/z values detected for components eluting between 28 

and 32 min are shown in Figure S6 and originate from both singly and multiple charged 

species potentially representing peptides as well as SVMPs (~20–30 kDa). 

The other two snake venoms analyzed in this study were from the congeneric species T. 

trigonocephalus and T. purpureomaculatus, known as the Sri Lanka Pit Viper and the 

Mangrove Pit Viper, respectively. The MBCs of these two venoms showed similar profiles, 

both exhibiting fibrinolytic-like and anti-fibrinolytic activities (Figures 5 and S6). Venom 

from T. purpureomaculatus has been reported to contain a number of proteolytic enzymes, 
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including for example, the thrombin-like enzyme (an SVSP) purpurase (35 kDa) [45] and a 

proteolytic SVMP called hemorrhagin (72 kDa) [46]. Our nanoLC-MS setup was not able to 

effectively detect such high molecular masses due to a limited sensitivity for the higher mass 

proteases that are present at low concentration. The m/z values that were observed for the 

bioactivity peaks are listed in Table S1. The negative bioactivity peak observed in the MBC 

of T. purpureomaculatus between 29 and 33 min (Figure S6) represents anti-plasmin (anti-

fibrinolytic) activities. In the case of T. trigonocephalus venom (Figure 5), to our knowledge, 

the biochemical anti-plasmin profile has not been reported yet, which can be due to the fact 

that the venom of this species is considered to be of low medical relevance [47] in contrast to, 

for example, the venom of B. asper. Nevertheless, clinical features of envenomation by T. 

trigonocephalus have been reported to include coagulopathy and local hemorrhage [47]; 

pathologies consistent with the bioactivities observed here, and which are likely due to the 

action of proteolytic enzymes. 
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Figure 5. Analysis of venoms of B. asper (left) and T. trigonocephalus (right) using the picofractionation 

platform employing profiling of plasmin inhibition and protease activity. B. asper shows a positive peak between 

retention time 28 and 33 min, indicating the presence of multiple venom proteases and/or plasmin activators. 

From the parallel obtained MS data, multiple masses are found to match the positive peak area of the microarray 

bioassay chromatogram (MBC) as shown as extracted-ion chromatograms (XICs). For T. trigonocephalus, both 

positive and negative peaks were observed indicating the presence of proteases and/or plasmin activators as well 

as plasmin inhibitors. The XICs indicate multiple potential bioactive peptides or proteins per peak.  
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Conclusions 

This study describes the development and application of a new picofractionation system 

which couples nanoLC to microarray bioassaying via non-contact spotting of nanoliter-range 

effluent fractions. A number of adaptations, such as spot-on-spot dispensing, hydrophobic 

coating of deposition capillary, and use of spot-adjacent oil droplets, allowed the effective 

transfer of a conventional microtiter well-plate-based bioassay to microarray format. Suitable 

bioassay performance was indicated by a good correlation of determined IC50 values for 

leupeptin and aprotinin obtained with a conventional bioassay format and with the new 

miniaturized method. The new method was evaluated by the analysis of different 

concentrations of the plasmin inhibitors leupeptin and aprotinin by the nanoLC-microarray 

bioassay system. The ability of the system to achieve high-resolution fractionation at nanoLC 

flow rates was shown by separating and distinctively depositing diastereoisomers of leupeptin 

followed by individually assessing their inhibiting activity. Furthermore, we validated the 

‘real-world’ applicability of the picofractionation system by screening minute amounts of 

snake venoms from Bothrops asper, Deinagkistrodon acutus, Trimeresurus trigonocephalus 

and Trimeresurus purpureomaculatus. The results indicated the presence of proteases as well 

as compounds with both anti-fibrinolytic and fibrinolytic-like properties. In general, the 

results obtained were in agreement with the available literature. The new method described 

herein will facilitate bioactivity profiling complex bioactive mixtures and consumes only very 

low sample volumes (i.e. in the range of 50 nL to 1 µL). Anticipated future developments of 

the picofractionation platform include further optimization of the chromatographic part of the 

system to achieve better separations for venoms, miniaturization of the microarray dimensions 

to allow bioassay multiplexing, and implementation of an effluent split after UV detection 

that will permit simultaneous parallel on-line MS analysis next to microarray spotting and 

bioassaying.  
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S1. Chemicals 

Monobasic- and dibasic- trihydrate potassium phosphate, Trizma base, glycerol, acetone, 

methyltrimetoxysilane (MTMOS), leupeptin hemisulphate salt microbial ≥90% (HPLC), 

aprotinin, mineral oil (light oil, for molecular biology), bovine serum albumin (BSA) and 7-

amino-4-methylcoumarin were all from Sigma-Aldrich (Zwijndrecht, The Netherlands). 

Sulfuric acid was from Merck (Darmstadt, Germany), hydrochloric acid and dimethyl 

sulfoxide (DMSO) were from Riedel-de-Haën (Zwijndrecht, The Netherlands). Human 

plasmin was from Haematologic Technologies, Inc. (Essex, Junction, VT, USA) and was used 

at a stock concentration of 0.435 mg/mL in glycerol:water (1:1, v/v). H-D-Val-Leu-Lys-AMC 

acetate salt from Bachem (Bubendorf, Zwitserland) was used at a stock concentration of 20 

mM in DMSO. Leupeptin hydrochloride and aprotinin were dissolved in MilliQ water to their 

stock concentrations of 10 mM and 1 mg/mL, respectively. Acetonitrile MS grade, methanol, 

formic acid and trifluoroacetic acid were all from Biosolve (Valkenswaard, The Netherlands). 

MilliQ water was obtained from a direct-QTM Millipore system Millipore (Millipore, 

Billerica, MA, U.S.). 

S2. Preparation and coating of glass slide with MTMOS 

Prior to coating with methyltrimethoxylsilane (MTMOS) solution, glass slides were washed 

with MilliQ water. Clean glass slides were then placed on a removable glass slide rack and 

dried under a stream of compressed air (CA). The dried glass slides were then immersed in 

concentrated sulfuric acid (98%) overnight (O/N). The sulfuric acid was subsequently 

removed by rinsing the glass slides thoroughly with water, by first rinsing the glass slides 

with fresh water for minimum of 15 min. To remove water the acid free glass slides were then 

submerged for a few seconds in acetone, after which the slides were dried under CA. The 

resulting acid cleaned glass slides were stored dry in the dark prior to coating.  

The hydrophobic mixture used for coating comprised 8 mL of 95% MTMOS liquid, 3.2 mL 

of 5 mM HCl in water, and 8 mL of KPO4 buffer (25 mM) at pH 8. This mixture was 

prepared by first mixing 8 mL MTMOS solution with 3.2 mL of 5 mM HCl using a vortex 

mixer at 2200 rpm for 2 min in a 50 mL Greiner tube. The mixture was then placed in an 

ultrasonic water bath (Bransonic, Valkenswaard, The Netherlands) for 15 min. After ultra-

sonication, 8 mL of KPO4 buffer (25 mM) at pH 8 was added to the emulsion and briefly 

shaken.  

The coating of the acid-cleaned glass slides was performed by 1) placing a glass slide into an 

in-house made glass slide holder of the in-house made spin coater (made of a modified 

Maxtor 90650U2 hard drive with a switching power supply); 2) covering the spin coater with 

a transparent lid with a hole in the center; 3) dispensing 4 mL of the freshly prepared coating 
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mixture using a 5 mL pipette over a spinning acid-cleaned glass slide through the hole in the 

center of the transparent cover. The spin coater was operated at a fixed spinning speed of 

5400 rpm for 30 s. Details and photos of the spin coater can be found in Figure S1.   

S3. NanoLC gradient 

The gradient used for leupeptin and aprotinin started at 2% B for 6 min and then linearly 

increased to 60% B in 20 min and then to 90% B in the next 5 min. After an additional 3 min 

elution at 90% B, the column was re-equilibrated at starting conditions (2% B) for 7 min. The 

total analysis time was 35 min. For the analysis of a mixture of leupeptin diastereoisomers (25 

µM leupeptin) and snake venom samples the gradient was from 1% B to 60% B in 36 min and 

then in 2 min to 90% B, where it stayed isocratic for 2 min. At 44.1 min, mobile phase B 

decreased to 1% (starting conditions) and continued at this concentration until 60 min. The 

nanoLC system was controlled by Chromeleon version 6.80 SR12 software. For MS analysis, 

the samples were re-run using the same gradient. For MS analysis, leupeptin diastereoisomers 

were separated at a leupeptin concentration of 2 µM.  

S4. Preparation of a capillary used for effluent picofractionation 

For the picofractionation, ~30 cm of a fused-silica capillary of 75 µm I.D. and 365 µm O.D. 

was used of which the blunt tip was coated on the outside with MTMOS. Prior to coating with 

MTMOS solution, one end of the capillary was closed - by melting it with a burner - to 

prevent blocking the inside of the capillary with MTMOS solution during the coating process. 

The heating of the capillary was also done to remove the polyamide coating (3-4 cm of the 

tip). Coating with MTMOS solution (silylation) of the capillary tip was performed by 

immersing ~4 cm of the capillary (at this point closed) tip into MTMOS coating solution for 

~5 min, after which the capillary was dried at ambient atmosphere (O/N placed in a fume-

hood). The MTMOS coated tip was opened with the use of a capillary cutter in a straight line 

prior to use.  

S5. Image acquisition and processing of the microarray data 

Fluorescence intensities of the microarray bioassay droplets were measured kinetically by 

taking 24-bit images of 1200 pixels × 1200 pixels (width and height, respectively) separately 

for each bioassay droplet during incubation (i.e. developing microarray bioassay droplets). 

The time to acquire images of a complete microarray bioassay containing up to 300 single 

bioassay reactions was 7.5 min. In µManager, the Lumascope LED C, Channel C was 

selected with LED C illumination set to 160, camera gain set to 15, and camera image mode 

at RGB32. The multi-dimensional acquisition (MDA) option available in µManager enabled 
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acquisition at multiple stage positions, in a serpentine fashion to follow the picofractionation 

pattern. The camera exposure time was set at 300 ms. Kinetic measurements were performed 

by taking 18 images of every single bioassay droplet reaction in intervals of 7.5 min. 

Captured images were saved as separate image files for further processing.  

Fluorescence intensity for images with single spots at all intervals was calculated with the 

following equation [1]: Net Total Fluorescence Intensity = Integrated Density – (area of an 

image  fluorescence intensity of the background mean), using ImageJ [2]. In the equation, 

the Integrated Density of an image is the intensity of an entire image (containing the 

background and the fluorescence spot over an area of 1200 pixels × 1200 pixels). The mean 

fluorescence background intensity – for a complete microarray bioassay experiment – was 

measured using 20 randomly picked images acquired during the first interval of the 

measurement. In each of the 20 images, an area outside of the droplet was selected and the 

background intensity was extrapolated to get the background for a 1200 × 1200 pixels area. In 

order to automate processing of the acquired images and construct bioactivity chromatograms, 

an in-house written macro was implemented in ImageJ. Subsequently, a script written in R [3] 

was used to generate a kinetic curve for each microarray bioassay spot from each time interval 

measured using the calculated net total fluorescence intensity. The same R script was used to 

calculate slopes from the kinetic curves for each bioassay droplet reaction, which were finally 

plotted against their picofractionation time to create microarray bioactivity chromatograms 

(MBCs). The macro used for processing the data to obtain the MBCs can be found in 

Supplementary Materials S8.  

S6. Performance of the plasmin microarray bioassay  

The performance of the microarray bioassay was first evaluated by determining IC50 values 

of the two plasmin inhibitors leupeptin and aprotinin. Leupeptin was analyzed at ten different 

concentrations ranging from 0–400 µM, and aprotinin at nine different concentrations ranging 

from 0–30 µM. The inhibitors were serially diluted in MilliQ water. To mimic nanoLC 

solvent delivery while still maintaining a continuous flow of the inhibitor solutions, nanoliter 

spots of the inhibitors were collected on an MTMOS coated glass slides with the help of a 

syringe pump model 22 from Harvard Apparatus (Holliston, MA, USA). The inhibitors were 

delivered via a fused-silica capillary connected to a 250 µL volume Hamilton glass syringe 

(Supleco, Bellefonte, PA, USA) mounted on the syringe pump. Droplets of 100-nL formed at 

the tip of the capillary were dislodged/detached using 100 nL droplets ejected every 4 s with 

solenoid valve 1. Each inhibitor concentration to be bioassayed was spotted 5 times on two 

different glass slides. Next, the dried spots were exposed to the plasmin microarray bioassay 

following the same procedure as described earlier in the text. 
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S7. Quality of the plasmin microarray bioassay 

In order to calculate the Z’-factor of the microarray bioassay, positive control samples 

(n=100) of 200 µM leupeptin (ensuring total enzyme inhibition) and negative control samples 

(n=100) consisting of mobile phase A were spotted in the same manner as described for the 

IC50 determination. Subsequent bioassay and data processing was done following the same 

procedure as described in the experimental section to obtain the kinetic slopes of each 

microarray reaction droplet data point. Using these kinetic slopes, the Z’-factor was calculated 

according to Zhang et al. [4]. 

S8. An in-house written macro was implemented in ImageJ for automatic measurement of 

Integrated Density, Mean (Mean Grey Value), and Area of each image representing each 

microarray bioassay droplet reaction at each time point measurement.  

/* 

 * Local settings 

 * -------------- 

 *  

 * There are some variables you can change below. 

 * some functionality needed by this script. 

 *  

 * roiWidth, roiHeight. default: 800, 800 

 * -------------------------------------- 

 *  

 * The width and height of the region of interest in the image. 

 * The ROI is always centered in the image. The offsets are calculated  

 * in ProcessImage(). 

 *                

 *                

 * checkROI, default: false 

 * ------------------------ 

 *  

 * When this variable is set to true the program will pause at each 

 * image with the ROI shown. 

 * You can adjust the ROI at this point before the image is analyzed.  

 *  

 * This option exists so you can view each image with the ROI to see 

 * if it needs adjustment for the batch processing. 

 *  

*/ 

 

// The minimum version to use 

requires("1.51r") 

 

///////////////////////////////////////////////////////////////////////////

//// 

// Variables that are user configurable 

 

// If this variable is set to true the program will halt at each ROI so you 

// can check if the ROI is not too small or too large. 

// Also BatchMode is disabled (images will be shown). 

checkROI = false; 

 

// These are needed for the ROI for each image and are used in 

processImage(). 
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// You can use checkROI = true for manual inspection of each image with 

this 

// ROI settings. 

//var roiXOffset = 200; Are calculated in ProcessImage(). 

//var roiYOffset = 200; 

var roiWidth  = 800; 

var roiHeight = 800; 

 

// Print to the log window or not. Used in echo(). 

var printLog = true; 

 

///////////////////////////////////////////////////////////////////////////

//// 

// Start working 

 

// Use the date for saving the results. 

dateStarted = GetDateTimeString(); 

echo("Starting at: " + dateStarted); 

 

// Don't display images during batch processing 

if(!checkROI) 

 setBatchMode(true); 

 

// The directory where all images are stored 

// Select the directory where the images are stored.            

imageDirectory = getDirectory("Choose a Directory"); 

 

// replace '\' with '/'. 

imageDirectory = replace(imageDirectory, File.separator, "/"); 

 

// Get the parent path and working directory. Needed for saving the results 

parentDir = File.getParent(imageDirectory); 

workingDir = File.getName(imageDirectory); 

 

// --------------------------------------------------------- 

// Clear previous results 

run("Clear Results"); 

 

// --------------------------------------------------------- 

// Sort the images into order. The problem is that the folders are numbered 

// without leading zeroes and just sort on ASCII. 

// Also each PosN directory can contain multiple images 

 

// Find the max PosN number 

echo("Scanning: " + imageDirectory); 

 

maxIndex = findMaxPosNumber(imageDirectory); 

echo("PosN directories found = " + maxIndex); 

if(maxIndex < 0) 

{ 

 echo("No images found!"); 

 showMessage("<html><h1><font color=red>No images 

found</font></h1><font color=blue>" + imageDirectory + "</font><html>"); 

 exit; 

} 

 

 

// --------------------------------------------------------- 

// Build a array with all the images 

 

// This array holds all images and is filled by buildImageList() 
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var imagesAr = newArray(); 

 

// This array holds the file times 

var timeAr = newArray(); 

 

buildImageList(imageDirectory); 

 

echo("Number of images found: " + imagesAr.length); 

 

 

// --------------------------------------------------------- 

// Now we are ready to process each image 

 

echo("Start analyzing images"); 

 

timeZero = 0.0; 

 

for(i = 0; i < imagesAr.length; i++) 

{ 

 // Fetch the posN number 

 start = indexOf(imagesAr[i], "/Pos"); 

 end   = indexOf(imagesAr[i], "/img_"); 

 posN = parseInt(substring(imagesAr[i], start+4, end), 10); 

  

 // Fetch the image_N number 

 start = indexOf(imagesAr[i], "/img_"); 

 end   = indexOf(imagesAr[i], "_Channel"); 

 imgN = parseInt(substring(imagesAr[i], start+5, end), 10); 

  

// echo("Process: " + imagesAr[i]); 

 

 togo = imagesAr.length - i - 1; 

 echo("\\Update:Images to go " + togo); 

  

 processImage(posN, imgN, imagesAr[i]); 

 

 // Get the file time difference in seconds 

 fileTime = parseFloat(File.lastModified(imagesAr[i])); 

 

 // Set the initial timestamp 

 if(i == 0) 

  timeZero = fileTime; 

 

 // Get the differnce in seconds with the first image. 

 timeDiff = (fileTime - timeZero)/1000; 

  

 setResult("fileTime", nResults-1, timeDiff); 

} 

 

 

// --------------------------------------------------------- 

// Saving the results 

 

file = parentDir + "/" + dateStarted + "-" + workingDir + ".csv"; 

//file = "M:/Projects/Lumascope/Results.csv"; 

 

echo("Saving results: " + file); 

saveAs("Results", file); 

 

echo("Finished at " + GetDateTimeString()); 

showMessage("<html><h1><font color=green>Ready</font></h1> " + 
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   "I have analyzed <font color=blue><b>" + nResults + 

"</b></font> images and saved the results at:" +  

   "<br><font color=blue><b>" + file + 

"</b></font></html>"); 

 

exit; 

 

 

////////////////////////////////////////////////////////////////////////// 

// Functions 

 

/** 

 * Find the highest number in the list 

 *  

 * Scans the file path for '/PosN/img_' where N is the index number. 

 *  

 * @param directory The directory with all the PosN directories 

 *  

 * @return max The highest index number found or < 0 if nothing found 

 */ 

function findMaxPosNumber( directory ) 

{ 

 max_index = -2; 

  

 list = getFileList(imageDirectory); 

 

 for(i=0; i<list.length; i++) 

 { 

  if(endsWith(list[i], "/")) 

  { 

   start = indexOf(list[i], "/Pos"); 

   end   = indexOf(list[i], "/"); 

  

   posN = parseInt(substring(list[i], start+4, end), 10); 

  

   if(posN > max_index) 

    max_index = posN; 

  } 

 } 

  

 // So there at least maxIndex folders 

 max_index++; 

 

 return(max_index); 

} 

 

/** 

 * Create an array with all images sorted on PosN and img_N. 

 *  

 * @global imagesAr The array with all images (full file path) 

 */ 

function buildImageList( imageDirectory ) 

{ 

 // Go through each posN folder 

 for(i = 0; i < maxIndex; i++) 

 { 

  // Create the directory path 

  posDirectory = imageDirectory + "Pos" + i; 

  

  list = getFileList(posDirectory); 
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  if(list.length > 0) 

  { 

   ar = newArray(); 

    

   // Find any image files 

   for(j = 0; j < list.length; j++) 

   { 

    if(endsWith(list[j], '.tif')) 

    { 

     ar = Array.concat(ar, list[j]); 

    } 

   } 

   

   // Sort on the file name 

   Array.sort(ar); 

    

   for(j = 0; j < ar.length; j++) 

   { 

    imagesAr = Array.concat(imagesAr, posDirectory + 

"/" + ar[j]); 

   } 

  } 

 } 

} 

 

 

/** 

 * Process each image 

 *  

 * In this function all the hard work is taking place for each image. 

 * The results are stored in the Results table. 

 *  

 * @param index The index number of the image 

 *  

 * @param file The filename of the image 

 */ 

function processImage( posIdx, imgIdx, file ) 

{ 

 // Open the image 

 open(file); 

 

 imageName=getTitle(); 

  

// run("Duplicate...", "TempImage"); 

// run("8-bit"); 

 

 // Create the Region Of Interest 

 width  = getWidth(); 

 height = getHeight(); 

 

 roiXOffset = (width - roiWidth) / 2; 

 roiYOffset = (height - roiHeight) / 2; 

  

 makeRectangle(roiXOffset, roiYOffset, roiWidth, roiHeight); 

 

 if(checkROI) 

  waitForUser("Is the ROI correct?"); 

   

 // Add it to the roi manager 

// roiManager("Add"); 
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 // Open the ROI in a sepaarate window 

 run("Duplicate...", "TempImage"); 

 

 // Close the original one 

 close(imageName); 

 

    // Set the measurements options 

 run("Set Measurements...", "area mean integrated redirect=None 

decimal=1"); 

 

 // Measure it! 

 run("Measure"); 

 

 // Add the pos index and image index to the Results 

 setResult("posIdx", nResults-1, posIdx); 

 setResult("imgIdx", nResults-1, imgIdx); 

 updateResults(); 

 

 // Close the ROI image 

 close(); 

} 

 

/** 

 * Get a datetime string 

 *  

 * This function returns a datetime string in the following format: 

 *  

 *      YYYYMMDDhhmm 

 *       

 * @return The datetime string 

 *  

 */ 

function GetDateTimeString() 

{ 

 getDateAndTime(year, month, dayOfWeek, dayOfMonth, hour, minute, 

second, msec); 

 

 // Months are 0 based 

 month++; 

 

 // Add a '0' prefix if needed 

 monthPrefix  = ""; if(month < 10)  monthPrefix  = "0"; 

 dayPrefix    = ""; if(dayOfMonth < 10) dayPrefix    = "0"; 

 hourPrefix   = ""; if(hour < 10)  hourPrefix   = "0"; 

 minutePrefix = ""; if(minute < 10)  minutePrefix = "0"; 

 

 date = "" + year + monthPrefix + month + dayPrefix + dayOfMonth + 

hourPrefix + hour + minutePrefix + minute; 

  

 return date; 

} 

 

/** 

 * Print text to the log window 

 *  

 * Print only if printLog is true. because if printing the  

 * log window will be opened. 

 *  

 * @param text Text to print 

 * @global printLog true or false 

 */ 
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function echo( text ) 

{ 

 if(printLog) 

  print(text); 

} 
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Supplementary figures and tables  

 

 

Figure S1. Spin coater made in-house from a modified Maxtor 90650U2 hard drive. 1) hard drive; 2) switching 

power supply; 3) drain container collecting excess of coating solution; 4) rotating holder for a glass slide; 5) box 

with a lid to contain the spin coater and the coating solution while spin coating. The height of the box was 

important as it determined the distance between the lid and the glass slide during coating. Right in figure: spin 

coater with the lid. Coating solution was pipetted thought a small hole in the center of the plastic cover 

(indicated with an arrow (6)) while the glass slide was spinning. The spin coater was turned off after 30 s from 

the time the coating liquid was dispensed. 

 

 

 

Figure S2. Coupling of nanoLC with the low volume dispenser. 1) Interface of nanoLC capillary (indicated with 

a white arrow) with arm of the liquid dispenser; 2) Positioning of the capillary tip showing the angle of the 

capillary in relation to the spotter nozzle (nozzle indicated with a blue arrow); 3) Capillary holder in which a 

fluorinated ethylene polypropylene (FEP) tubing sleeve (a) is shown from the bottom of the liquid dispenser 

arm; the holder comprises two straps made of polyamide type 6.6 fitted with four screws (b) holding the nanoLC 

capillary positioned in the FEP tubing sleeve; (c) indicates a screw by which the capillary holder is connected to 

the arm of the liquid dispenser.  
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Figure S3. Different approaches tested for covering the microarray bioassay with mineral oil to prevent 

evaporation. 1) Mineral oil (O) spotted first on the deposited analyte (A) that was re-dissolved in water (W); 2) 

Mineral oil spotted last on the enzyme (E) + substrate (S) + A re-dissolved in W spot mix causing its 

disintegration; 3) Mineral oil spotted as two droplets 0.2 mm away from the center of the E droplet (one to the 

left and the other to the right side), followed by dispensing S. 
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Figure S4. 1) Lumascope inverted fluorescence microscope with 2) a Märzhäuser high accuracy X,Y-stage fitted 

on top. In order to position the XY stage, the deck cover of the Lumascope was removed. The fluorescence 

microscope was equipped with 405, 488 and 590 nm light emitting diodes (LEDs), and a set of five Semrock 

filters, i.e. three excitation filters, a triple bandpass dichroic filter and a triple bandpass emission filter. For image 

capturing a digital camera containing a high sensitivity monochrome CMOS sensor was used; for focusing 3) an 

infinity corrected microscope objective (4× magnification; numerical aperture (NA) 0.13, working distance 

(WD) 17.2 mm, type number MA1012 from Meiji Techno) was placed in the objective holder of the Lumascope 

(the camera objective is changeable in Lumascope).  
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Figure S5. Comparison of IC50 curves of leupeptin and aprotinin obtained by the microarray bioassay (grey 

curves) with data obtained from a standard 384-well platereader assay format (black curves). To generate 

microarray bioassay IC50 curves, 100 nanoliter droplets of the inhibitors at different concentrations (the droplets 

dried rapidly after deposition) were collected on an MTMOS coated glass slide with the help of a syringe 

infusion pump that mimicked the nanoLC solvent delivery and maintained a continuous flow of the inhibitor 

solutions prior to microarray bioassay preparation. 
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Figure S6. Picofractionation with microarray bioactivity profiling (i.e. plasmin inhibition and protease activity) 

of venoms of D. acutus and T. purpureomaculatus. The D. acutus results show two types of bioactivity: a 

positive (at 23–28 min) indicates the potential presence of proteases and/or fibrinolytic compounds, and a 

negative (at 28–32 min) that could indicate anti-fibrinolytic activities. From the parallel-obtained MS data, 

multiple masses are found to match the positive and negative peak areas of the MBCs as shown as XICs. The 

MBC of T. purpureomaculatus also shows a positive peak(s) (at 25–29 min) and negative bioactivity peak(s) (at 

29–33 min). The width of the positive and of the negative bioactive peak indicates the presence of multiple 

bioactive peptides or proteins. RFU, relative fluorescence unit; XIC, extracted ion chromatogram; MBC, 

microarray bioassay chromatogram. 
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Table S1. Mass-to-charge values (m/z) of small molecular ions, peptides and proteins that were found to elute at the retention 

time (tR) corresponding to the bioactivity peaks. Mr, molecular mass. 

T. purpureomaculatus T. trigonocephalus 

tR (min) m/z z Mr tR (min) m/z z Mr 

25–27 413.15 1 412.14 22–25 504.25 4 2012.97 

 426.18 1 425.17  546.28 2 1090.54 

 430.17 1 429.16  550.24 1 549.23 

 444.19 1 443.18  594.80 1 593.79 

 469.73 1 469.72  619.83 1 618.81 

 476.18 1 476.17  628.32 1 627.31 

 667.63 3 1999.88  635.85 1 634.84 

 696.33 2 1390.65  659.33 2 1315.64 

 873.35 1 872.34  691.33 2 1380.64 

 953.49 1 952.48  723.36 2 1443.71 

 1528.12 6 9162.65  731.86 2 1461.71 

 971.50 1 970.49  738.86 2 1475.70 

 1491.44 6 8942.57  744.35 1 743.34 

 1068.55 1 1067.54  746.85 1 745.84 

27–29 599.28 1 598.27  801.41 2 1600.8 

 678.59 4 2710.33  872.41 1 871.40 

 720.32 1 719.31  928.50 1 927.49 

 941.67 15 14109.95  968.88 2 1935.75 

 983.93 14 13760.89  987.99 2 1973.97 

 923.40 15 13836.82 25–28 666.33 3 1995.97 

 927.54 15 13898.09     

29–31 694.35 2 1386.65  531.22 1 530.21 

 871.38 2 1740.71  628.64 3 1882.88 

 878.27 13 11404.45  797.71 3 2390.15 

 888.20 13 11533.46  801.88 2 1601.74 

 926.60 13 12032.72  836.88 2 1671.74 

 1259.96 20 25179.17  906.84 2 1811.67 

 1466.54 19 27845.22  980.38 2 1958.75 

31–33 842.38 1 841.37  1043.93 2 2085.84 

     1053.69 4 4210.72 

 989.32 14 13836.81  1098.43 8 9779.38 

 899.88 16 14382.03  1104.46 4 4413.8 

 993.73 14 13898.06  1121.44 8 8963.4811 

     1152.96 8 9214.64 

     1162.21 8 9289.66 

     1313.66 18 23627.83 

     1295.09 7 9058.56 

     1350.18 18 24285.18 
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Table S1 (cont.) Mass-to-charge values (m/z) of small molecular ions, peptides and proteins that were found to elute at the 

retention time (tR) corresponding to the bioactivity peaks. Mr, molecular mass. 

B. asper D. acutus 

tR (min) m/z z Mr tR (min) m/z z Mr 

28–30 946.41 15 14181.15 23–28 430.17 1 429.16 

 1032.95 14 14447.16  444.22 1 443.21 

 984.78 14 13772.84  462.16 1 461.15 

 935.47 15 14016.96  605.32 1 604.31 

 527.23 1 526.22  653.33 1 652.32 

 642.82 1 641.81  682.77 2 1363.52 

 706.84 1 705.83  700.95 6 4119.68 

 822.57 17 13966.55  746.37 2 1490.73 

 820.81 17 13936.58  772.38 1 771.37 

31–33 816.92 28 22845.5  859.34 1 859.33 

 852.32 28 23836.84  873.35 1 872.34 

 846.62 27 22831.45  874.36 1 873.35 

 856.43 27 23096.58  891.33 1 891.32 

 1269.46 23 29174.34  1049.24 5 5241.18 

 1272.03 23 29233.51  1106.54 1 1105.53 

     1119.57 1 1118.56 

     1156.48 1 1155.47 

     1233.10 19 23364.66 

     1288.50 1 1287.49 

     1302.52 1 1301.51 

     1510.59 2 3019.17 

     1718.67 1 1717.66 

     1933.25 2 3864.49 

        

    28–32 514.23 1 513.22 

     615.88 7 4304.10 

     628.31 7 4391.14 

     642.82 2 1283.62 

     693.34 2 1384.66 

     736.21 1 735.20 

     820.99 28 22959.52 

     1425.05 4 5696.19 
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Abstract 

Recent developments in the field of ion mobility spectrometry provide new possibilities to 

explore and understand gas-phase ion chemistry. In this study, hyphenated trapped ion 

mobility spectrometry-mass spectrometry (TIMS-MS) was applied to investigate analyte ion 

mobility as function of adduct ion formation for twelve pharmaceutically relevant molecules, 

and for tetrahydrocannabinol (THC) and its isomer cannabidiol (CBD). Samples were 

introduced by direct infusion and ions were generated with positive electrospray ionization 

(ESI+) observing protonated and sodiated ions. Measurements were performed with and 

without addition of cesium-, lithium-, silver- and sodium ions to the samples. For the tested 

compounds, metal adduct ions with the same m/z but with different mobility and collision 

cross section (CCSs) were observed, indicating different molecular conformations. Formation 

of analyte dimers was also observed, which could be associated with molecular geometry of 

the compounds. By optimizing the range and speed of the electric field gradient and ramp, 

respectively, the separation of THC and CBD was achieved by employing the adduct 

formation approach. This study demonstrates that the favorable resolution of TIMS combined 

with the ability to detect weakly bound counter ions is a valuable means for rapid detection, 

separation and structural assignment of molecular isomers and analyte conformations.  
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Introduction 

Over recent times, ion-mobility spectrometry (IMS) has brought new insights into the 

behavior of gas-phase ions and complexes of small molecules, biomolecules and polymers 

[1–3]. The IMS separation mechanism, which is based on ion charge, size and shape, may 

facilitate the separation of isomers and recognition of different ion conformations. Additional 

structural identification often is achieved by hyphenating IMS to (high-resolution) mass 

spectrometric (MS) detection. The past twenty years has seen rapid development of new IMS 

devices, in which a considerable improvement, especially in resolving power, was achieved 

[4–7]. Still, separation of structural isomers with IMS can be quite challenging. 

A common approach to separate isomers, which exhibit similar collision cross section (CCS 

(Å
2
)), is the use of mono- and divalent cations, which form distinguishable adduct complexes 

with the target analytes, and has led to successful separations of isomeric carbohydrates, 

lipids, and peptides [8–13]. The improved resolution was due to mobility shifts in one of the 

isomeric forms as a result of conformational changes induced by cation adduct formation. 

Other common approaches to shift the mobility of ions involve the use of mixed carrier gases, 

shift reagents (SR) and/or changes in temperature of the buffer gas [14–17].  

Huang & Dodds [9] and Clowers & Hill [13] reported unpredictable changes in 

conformations of analytes upon use of different adduct ions, which can depend on the 

structure of the analytes and the ionic radius of the cations. These molecular species could 

then result in improved mobility separation. Clowers & Hill [13] studied the separation of 

flavonoids diglycosides isomers using dual gate-ion mobility quadrupole ion trap mass 

spectrometry. They showed multiple gas phase conformations for narirutin and hesperidin 

upon sodium, potassium and/or silver adduct formation. Similar observations were made for 

carbohydrates, where a trisaccharide maltotriose with cesium adduct showed more than one 

mobility peak [9]. In the latter study, a Waters Synapt G2 HDMS quadrupole time-of-flight 

hybrid mass spectrometer equipped with travelling-wave ion mobility (TWIM) cell was used. 

In both cases, the appearance of the new gas phase conformations of the molecules was 

explained as a result of different binding sites of the cation and the target compound. 

Recently, Morrison, Bendiak, & Clowers [18] investigated the influence of cation adduct 

formation with tetrasaccharides using atmospheric pressure dual-gate drift ion mobility 

coupled to a Thermo linear ion trap mass spectrometer. They noticed that for some glycans 

the coordination of a metal ion lead to formation of dimers, which was observed as a second 

mobility peak appearing at the same nominal mass as the monomeric form of the analyte. The 

dimers were formed at a very low cation concentration, and adducts of bivalent metals were 

more prone to form dimers than adducts of monovalent cations.  
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In IMS devices which use high electric fields for the separation of ions, such as TWIMS, 

heating of ions may result in analyte fragmentation, as observed for example in p-

methoxybenzylpyridinium (m/z 200) [19] and a leucine enkephalin dimer (m/z 1112) [20]. Ion 

heating may also cause disintegration of ion adducts and dimers in the mobility cell. Trapped 

ion mobility spectrometry (TIMS), a recent IMS development commercialized by Bruker 

Daltonics (Bremen, Germany), operates at low electric field, preventing ion heating, thus 

offering optimal conditions for studying non-covalent complexes and relatively loosely bound 

adducts. Additionally, TIMS offers mobility separations with up to a resolving power (R) of 

400 [4], which was successfully applied in fast separations of isobars and isomers [4, 21, 22].  

During exploring TIMS experiments in our laboratory in which the ortho, meta and para 

isomers of dimethylphtalate were separated, we observed various sodium adduct ions (data 

not shown). The main objective of the present study was to gain a more fundamental 

understanding of adduct-ion formation in TIMS and to further evaluate this phenomenon to 

distinguish isomeric analytes which could not be separated as protonated molecule. Fourteen 

pharmaceutically relevant compounds with a molecular weight ranging from 270 to 645 Da 

were used as test compounds, systematically studying several cationic counter ions. The effect 

of adduct-ion formation with the target analytes on the appearance of new conformations and 

dimers was investigated by TIMS, and correlations with the analyte molecular structures were 

made. Additionally, gas phase separation of isobaric tetrahydrocannabinol (THC) and 

cannabidiol (CBD) by TIMS was studied employing cation adduct formation. 
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Experimental 

Chemicals 

Amoxicillin (AMX), carvedilol (CVD), alpha-naphthoflavone (ANF), lincomycin 

hydrochloride (LM), amiodarone hydrochloride (AMD), fluvoxamine (FVX), rutaecarpine 

(RUT), loperamide hydrochloride (LOP), ketoconazole (KET), tolbutamide (TBM), sodium 

chloride (NaCl) and formic acid (FA) were obtained from Sigma-Aldrich (Zwijndrecht, The 

Netherlands). Cetirizine (CTZ) was kindly provided by DSM Materials Science Center. 

Ellipticine was a kind gift from Dr. Jan Commandeur from the Division of Molecular and 

Computational Toxicology (VU Amsterdam, The Netherlands). Tetrahydrocannabinol (THC) 

and cannabidiol (CBD) were obtained from Echo Pharmaceuticals (Weesp, The Netherlands). 

Lithium chloride (LiCl), silver nitrate (AgNO3) and acetonitrile (ACN) of LC-MS grade, were 

from Merck (Darmstadt, Germany), and cesium chloride (CsCl) was from Riedel de Haen 

(Zwijndrecht, The Netherlands). Acetic acid was from J.T.Baker (Deventer, The 

Netherlands). High purity water of MS grade was used for samples and solvents preparation.  

Sample preparation 

Stock solutions of twelve pharmaceuticals (Figure 1) were prepared in DMSO with the 

exception of RUT, which was dissolved in water. The concentration of the stock solutions for 

AMX and ELL, were 10 and 40 mM respectively, and for the other pharmaceuticals 20 mM. 

The working concentrations of the pharmaceuticals were 2 μM for all compounds except for 

AMX, which was prepared at 5 μM, diluted in 80% ACN, and except for AMX and CVD, 

which were diluted in 30% ACN. Stock solutions of cesium chloride, sodium chloride, 

lithium chloride and silver nitrate were prepared at concentration of 20 mM in water and used 

at a final concentration of 50 μM. Stock solutions of THC and CBD (structures are depicted in 

Figure 1) were used as received (3.2 mM in methanol). Depending on the analytical question 

the two compounds were diluted to working concentrations of 2, 0.2, or 0.02 µM in 80% 

acetonitrile with addition of 0.1% acetic acid or 20 μM cesium chloride, sodium chloride, 

lithium chloride or silver nitrate. 
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Figure 1. Molecular structures of the twelve pharmaceuticals and the two cannabinoid isomers (CBD and THC) 

analyzed in this study, including information on the molecular weight and CCS of the [M+H]
+
 forms, 

experimentally determined in this study. 
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TIMS operational mode 

In this study a prototype TIMS-MS instrument (Bruker Daltonics, Bremen, Germany) was 

used. The principles and operation of TIMS have been extensively described in previous 

studies [5, 23, 24]. Briefly, in conventional IMS devices, ions travel through a drift tube 

driven by an electric field, and collide with stationary gas molecules. In TIMS, ions are 

trapped in an electric field gradient and a concurrent gas flow [24]. The TIMS device consists 

of three regions: entrance funnel, mobility analyzer and exit funnel (Figure S1). Positive ions 

which are generated using, e.g., electrospray ionization (ESI), enter the funnel via a glass ion-

transfer capillary and are pushed into the direction of the analyzer section due to an applied 

DC potential and gas flow. In the analyzer, a weak axial electric field gradient (EFG) is 

applied, and ions are trapped and positioned according to their mobility when the electric 

force balances the collision force by the constant gas flow. As the highest electric field is 

located near the exit and the lowest electric field near the entrance of the analyzer, ions with 

lower mobility (i.e. larger charge and/or CCS) will occupy positions more near the exit, 

whereas the higher mobility ions are in more near the entrance. Additional radial trapping of 

ions near the axis of the analyzer tunnel is ensured by applying RF voltages. In the analyzer, 

the ions are collected and trapped for a selected time, the so-called trapping time (ttrap). After 

trapping, the EFG is gradually decreased at a selected rate as determined by the voltage ramp 

(Vramp) and ramp time (tramp). As the electric field decreases and the gas flow is unchanged, the 

ions leave the analyzer at an elution voltage Velution characteristic for their mobility (K), and 

are subsequently transferred to the quadrupole high-resolution time-of-flight mass 

spectrometer [24]. The mobility (K) in TIMS can be described as  

𝐾 =
𝑣𝑔

𝐸
= 𝐴 (

1

(𝑉𝑒𝑙𝑢𝑡𝑖𝑜𝑛−𝑉𝑜𝑢𝑡)
 )   (1) 

Where vg, is the gas velocity, E is the electric field at which an ion elutes, A is the calibration 

constant that can be obtained from measuring calibration solution with known CCS. The 

difference between the Velution (elution voltage) and Vout (voltage applied to the last electrode in 

the analyzer section in TIMS) defines the mobility K of an ion.  

TIMS-MS parameters 

All analyte solutions were analyzed by direct infusion at a flow rate of 180 μL/hr using a 

KDS100 syringe pump (KD Scientific Inc, MA, USA). TIMS settings depended on the 

analytical question. For most pharmaceuticals, the EFG was from −20 to −120 V using 1000 

TOF pulses per accumulation and 500 accumulations, whereas for ELL and AMD it was −5 to 

−160 V and −20 to −150 V, respectively with 1000 TOF pulses per accumulation and 500 

accumulations. For the analysis of the two isobaric compounds THC and CBD, initially, the 
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EFG was from 0 to −165 V, enabling analysis of ions within a large mobility range. For 

isomer separation studies, a narrower EFG was used (from −30 to −80 V) to improve the 

resolving power of TIMS. The resolving power in TIMS can be improved by reducing the 

EFG range and to a lesser extent by increasing the number of TOF pulses, which determines 

the Vramp and tramp, respectively. In both of the analyses (with a narrow and wide EFG range) 

600 TOF pulses per IMS scan with 400 accumulations and 20 repetitions were used. Nitrogen 

was used as buffer gas at temperature of 300 K, and a default pressure of 1.7 mbar. The 

mobility resolving power was calculated following equation: R=CCS/ΔCCS.  

Experimental CCS and K0 calculations 

The experimental reduced mobility (K0) and CCS (Ω) of compounds and complexes were 

calculated from the measured mobilities (1/K0) using Compass Mobility Calculator of the 

Bruker Compass Data Analysis software (version 5.0). The reduced mobility K0 is the 

mobility K, normalized for pressure (P (torr)) and temperature (T (K)) in the mobility tube. 

The mobility axis was calibrated using tuning mix (Agilent Technologies, Santa Clara, Ca, 

USA), which comprises compounds with known CCS. CCS Calculations were according to 

Equation 2.  

𝛺 =
(18𝜋)1/2

16

𝑧𝑒

(𝑘𝐵𝑇)1/2 [
1

𝑚𝑖
+

1

𝑚𝑏
]

1/2 1

𝐾0

1

𝑁
    (2) 

Where ze is the charge of the ion, kB the Boltzman’s constant, N is the number density of the 

buffer gas, T is the gas temperature, and mi and mb are the molecular mass of the ions and 

buffer gas, respectively. 

LC-MS of THC and CBD  

In order to better understand the dimerization of THC and CBD observed, and to compare the 

dimer formation of both compounds (as discussed later in the results section), solutions of 

THC and CBD (5 µL injected) were analyzed by LC-MS using an Agilent Technologies 1200 

series LC system (Waldbronn, Germany) equipped with an Acquity UPLC BEH C18 (2.1×50 

mm; particle size, 1.7 µm) analytical column (Waters, Milford, MA). Seven different 

concentrations between 0–20 μM were prepared from THC and CBD stock solutions (3.2 mM 

in methanol), by serial dilution in 80% ACN. Mobile phases A and B were pure water and 

ACN, respectively. The gradient used started with 20% B for 1 min, rose to 95% B in 8 min, 

was isocratic at 95% B for 4 min, and in 0.1 min decreased to 20% B. Column equilibration 

was set for the next 7.9 min at 20% B. The total run time was 18 min at a flow rate of 0.3 

mL/min and the column oven was set to temperature of 40 °C. To form silver adducts, post-
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column addition of a silver nitrate in water (250 μM) was performed in a flow ratio of 1:4 

leading to a final concentration of silver ions of 50 μM. MS detection was performed with a 

Micro-TOF II instrument (Bruker Daltonics, Bremen, Germany) employing ESI+ with a 

needle voltage of 4.5 kV and a drying gas temperature and flow rate of 240 °C and 8 L/min, 

respectively.  
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Results and discussion  

Separation and structural identification of isobaric and isomeric molecules and their 

conformations can be a challenging task. Adduct-ion formation has shown to specifically 

influence molecular conformation, potentially allowing separation of isomeric compounds by 

TIMS. In the present work, the cation-adduct formation of twelve pharmaceutically relevant 

compounds and its effect on molecular conformation and dimer formation was studied by 

measuring their mobilities using TIMS-MS. Additionally, TIMS separation of the two 

isomers THC and CBD was investigated using their cation adducts.  

Conformational changes in small molecular ions upon cation adduct formation  

Twelve compounds exhibiting different numbers of rotational bonds, double bonds and 

functional groups (Figure 1) were selected to study their ionization behavior and possible 

changes in structural conformation and shape in the gas phase by TIMS. Solutions of the test 

compounds in 0.1% acetic acid were infused directly into the ESI-TIMS-MS system and the 

protonated ([M+H]
+
) species of the analytes were observed. In the cases of, LM, TBM, KET 

and AMX, additional peaks were observed in the recorded mobilograms (Figures 2A–D). 

Considering that in our study only pure compounds were used, these additional mobility 

peaks do not represent isomers but indicate multiple structural conformations, probably 

caused by different position of the proton on the analyte molecule. In the case of LM (Figure 

2A), the two protonated species were visible only after applying a narrow EFG (−70 to −50 

V) and a higher accumulation number (1200) per scan. Compounds/isomers which differ in 

the proton position are referred to as protomers. Lalli et al. [25], who used aniline as a model 

compound to study protomers present in the gas phase using ESI (+)-TWIM-MS, observed 

the presence of two species in the mobilogram which represented the N-protonated and ring-

protonated aniline. The authors suggested that the different protonation sites caused a 

different charge distribution in the molecule and thus interaction with the carbondioxide 

buffer gas, resulting in different CCS values for the protomers. As in our study, nitrogen was 

used as buffer gas, interactions with the protonated species seem unlikely. We presume the 

protonation site might affect the rotational freedom of specific bonds and/or influence the 

equilibrium of tautomeric forms (as occur in AMX, TBM and LM) causing a difference in 

CCS and thus mobility.  
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Figure 2. Extracted ion mobilograms (EIM) of cation adducts of target analytes showing multiple 

conformations. X-axis shows the inverse reduced mobility value 1/K0 (V
.
s/cm

2
), and the y-axis represents the 

signal intensity of the mobility peak. The peaks annotated with a lower letter are (a) the primary mobility, (b) the 

additional conformation mobility, (d) the mobility of the dimer which fragmented to its monomer. A: protonated 

lincomycin [LM+H]
+
; B: protonated tolbutamide [TBM+H]

+
; C: protonated ketoconazole [KET+H]

+
; D: 

protonated amoxicillin [AMX+H]
+
; E: amoxicillin with silver adduct [AMX+Ag]

+
; F: rutaecarpine with silver 

adduct [RUT+Ag]
+
; G: amiodarone with silver adduct [AMD+Ag]

 +
; H: loperamide with silver adduct 

[LOP+Ag]
+
; I: tolbutamide with silver adduct [TBM+Ag]

+
; J: tolbutamide with sodium adduct [TBM+Na]

+
; K: 

alpha-naphthoflavone with sodium adduct [ANF+Na]
+
; L: amoxicillin with sodium adduct [AMX+Na]

+
; M: 

tolbutamide with lithium adduct [TBM+Li]
+
; N: amoxicillin with lithium adduct [AMX+Li]

+
 (star) indicates 

measurement for which a different electric field gradient was used.  
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In addition to protonated molecules, the usually observed sodium adducts were encountered 

in the acquired electrospray mass spectra. Interestingly, also in the mobilograms of several 

sodiated analytes multiple mobility peaks were observed. Cation adducts indeed are known to 

be able to alter structural conformation of gas phase ions as shown for example, for 

carbohydrates [9, 26]. Therefore, we studied the effect of several cations on the IM behavior 

of the test analytes by mixing the compounds with salts of alkali (LiCl and CsCl) and 

transition metals (AgNO3). The metal ions tend to form non-covalent adducts with target 

analytes via electrostatic interactions, such as ion-dipole interactions. Silver ions also have 

affinity toward double bonds, as has been employed, for example, in the LC separation and 

MS detection of fatty acids (FA) and triacylglycerols (TGA) [27, 28].  

For six of the pharmaceuticals, more than one conformation upon cation adduct formation 

was observed. These were AMX (+Na
+
, +Ag

+
, +Li

+
), RUT (+Ag

+
), AMD (+Ag

+
), TBM 

(+Na
+
, +Ag

+
, +Li

+
), LOP (+Ag

+
) and ANF (+Na

+
). The mobilograms for the ions for which 

multiple conformations were observed are shown in Figure 2. For most of these compounds 

(AMX, RUT, AMD, LOP and TBM) an additional conformation was observed upon addition 

of silver ions, which could be due to the earlier mentioned affinity of silver to double bonds 

(Figures 2E–I). When the compound possesses multiple double bonds and has high density of 

π electrons, binding of a silver ion can occur at more than one site in a molecule, and 

formation of multiple conformations can result [29]. Indeed, AMX, RUT, AMD, TBM and 

LOP, comprise at least three double bonds. It should be noted that KET and FVX, which have 

double bonds, do not show detectable multiple conformations in IM, indicating that silver 

affinity is compound specific. In addition, other ionic interactions obviously can play a role in 

the induction of multiple conformations. Other cations that also lead to the appearance of 

multiple mobility peaks were sodium (in the case of TBM, ANF and AMX, Figure 2J, K and 

L, respectively) and lithium (TBM and AMX, Figure 2L and 2M, respectively). 

As mentioned earlier, we expected rotational bonds to facilitate the formation of other 

conformations upon cation binding. Interestingly, multiple conformations were also observed 

in planar compounds, i.e. RUT and ANF (Figures 2F and 2K, respectively). However, it is not 

clear what causes the change in the shape of the molecule in the gas phase, since in the case of 

RUT the additional conformation was observed only upon cation adduct formation with 

silver. This could suggest that the size of the silver ion, which has an ionic radius of 1.15 Å 

[30], has a considerable impact on the overall shape of the complex, causing the mobility shift 

even in absence of rotating bonds. The behavior could also be explained by silver residing on 

different positions. Depending on the position, silver ion could cause changes in the shape of 

the molecule and consequently changing its CCS. 

In most cases of multiple conformations only one additional peak was observed, which had a 

lower mobility and thus a higher CCS than the primary conformation of the molecule. Here 
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we define the primary conformation as the one which has a mobility closest to the protonated 

form. This means that the second conformation has a more open or elongated structure. The 

two planar molecules RUT and ANF (Figures 2F and 2K, respectively) appear to follow the 

common trend, in which the second conformation of the molecule is more open than the 

primary one. Interestingly, in the protonated species the abundance of the peak with the 

higher mobility (smaller CCS) tends to be lower in intensity than the peak with the lower 

mobility. A different behavior was observed in the analytes upon cation adduction, where the 

first peak (higher K0 and smaller CCS) was observed to be more abundant. This means that 

the conformation of the ion complex which was observed to have a higher K and lower CCS 

was present in the gas phase at a higher concentration than the one with a lower K and higher 

CCS.  

Changes in the mobility of molecular ions after formation of cation adduct complexes 

The overall data obtained in the adduct formation experiments (Section titled Conformational 

changes in small molecular ions upon cation adduct formation) are outlined in Figure 3, 

which shows the experimental CCS of the different adducts and their conformations. Except 

for TBM, the protonated form of the analyzed compounds was always observed, and thus the 

averages and standard deviation (SD) of the determined K0 and CCS values of the protonated 

forms were calculated and used as a measure of precision of the mobility measurement. For 

TBM, sodiated species were used. The protonated forms of the compounds showed to have a 

stable CCS values in each experiment with a very small SDs in the range of 0.2–0.5 Å
2
. The 

positive result of the precision measure allowed comparison of the CCS and mobility values 

of the different cation adduct ions obtained in the different experiments. The averages of 

measured 1/K0, K0 and CCS values together with the SD for the protonated species of 

individual compounds are presented in Table S1. For most of the tested compounds, the CCS 

of the adducts showed dependence on the mass of the cation. That is, CCS values of the metal 

adducts increased with increasing ionic radius of the cation (i.e. in the order H
+
, Li

+
, Na

+
, Ag

+
 

and Cs
+
). Yet, this trend was not clearly observed for AMX, LOP, RUT, TBM and CTZ. On 

the contrary those compounds were observed to have multiple conformations. For example, 

[RUT+Ag]
+
 was observed to have three different conformations, with CCS values of 181.9, 

187.4 and 195.2 Å
2
, respectively. The RUT silver adduct with the lowest CCS (181.9 Å

2
) has 

a lower CCS value than the [M+Li]
+
. The reduced mobility values and corresponding CCSs 

of the different adducts of all compounds can be found in Table S2. The lack of a positive 

correlation between the m/z and CCS in some of the ions has already been observed in other 

studies, for example those on isomeric carbohydrates [8, 9]. As indicated by Seo et al. [26] 

several features of metal cations can impact the way they bind to a molecule and thus 

influence the overall shape of the metal-ion complex.  
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Figure 3. Changes in the mobility of small molecular ions after formation of cation adduct complexes. Most of 

the target analytes followed a trend in which the CCS increases with an increasing mass of the cation adduct. In 

the graph, the species marked as black dots represents the first conformation of the ion, and the ones with grey 

dots represents the second conformation of the ions. 

 

Surprisingly, a substantial shift in the mobility between some of the ion adducts was observed 

for ELL, FVX and RUT. In order to assess the mobility shift, the mobility difference between 

the mobility value of the protonated species and the adduct of interested was calculated. The 

protonated species was taken as a reference. Mobility values of all complexes are reported in 

Table S2. For ELL, the difference in CCS for the silver-ion adduct [M+Ag]
+
 was 23.5 Å

2
 

(Figure 3). For RUT, the difference for the [M+Ag]
+
, [M+Cs]

+
 and [M+Li]

+ 
CCS was 17.9 
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Å
2
, 72.8 and 24.2 Å

2
, respectively (Figure 3). In FVX, a clear mobility difference of 6.9 Å

2
 

was observed in the [M+Ag]
+
 and in LOP a difference of 11 Å

2
 was observed between the 

[M+Cs]
+
 (Figure 3). The largest difference in the CCS induced by cationization of the twelve 

small molecular ions was observed in RUT and ELL, which are planar molecules with no 

freely rotating bonds. This could indicate that in the case of flexible molecules a cation adduct 

is capable of affecting the structure of the molecule in a way that the CCS does not 

significantly differ from the CCS of the protonated form. For the more rigid structures, the 

adducted cation increases the CCS of the analyte molecule.  

Dimer formation in molecular ions with limited number of rotational bonds 

Further analysis of the obtained TIMS data on the test compounds and their adducts, revealed 

a tendency of some adduct ions to form dimers. Interestingly, compounds with more planar 

structures and limited number of rotational bonds were observed to form dimers with cations 

more readily than the more flexible compounds used in this study. These planar compounds 

include ANF, RUT and ELL (Figures 4A–G). More flexible compounds, in which dimer 

formation was also observed, include TMB (sodium adduct), FVX (cesium adduct), AMX 

(protonated species) and CVD (silver adduct) (Figures 4H–K). In the case of the more flexible 

compounds the dimers show lower intensity than the monomers, as opposed to what was 

observed for the planar molecules. Only for the cesium adduct of FVX the mobility peak of 

the dimer [2M+Cs]
+
 was observed to be more abundant than the monomer [M+Cs]

+
. Silver 

and sodium were the cations that most readily formed dimers with the selected compounds: 

[2M+Ag]
+
 ions were observed for RUT, FVX, ANF, CVD, ELL, TBM, and [2M+Na]

+
 ions 

for ANF, FVX, TBM and CVD. Figures 4A–F show extracted-ion mobilograms (EIM) of 

RUT and ANF, respectively. The formation of dimers in the case of ELL is less clear, as ELL 

showed to form adducts (both monomers and dimers) only with silver. A dimer of ELL 

[2M+Ag]
+ 

was observed which additionally supports our finding that the planar shape of 

molecular ions can influence the formation of dimers.  
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Figure 4. Dimer formation of the small molecular ions analyzed. Extracted ion mobilograms (EIM) of the cation 

adduct monomer (black trace) and dimer (grey trace). X-axis shows the inverse reduced mobility value 1/K0 

(V
.
s/cm

2
), and the y-axis represents the signal intensity of the mobility peak. Dimers were formed more readily 

in the case of compounds with limited number of rotating bonds, which are: A) alpha-naphthoflavone with silver 

adducts, B) rutaecarpine with silver adduct, C) alpha-naphthoflavone with sodium adduct, D) rutaecarpine with 

cesium adduct, E) alpha-naphthoflavone with lithium adduct, F) rutaecarpine with lithium adduct, G) ellipticine 

with silver adduct. H, I, J and K are compounds exhibiting more structural flexibility, i.e. tolbutamide, 

fluvoxamine, amoxicillin and carvedilol, respectively. The more flexible compounds showed dimer formation. 

The dimers were of lower intensity than the monomer, except of fluvoxamine. 
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Dimers in the case of isomers: THC and CBD 

While studying dimer formation in TIMS, interesting observations were made with two 

structural isomers, i.e. THC and CBD (Figure 1). Although very similar, the two compounds 

are known to evoke a very different pharmacological effect [31]. Interestingly, they also 

behave differently in the gas phase when it comes to the formation of dimers with cations. In 

order to study dimer formation of THC and CBD, three different concentrations (2, 0.2, and 

0.02 µM) were mixed with acetic acid or salt solutions containing Ag
+
, Li

+
 or Cs

+
. The 

solutions were analyzed by infusion ESI-TIMS-MS. In order to enable measurement of both 

monomers and the dimers in a single experiment, the EFG was set wide (from 0 to −165 V). 

Figure 5 shows overlaid EIM traces of the monomers and dimers of THC and of CBD 

generated with silver and sodium ions. They show that THC dimers with silver and sodium 

are formed more readily compared to CBD, which could be associated with the molecular 

geometry and thus flexibility of the compound. Due to the closed pyran ring THC exhibits 

greater rigidity in comparison to CBD, which has more freedom to rotate [32]. Again, the 

more rigid compound shows to be more prone to form dimers with the selected cation. The 

formation of dimers with the use of the silver cation in THC and CBD was further 

investigated by generating a calibration curve of the two compounds with concentrations 

ranging from 0.6–20 µM using ESI-LC-MS (data not shown). This analysis was performed in 

order to be sure that this difference was not caused by the use of rather elevated 

concentrations of the compounds and to ensure that the effect was present over the large 

concentration range. Silver adduct ions of THC and CBD were formed by post-column 

infusion of silver nitrate. The calibration curves generated showed THC to form dimers 

already at 2.5 µM, whereas CBD does not form a dimer with a silver ion at any of the tested 

concentrations. Additionally, it was shown that CBD forms more readily a monomer with a 

silver ion than THC. These results were in agreement with those obtained with TIMS-MS 

earlier in this study (Figure 5). THC dimer was shown to be present at all tested 

concentrations, while CBD dimer was not formed even at the high concentration of 20 M. 

There was, however, one discrepancy between the two sets of the data: in the LC-MS 

chromatogram, CBD did not form any dimer even at the highest concentration of the 

compound tested, whereas in the TIMS data dimer formation (signal intensity of 473 cts) was 

observed already at a concentration of 0.02 µM. A possible explanation for this could be that 

the dimer of CBD was formed in the drift section of the TIMS tube. The observed absence of 

dimers during LC-MS analysis could also be due to the lower sensitivity of the mass 

spectrometer used for generating the calibration curve as compared to TIMS-MS.  
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Figure 5. Dimers of the isomers: cannabidiol (CBD) and tetrahydrocannabinol (THC). Extracted ion 

mobilograms of monomers (black trace) and dimers (grey trace) of CBD and THC silver and sodium adduct 

ions. The formation of dimers was observed to be larger in THC than in CBD, when adducted to silver and to 

sodium ions. AI: CBD 2 µM, AII: 0.2 µM, AIII: 0.02 µM, BI: THC 2 µM, BII: 0.2 µM, BIII: 0.02 µM, CI: CBD 

2 µM, BII: 0.2 µM, BIII: 0.02 µM, DI: THC 2 µM, BII: 0.2 µM, BIII: 0.02 µM. The concentration of AgNO3 

and NaCl was 20 µM in all experiments. 
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Separation of isomers employing cation adduct formation 

As mentioned in section titled Dimers in the case of isomers: THC and CBD, despite their 

small structural difference, THC and CBD exhibit quite different pharmacological activity. 

The most important difference is that THC has psychoactive properties, and CBD does not 

[31, 33, 34]. This makes THC a drug of abuse and correct identification of this compound is 

thus important from a forensic point of view. The two cannabinoids, can be separated using 

chromatographic or electrophoretic methods, such as planar chromatography [35], LC-UV 

[36], LC-MS(MS) [37, 38], CE-LED-induced fluorescence detection [39], which require a 

considerable analysis time (5–30 min). In the present study, we studied the potential of TIMS 

for the fast separation of THC and CBD. The two compounds were diluted to a concentration 

of 2 µM (for experiments with Na
+
, Li

+
 and Cs

+
) and 0.2 µM (for experiments with Ag

+
) and 

mixed with acetic acid or three different salt solutions, i.e. LiCl, CsCl and AgNO3. A lower 

concentration of the compounds in the case of adduct formation with silver ions was used as 

silver was shown to increase the peak intensity especially in the case of CBD. Silver ions, 

known as dopant for compounds exhibiting double bonds, is expected to coordinate with 

double bond at C4 position of CBD [40]. The mixtures were analyzed by direct infusion ESI-

TIMS-MS. The addition of the salts to THC and CBD aimed at generating cation-adducts 

complexes. Gas phase orientation of cation-adduct complexes formed with analytes was 

shown to influence the analytes shape and CCS. As a consequence, changing the cation (e.g., 

from H
+
 to Ag

+
) turns out to be an important feature to adjust / improve the separation of 

isomers [8, 9, 11]. Mobilograms showing the TIMS analysis of THC (grey trace) and CBD 

(black trace) as their adduct ions are depicted in Figure 6.  
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Figure 6. Separation of tetrahydrocannabinol (THC) and cannabidiol (CBD) using cation adduct formation. 

Extracted ion mobilograms (EIM) of CBD (black trace) and THC (grey trace), measured separately. The dashed 

line represents the two compounds measured in a mixture (only with lithium, silver and sodium adducts). X-axis 

shows the inverse reduced mobility value 1/K0 (V
.
s/cm

2
), and in the y-axis represents the signal intensity of the 

mobility peak. A: EIM of the protonated THC (2 µM) and CBD (2 µM); B: EIM of CBD (2 µM) and THC (2 

µM) upon lithium adduction; C: EIM of CBD (0.2 µM) and THC (0.2 µM) upon silver adduction; D: EIM of 

CBD and THC upon sodium adduction; E: CBD (2 µM) and THC (2 µM) upon cesium adduct formation. 
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A clear shift in the mobilities between the two cannabinoids was observed after the formation 

of cation adduct complexes with lithium, silver and sodium ions. The difference was 

sufficient to see in the mobilograms the two isomers separated from each other, however a 

baseline separation was not achieved (R of ~50). In all cases, apart from the protonated and 

cesiated forms for which the CCS of THC and CBD was found not to differ, a tendency for 

CBD to acquire a more compact structure (smaller CCS and higher mobility) than THC was 

observed. As a consequence of the dimer formation of CBD with a silver ion (see Figure 5), 

the complex is supposed to still show flexibility and the bond between the aromatic ring and 

cyclohexenyl should freely rotate. As discussed, silver ions typically bind with the 𝞹 electrons 

of a double bond. If the silver ion complexes to the double bond on the carbon 8 (Figure 1), 

the rotation of the bond between carbon 4 and carbon 8 can make the CBD more compact 

than THC. Sodium ion adduction also shows a shift in the mobility between the two 

compounds (K0 = 0.042 cm
2
/Vs; CCS=7.08 A

2
). The most probable localization of the 

sodium ion is near the oxygen atom by ion-dipole attractions [41]. Therefore, the mechanism 

by which the conformation in the two structures changes most probably differs from the one 

proposed for silver cation adducts. When looking at the structure of CBD and THC, the 

oxygen in THC is present in the pyran ring while in CBD the oxygen comes from a hydroxyl 

group attached to the phenol ring. This means that the conformational changes happen in this 

particular region of the two compounds. Lithium also separates CBD and THC in gas phase. 

Lithium ions, similarly to sodium ions, are known to interact with oxygen and nitrogen atoms 

by electrostatic forces [42, 43]. The increase in the CCS of [THC+Li]
+
 is substantial 

considering the size of lithium’s ionic radius (0.76 A
2
) and is larger compared to the sodium 

ion adduct [THC+Na]
+
 and the cesium ion adduct [THC+Cs]

+
 for which the ionic radius is 

1.02 A
2
 and 1.67 A

2
, respectively. Although this result is surprising, similar examples in 

which the conformation of the compounds and their mobilities are influenced by coordination 

rather than the size of the metal cation adduct, have been reported [9]. The cesiated CBD and 

THC ions were observed to have very close mobility values and thus CCSs (191.562 and 

192.801 A
2
), which mean that the cesium ion does not improve the separation of the two 

isomers. There are, however, examples in literature where cesium ions improved separation 

and helped in compound identification [11]. In the protonated species, a similar result was 

obtained and no improvements in the mobility and CCS were achieved.  
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Conclusions 

In this study, we used TIMS to investigate the behavior of twelve pharmaceutically relevant 

compounds upon cation adduct formation. The selected compounds varied in regard to their 

molecular shape and flexibility, which resulted in differences in their behavior in the gas 

phase upon cation adduct formation. In this study four interesting observations of gas phase 

ion behavior were made: 1) cation adduct can generate different conformation of molecules; 

2) for most compounds the correlation between the cross section and the radius of the cation 

was observed; 3) more planar and rigid molecules tend to form dimers more readily than 

molecules exhibiting greater flexibility due to the presence of rotating bonds; 4) the 

separation of structural isomers, THC and CBD, was facilitated by the formation of lithium, 

cesium and silver adducts. The study presented here confirms previous findings on the cations 

adduct formation with target analytes and enhances our understanding of the behavior of ions 

in the gas phase, which is related to the molecular structure of the analytes. The knowledge 

gained from our observations should prove to be particularly valuable in characterization of 

unknown molecular structures and in analyzing complex mixtures in which the additional 

selectivity provided by TIMS is required. Considering the impact that the cations have on the 

small molecular ions, this study provides a base for future studies on structural isomers, for 

example, drug metabolites present in complex mixtures.  
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Figure S1. A schematic overview of the cross-section of Trapped Ion Mobility Spectrometry (TIMS). Ions are 

generated with electrospray ionization (ESI), which here is set to positive mode, and enter the TIMS via a 

capillary exit. Next, the ions are exposed to the DC potential of the deflection plate, by which they are diverted 

first to the Entrance Funnel, and next to the TIMS Tunnel with the help of the gas flow. In the TIMS Tunnel, 

which is the analyzer section of TIMS, the DC potential at the entrance electrode is set to a lower voltage than at 

the exit electrode, in order to create a retarding field, and an electric field gradient (EFG). Ions fill the TIMS 

Tunnel for a user defined time, and position themselves according to their mobility (higher mobility ions will 

find their position closer to the entrance of the TIMS Tunnel and lower mobility ions, closer to the exit of the 

TIMS Tunnel). During trapping of the ions in the TIMS Tunnel, the deflection plate is set to a positive 

(attractive) mode preventing positively charged ions to enter the TIMS analyzer. By gradually reducing the EFG, 

ions leaves the TIMS Tunnel, pushed by the gas flow, and proceed to the qTOF mass analyzer via the Exit 

Funnel. P1 and P2 are pressure at the entrance and exit funnel, respectively. 

  



SUPPLEMENTARY MATERIALS 195 

 

Table S1. Calculated mean and standard deviation (SD) for the experimental inverse reduced mobility (1/K0, 

V.s/cm
2
), reduced mobility (K0, cm

2
/ V.s) and collision cross section (CCS, Å

2
) values for protonated species in 

each performed experiment.* Data for the sodiated species.   

  1/K0 K0 CCS 1/K0 (2) K0 (2) CCS (2) 

CVD Mean 0.88 1.14 182.7    

 SD 0.00 0.00 0.4    

RUT Mean 0.77 1.29 163.4    

 SD 0.00 0.00 0.3    

FVX Mean 0.83 1.20 175.2    

 SD 0.00 0.00 0.2    

AMD Mean 1.09 0.92 225.1    

 SD 0.00 0.00 0.2    

ELL Mean 0.62 1.61 132.7    

 SD 0.00 0.00 0.2    

LM Mean 0.96 1.05 199.7    

 SD 0.00 0.00 0.4    

TBM* Mean 0.83 1.21 174.6 0.92 1.09 193.65 

 SD 0.00 0.00 0.4 0.00 0.00 0.26 

LOP Mean 1.04 0.96 216.8 0.92 1.09 193.7 

 SD 0.00 0.00 0.4 0.00 0.00 0.3 

AMX Mean 0.97 1.03 202.6 1.05 0.95 220.7 

 SD 0.00 0.00 0.5 0.00 0.00 0.2 

KET Mean 1.11 0.90 229.8 0.78 1.28 162.3 

 SD 0.00 0.00 0.4 0.00 0.00 0.5 

CTZ Mean 0.90 1.04 200.6    

 SD 0.00 0.00 0.4    
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Table S2. Calculated experimental inverse reduced mobility (1/K0, V
.
s/cm

2
), reduced mobility (K0, cm

2
/ V

.
s) 

and collision cross section (CCS, Å
2
) values for the cation adduct complexes with the selected small molecular 

ions. 

Compound  1/K0 (1) K0 (1) CCS (1) 1/K0 (2) K0 (2) CCS (2) 1/K0 (3) K0 (3) CCS (3) 

CVD + H 0.88 1.14 182.85       

CVD + Na 0.87 1.17 180.26       

CVD + Ag 0.88 1.13 183.29       

CVD + Cs 0.91 1.10 188.45       

CVD + Li 0.87 1.15 181.73       

          

RUT + H 0.77 1.30 163.06       

RUT + Na N/O         

RUT + Ag 0.87 1.15 181.99 0.90 1.12 187.43 0.93 1.07 195.16 

RUT + Cs 1.13 0.88 236.48       

RUT + Li  0.89 1.13 187.43       

          

FVX + H 0.83 1.20 175.17       

FVX + Na 0.86 1.17 179.79       

FVX + Ag 0.87 1.15 181.55       

FVX + Cs 0.88 1.14 182.28       

FVX + Li 0.83 1.20 175.49       

          

AMD + H  1.09 0.92 225.21       

AMD + Na 1.11 0.90 229.39       

AMD + Ag 1.12 0.99 229.90       

AMD + Cs 1.13 0.88 230.18       

AMD + Li 1.11 0.90 228.43       

          

ELL+ H 0.62 1.61 132.49       

ELL + Na          

ELL + Ag 0.84 1.20 175.14       

ELL + Cs N/O         

ELL + Li N/O         
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LM + H 0.96 1.04 199.97       

LM + Na 0.97 1.03 202.56       

LM+ Ag 0.96 1.04 199.87 1.13 0.89 233.25    

LM + Cs 1.00 1.00 207.09       

LM+ Li 0.95 1.05 198.63       

          

TBM + H 0.77 1.30 162.66 0.86 1.16 182.81    

TBM + Na 0.82 1.22 173.93 0.92 1.09 193.79    

TBM + Ag 0.87 1.16 181.22 0.93 1.08 194.40    

TBM + Cs 0.83 1.20 173.73       

TBM + Li 0.80 1.22 169.49 0.89 1.13 187.50    

          

LOP + H 1.04 0.96 216.89       

LOP + Na 1.08 0.93 223.68       

LOP + Ag 0.99 1.01 205.45 1.04 0.96 214.55    

LOP + Cs 1.10 0.91 227.97       

LOP+ Li 1.04 0.96 216.40       

          

AMX + H 0.97 1.03 202.58 1.06 0.95 221.43    

AMX+ Na 0.95 1.06 197.99 1.04 0.96 217.01    

AMX+ Ag 0.95 1.06 196.79 1.05 0.95 220.82    

AMX + Cs 0.96 1.04 199.83       

AMX + Li 0.95 1.05 199.53 1.03 0.97 216.21    

          

KET + H 1.11 0.90 229.53 0.78 1.28 161.79    

KET + NA N/O         

KET + Ag 1.15 0.87 238.06       

KET + Cs 1.17 0.85 241.58       

KET + Li 1.13 0.88 234.85       

          

CTZ + H 0.96 1.04 201.11       

CTZ + Na 0.94 1.07 195.10 1.06 0.94 221.21    
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CTZ + Ag 0.94 1.06 195.69       

CTZ + Cs 0.96 1.05 198.14       

CTZ + Li 0.93 1.07 195.11 1.06 0.94 221.26    
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Summary 

Compounds exerting biological activity, i.e. the capability to interact with proteins and 

receptors present in a living organism, are produced naturally (by animals or plants), but also 

anthropogenically (e.g., originating from human activity). In both cases, bioactive compounds 

can modulate, ameliorate or damage physiological functions. Human exposure to bioactive 

and potentially toxic compounds often happens through the surrounding environment (e.g., 

water, air or soil), food, medicines, plants and (venomous) animals. Samples exerting 

bioactivity, in particular natural extracts and venoms, can be great sources of 

pharmacologically active compounds and play an important role in discovering new drugs. 

Hence, studying the bioactive and/or toxic potential of samples originating from a variety of 

sources expands our knowledge and thus may help in reducing exposures to hazardous 

substances or discovering new drug candidates and treatments. Such studies are of importance 

in the pharmaceutical, food, environmental and clinical field.  

As explained in Chapter 1, unravelling samples with a bioactive/toxic potential can be a long 

and complicated process. Often, the starting point is to determine the kind of bioactivity a 

sample exerts and its level of toxicity. The initial tests are performed with the entire, often 

complex sample, containing a great number of constituents which can be toxic, non-toxic and 

also pharmacologically active. Also taking in consideration the possible “cooperation" of 

sample constituents – leading to a synergic or antagonistic activity – general assessment often 

provides limited information. In order to improve the bioactivity/toxicity testing, analytical 

techniques which involve separation and fractionation are required to allow faster and more 

selective assessment of bioactive components of a sample. 

Additional challenges in bioactivity/toxicity assessment can arise from limited sample 

volumes. For instance, pharmacologically interesting venoms and other extracts derived from 

poisonous animals may be difficult to obtain due to the small size of the respective species 

(e.g., insects) or the remote environment it inhabits (e.g., deep sea, desert or the Arctic). Such 

samples require analytical tools able to handle minute samples.  

This thesis comprises studies on the development of methodologies for the fast screening of 

bioactive/toxic compounds in complex samples, such as drug metabolic mixtures and snake 

venoms. The pursued approaches combine chromatographic separation with both high-

resolution fraction collection for bioactivity assessment, and mass spectrometry (MS). The 

aim of this thesis was to further develop and apply this ‘nanofractionation’ concept to screen 

for potent inhibitors of cytochrome P450 enzymes (which are involved in drug metabolism), 

and toxic proteolytic enzymes, such as metalloproteinases (SVMPs) and serine proteases 

(SVSPs) present in snake venoms. Another aim of this thesis was to miniaturize the existing 

nanofractionation platform and the bioassay format, in order to allow analysis of samples 
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available only in minute quantities. For that, fractionation of the effluent of nano liquid 

chromatography (nanoLC) on microscopic glass slides was examined. Considering the need 

for extended selectivity, the potential of trapped ion mobility spectrometry (TIMS) was 

investigated as well, including its possibilities for separation of isomeric and isobaric 

compounds.  

Chapter 2 describes the development of a nanofractionation platform that comprises a 

chromatographic separation, UV detection and parallel fractionation and MS analysis for the 

detection and identification of potent Cytochrome P4501A2 (CYP1A2) inhibitors present in 

Phase I metabolic mixtures. CYP1A2 enzyme was selected for this study because it is known 

to be one of the most important enzymes taking part in drug biotransformation (drug 

metabolism) in the human body [1]. With the nanofractionation system, an in vitro generated 

metabolic mixture of ellipticine (a potent CYP1A2 inhibitor) was first separated by liquid 

chromatography (LC), and next, the column effluent was on-line split into two portions of 

90% and 10%. The former part was collected onto a 384-well plate with the use of an in-

house made fraction collector. The latter part of the effluent was directed to a mass 

spectrometer for a chemical analysis. After freeze-drying, the collected fractions were 

exposed to a bioassay based on the conversion of a fluorogenic substrate to its fluorescent 

product by CYP1A2. Decrease in the conversion of the substrate was indicative of enzyme 

inhibition. The bioactivity results were presented in a form of a bioassay chromatogram. 

Collection of 6-s fractions maintained the resolution achieved during the chromatography, 

which enabled a straightforward correlation of the bioactivity data with the in parallel 

obtained MS data. Considering the peak shape and retention time of the peaks observed in the 

bioactivity chromatogram and MS data, drug metabolites of ellipticine with potent inhibition 

toward CYP1A2 were detected and identified. Validation of the method was performed with 

five potent inhibitors of CYP1A2, viz. ellipticine, 9-hydroxyellipticine, alphanaphthoflavone, 

rutaecarpine and fluvoxamine. For all compounds the inhibitory potential (IC50 values) 

toward CYP1A2 determined with the new method were in agreement with values obtained 

using conventional methods and those reported in literature. The strength of the method lies in 

the ability to perform bioassays that require long incubation times. These are needed, for 

example, to study drugs and their metabolites exhibiting time dependent inhibition (TDI). In 

the presented research, the aim was to develop a rapid screening method, and therefore the 

pre-incubation step, that is necessary to correctly measure TDI, was omitted. In future studies, 

a pre-incubation step could be included to fully exploit the developed methodology. 

Considering the global burden of snakebites and the many issues associated with the lack of 

effective snakebite treatments [2], profiling and understanding chemical venom composition 

can aid in the development of new, toxin-specific envenomation treatments. The specific and 

potent activity of snake venom constituents toward a number of drug targets present in vital 

organs, also makes venoms a great source of potential templates for lead compounds for drug 
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development [3]. Chapter 3 aimed at the development of a screening method for the 

detection and identification of the key proteolytic enzymes responsible for the hemorrhagic 

effect of snake venom, i.e. SVMPs and SVSPs. Simultaneously, the method was applied for 

the detection and identification of compounds with potential pharmacological activity: 

inhibitors of plasmin, a key enzyme in the fibrinolytic process. Crude venoms were first 

separated with reversed phase (RP) LC, and next using a flow split, a parallel collection of 6-s 

fractions of the effluent onto a black 384-well plate and MS analysis was performed. The 

evaporated fractions of the effluent were then exposed to a fluorescence-based bioassay. The 

bioassay was based on the enzymatic conversion a fluorogenic substrate to its fluorescent 

product by plasmin. Lack of conversion to the fluorescent products was indicative of plasmin 

inhibition and the presence of antiplasmin activities. An induced conversion of the substrate 

was observed when a sample contained proteolytic enzymes, such as SVMPs or SVSPs. The 

bioassay data were presented as bioactivity chromatograms which were correlated to obtained 

MS data for chemical identification. By performing two bioassays on a well-plate containing 

fractions of a single venom sample (one injection), a higher throughput of the method was 

achieved. In addition, a bioactivity-guided proteomics approach was used to identify bioactive 

peptides and proteins. The presented method aided in the differentiation between zinc- and 

calcium-dependent SVMPs and facilitated the identification of bioactive compounds. The 

usefulness of the methodology was demonstrated by analyzing venoms of the snakes Daboia 

russelii (Dr) and Crotalus basiliscus (Cb). In Dr venom, plasmin inhibitors in a mass range of 

the Kunitz-type serine proteases were detected and identified. In Cb venom, enzymes exerting 

fibrin(ogen)olytic activities similar to plasmin, were found. The overall method was shown to 

be robust and high-throughput.  

Methods to screen for bioactive/toxic compounds present in complex mixtures such as natural 

extracts or venoms often are limited to samples that are available in relatively large quantities, 

allowing injection volumes of ~50 μL. The requirement of such large sample volume can 

disqualify a great number of venoms and other animal extracts to be studied for their 

bioactivity and toxicity. In order to tackle this problem, a picofractionation platform, which 

employs a miniaturized version of nanofractionation analytics, was developed (Chapter 4). 

For the picofractionation system, nanoLC was hyphenated to a high accuracy nano-volume 

liquid dispenser allowing fractionation of nL/min flow rates on a glass slide with a 

hydrophobic coating. This system enabled deposition of 10-s fractions of nanoLC effluent in a 

serpentine fashion generating a microarray of effluent droplets. After drying, the fractions 

were exposed to a fluorescence-based bioassay that was dispensed in a spot-on-spot fashion 

using the same high accuracy nano-liquid volume dispenser. A bioassay measuring activity 

against plasmin that was developed in Chapter 3 was adapted to the microarray format. To 

prevent bioassay droplet evaporation – which was one of the main difficulties in the 

miniaturization of the bioassay format – encapsulation with mineral oil was used. Spotted 
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microarray bioassay readout was performed kinetically with an in-house modified inverted 

fluorescence microscope. With the picofractionation platform, the inhibitory potential (IC50) 

for plasmin’s known inhibitors – aprotinin and leupeptin – were accurately determined. The 

feasibility of the picofractionation method, that included the separation capabilities, was 

studied with the analysis of a mixture of leupeptin diastereoisomers, and four snake venom 

samples. The venoms were screened for the presence of compounds with both anti-

fibrinolytic (i.e. inhibition of fibrin formation) and fibrinolytic-like (i.e. venom compounds 

converting the plasmin substrate) properties. A baseline separation of the two 

diastereoisomers of leupeptin was obtained allowing both forms to be tested for their 

bioactivity. In the analyzed snake venoms protease activity was observed, and compounds 

with both anti-fibrinolytic and fibrinolytic-like properties were detected. In general, the 

results obtained were in good agreement with available literature. 

In Chapter 5, the usefulness of trapped ion mobility spectrometry mass spectrometry (TIMS-

MS) for the study of gas-phase ions of fourteen pharmaceutically relevant compounds with a 

molecular weight ranging from 270 to 645 Da was explored. The group of ions selected for 

this study differed, for example, in molecular size, shape, and number of rotational bonds. 

TIMS offers tunable and relatively high resolving power and may separate molecules with 

very similar collision cross sections (CCSs). Additionally, TIMS analysis is done at low 

electric field, limiting ion heating and potential fragmentation. In this study TIMS was used to 

investigate the stated analytes and their adducts with cations (sodium, cesium, silver and 

lithium) in the gas phase, and find correlations between ion gas-phase behavior and molecular 

shape/geometry. Such correlations could be useful in compound structural elucidation. 

Separation of two isomeric compounds, i.e. tetrahydrocannabinol (THC) and cannabidiol 

(CBD), was also studied.  

TIMS analysis showed that the formation of an analyte-metal ion adduct could lead to the 

appearance of multiple gas-phase ion conformations. It was suggested that this was induced 

by the presence of several double bonds in the structure of the analytes, as well as the 

presence of other interaction sites that caused the metal ion to bind at different positions of the 

molecule. In general, a positive correlation between the CCS of the ion-metal adduct and its 

size was observed. Flat (planar) and rigid molecules were shown to form dimers more readily 

than more flexible molecules (containing rotating bonds). This tendency was also observed 

when studying THC and CBD, where dimer formation occurred mostly for THC, which 

shows a more rigid structure than CBD. By optimizing the range and speed of the electric 

field gradient and ramp, respectively, the separation of THC and CBD was achieved by 

employing metal adduct formation. 
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Future perspectives 

In Chapter 2, a method to screen for potent inhibitors of CYP1A2 was developed. Although 

the method was shown to successfully assess inhibitory properties of drugs and their 

metabolites toward CYP1A2, there is opportunity for extension of its applicability. In the 

metabolic pathway of a drug, often multiple CYP isoforms are involved, requiring multiple 

bioassays for testing. Considering the high number of compounds to examine – as usually 

encountered in a drug discovery phase – a “1 sample 1 bioassay” approach will come with a 

low throughput. Assay multiplexing, as was introduced in Chapter 3, can improve throughput. 

The picofractionation system (Chapter 4) has the potential to accommodate up to four glass 

slides (so far, tests were performed with 1 glass slide only). By further decreasing the volume 

of the collected fractions as well as the volume of the bioassay, a further increase of the 

throughput can be envisioned, as it will provide the possibility to generate screening panels 

for a number of targets. 

Considering the complexity of the human body, even a biotransformation of single drug can 

lead to a number of outcomes. As mentioned earlier, it can involve a number of CYP 

isoforms, but also drug transporters (membrane proteins that are necessary for classes of 

drugs/xenobiotics to enter and leave a cell [4]). Furthermore, drug metabolism can lead to the 

generation of metabolites that can possess further inhibitory/inducing properties toward other 

CYPs/drug transporters, and generation of reactive metabolites that will interact with critical 

cell receptors and organelles leading to toxicity. Hence, in order to obtain a comprehensive 

pharmacokinetic, pharmacodynamics and toxicity information on a drug, we foresee the nano- 

and picofractionation analytics to be potentially used together with more advanced cell 

bioassays, such as 3D human hepatocyte cultures, advanced liver culture systems (organ-on-

a-chip, which include other hepatic cells important for functioning of the liver) and even multi 

organ (body or human-on-a-chip) systems based on microfluidics technology. 

In Chapter 2, one of the difficulties was to assign the hydroxylation site of the in vitro 

generated hydroxylated metabolites of ellipticine (i.e. structural isomers), as identification 

based on MS and MS/MS data did not suffice. Considering that the structural isomers differ in 

their shape and size,  future research involving structural assignment of isomeric metabolites 

should include the use of IMS-MS technology bringing additional selectivity which will aid in 

their structural elucidation by identifying the exact site of attachment of a functional group 

(Phase I metabolism) or a conjugate (Phase II metabolism). In addition, an attempt to 

hyphenate TIMS to the current nanofractionation as well as picofractionation platform should 

be made. Further confirmation of a metabolite structure should be followed by nuclear 

magnetic resonance (NMR) method. 
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In Chapter 5, using IMS-MS technology, small molecular ions in complexes with cations 

were observed to have multiple gas phase conformations. The ability to detect different gas 

phase ion conformation will be of great value in the analysis of proteins and peptides (e.g., 

venoms), where the conformation of a protein is related to its activity. TIMS has already been 

shown to successfully separate peptides with isobaric post translational modifications (PTMs) 

[5]. PTM in case of snake venom toxins may influence their biological activity, toxicity and 

structural stability. Massonnet et al. [6] showed that peptides containing different number of 

disulfide bridges can be separated and detected with IMS-MS in a fast manner. In addition, 

they showed that IMS-MS can differentiate peptides containing the same amino acid sequence 

(isomers), but different cysteine connectivity in their disulfide bridges.  

Considering that snakebite envenoming is a tropical neglected disease there is an on-going 

need to study snake venoms and develop methodologies aiding the development of new 

treatments for snake bites. Currently, administration of antivenom is the only effective snake 

bite treatment. However, antivenom production is expensive, and there is a risk for serious 

side effects (e.g., anaphylactic reactions) and low efficacy (due to the choice of an 

inappropriate antivenom for treatment). Therefore, other, innovative treatments are needed. 

The method described in Chapter 3 successfully detected compounds with proteolytic 

activities, i.e. SVMPs and SVSPs, which are the key toxins responsible for amongst others the 

devastating hemorrhagic effect of snake envenomation. Knowledge on the bioactivity profile 

of a venom and detection of the responsible toxins will help in developing effective snake-bite 

treatments that will be toxin/pathology specific and not venom specific [7]. Further research 

should therefore aim at expanding the nanofractionation method to search for toxin-specific 

treatments by exposing already tested venoms to for example compounds with a neutralizing 

potential against the detected toxins (e.g., small-molecule therapeutics [5]), or to study the 

effectiveness of existing antivenoms. This could be performed by incubating collected 

fractions of crude venoms with selected compounds or antivenoms prior to a second 

bioactivity measurement using the same bioassay. This would give an indication of the 

neutralizing potential of the agents against the toxins present in the analyzed venom. Of 

course, the method would be used only as an initial screen providing a fast overview of the 

effectiveness of new and/or already established snake bite treatments.  

The picofractionation platform described in Chapter 4 still requires further development. 

These include hyphenation to MS, parallel to microarray spotting of the effluent. Following 

the approach used in the nanofractionation platform, a flow splitter can be implemented, 

directing a part of the column effluent to the liquid dispenser, and the other part to a mass 

spectrometer. In an earlier study performed by Heus et al.[8] a split ratio of 50:50 for nanoLC 

effluent with a flow rate of 400 nL/min was achieved with the use of a low dead volume T-

connector. In their study, however, an on-line bioassay was performed. Nevertheless, they 

proved that such approach is feasible. For further implementation of bioassay multiplexing 
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(performing more than one bioassay on a single sample/glass slide), the addition of in-house 

developed pressurized containers could be studied. These containers can hold up to 16 vials of 

different sizes, i.e. 10-mL Greiner tubes and 2-mL and 0.5-mL Eppendorf tubes. These will 

give the possibility to use several bioassay solutions, cleaning and washing solutions, and 

other necessary liquids, such as mineral oil, in an automated manner. Additional cooling of 

the containers would help preventing sample thermodegradation.  

As presented in Chapter 4, the picofractionation platform enables deposition of nanoLC 

effluent on a glass slide with a hydrophobic surface. However, the deposition is not limited to 

a glass slide. This potentially would allow MALDI-MS analysis on fractions on a MALDI 

plate. Matrix solution could be applied before or after collection of fractions, enabling co-

crystallization. Although the idea of interfacing droplet microfluidics with MALDI-MS is not 

novel [9], it shows that the picofractionation analytics can be used for a number of 

applications in the research area of, e.g., drug metabolism, bioactivity screening and 

proteomics.  
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