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 Introduction 

The thesis is divided into two chapters. In the first part of the thesis, I introduce 
the biological and technology topics relevant to the bioanalytical applications, that 
I have studied during my research. The second part of the thesis contains my three 
published papers and two submitted manuscripts. The papers include rapid high-
throughput investigation of solid phase extraction (SPE) protocols using a 
miniaturized platform developed at the department, the ISET platform, a sample 
preparation platform for MALDI-MS. This platform facilitates the usage of very 
small amounts of sorbents, samples and buffers (Paper I). Later, 384-well filter 
plates were chosen as a platform for the screening of SPE sorbents (Paper II), as this 
platform provides increased bed volume, and thus binding capacity (needed to 
enable use of low-affinity materials), also filter plates facilitates use with analysis 
techniques, for example, liquid chromatography–electrospray ionization mass 
spectrometry (LC ESI-MS). However, the key challenge with these multi-
parametric experiments is how to best organize, simplify, visualize and analyse the 
data while retaining the relationships among the different samples/parameters. To 
address these challenges, a comprehensive informatics tool for MALDI was 
developed to facilitate the visualization, statistical analysis, and high quality image 
and data export (Paper III).  

Apart from the miniature platforms, a conventional cartridge based investigation of 
in-house developed SPE materials was also undertaken in Paper IV. In Paper V, 
describes a newly prepared molecularly imprinted polymer micro gel (MIP MG); 
stabilized Pickering emulsions (PEs) for the ability to catalyse the formation of 
disulphide bonds in peptides at an Oil/Water interface. 
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Biomarker 

A “biomarker”, is clinically used to screen, diagnose or monitor the activity of 
diseases and predict the response of treatments.  Biomarkers have “a characteristic 
that is objectively measured and evaluated as an indicator of normal biological 
processes, pathogenic processes, or pharmacologic responses to a therapeutic 
intervention” [1]. 

Historically, physical, physiological and molecular characteristics have long been 
used as “biomarkers”, this includes for example, pulse and blood pressure, however, 
the term is now typically synonymous with molecular biomarkers. Molecular 
biomarkers can be organized into categories based on their molecular class, which 
include protein, genomic (DNA and RNA), lipid, carbohydrate, and metabolites. 
These can be further classified into subcategories, that in turn contain specific 
molecular entities. Analysis methods can range from transcriptional profiling and 
DNA methylation studies which have shown strong potential for biomarker 
discovery in cancer [2], to metabolomic approaches as demonstrated for metabolic 
disease, drug and toxicity studies [3]. Proteins are likely to be the most affected 
entities during a pathological condition, and protein biomarkers have become one 
of the most valuable classes of biomarkers over the past years. As a consequence, 
proteomics holds special promise for biomarker discovery [4]. 

Protein biomarkers are sourced from various bio-samples, including blood, saliva, 
urine, faeces, cerebrospinal fluid, amniotic fluid, tissue/cells, etc. Among them, bio-
fluids such as, blood serum and plasma are particularly attractive for clinical studies 
due to ease of accessibility, availability and the potential for development of large-
scale, prognostic and diagnostic tests [5,6]. However, the extremely large dynamic 
range of protein concentrations of up to 12 orders of magnitude presents a number 
of challenges in biomarker determination from serum or plasma [6]. 

Within this thesis, I have studied and developed sample preparation methods for 
enrichment of phosphorylated compounds which are suggested as biomarkers for 
neurodegenerative diseases (Paper I), for alcohol over-consumptions (Paper IV); 
and pro-gastrin releasing peptide (ProGRP), a small cell lung cancer biomarker 
(Paper II). 
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Phosphoproteomics 

Phosphoproteins/phosphopeptides derived from phosphorylation, plays a major 
role in regulation of intracellular biological processes, such as signal transduction, 
degradation of proteins and cell survival, transcriptional and translational 
regulation, and metabolism [7,8]. Hence, changes in phosphorylation patterns can 
be an indicator of diseases such as cancer and neurodegeneration. 

ProGRP 

Progastrin-releasing peptide (ProGRP) is a biomarker for small cell lung cancer 
(SCLC) [9]. It is a precursor of a neuropeptide hormone called gastrin-releasing 
peptide (GRP), a member of the bombesin family and is frequently produced by 
SCLC cells [10]. ProGRP is in particular used clinically to distinguish SCLC from 
other lung cancers by histology [11]. 

PEth 

In the cell membrane, a reaction between phosphatidylcholine and ethanol 
catalysed by phospholipase D leads to the formation of phosphatidylethanol (PEth), 
a non-endogenous phospholipid that can be used as a marker for alcohol abuse [12-
14]. This group of phospholipids have a common polar head group, 
phosphoethanol and a long chain of carboxylic acid moieties attached at positions 
sn-1 and sn-2, which typically contains 14 to 22 carbon atoms with 0 to 6 double 
bonds as substituents [15,16]. Among these different species, PEth-16:0/18:1 and 
PEth-16:0/18:2 (Nomenclature: ‘PEth-16:0/18:1’; 16,18 - number of carbons and 
0,1 - number of double bonds) are the major species, and account for more than 
60% of the total PEth in the blood [17]. The half-life of PEth in the blood is about 
4 days and it can be found even after 14 days of alcohol abstinence. With this slow 
degradation rate, as well as higher sensitivity (94.5-100%) and specificity (100%) 
than other established markers [18,19], PEth has been suggested as an effective 
alcohol abuse marker, with a blood concentration reference value for alcohol 
overconsumption of 0.3 μM. 
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Sample Preparation 

The biological samples are obtained from patients in the form of various body fluids 
such as blood, urine, cerebrospinal fluid, tissues, and biopsies or even tear fluid. 
These materials are very complex in terms of peptide and protein composition, and 
often have the analytes present in low concentration, and contains huge background 
of, salts, acids, bases and organic compounds [20]. These samples require a 
reduction of their complexity in order to improve detection of low-abundance 
protein and peptide biomarkers. Also, samples need to be made compatible with 
the analytical read-out, as most of the instruments are not directly compatible with 
the biological samples.  

Sample preparation is a crucial step to extract, isolate and concentrate the analytes 
of interest. The employed methods are expected to be robust, reproducible, 
sensitive and selective, to ensure removal of salts, other impurities and depletion of 
high abundant interfering biomolecules [21].  

Sample preparation methods varies from simple dilutions or protein precipitation 
techniques (PPT) [22] to complex multistep procedures involving liquid–liquid 
extraction (LLE) [23,24] or solid-phase extraction (SPE) or derivatization 
(chemical modification) of the analyte, affinity capture with antibody, etc., 

Solid Phase Extraction (SPE) 

Solid Phase Extraction (SPE) is one of the most common and popular sample 
preparation techniques, due to the high enrichment factor, good recovery, low 
consumption of organic solvents and the possibility to automate (off- or on-line) 
the whole process [25,26]. The high flexibility and throughput of SPE has 
facilitated application in many different fields such as; environmental, drug 
analysis, proteomics, and DNA analysis for purification, enrichment, desalting and 
fractionation [27,28]. 
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Mechanism of the SPE Process 

The SPE process involves separation of analytes between a liquid and a solid 
(sorbent) phase. This technique enables concentration and purification of analytes 
from solution by sorption on a solid sorbent and purification by washing prior to 
elution. 

Figure 1. The four processing steps in the operation of SPE experiment. 

The general SPE procedure involves four steps (Figure 1), the first step involves 
conditioning i.e., rinsing the sorbents with a suitable solvent, followed by 
equilibration using a solvent similar to the sample solvent. This step is crucial, as it 
enables the wetting of the sorbent, removes the air present in the column and fills 
the void volume with solvent. This step also serves to remove any impurities initially 
contained in the sorbent or the packaging. The nature of the conditioning solvent 
depends on the nature of the solid sorbent. When non-polar hydrophobic sorbents 
are used, rinsing with certain solvents, e.g., methanol or acetone, helps in wetting 
of the sorbent. As these sorbent materials, do not allow water to approach their 
surface easily. Care must also be taken to avoid drying of the sorbents between the 
conditioning and the sample treatment steps, to retain good recovery. If the sorbent 
dries for a prolonged time, it must be reconditioned. 
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The second step is the actual extraction step. Sample solution is introduced onto 
the SPE column, where the analytes encounter various attractive forces from the 
sorbent. These forces may be van der Waals forces (“non-polar interactions”), 
hydrogen bonding, dipole-dipole forces (“polar” interactions), or cation-anion 
interactions (“ionic” interactions). Each sorbent offers a unique mix of these 
properties which can be applied to a wide variety of extraction problems. 

The third step involves an appropriate washing solvent, having a low elution 
strength, to wash away undesired components, that interfere or are not of interest 
and need to be removed from the sorbent.  

The fourth and final SPE step involves the elution of analyte(s) of interest with a 
solvent that overcomes the retention interactions between sorbent and analytes of 
interest. Common solvents used for this step are methanol, acetone, ethyl acetate, 
or a buffer of different pH. In this step, the solvent volume and flow-rate should 
be adjusted so that quantitative recovery of the analytes is achieved with subsequent 
low dilution, for an efficient elution. 

Different sorbent materials 

Over the years, a wide variety of sorbents, ranging from the traditional reversed-
phase sorbents (C18, C8), normal phase (silica, alumina), and ion exchange, to 
mixed-mode (ion exchange + reversed phase) and functionalized resins based on 
styrene-divinylbenzene (SDVB) polymers have been developed and used in SPE. 
Also, affinity phases that separates analyte molecules based on their biological 
functions (antibodies, proteins, nucleic acids) or chemical structures 
(IMAC) have also been utilized as SPE sorbents (Table 1).  

Silica particles 

The most common types of SPE sorbents are either silica-based or polymer based 
sorbents. The silica-based sorbents are mainly used in the case of nonpolar or 
medium polar analytes [26]. Silica particles chemically modified with appropriate 
functionalities for the intended application, e.g., polar functional groups like cyano, 
amine-, and diol- are added to the silica sorbent surface for normal phase SPE, 
while the octadecyl, octyl, cyclophenyl, or phenyl groups are added to the silica 
sorbent surface for reversed phase SPE [29].  

However, the presence of residual silanol groups is common, this provide polar 
adsorption sites and makes the surface weakly acidic [27]. End-capping is often 
used to block these free silanol groups, commonly with methyl groups. However, 
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the end-capping process never completely eliminates all the silanols [30]. This 
remaining percentage has been found to vary among manufacturers of bonded 
silica. Particle chemistries can play an important role in the selectivity for many 
basic analytes [31]. Disadvantage with silica-based sorbents is that they are not very 
stable outside the pH range 2-8 [29]. Also, many silica-based materials contain 
“fines”, small (nm) particles that can leak during the sample preparation.  

Polymer-based sorbents 

Among organic polymer-based sorbents, the most widely used is porous 
polystyrene-divinylbenzene (PS-DVB) [32]. These sorbents display a hydrophobic 
structure and its interactions with analytes are mainly due to – and van der Waals 
forces, involving the aromatic rings of the polymer. These sorbents have the 
advantages over silica-based sorbents that they are stable over a large pH range and 
often have higher surface areas. Also, these polymer sorbents impart a different 
selectivity than silica-based sorbents by nature of the aromatic rings and vinyl 
groups in its chemical structure. Thus, polymer sorbents can adsorb a wider range 
of analytes in general; some more polar analytes can be captured compared with 
traditional reversed phase bonded silica sorbents.  

However, both PS-DVB and hydrocarbon modified silica sorbents have 
hydrophobic surfaces, which must be conditioned and activated to be compatible 
with aqueous samples [33]. Also, undesirable shrink-swell characteristics of PS-
DVB copolymers have hampered their universal acceptance for SPE applications. 
To improve their compatibility with aqueous samples and increase the retention of 
polar compounds more hydrophilic polymer sorbents have also been 
developed [34]. These hydrophilic sorbents can be obtained by the introduction of 
hydrophilic precursor monomer or chemically modifying the PS-DVB polymer 
skeleton. 

Mixed-mode ion-exchange sorbents 

Initial ion-exchange sorbents were silica-based sorbents. These are prepared by 
chemical modification with ion-exchange groups. e.g., sulphonic acid for strong 
and carboxylic acids, for weak cation-exchange interactions, quaternary amines for 
strong anion-exchange interaction, and secondary and tertiary amines for weak 
anion-exchange interaction. However, these sorbents suffer the same problems as 
conventional silica-based sorbents mentioned previously.  

Recently, the mixed-mode polymeric sorbents were developed, which combine a 
polymeric skeleton with ion-exchange groups, they can present two types of 
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interaction mechanisms: reversed-phase and ionic-exchange [35,36]. These 
sorbents are classified as cationic or anionic, and as strong or weak ion-exchange, 
depending on the ionic group attached to the resin. Each of these groups is designed 
to selectively extract analytes with certain chemical properties (i.e. strong/weak 
acidic or basic). However, the selectivity of the extraction process depends on 
choosing not only a suitable sorbent but also a suitable SPE protocol [37]. 

Immobilized metal ion affinity chromatography (IMAC) 

Immobilized metal ion affinity chromatographic (IMAC) sorbents utilizes the 
affinity of positively charged metal ions to isolate negatively charged analytes, e.g., 
phosphopeptides. In this approach, metal ions such as Fe3+, Ga3+ or Ni2+ are grafted 
onto the supporting substrate with a chelating ligands such as imidoacetic acid 
(IDA) and nitrilotriacetic acid (NTA), and acts as a stationary phase to which 
phosphopeptides in a mobile phase can bind [38]. Initially, this technique was used 
for the fractionation of proteins based on the affinity of histidine and cysteine 
residues to the IMAC resin [39]. Later, the binding of phosphoproteins and 
phosphoamino acids to metal ions, extended the IMAC utilization towards 
phosphopeptide enrichment [40]. However, the chelating ligands also bind to the 
carboxylic and amino groups, resulting in the enrichment of acidic peptides and 
peptides containing histidine [41,42]. Methyl-esterification of the carboxyl group 
prior to IMAC enrichment is one method used to reduce the non-specific binding. 
Although, the approach is limited due to sample losses and additional complexity 
caused by side reactions [43-45].  Higher enrichment factors for 
phosphopeptides have been obtained by using a loading buffer at pH 2–2.5, as 
most acidic amino acids  will be protonated and cannot be bound to the positively 
charged metal ions, while most phosphate groups are still deprotonated, so they 
are able to bind to the positive metal ions [46].   

Metal oxide affinity chromatography (MOAC) 

As an alternative to IMAC, Metal oxide affinity chromatography (MOAC) exploits 
the affinity of metal oxide surfaces for phosphate groups and appears to have fewer 
limitations than IMAC [47]. Metal oxides, which have amphoteric properties based 
on unsatisfied valences show Lewis acid/base behaviour at different solution pH 
values [48], providing a reversible bidentate bridging binding between the 
amphoteric surface of the metal oxides and the phosphate groups [49-51]. The 
specificity of MOAC toward phosphopeptides using, for instance, TiO2 [41,52-
54], ZrO2 [55,56], Ga2O3 [57], Nb2O5 [58], ZnO [59], Al2O3 [60], and 
SnO2 [61] is higher than that of conventional IMAC sorbents. However, both 
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IMAC and MOAC approaches use metal cations to bind the negatively charged 
phosphopeptides, and protocols designed to achieve higher enrichment efficiencies 
have been constantly improved over the past decade. 

Table 1: Different SPE retention mechanisms, materials type and target analytes 

SPE Type Retention Mechanism Material Target Analytes

Reversed-
phase 

- Non-polar or
hydrophobic
interactions

- Van der Waals or
dispersion forces 

C3, C4, C8 Proteins 

C18 Peptides

Normal 
phase 

- Polar interactions
- Hydrogen bonding, -
, dipole-dipole and
induced dipole-dipole

ZIC-HILIC Glycoproteins, 
glycopeptides 

Waters HILIC Proteins, peptides 

Ion-
exchange 

- Electrostatic attraction
WCX, SCX, 
WAX, SAX Proteins 

Metal-
chelating 

- Metal affinity, metal
oxide affinity

Ti, Fe Phosphopeptides 

Ga Phosphopeptides

Cu (Phospho)peptides

Affinity - Molecular recognition

Lectin Glycans, glycopeptides 

Heparin IgG

RNA/DNA Plasmids, DNA 
binding proteins 

Coenzymes Coenzyme-dependent 
enzymes 

Antibodies Proteins, peptides 

Immunosorbents 

Molecular recognition processes are highly specific and can be applied in vitro for 
several purposes not only related to biochemical procedures, but also to other fields 
including specific or highly selective media for SPE. This type of sorbents includes 
immunosorbents, molecularly-imprinted materials, and aptamer-functionalized 
sorbents. Among the molecular recognition phases, immunosorbents based on 
immobilized antibodies generally display a high selectivity to target 
molecules [62,63]. Immunosorbents can extract and isolate the target analyte from 
complex matrices in a single step, thus avoiding the problems of co-extraction 
interferences  [63]. The production of immunosorbents involves, the design of 
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antibodies capable of recognizing one or a group of analytes of interest. Once the 
antibodies are obtained, they are covalently bonded to a sorbent [64]. Although 
widely used, their application suffers from draw-backs such as antibody stability, 
availability, also time-consuming and expensive production [65].  

Molecularly imprinted polymers 

An optional sorbent material for SPE are molecularly imprinted polymers (MIPs), 
which have attracted attention due to advantages, such as predetermined 
recognition ability, stability, relative easy and low cost manufacture, as well as 
applicability to a wide range of target molecules [66,67]. 

Figure 2. Schematic representation of the different steps involved in the preparation 
of Molecularly Imprinted Polymers (MIP). 

The MIPs are made by synthesizing highly cross linked polymers in the presence of 
a template molecule facilitating the alignment of functional groups in a specific 
arrangement with polymer (Figure 2). Their recognition is due to the shape and 
different physicochemical properties, such as hydrogen bonding, ionic and 
hydrophobic interactions. Mostly, MIP-SPE is performed as an off-line method. A 
small amount of imprinted polymer (typically 15–500 mg) is packed in cartridges, 
and then through conditioning, loading, washing, and elution steps, the target 
compounds can be isolated. In the case of MIPs, the most successful applications 
have been for low molecular weight targets in non-aqueous systems [68,69], but 
recent developments in the MIP preparation process, including monoliths [70-72] 
and epitope targeting strategies  [73-75], have expanded the technology to 
encompass biomolecule affinity applications such as proteins [75-77] and 
peptides [78-81]. 
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The formats and procedures in SPE 

Optimization of the SPE sample preparation step is crucial for high-sensitivity 
detection, as well as analysis robustness and reproducibility. The SPE optimization 
process for a certain analyte usually starts with, screening for a suitable extraction 
phase or if the appropriate extraction phase is known, with the fine tuning of the 
sample preparation conditions i.e. the loading, washing and elution steps. 

Current methods used for SPE screening and optimization are often based on 
any of the four widely available SPE formats [82] (Table 2); (1) SPE Disks, in 
which sorbent is immobilized; (2) Cartridges in which the sorbents are filled in 
a small, plastic or glass open-ended containers [83,84]; (3) 96-well microtiter 
plate or filter plate configurations, where a defined volume of sorbent is loaded 
into each well in the form of plaques or slurries in microtiter filter plate that 
mimics the standard 96-well microtiter plate  [85] and (4) SPE pipette tips, in 
which sorbent is immobilized inside a pipette tip [72,86]. 

Table 2. Comparison of formats and devices used in SPE 

Cartridge Disks Pipette tips Multiwell plates 

Sorbent mass g-mg mg mg-μg μg
Solvent volume mL mL-μL μL μL
Extraction time +++++ ++ +++ ++

Flow rate +++++ ++++ +++ ++
Parallelisation 8, 12 or 96 8,12 or 96 8, 12 or 96 96, 384 

Operation manual manual semi-
automatic 

semi-automatic or 
automatic 

Cost ++++ +++++ +++ ++



20 

ISET 

The Integrated Selective Enrichment Target (ISET) is a sample preparation 
platform made of silicon, with 95 pyramidal array positions. In the original design 
each position could be filled with a SPE capture medium volume of max 0.6 μL. 
The small bead volume required for filling the nanovials allows for convenient SPE 
optimization, as more than 500 samples (96 samples/ISET) can be subjected to SPE 
on the ISET platform using only 25 mg of stationary phase, i.e., less than the 
amount present in an ordinary 1 mL SPE cartridge. At the same time the 
parallelization provided by the ISET platform facilitates multiplexed testing of 
different SPE materials or sample preparation conditions with enough replicates to 
ensure the validity of the developed SPE protocol. For example, by using different 
solution protocols column-wise with respect to different SPE materials row-wise 
the ISET arrays enables easy, high-throughput and very economic multiplex 
optimization of the sample preparation protocol, Figure 3. 

Figure 3. A photograph of an ISET chip produced in silicon. Every 4 positions 
have a central vial as a MALDI reference position for control samples. 
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The ISET chips were manufactured by anisotropic wet etching and deep reactive 
ion etching (DRIE) by GeSiM (Großerkmannsdorf, Germany) from 780 μm thick 
4” silicon wafers. During the sample preparation steps the ISET chip fits into a 
vacuum fixture made from an ordinary 384 microplate, Figure 4A, which facilitates 
use with commercial liquid handling robots and vacuum manifolds. Before 
insertion in the MALDI instrument the ISET was secured in a steel adaptor using 
tape (3M, 7955 MLP), Figure 4B, providing the same spot positioning as a normal 
MALDI target. 

Figure 4. (A) ISET chips (95 and 48 position) in a vacuum holder, (B) in-
house adapted standard 384 MALDI plate with positions for a 95 and a 48 
position ISET.

ISET – MIP sample preparation 

All the SPE steps were performed using vacuum to enable liquid transport. Prior 
to loading the ISET nanovials the MIP particle concentration was adjusted in a test 
ISET so that a 2 μL MIP slurry addition to a sample resulted in a final nanovial 
packing volume of 500-600 nL. During the final sample elution, the vacuum was 
lowered to allow surface tension to retain the analytes in a small spot around the 
outlet hole, this facilitated a confined crystallized MALDI spot on the underside of 
the ISET after matrix addition, Figure 5B. The ISET was subsequently turned up-
side down and used as a MALDI target plate. Figure 5A, depicts the general steps 
of the ISET sample preparation. 

ISET MIP SPE protocol 

1. MIP material corresponding to a SPE volume of 500-600 nL was added to each
sample in a microplate or standard Eppendorf tube and incubated for 90 min.
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2. The captured analytes were transferred while bound to the MIP’s to the ISET by
aspiration of sample/MIP from the bottom of the container and then loaded into
the ISET using a high vacuum (10-15 in Hg).

3. 5 x 2 μL washing buffer was added to each well  with a high vacuum (10-15
in  Hg).

4. Turn off vacuum and remove the ISET chip from the vacuum fixture and rinse
the entire underside of the chip with MQ water and ethanol. Dry the underside
with a clean tissue.

5. For elution of the bound analytes, 2 x 1 μL of elution solution was added with a
low vacuum (1.5-2 in Hg).

6. Add 500 nL matrix solution: 2.5 mg Dihydroxybenzoic acid (DHB) (10 mg/mL
DHB in 80% MeOH) in a low vacuum (1.5-2 in Hg).

7. The ISET was subsequently removed from the vacuum fixture turned over with
matrix spots facing upwards, and placed in a MALDI adaptor plate for MS analysis.

Figure 5.  (A) The ISET sample preparation process. The analytes are applied to 
the SPE material (1) and washed to get rid of contaminants (2), and then the 
analytes are eluted with matrix (3) and crystallized on the backside of the ISET 
(4). (B) Back side of the ISET plate with well confined analyte crystal spots. 
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384-well filter plate

384-well filter plate – MIP sample preparation

Different MIP/NIP phases were tested in a 384-well platform (Figure 6).  Many 
conditions were tested with more than 100 samples analysed to understand the 
nature of the unspecific background. Although the 384-well format has been 
extensively utilized for immunoassays and in vitro receptor binding studies, its use 
in SPE is relatively new. The 384-well filter plates used are either MultiScreen HTS 
384-well filter plates from Millipore made of styrene acrylonitrile (SAN) with
polyvinylidene fluoride (PVDF) membrane/polyester support or AcroPrep 384-well
filter plates from Pall Life Sciences made of polypropylene (SAN) with glass fibre
(borosilicate glass, 1.0 μm) membrane. Thermo Scientific (Waltham, MA) Nunc
plates made of polystyrene were used as collection plates. Millipore MultiScreen®
HTS Vacuum Manifold used to carry out the SPE. The whole SPE process is carried
out in automation with Biomek® 3000 Workstation as in Figure 7.

Figure 6. A photograph of a 384-well filter plate and a collection plate 
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384-well filter plate MIP SPE protocol

1. A fixed vacuum of 10–15 in Hg, was used for filling the wells with 20 μL of
MIP/NIP material.

2. Wash, 2 X 60 μL of acetonitrile (ACN) was subsequently pulled through the
wells.

3. Conditioning with 2 X 60 μL of methanol (MeOH) followed by 2 X 60 μL of
50 mM ABC buffer.

4. 20 μL sample in loading buffer was added to each well.

5. 80 μL of wash buffer was added to each well

6. For elution of the bound analytes 80 μL of elution solution was added.

7. During the transfer of washing and elution buffers the vacuum was turned off
and then turned on after the addition to facilitate a homogeneous wetting of
the SPE bed.

8. MS analysis was performed on the collected fractions.

Figure 7. Schematic representation of the 384-well filter plates and the workflow of 
the SPE. (A) 384-well filter plate. (B) SPE sample preparation, where the sample is 
transferred to the microwell loaded with SPE material (1), followed by a wash step 
to remove undesired components (2), and the captured analytes are then displaced 
by the elution step (3). 
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Mass Spectrometry 

A mass spectrometer can determine the molecular weight of chemical compounds 
by ionizing, separating, and measuring ions per their mass-to-charge ratio (m/z). 
The ions are generated in the ionization source by inducing either a positive or 
negative charge. Once the ions are formed in the gas phase they can be directed 
into a mass analyser, separated per mass and finally detected. The result of 
ionization, ion separation, and detection is a mass spectrum that can provide 
molecular weight or even structural information. 

Development of the first mass spectrometer-like instrument dates to 1912, when 
the British Physicist Sir Joseph John Thompson constructed a "mass spectrograph" 
and managed to obtain mass spectra for O2, N2, CO, CO2 and COCl2. This 
instrument paved the way for the development of more advanced mass 
spectrometers. Ionization of the analytes is fundamental for the analysis and the 
first ionization techniques that were used required the analyte to be present in gas 
phase, limiting the analysis to small and volatile compounds. The possibility to use 
MS for the analysis of large and polar biomolecules such as proteins was not realized 
until several decades later.  

In the 1980s, however, two new ‘soft’ ionization techniques, Matrix-assisted laser 
desorption ionization (MALDI) and electrospray ionization (ESI) were developed 
roughly at the same time by Michael Karas and Franz Hillenkamp [87] and John 
Fenn [88], this made it possible to study larger biomolecules such as peptides and 
proteins. Since then the MS technology has kept on developing at a high speed, and 
has now become an important tool for characterization and identification of 
proteins and peptides from biological samples can now be performed with an 
unprecedented speed and sensitivity. 

Mass spectrometry for protein identification 

Protein identification via MS is carried out either in the form of whole-protein 
analysis (‘top-down’ proteomics) or analysis of enzymatically/chemically produced 
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peptides (‘bottom-up’ proteomics) [89]. Bottom-up or shotgun proteomics is the 
most common MS-based method for studying proteins.  

Bottom-up proteomics 

Bottom-up proteomics studies are usually conducted by either a ‘Sort-then-break’ 
approach or by a ‘break-then-sort’ approach. In ‘Sort-then-break’ approach, a 
mixture of proteins is isolated using off-line protein fractionation and a proteolytic 
enzyme is used to cleave protein (digestion), followed by direct peptide analysis 
using ‘peptide mass fingerprinting’ (PMF) [90] or further peptide separation by LC 
interfaced to a tandem mass spectrometer. In the latter approach, commonly 
referred to as ‘shotgun proteomics’, protein digestion is performed prior to the 
separation using chromatography and other methods followed by tandem mass 
spectrometric analysis. A subsequent database search for the detected peptides is 
carried out to identify and confirm the protein present in the original sample. 

For complex protein mixtures, PMF might not distinguish two peptides of equal 
mass and charge. For such cases, tandem MS or MS/MS setup is used to determine 
amino acid sequences of the peptides [91]. This kind of setup is also referred as 
"tandem in space", as the different mass analysers are connected in sequence to 
perform MS scan, fragmentation and MS/MS analysis. Alternatively, a "tandem in 
time" setup can be used, here a single trapping instrument to perform all the MS 
analysis steps (ion trap and orbitrap) [92]. More information about these setups 
will be provided in the mass analyser section. 

However, not all peptides resulting from the digestion of a protein can be observed 
or correctly identified with MS analysis, especially those with diverse or unexpected 
modifications. Also, due to differences in ionization efficiency not all peptides will 
be detectable in the mass spectrometer and therefore complete sequence coverage 
will very rarely be obtained. 

Top-down proteomics  

In this approach, intact protein ions are fragmented in the mass spectrometer to 
generate detectable fragment ions. Theoretically, this approach places the entire 
sequence of the protein under examination, and consequently the top-down 
approach should enable a more complete characterization of protein isoforms and 
any post-translation modifications (PTMs) than the bottom-up approach [93]. In 
addition, the exclusion of the protein digestion step is beneficial from a time and 
cost perspective. Although the top-down approach is powerful in protein 
modification analysis, due to the increased complexity of the fragment ions, it is 
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primarily performed with direct infusion of a single protein or simple protein 
mixture [94]. 

Mass spectrometry Instrumentation 

In MS, proteins are analysed based on their mass and charge. The instrumentation 
consists of three parts: an ionization source, a mass analyser and a detector (Figure 
8).  

Figure 8. Mass spectrometry instrumentation 

Ionization techniques 

Ionization is the first step of the process, where the analytes from the liquid or solid 
phase are converted into gas-phase ionized species. The choice of the ionization 
source can significantly impact MS analysis. It was shown that by varying the 
ionization, different set of serum metabolites could be identified [95]. And also, 
quantitative data were altered in terms of lower limit of quantification and the 
linear range [96]. Usually the ionization technique is selected based on the structure 
of the analyte of interest as well as the desired application.  

For analysis of biomolecules such as proteins and peptides using MS, an efficient 
and non-destructive ionization method is required. Electrospray ionization (ESI) 
and matrix assisted laser desorption ionization (MALDI) are commonly used soft 
ionization techniques that can ionize analytes with little or no fragmentation. 
For instance, in Paper I, II, III and V we have used MALDI and ESI in Paper II 
and IV, hence these modes are briefly described further. 

MALDI  

The MALDI technique was introduced principally by Karas and Tanaka in 1987, 
which were awarded part of the 2002 Nobel Prize in Chemistry. MALDI has since 
become a widespread and powerful technique for generating intact gas-phase ions 

Ionization 
Source Mass Analyzer Detector
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from a wide variety of large thermally labile compounds including proteins, 
oligonucleotides, synthetic polymers and large inorganic compounds. 

The MALDI technique is a two-step process. In the first step, the sample is pre-
mixed with a UV-light absorbing matrix solution, usually weak organic acids. The 
matrix-analyte solution mixture is then dried to remove any liquid solvent. The 
result is a co-crystal of matrix-analyte where the analyte molecules become 
incorporated into the matrix crystals so that they are completely isolated from one 
another. The second step, which occurs under vacuum conditions inside the ion 
source, involves irradiation of the matrix-analyte mixture with intense UV laser 
(337 nm) pulses. The exact mechanism of the process is still not fully 
understood [97]. However, as shown in Figure 9, one theory is that irradiation by 
the laser induces rapid heating of the co-crystals through the accumulation of a 
large amount of energy resulting in the vaporization of the matrix. The analyte 
molecules within the co-crystal vaporize as well but without having to directly 
absorb energy. 

Figure 9. Schematic representation of the different steps involved in MALDI. 

The matrix which consists of an organic solid or liquid species, performs two 
important functions: (1) it absorbs photon energy from the laser beam and transfers 
it into excitation energy, and (2) it serves as a solvent for the analyte, so that the 
intermolecular forces are reduced and aggregation of the analyte molecules is kept 
to a minimum. The matrix is usually a solution of organic molecules. Typically 
examples of MALDI matrices are α-cyno-4 hydroxycinnamic acid (CHCA), 3,5-
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dimethoxy-4-hydroxycinnamic acid (sinapinic acid), 3-amino-4 hydroxybenzoic 
acid and 2,5-dihydroxy-benzoic acid (DHB). 

MALDI is widely used in proteomic research as it is characterized by easy sample 
preparation and has relatively large tolerance to contamination by salts, detergents 
and buffers [98]. However, this technique has some limitations, such as low shot-
to-shot reproducibility, and strong dependence on the sample preparation 
protocol [99]. 

ESI 

In mid-1980s, Fenn demonstrated the use of Electrospray ionization (ESI) as an 
interface for mass spectrometry [88], revealing the power of the technique and 
winning the Nobel prize for Chemistry in 2002. ESI is most widely linked to LC-
separations in modern mass spectrometry, as it is a versatile mode to produce gas 
phase analyte ions from continuous flowing solutions and is almost ideal for 
biological analytes. 

Figure 10. The formation of ions during electrospray ionization. The sample 
solution is passed through a charged capillary, resulting in the creation of charged 
droplets that evaporate with the aid of a stream of nitrogen. Coulomb explosion 
will break the highly-charged droplets into smaller ones and eventually ions are 
desorbed from the surface according to the ion evaporation theory or solvent is 
completely evaporated as speculated based on the charge residue theory. This 
scheme represents ions as positively charged; the same mechanism applies in the 
case of negative ion mode. 

In ESI-MS, sample containing the analyte in a preferably polar solvent, is pumped 
at low flow rates into the ionization source under atmospheric pressure through a 
hypodermic needle. As the sample is being constantly sprayed, a high electrical 
potential is applied at the needle (3–6 kV), resulting in the formation of small, 
micro meter-sized monodisperse highly charged droplets (i.e., nebulization). The 
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dispersed droplets evaporate in the presence of a sheath gas, like nitrogen, and the 
resulting ions are drawn into a mass spectrometry inlet by the vacuum and the 
electric field. 

Under these conditions, two different mechanisms have been proposed for the ion 
generation in ESI. In the first ion evaporation mechanism, the droplets break down 
and, while shifting inside the source, their size is continuously being reduced. 
Eventually, the repulsive forces, also termed the coulombic forces, among the ions 
on the surface of the shrinking droplets become very high. These forces will 
ultimately exceed the surface tension of the solvent, resulting in ions that desorb 
into the gas phase [100]. 

An alternative mechanism is the charge residue model [101]. This is supposed to 
be dominant in the case of ions with very high m/z, such as proteins [102]. This 
mechanism involves continuous evaporation of the solvent accompanied by droplet 
fragmentation so that a single ion (probably multiply charged) is formed at the end 
of this process (i.e., solvent is completely evaporated). Figure 10 illustrates the 
different proposed mechanisms of ion formation during the ESI process. 

ESI is suitable for a wide range of compounds with high to moderate polarity as 
well as varying molecular weight. For large molecules with several ionisable sites 
such as proteins, ESI produces multiply charged ions that allow for their analysis in 
mass analysers with limited m/z range, such as quadrupoles. However, ion 
suppression is a major drawback when using ESI, because the presence of a high 
concentration of non-volatile compounds or analytes may change the efficiency of 
droplet formation or evaporation, which in turn inhibits ion release into the gas 
phase. In high concentration samples, the competition between compounds for 
limited charges or space on the droplet surface can also decrease the efficiency of 
ion formation. 

Mass analysers 

The mass analyser is, literally and figuratively, central to the technology. Mass 
analysers are an integral part of each instrument because they can store ions and 
separate them based on the mass-to-charge ratios. Ion trap (IT), Orbitrap, and ion 
cyclotron resonance (ICR) mass analysers separate ions based on their m/z 
resonance frequency, quadrupoles (Q) use m/z stability, and time-of-flight (TOF) 
analysers use flight time of a fixed distance after accelerating species of different 
mass and charge across a potential. Each mass analyser has unique properties, such 
as mass range, analysis speed, resolution, sensitivity, ion transmission, and dynamic 
range; and each has its advantages and limitations. Several different analysers can 
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be combined in sequence forming so called hybrid instruments to increase the 
versatility and allow multiple experiments to be performed. 

There are two broad categories of mass analysers: the scanning and ion-beam mass 
spectrometers [103], such as TOF and Q; and the trapping mass spectrometers, 
such as IT, Orbitrap, and FT-ICR. The scanning mass analysers like TOF are 
usually interfaced with MALDI to perform pulsed analysis, whereas the ion-beam 
and trapping instruments are frequently coupled to a continuous ESI source. The 
analysers used in the studies underlying this thesis are discussed below. 

Figure 11. Schematic diagrams of linear (A) and reflectron (B) MALDI-TOF mass 
spectrometers. The flight paths of precursor and fragment ions in each instrument 
are shown. 

TOF 

In TOF analysers the m/z ratio is determined by measuring the time it takes for an 
ion takes to fly a field-free flight in a tube between the source and the detector, as 
depicted in Figure 11. At the start of the flight tube all the ions have been 
accelerated by the same potential difference thus having gained the same kinetic 
energy. However, their velocities (and hence arrival times at the detector) will differ 
due to differences in their masses; an ion with a high mass will have a lower velocity 
than another ion with the same charge but lower mass. Thus, the time of flight of 
each ion depends on its m/z ratio. The major drawback of a linear TOF instrument 
is that it has insufficient mass resolution for many applications, due to small 
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variations in the initial kinetic energies of ions of the same m/z, leading to 
differences in the flight times.  

To overcome this problem, “reflectance” using a reflection, as in Figure 11B, 
are commonly employed and were applied in the MALDI-TOF instrument 
used in Paper I. A reflectron is a series of rings or grids located after the flight tube 
used to focus ions of the same m/z but different kinetic energies. The reflectron 
creates a reversing field in which the ions enter to different depths 
depending upon their kinetic energies and are then reflected back to the flight tube. 
Ions of the same m/z but higher kinetic energies spend more time in the reflectron, 
whereas those with lower kinetic energy return to the flight tube more quickly, thus 
their spread is reduced and the resolution improved. 

In comparison to triple quadrupoles (3Q) instruments, discussed below, TOF 
instruments provide higher sensitivity in full-scan mode since they generally have a 
higher transmission of ions than a scanning analyser. They also have a higher 
resolving power than 3Q instruments, which facilitates discrimination of analytes 
with close m/z ratios. MALDI is usually coupled to TOF analysers that measure the 
mass of intact peptides or proteins, and those masses are matched to the theoretical 
peptide masses generated from a sequence database. Identification of proteins 
obtained in this way is known as peptide mass fingerprinting (PMF), or peptide 
mapping. 

Triple Quadrupole 

Triple quadrupoles (3Q) are the most universal instruments for quantitative 
LC/MS analyses and were employed in Paper IV. A 3Q consists of three sequential 
quadrupoles (Q1 Q2 Q3) (Figure 12). Q1 and Q3 can be used as scanning or 
selecting analysers while Q2 is operated in the RF-only mode, as a wide-band filter 
for the ions or a collision cell when filled with a neutral collision gas such as 
nitrogen or argon. The transfer of kinetic energy from the stream of collision gas 
causes fragmentation of ions. This process is called collision-induced dissociation 
(CID). CID is the most often applied ion fragmentation method, but ion 
fragmentation can also be induced by techniques called electron capture induced 
dissociation or surface induced dissociation. In Q1 and Q3 the ions can be 
separated by their m/z values. 
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Figure 12. Schematic representation of the different steps in triple quadrupoles 

A quadrupole consists of four cylindrical rods to which a fixed direct current (DC) 
and an alternating radio frequency (RF) are applied, creating a quadrupole field 
that only allows ions within a certain m/z range to pass through. The ions outside 
that m/z region hit the rods and discharge. The resolving power of quadrupoles is 
usually the same throughout their functional mass range, which is often up to m/z 
4000 Da. Several MS/MS modes, such as precursor ion, product ion or neutral loss 
scanning, and selected ion (SIM) or selected reaction monitoring (SRM), are 
available, depending on the Q1 and Q3 settings applied. 

Figure 13. Cross section of the Orbitrap analyser. Ion trajectories in an Orbitrap 
indicated by the black arrow. 

LTQ - Orbitrap 

The orbitrap was introduced in 1999 [104] and is a high resolution electrostatic 
ion trap mass analyser. The Orbitrap mass analyser consists of three electrodes as 
shown in Figure 13, where the outer electrodes have the shape of cups facing each 
other and electrically isolated by a hair-thin gap secured by a central ring made of 
a dielectric. A spindle-like central electrode holds the trap together and aligns it via 
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dielectric end-spacers. Ions are injected into the volume between the central and 
outer electrodes. When a voltage is applied between the outer and the central 
electrode, incoming ions are trapped and they orbit around a central electrode, 
much like a planet in the solar system and oscillate harmonically along its axis (the 
z-direction) with a frequency characteristic for their m/z values, inducing an image
current in the outer electrodes that is Fourier transformed into the time domain
producing mass spectra [105,106].

When coupled to an LTQ ion trap, the hybrid instrument has the advantage off 
running in a parallel fashion: The Orbitrap acquires MS full scans while the LTQ 
carries out fragmentation reactions [107]. Compared to the quadrupole mass 
analyser, the LTQ - Orbitrap has a much higher resolving power (resolution) and 
mass range as well as better mass accuracy, while having a lower dynamic range. In 
addition, they can operate in two different detection modes. In the first mode, the 
Orbitrap mass analyser acquires the full MS spectra and the LTQ the MS/MS 
fragment ion spectra, also called the FT-IT mode. In the alternative mode, both 
the MS and MS/MS scans are analysed in the Orbitrap detector. This mode is 
referred to FT-FT. Several generations of Orbitrap mass spectrometers are currently 
available encompassing the Classic, XL, Discovery, Velos, Velos Pro and Elite. 
Fusion and Lumos are the latest. 

Detectors 

The last component of the MS instrument is the ion detector, which records the 
ions separated per their mass to charge ratios. The detector registers the number of 
ions at each m/z value, by detecting their impact on the detector surface. The 
resulting measurement called mass spectrum consists of a plot of the mass-to-charge 
ratio (m/z) versus its corresponding intensity value. In TOF instruments, the 
detector measure the differences in the flight times of the ions, thus a detector with 
faster responses is required. Micro channel plates (MCPs), consisting of two-
dimensional parallel arrays of miniaturized electron multipliers, are the most 
commonly used detectors in TOF instruments. For the 3Q instruments, electron 
multiplier detectors and photomultiplier tube detectors are the most common kinds 
of detector. In a photomultiplier tube the ions exiting the mass analyser are 
converted to electrons, which travel through an electron multiplier and each 
electron induces the emission of several secondary electrons.  
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Operation modes for quantification 

In MS, the recorded ion current of the analyte molecule is used for quantification. 
While quantification can be performed in the SIM mode, there is a high risk of 
interfering molecules in a complex biological sample being co-isolated, since two 
completely different molecules can have identical m/z. In MS/MS, the precursor 
ion is isolated, fragmented and quantification is performed by monitoring specific 
fragments to increase selectivity [108]. An internal standard (IS) can be added to a 
sample to correct for variations in sample preparation and fluctuation in MS signal 
associated with analyte ionization and matrix effects. When coupled to LC, 
quantification is performed by integrating the area under the chromatographic peak 
acquired. 

Selected reaction monitoring 

Selected reaction monitoring (SRM), sometimes referred to as multiple reaction 
monitoring (MRM), is a targeted MS/MS method that has been used for over three 
decades in small molecule analysis, and has also emerged as an alternative to 
immunoassays for protein and peptide quantification [109]. This type of targeted 
MS analysis is performed using a triple quadrupole mass spectrometer. The first 
quadrupole is set to transmit an ion (precursor ion) according to its m/z. The ion 
is then fragmented in the second quadrupole, filled with an inert gas (e.g., argon or 
nitrogen), by collision induced dissociation (CID) as it collides with the gas 
molecules. The third quadrupole is set to transmit one or more specific product 
ions generated in the second quadrupole to the detector (Figure 12). The 
combination of a precursor ion and a specific product ion is referred to as a 
transition. SRM greatly increases selectivity compared to SIM, since interfering ions 
with identical m/z co-isolated in the first quadrupole will most likely not give rise 
to product ions with identical m/z to that of the analyte of interest [110]. 

Internal standard (IS) 

An IS, corresponding to the analyte to be measured, is used to control variability 
in the sample preparation and analytical procedure, depending on at which stage 
the standard is introduced. For absolute quantification of peptides, recombinant or 
synthesized peptides with incorporated stable isotopes such as 15N or 13C are most 
commonly used [111]. These standards, often called “heavy” standards due to their 
mass increase, are easily differentiated from the endogenous peptide in the mass 
spectrometer. Being chemically equivalent to the endogenous peptides, as their 
amino acid sequence is identical to the target peptide, they will have identical yield 
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through all sample preparation steps, co-elute with the target peptide during LC as 
well as having identical ionization efficiency and fragmentation behaviour in the 
mass spectrometer. Quantification is performed by extrapolating the concentration 
using the MS signal ratio of the endogenous peptide to the IS from a calibration 
curve constructed with known concentrations of the analyte. 

Table 3.  Performance comparisons of the mass spectrometry instruments 

Instrument Resolution 
Mass 

accuracy 
ppm 

Sensitivity Range Scan rate Ion 
Source 

TOF, 
TOF–TOF 20000 10–20 Femto 

mole 1e4 Fast MALDI 

LIT (LTQ) 2000 100 Femto 
mole 1e4 Fast ESI, 

MALDI 

TQ (TSQ) 2000 100 Attomole 1e6 Moderate ESI 

LTQ- 
Orbitrap 100,000 2 Femto 

mole 1e4 Moderate ESI, 
MALDI 

LTQ-
FTICR, Q-

FTICR 
500,000 <2 Femto 

mole 1e4 Slow,  
Slow 

ESI, 
MALDI 

Q-TOF,
IT-TOF 10,000 2–5 Attomole 1e6 Moderate, 

fast 
ESI, 

MALDI 

Q-LIT 2,000 100 Attomole 1e6 Moderate, 
fast ESI 
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Data Visualization and Analysis 

A key challenge with any multi-parametric high-throughput screening (HTS) 
dataset is how to best organize, simplify, visualize and analyse the data while 
retaining the relationships among the different samples/parameters [112]. 
Furthermore, a generic data import and export functionality is also required for 
future assignment and consistent interpretation of deduced results.   

There are no devoted software tools for analysis of MALDI HTS data, but more 
general tools such as R [113], SPSS and Matlab [114] packages can be used. Several 
open source libraries and frameworks such as OpenMS, Proteowizard, MsInspect, 
Bioconductor have been developed to facilitate MS data analysis [115-118]. While 
many open-source software tools are intended to be used by users with a software 
profile, requiring programming skills, there has been a lot of progress in user-
friendliness. DanteR [119] and InfernoRDN [120] are examples of user-friendly 
graphical interfaces to the R framework that facilitates normalization, statistical 
analysis based on ANOVA and various multivariate analysis to be carried out.  

Despite the existence of such a great variety of software tools that can enable analysis 
of MS generated proteomic datasets there is still a lack of specific tools that cover 
the need for MALDI data visualization and analysis. Most of the tools are intended 
to be used by a user with a software profile, requiring programming skills. The fast 
generation of MALDI data necessitates data to be visualized and analysed by 
different statistical techniques compared to LC-MS data. The MALDIViz software 
tool presented in Paper III provides several visualisation tools dedicated for MALDI 
HTS data.  

MALDIViz implementation 

MALDIViz App is a Shiny-based Web application, accessible independently of the 
user operating system and without the need to install the program locally. The app 
can be used to do quality checks, visualization and analysis of MALDI MS data. It 
has been implemented entirely in the R language (R version 3.2.3).  



38 

RStudio  

R is a language and data analysis software that is valued for its rich plugin ecosystem, 
providing powerful packages for statistics and visualization [121]. RStudio is a free 
and open-source Integrated Development Environments (IDE) for R. RStudio 
offers many useful features a console, syntax-highlighting editor that supports direct 
code execution, as well as tools for plotting, history, debugging and workspace 
management [122]. RStudio can be run as a desktop application for Mac, 
Windows, or Linux, but it is also available as a server install. When a user opens 
RStudio, whether in the desktop version of the application or through a server, the 
initial screen will look much like what is seen in Figure 14A. The RStudio screen 
has four panes, which are shown in their default arrangement in Figure 14A. 

Figure 14. Panes in RStudio 

The first pane allows users to view files and data. This is a useful feature because it 
allows users to view a spreadsheet-like representation of their data, which they can 
scroll through. This is also the pane where documentation can be written by users, 
such as .R files or RMarkdown documents. The second pane allows users to view a 
list of all the objects loaded into the work environment. For example, all datasets 
loaded will appear here, along with any other objects that have been created (special 
text or spatial formats, vectors, etc.). The third pane is the console, and provides 
the command line for users to enter R code. The console pane is where most work 
takes place – the other panes provide support for the user, but no code 
interpretation. The console looks like the standard R GUI, but it also provides 
support for users. For example, if a user begins to type a function and then hits the 
‘tab’ key on their keyboard, RStudio will do code completion and provide a 
hovering hint from the documentation of the function, as in Figure 14C. The 
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fourth pane provides integrated views of files, plots, packages and help, as in Figure 
14B. When a user runs code in the console creating a plot, the Plots tab will be 
automatically selected. 

R Packages 

Packages are groups of R functions, data, and compiled code in a clear format. The 
directory where packages are stored is called the library. R comes with a standard 
set of packages. Others are available for download and installation. Once installed, 
they must be loaded into the session to be used.  

Table 4: The following R-packages are used in the MALDIViz 

R- packages Usage Ref 
ggplot2, plotly plotting  [123,124] 

reshape2, dplyr, data.table basic data manipulation  [125,126] 
shiny, shinydashboard to build interactive web applications [127] [128]
d3heatmap, pheatmap heatmap  [129] 

pcamethods PCA plot  [130] 
rgl 3D plotting  [131] 

MALDIquant MALDI data pre-processing  [113] 

shiny 
shiny is an R package that enables developers to create web applications using R 
code. In this way, R packages and scripts used to analyse and visualize data can be 
transformed into a more accessible web interface. It allows application users to 
choose input parameters using web controls like sliders, dropdowns, and text fields, 
and also encompass outputs in the form of plots, tables, and summaries. Using the 
Shiny framework, a web application can be developed and rendered in web browsers 
without having to write any HTML, CSS or JavaScript code. 

Code Structure 
Shiny apps consist of two components: 

1. A user-interface script, called ui.R
2. A server script, called server.R

The ui.R defines the user interface and layout of the application, while the server.R 
is responsible for the application logic and for performing computations, producing 
plots, etc. The server.R consists mainly of reactive expressions that are coupled to 
each other, to input elements representing user interactions, and to output 
elements, such as plots or data tables. 
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MALDIViz App 

Before starting to explain the main structure of the app, it is necessary to comment 
a package that has also been crucial for the design of the app MALDIViz: the 
shinydashboard package. This package provides a theme on top of shiny, allowing 
users to easily create visually attractive dashboards. Shinydashboard helps create 
interface items such as the side menu, and facilitates the user’s navigation through 
the different tabs.  

Users can browse through the visualization and analysis steps by going to each of 
the tabs in the left side panel. All tabs work in a similar fashion: e.g. changing the 
settings in the left panel will automatically renew the image or table on the right. 
When moving from one tab to another, settings are saved automatically. 

Figure 15. The main workflows and operations that MALDIViz can perform 

The menu has been divided in four basic groups, each containing the operations 
the program can perform: “Data Import”, “Spectra View”, “Analysis View” and 
“Stat Analysis View” (Figure 15).  Options in each group are explained below. 

Data Import 

 Load sample/user data: Users can directly load the data from an Excel (.csv)
file, or similar file. It is possible, as well, to load one of the predefined data
sets.

 Input data for analysis can be any data table (crosstab) containing columns of
mass and intensities, with additional columns corresponding to informational
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metadata from each experiment, such as, type of separation phase, buffer 
condition, replicate details, or clinical outcomes.  

 In the present version of MALDIViz, up to four columns representing
different metadata can be added by the user. An example showing a typical
dataset loaded, from the web app, is displayed in Figure 16.

Figure 16. A screenshot of a dataset loaded in the MALDIViz app. 

Spectra View 

 This window mode provides both 2D and 3D plots which are useful for
finding features and patterns across the experiment in one quick step instead
of looking at the individual spectra.

Figure 17. 2D Spectra view Screenshot The sidebar panel features and a 
representative 2D spectra are displayed 

 Spectra View has a set of options that users must select from to generate the
desired 2D and 3D plot, as in Figure 17. These options are divided into two
groups, Main Options, and Appearance Options, depending on their
importance.
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o Main Options
 Condition (s)
 Material (s)

o Appearance Options
 Format Options

 mz filter
 colour of the plots

 File Output options
 Plot width
 Plot height

Analysis View 

 This window allows for comparison of the experimental data using grouping
based on metadata. Significant differences between groups can be visualized
using boxplots and heatmap functions.

 Each analysis plot has a set of options that users must select to get the desired
Boxplot and heatmap. These options are like the spectra view divided into:
Main Options, and Appearance Options.

o Main Options
 Peptide list
 Condition (s)
 Cluster Options (Heatmap 1)

o Appearance Options
 Format Options

 Colour
 Rotate (Heatmap 1)
 Annotations (Heatmap 1)

 File Output options
 Plot width
 Plot height

 Peptide list (mz values)

o A user supplied list of masses, this option can be used to identify trends
of masses of interest among various conditions.

o Users can also directly load a peptide list from an Excel (.csv) file. The
function can be tested by loading one of the predefined peptides list for
the sample dataset.
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 Boxplots provides a clear visual interpretation of the differences between
groups and a measure of the within-group variation, Figure 18. The grouping
can be accomplished based on user supplied values in the metadata. Boxplots
are quite complex plots that summarize the distribution of a given data
set [132]. They consist of three different parts:

o A box, covering 50% of the data. The limits of the box are the first and
third quartiles.

o A line is drawn at the median value.
o Whiskers that extend from the limit of the box to indicate how far the

data goes on each side of the box. Whiskers, however, must never be
longer than 1.5 times the Inter Quartile Range (IQR).

o Points further than 1.5 times the IQR are considered outliers and drawn
individually as black dots above and below the boxes.

Figure 18. Box Plot Screenshot. The sidebar panel features and a representative 
box plot are displayed 

 Heatmap 1

o Heatmap 1 plots a heatmap only for any user defined m/z values, Figure
19. Here, the vertical axis represents the samples, and the horizontal axis
represents the different masses and the colours corresponding
intensities [133].



44 

Figure 19. Heatmap1 Screenshot. The sidebar panel features and a representative 
heatmap are displayed. 

o Annotations can also be added on top of the heatmap, to get an overview
which annotated groups are separated better than others.

o Optionally, rows and/or columns can be clustered based on user defined
distance and linkage methods.

Stat Analysis View 

 Heatmap 2

o Like Heatmap 1, Heatmap 2 is plotted with hierarchical clustering and
annotation options to columns and/or rows based on the user inputs.
However, Heatmap 2 plots the heatmap using the all m/z values in the
dataset.

 Cluster analysis

o The Cluster Analysis window shows the dendrogram resulting from
hierarchical clustering of the data, Figure 20.

o The cluster analysis window has a set of options were users can select the
desired inter-individual distance (distance matrix) and inter-group
distance (linkage) for the cluster analysis [134].

o A dendrogram is a tree-graph whose terminal vertices (“leaves”)
correspond to the objects classified.
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o The dendrogram is usually drawn upside down: the leaves are in the
bottom and the root is on the top. The y-axis indicates the “distance”
between individual observations and groups of observations.

Figure 20. Cluster analysis Screenshot. The available sidebar panel features and a 
representative dendrogram are displayed. 

o Cluster analysis methods partition objects into groups so that the objects
in one group are similar to each other, and as dissimilar as possible
compared to the objects in other groups. For cluster analysis, MALDIViz
use the agglomerative hierarchical clustering (HC) method, as in Figure
21.

Figure 21. Geometric illustration of six distance-optimizing agglomerative 
clustering methods 

o Before the HC process can begin, an inter-individual distance matrix or
(dis)similarity matrix needs to be calculated. There are many ways to
calculate distances or (dis)similarities between pairs of individuals (Table
5).
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Table 5. Standard distance methods. 

Method Used with Definition

Euclidean 
Similarity or 

distance 
Shortest straight line connecting two pair of 
objects in a group 

Maximum 
Similarity or 

distance 
Longest distance between pair of objects in 
two groups or clusters. 

Pearson Similarity Calculates the cosine between two vectors 

o After the inter-individual distance matrix calculation, a method to
compute the distance between the individual groups is used, so that the
two most similar groups or clusters that are close to each other can be
merged (Figure 21). Such a method is referred to as linkage [135]. There
are several possibilities to calculate the distance between groups or
clusters, such as single, complete, average and Ward’s method (Table 6)

Table 6. Standard agglomerative hierarchical clustering methods. 

Method Used with Definition

Single 
Similarity or 

distance 
Shortest distance between pair of objects in 
two groups or clusters. 

Complete 
Similarity or 

distance 
Longest distance between pair of objects in 
two groups or clusters. 

Average 
Similarity or 

distance 
Average distance between pair of objects in 
two groups or clusters 

Centroid Distance Squared Euclidean distance between mean 
vectors 

Median Distance Squared Euclidean distance between weighed 
centroids 

Ward’s method Distance Increase in sum of squares within clusters, 
after fusion, summed over all variables 

 Principal component analysis (PCA)

o The PCA window provides user selectable options for generating a 3D
PCA plot, Figure 22. Options to change the appearance of the PCA plot
are also available for the user.

o Principal component analysis (PCA) is an unsupervised feature selection
technique used for data compression, information extraction and
preliminary visualisation of observations or samples [136].
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o The main function of a PCA is to reduce the number of variables of the
multivariate data to a few dimensions that capture the main source of
variability in the data. Each dimension or principal component (PC)
represents a linear combination of the original variables.

Figure 22. PCA plot screenshot. The sidebar panel features and a representative 
3D PCA plot are displayed. 

o The first principal component accounts for most of the variability of the
data. The next principal component accounts for the variability not
accounted for by the first component and so on. Typically, the first few
principal components are identified and then the data set is projected
onto these components for dimension reduction.

o The weights of the individual variables in the principal components are
termed loadings. They are useful for identifying the important variables
in individual PCs, and contain information on how the variables relate to
each other.

o Scores are the coordinates of the original data in the new space and
contain information on how samples relate to each other with groups of
samples indicating similar behaviour.
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Interactivity of the plots 
Interactive mode is available for all plots (2D plot, 3D plot, PCA plot and heatmap) 
which allows to click, zoom and hover over specific areas of the plot. 

File download 
The plots and data generated by the MALDIViz application can be saved to the 
local file system as .eps, .pdf and .csv files by clicking on the “Download” button 
located above each plot. 
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Summary of the Manuscripts 

Paper I 
Title: Multiplexed MALDI-MS arrays for screening of MIP solid phase extraction 
materials 
In Paper I, the in-house developed Integrated Selective Enrichment Target (ISET), 
was interfaced with MALDI mass spectrometry to provide an efficient, economic 
and generic optimization process for SPE sample preparation. This method 
facilitates rapid investigation of solid phase extraction protocols using very small 
amounts of sorbent, which can save both time and money (Figure 23). The SPE is 
performed in a rapid and parallel fashion, with a processing time off only 2 hrs per 
ISET with 96 samples. Each of the 96 wells on the ISET can hold 600 nL of SPE 
sorbent. The ability to work with small amounts of sorbent and samples in the ISET 
platform provides a big advantage when developing affinity sorbents, such as 
molecularly imprinted polymers (MIPs). It was demonstrated that an amount of 25 
mg phosphoserine imprinted MIP (pS-MIP) sorbent can allow for analysis of more 
than 500 ISET nanovials using a multitude of different conditions. In the presented 
case, the multiplexed experiments allowed for early discovery of unspecific 
interactions and subsequent minimization of these, resulting in a protocol that 
provided improved enrichment of phosphopeptides. 

Figure 23. Integrated selective enrichment target (ISET) with labelling illustrating 
how an experimental set-up for SPE optimization can be facilitated. In the drawing 
8 different sorbents (A–H row wise) can be tested in triplicate under four different 
conditions. 
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Paper II 

Title: Filter Plate–Based Screening of MIP SPE Materials for Capture of the Biomarker 
Pro-Gastrin-Releasing Peptide 

In Paper II, a μ-SPE method for screening of MIP-SPE materials using a 
commercial 384-well filter plate was developed (Figure 24). The method allows for 
rapid and automated screening using 10–30 μL of packed SPE sorbent per well and 
sample volumes in the range of 10–70 μL. This enables screening of many different 
SPE sorbents while simultaneously identifying optimal SPE conditions. In 
addition, the 384-well format also facilitates detection with a multitude of 
analytical platforms. Performance of the μ-MIP-SPE method was investigated using 
a series of MIPs designed to capture pro-gastrin-releasing peptide (ProGRP). 
Fractions coming from sample load, cartridge wash, and elution were collected and 
analysed using mass spectrometry (MS). The top-performing MIPs were identified, 
together with proper SPE conditions. 

Figure 24. Schematic representation of the 384-well filter plates and the workflow 
of the solid phase extraction step in the micro well.  (A) Shows the 384-well filter 
plate and (B) shows the SPE sample preparation where the sample is transferred to 
the micro well loaded with SPE material (1) followed by a wash step to remove 
undesired components (2), and the captured analytes were then displaced by the 
elution step (3). 
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Paper III 

Title: MALDI-Viz - A comprehensive informatics tool for MALDI-MS data visualization 
and analysis 

In Paper III, a comprehensive informatics tool for MALDI was developed to 
facilitate visualization, statistical analysis, and high quality image and data export. 
This tool is a R-Shiny based Web application, accessible independently of the 
operating system and without the need to install software locally. It allows easy 
visualization of data, comparison of multiple experiments, and permits export to 
high quality images. The app can be used to do quality checks, visualizations and 
analysis of mass spectrometry data, coming from proteomics experiments (Figure 
25). 

Figure 25. A. 2D and B. 3D Spectra views. C. Principal component analysis view 
of the Cancer dataset presenting three different clusters, one for each type of 
sample. D. Detail of the heatmap visualization. The upper annotations 
automatically colour samples from the same condition. While the upper 
dendrogram and the side dendrogram groups the more similar m/z values. 
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Paper IV 

Title: Solid-phase extraction of the alcohol abuse biomarker phosphatidylethanol using newly 
synthesized polymeric sorbent materials containing quaternary heterocyclic groups 

Paper IV, a series of screening procedures using different SPE materials were carried 
out for phosphatidylethanol (PEth) extraction. PEth is an interesting biomarker 
finding increased use for detecting long term alcohol abuse with high specificity 
and sensitivity. After the initial screening of SPE materials, and identification of 
the core mechanism of retention, new polymers were synthesized. It was concluded 
that a good SPE material for PEth should include strong anion exchange capabilities 
and that a very hydrophobic backbone will be detrimental for the recovery of PEth. 
Additionally, quaternary heterocyclic groups seem to perform better than 
quaternary alkyl amino groups. The best material described in this paper contains 
strong anion exchange functionalities in the form of quaternary imidazole groups 
with a cross-linker of intermediary hydrophobicity (TRIM).  It is also shown in 
Paper IV that even though conventional mixed-mode ion-exchangers might be 
inadequate for more complex matrices, fine tuning of the solid-phase characteristics 
can make SPE viable option for sample preparation. 

Figure 26. A. SPE scheme for phosphatidylethanol (PEth) extraction and B. ESI-
MS/MS chromatograms of elution fraction collected after SPE with the material 
V, containing the sample load of 5 μM PEth 16:0/18:1 (m/z 701.5/255.5 and m/z 
701.5/281.5) spiked in human plasma. 
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Paper V 

Title: V. Catalytic Formation of Disulfide Bonds in Peptides by Molecularly Imprinted 
Microgels at Oil/Water Interfaces 
Paper V, describes the preparation and investigation of molecularly imprinted 
polymer microgel (MIP MG) stabilized Pickering emulsions (PEs) for their ability 
to catalyse the formation of disulphide bonds in peptides at the Oil/Water interface. 
The MIP MGs were synthesized via precipitation polymerization and a 
programmed initiator strategy. A template rebinding experiment showed that the 
MIP MGs bound over two times more template (24 mg/g) compared to the uptake 
displayed by a non-imprinted reference polymer (NIP) MG (10 mg/g) at saturation. 
Using the MIP MGs as stabilizers, catalytic oxidation systems were prepared by 
emulsifying the oil phase and water phase in the presence of different oxidizing 
agents. During the cyclization, the isolation of the thiol precursors and the 
oxidizing reagents non-selectively decreased the formation of the by-products, 
while the imprinted cavities on the MIP MGs selectively promoted the 
intramolecular cyclization of peptides. When I2 was used as the oxidizing agent, the 
MIP-PE-I2 system showed a product yield of 50%, corresponding to a nearly 2-fold 
increase compared to that of the non-imprinted polymer NIP-PE-I2 system (26%). 
We believe the interfacial catalysis system presented in this work may offer 
significant benefits in synthetic peptide chemistry by raising productivity while 
suppressing the formation of by-products. 

Figure 27. MALDI analysis of the cyclic somatostatin (SST, mass 1638) and the 
by-products after a 30-min reaction. The oil phase was a mixture of 300 μL of 
ethyl acetate and 100 μL of toluene. The oxidizing reagent was 100 μL of 2.5 mmol 
L–1 I2 in methanol solution. m/z 1639: SST + H+. m/z 1491: SST lost Cys residue. 
m/z 1660: SST + Na+. m/z 3277: SST dimer + H+. 
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Popular Summary 

The term” biomarker” can be used to describe a physical, physiological and 
molecular characteristic, used to evaluate or as an indicator of normal biological or 
pathogenic processes. Biomarkers can also be used for monitoring pharmacologic 
responses to a therapeutic intervention. Protein are likely to be the most affected 
entities during a pathological condition, and protein biomarkers have become one 
of the most valuable classes of biomarkers over the past 100 years. Therefore, 
proteomics holds special promise for biomarker discovery. 

Protein biomarkers are sourced from various bio-compartments, among them, bio-
fluids such as, blood serum and plasma are particularly attractive for clinical studies 
due to easy accessibility at relative low-cost. However, the extremely large dynamic 
range of protein concentrations, presents several challenges in biomarker 
determination from serum or plasma. 

In biomarker analysis, sample preparation plays a crucial step to extract, isolate and 
concentrate the analytes of interest. Among the various sample preparation 
techniques, Solid Phase Extraction (SPE) is one of the most common and popular, 
due to the high enrichment factor, good recovery, low consumption of organic 
solvents and the possibility to automate (off- or on-line) the whole process. The 
SPE process involves separation of analytes between a liquid and a solid (sorbent) 
phase. SPE technique enables the concentration and purification needed for 
detailed biomarker studies. 

Over the years, a wide variety of sorbents, ranging from the traditional reversed-
phase sorbents (C18, C8), normal phase (silica, alumina), and ion exchange, to 
mixed-mode (ion exchange + reversed phase) and functionalized resins based on 
styrene-divinylbenzene (SDVB) polymers has been developed and used in SPE. 
Affinity phases that separates analyte molecules based on molecular recognition 
(antibodies, proteins, sugars, nucleic acids) or chemical structures (salts/IMAC) 
have also been utilized as SPE sorbents.  

Optimization of a SPE sample preparation step is crucial for high-sensitivity 
detection, as well as analysis robustness and reproducibility. The SPE optimization 
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process for a certain analyte usually starts with, screening for a suitable extraction 
phase or if the appropriate extraction phase is known, with the fine tuning of the 
sample preparation conditions i.e. the loading, washing and elution steps. However, 
the process of screening SPE sample preparation in the present commercially 
available formats can be quite time consuming and expensive, due to the large 
amounts of SPE phase required and limited options for use of different materials in 
commercially available configurations. As a solution, we have applied our micro 
fabricated SPE sample preparation platform, the Integrated Selective Enrichment 
Target, (ISET) that interfaces directly with MALDI mass spectrometry for a rapid 
and parallel investigation of the SPE process using minute amounts of sample 
(Paper I). We also utilized the 384-well filter plate format for an automated, high-
throughput SPE screening method. This platform was used for screening of 
molecularly imprinted sorbents, to identify promising candidates (Paper II). 
Compared with the ISET, the 384-well filter plate format provides advantages such 
as increased bed volume, and thus a larger binding capacity (needed to enable use 
of low-affinity materials), and can be used with analysis techniques other than 
matrix-assisted laser desorption/ionization (MALDI), for example, liquid 
chromatography–electrospray ionization mass spectrometry (LC ESI-MS). 

The high-throughput SPE method optimization experiments with MS leads to the 
production of a huge dataset. As a solution to this, MALDIViz, a comprehensive 
informatics tool for MALDI that facilitate visualization, statistical analysis, and 
high quality image and data export was developed (Paper III). MALDIViz is a R-
Shiny based Web application, accessible independently of operating system and 
without the need to install any program locally. It allows easy visualization of data, 
comparison of multiple experiments, and can be used to do quality checks, 
visualization and analysis of data from MALDI screening experiments. 

Apart from the miniature platforms, conventional cartridge based investigation of 
SPE protocols was used for materials with ion-exchange capabilities, to extract 
phosphatidylethanol (PEth), a phospholipid biomarker for alcohol consumption 
from blood (Paper IV). A newly prepared molecularly imprinted polymer microgel 
(MIP MG) stabilized Pickering emulsions (PEs) for their ability to catalyse the 
formation of disulphide bonds in peptides at the Oil/Water interface was 
investigated in Paper V. 
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a b s t r a c t

Technology that facilitates rapid investigation of solid phase extraction protocols using very small

amounts of sorbent can save both time and money. The microfabricated ISET (Integrated Selective Enrich-

ment Target) interfaced with MALDI mass spectrometry is able to provide an efficient, economic and

generic optimization process for SPE sample preparation. The SPE is performed in a rapid and parallel

fashion, with a processing time off only 2 h per ISET with 96 samples. Each of the 96 wells on the ISET

can hold 600 nL of SPE sorbent. The ability to work with small amounts of sorbent and samples in the

ISET platform provides a big advantage when developing affinity sorbents, such as molecularly imprinted

polymers (MIPs). Here it is demonstrated that an amount of 25 mg phosphoserine imprinted MIP (pS-MIP)

sorbent can allow for analysis of more than 500 ISET nanovials using a multitude of different conditions.

In the presented case, the multiplexed experiments allowed for early discovery of unspecific interactions

and subsequent minimization of these, resulting in a protocol that provided improved enrichment of

phosphopeptides.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Solid-phase extraction (SPE) is one of the most commonly used

sample preparation technique in many laboratories. The flexibility

and through-put of SPE has facilitated applications in many dif-

ferent fields such as; environmental, drug analysis, proteomics,

and DNA analysis for a multitude of purposes e.g., purification,

enrichment, desalting and fractionation [1]. Optimization of the SPE

sample preparation step is crucial for high-sensitivity detection, as

well as analysis robustness and reproducibility. The SPE optimiza-

tion process for a certain analyte usually starts with screening for

a suitable extraction phase or if the appropriate extraction phase is

known with the fine tuning of the sample preparation conditions,

i.e., the loading, washing and elution steps. Due to the ever increas-

ing number of available SPE phases the development of efficient

Abbreviations: ISET, integrated selective enrichment target; DRIE, deep reactive

ion etching; MIP, molecularly imprinted polymer.
∗ Corresponding author at: Lund University, Department of Biomedical Engineer-

ing, Div. Nanobiotechnology, Box 118, 221 00 Lund, Sweden. Fax: +46 462224527.

E-mail addresses: kishore.jagadeesan@bme.lth.se, jkkishore85@gmail.com

(K.K. Jagadeesan).

methods that allows for rapid parallel screening and optimization

of SPE sample preparation is of great importance.

Over the years a wide variety of functionalized polymeric sor-

bents and highly cross-linked polymers that can be used for SPE

have been developed, both in the form of broad generic solid

phase materials (RP, IEX, HILIC) and in the form of novel affin-

ity SPE sorbents. These affinity phases can be based on inorganic

small molecules (salts/IMAC), organic molecules (dyes/cibaron,

inhibitors) or biomolecules (antibodies, proteins, sugars, nucleic

acids). Especially immunosorbents, where an antibody is coupled to

the solid phase have found widespread use for both small molecule

and biomolecule SPE [2,3]. One of the biggest drawbacks associ-

ated with antibody based SPE methods is the cost, stability and

sometimes cumbersome coupling to the solid phase. This has led

to an interest in developing antibody mimics such as aptamers

[4–6] and molecularly imprinted polymers (MIPs) [7,8]. In the case

of MIPs the most successful applications have been developed for

low molecular weight targets in non-aqueous systems, but recent

developments have seen an increased effort to expand this tech-

nology to encompass biomolecule affinity applications [9,10]. An

example of this is the development of MIPs having affinity for

phosphopeptides [11–13]. Many of these new SPE phases can be

http://dx.doi.org/10.1016/j.jchromb.2015.10.033

1570-0232/© 2015 Elsevier B.V. All rights reserved.
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Fig. 1. Integrated selective enrichment target (ISET) with labelling illustrating how

an experimental set-up for SPE optimization can be facilitated. In the drawing 8

different sorbents (A–H row wise) can be tested in triplicate under four different

conditions (1 12 column wise).

produced using combinatorial techniques, thereby generating huge

number of materials that needs to be characterized.

Current methods used for SPE screening and optimization are

often based on any of the four widely available SPE formats; [14] (1)

SPE Disks, in which sorbent is immobilized; (2) cartridges in which

sorbents are filled in a small, plastic or glass open-ended containers

[15,16]; (3) 96 well microtiter plate configurations, that mimics

the standard 96 well microtiter plate [17] and (4) SPE pipette tips,

where the sorbent is immobilized inside a pipette tip [18,19]. The

process of screening SPE sample preparation in these commercially

available formats can be quite time consuming and expensive, due

to the large amounts of SPE phase required and limited options for

filling with different materials.

As a solution, we have here applied our microfabricated SPE

sample preparation platform, the Integrated Selective Enrichment

Target, (ISET) that interfaces directly with MALDI mass spectrom-

etry for analysis [20–22], for rapid and parallel investigation of the

SPE process using minute amounts of sample. The ISET-SPE plat-

form has previously been demonstrated in SPE applications such

as purification of immuno-captured analytes [23], aptamer capture

[24] and screening of recombinant proteins [25]. The ISET sample

preparation platform is manufactured in silicon, having 96 pyra-

midal array positions, each of which can be filled with 0.6 �L of

a selected SPE sorbent. The small bead volume required for fill-

ing the nanovials allows for very economic SPE optimization, as

more than 500 samples can be subjected to SPE on the ISET plat-

form using as little as 25 mg of stationary phase, i.e., less than the

amount present in an ordinary 1 mL SPE cartridge. At the same time

the parallelization provided by the ISET platform (96 samples/chip)

facilitates multiplexed analysis of different SPE materials or sam-

ple preparation conditions with enough replicates to ensure the

validity of the developed SPE protocol. For example, multiplexing

by using different solution conditions column-wise with respect

to different SPE sorbents row-wise in the ISET arrays enables easy

high-throughput optimization of the sample preparation protocol,

Fig. 1.

Here the usefulness of the multiplexed MALDI MS SPE optimiza-

tion is demonstrated using a molecularly imprinted polymer (MIP)

developed for selective enrichment of phosphoserine (pS) contain-

ing peptides. The SPE optimization study was conducted, using

different loading, washing and elution conditions. The collected

data provided an optimized protocol maximizing the specificity

while minimizing background, thereby allowing for specific cap-

ture of phosphopeptides from 1:10 mixture of BSA. In addition the

data from the multiplexed screening experiments could also be

used to draw conclusions about the interactions of the MIP material.

2. Materials and methods

2.1. Proteins and reagents

Proteolytic enzyme, trypsin, from Promega (Madison, WI,

USA) was used in the digestion step of all proteins. Pure

phosphopeptides such as Bovine �-casein-monophospho (FQ-

pS-EEQQQTEDELQDK), PKA Regulatory Proteins/peptides Subunit

II Substrate (DLDVPIPGRFDRRV-pS-VAAE), Phosphorylated PKC

Substrate-1 (KRP-pS-QRHGSKY-NH2), DAM1 [221–241] peptide

(SFVLNPTNIGM-pS-KSSQGHVTK) and Kinase Domain of Insulin

Receptor (TRDIYETDpYYRK), Kinase Domain of Insulin Receptor

(TRDIpYETDpYpYRK) were bought from AnaSpec (Fremont, CA,

USA). Stock solutions of 2 �M were prepared for each of these phos-

phopeptides in 100% ACN. All other chemicals and reagents were

purchased from Sigma–Aldrich (St. Louis, MO, USA). Hydrophilic

interaction chromatography beads 20 �m (HILIC) were from Merck

Millipore (Billerica, MA, USA), strong anionic exchange (SAX)

Poros 50HQ from Life Technologies and magnetic TiO2 beads from

PerkinElmer.

Bovine serum albumin (BSA) and �-casein was digested with

trypsin in a 1:100 ratio (enzyme:protein) at 37 ◦C. The digested pro-

teins were diluted with 0.1% TFA and frozen to stop the digestion

process. Stock solutions of 4 �M were used to prepare samples by

dilution with 100% acetonitrile (ACN).

2.2. Chemicals

Acrylamide and pentaerythritoltriacrylate (PETA) were

Aldrich products obtained from Sigma–Aldrich (Milwaukee,

USA); 1,2,2,6,6-pentamethylpiperidine was from Fluka (Buchs,

Switzerland); N,N′-azo-bis(2,4-dimethyl) valeronitrile (ABDV)

was from Wako Chemicals GmbH (Neuss, Germany); THF

was from Acros (Geel, Belgium); The functional monomer

N-3,5-bis(trifluoromethyl)-phenyl-N′-4-vinylphenylurea was

synthesized as reported previously [26].

2.3. MIP SPE phase preparation

Imprinted polymer pS-MIP was prepared in the following

manner: The template: bis-pentamethylpiperidine (PMP) salt of

Fmoc-pSerOEt (template; 0.5 mmol), N-3,5-bis (trifluoromethyl)-

phenyl-N′-4-vinylphenylurea (functional monomer, 1 mmol), acry-

lamide (1 mmol), and pentaerythritol triacrylate (PETA) (13,

3 mmol) were dissolved in THF (5.6 mL). The initiator 2,2′-azo-bis

(2,4-dimethyl) valeronitrile (ABDV) (1% w/w of total monomer)

was added to the solution. The solution was transferred to a glass

ampoule, cooled to 0 ◦C, and purged with a flow of dry nitrogen for

10 min. The tubes were then flame-sealed while still cooling, and

the polymerization was initiated by placing the tubes in a ther-

mostatted water bath at 50 ◦C. The tubes were broken after 24 h

and the polymers lightly crushed. Next polymers were subjected

to template removal in a Soxhlet apparatus with MeOH/1N HCl

(80:20 v/v). This process was followed by further crushing and siev-

ing, whereafter the fraction of 25–36 �m MIP sorbent particles was

used for ISET SPE. Nonimprinted polymer (NIP) was prepared in

the same manner as described above, but with the omission of the

template molecule in the prepolymerization solution.

2.4. ISET

The ISET chips were manufactured by anisotropic wet etching

and deep reactive ion etching (DRIE) by GeSiM (Großerkmannsdorf,
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Fig. 2. Steps involved in the solid phase extraction utilizing the ISET platform with the molecularly imprinted polymer (MIPs) sorbent. In the ISET SPE sample preparation

samples incubated with MIP material were transferred to ISET nanovials (1) followed by a wash step to remove undesired components (2). The captured analytes were then

displaced by the elution step (3) and addition of MALDI matrix on the backside at low vacuum. Subsequently the ISET was turned over (4) and inserted into mass spectrometry

for analysis.

Germany) from 780 �m thick 4” silicon wafers. During the sample

preparation steps the ISET chip was placed into a vacuum fixture

made from an ordinary 384 microplate, which facilitates use with

commercial liquid handling robots and vacuum manifolds. Before

insertion in the MALDI instrument the ISET was secured in a milled

steel adaptor using tape (3M, 7955 MLP), providing the same spot

positioning as a normal MALDI target.

2.5. ISET—MIP sample preparation

All the SPE steps were performed using vacuum to enable liq-

uid transport. Prior to loading the ISET nanovials the MIP particle

concentration was adjusted in a test ISET so that a 2 �L MIP slurry

addition to a sample resulted in a final nanovial packing volume

of 500–600 nL. During the final sample elution the vacuum was

lowered in order to allow surface tension to retain the analytes

in a small spot around the outlet hole, this facilitated a confined

crystallized MALDI spot on the underside of the ISET after matrix

addition. The ISET was subsequently turned up-side down and used

as a MALDI target plate. Fig. 2 depicts the general steps of the ISET

sample preparation.

2.6. The ISET MIP SPE protocol

1. MIP material corresponding to an SPE volume of 500–600 nL was

added to each sample in a microplate or standard eppendorf tube

and incubated for 90 min.

2. The captured analytes were transferred to the ISET by aspiration

of sample/MIP from the bottom of the container and then loaded

into the ISET using a high vacuum (10–15 in Hg).

3. Wash with 5 × 2 �l washing buffer (95% ACN, 5% H2O, 0.1% TFA)

using high vacuum (10–15 in Hg).

4. Turn off vacuum and remove the ISET chip from the vacuum

fixture and rinse the entire underside of the chip with MQ water

and ethanol. Dry the underside with a clean tissue.

5. Elution of the analytes to the underside of the ISET chip with

2 × 1 �l elution buffer (90% MeOH, 10% H2O, 0.1% H2KPO4) using

low vacuum (1.5–2 in Hg).

6. Addition of 500 nL matrix solution: 2.5 mg dihydroxybenzoic

acid (DHB) (10 mg/ml DHB in 80% MeOH), 1% H3PO4 using low

vacuum (1.5–2 in Hg).

7. The ISET was subsequently removed from the vacuum fixture

turned over with matrix spots facing upwards and placed in a

MALDI adaptor plate for MS analysis.

2.7. MALDI analysis

MALDI analysis was made using a Waters M@LDI-TOF MS (Mil-

ford, MA, USA). The MALDI-TOF instrument was used in reflector

mode, MCP 1950 V and reflector voltage of 2000 V. Prior to data

acquisition the MALDI settings were optimized to provide the best

possible resolution and a three point calibration was made on each

plate. All the spectra were acquired manually and approximately

100 shots were averaged. Resulting spectra were processed by

MassLynx software v4.1 (Waters Corporation, Milford, MA, USA).

3. Results and discussion

Molecularly imprinted polymers developed to have specificity

toward the phosphotyrosine (pY-MIP) group have been previously

shown to allow for enrichment of tyrosine phosphorylated pep-

tides [11–13]. The affinity for this type of material is quite complex

and with a heterogeneous population of binding sites, a larger

amount of sites in the 104 M−1 range and a 10–100 times less

abundant population of high energy binding sites at 105–6 M−1

[11]. Enrichment factors of 35 for the pY-MIP compared to 5.5

for the same a non-imprinted polymer (NIP) have been reported

for a mixture of phosphorylated/unphosphorylated angiotensin

2. Although, when challenged with a more complex sample a

triply tyrosine-phosphorylated peptide was out-competing a singly

phosphorylated, and some binding of serine and threonine, as well

as unphosphorylated peptides was also observed [12]. This type of

complex behavior is expected in any affinity based SPE protocol,

and as the complexity of a sample increases it becomes even more

important to have an optimized SPE protocol. A suitable parallel

can be drawn to the TiO2-based affinity purification of phospho-

peptides, where a huge amount of work and progress have been

made in understanding and minimizing background from non-

phosphorylated peptides [27].

Here the ISET platform was used in order to quickly screen

a large number of conditions for optimization of the SPE condi-

tions for a newly developed pS-MIP in order to minimize observed

background and find out if the platform could facilitate large scale

studies of MIP sorbents. As the affinity constant of the phospho-

specific MIP material was expected to be in the �M range, some

initial experiments where conducted in order to decide if the bind-

ing was time dependent. This was done by incubation of samples

with the MIP material followed by transfer to the ISET for wash and

elution at regular intervals. The sample solution was composed of
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Fig. 3. Investigation of the selectivity and capacity of the pS-MIP sorbent. Using increasing concentrations (2, 4, 6, 8, 10 �M) of a standard phosphopeptide mixture composed

of singly phosphorylated peptides (3 pS and 1 pY) and one triply phosphorylated phosphotyrosine peptide (3pY) in different rows of the ISET. B. Mass spectra after the

capture with the pS-MIP, as the capacity of the pS-MIP material in a ISET nanovials becomes limited (at 4–6 �M) the triply phosphorylated phosphotyrosine peptide (3 pY)

outcompetes the singly phosphorylated peptides.

four phosphoserine peptides and two phosphotyrosine peptides.

Triplicate samples were prepared at time points of 30, 60, and

90 min of incubation. The resulting MS data revealed that binding

was time dependent, with a maximum binding of phosphopeptides

observed after 60–90 min (Supporting information, Fig. S1). In order

to ensure maximum sensitivity and no differences due to binding

time, 90 min incubation was used for all further experiments.

In a similar manner, the elution protocol was optimized using

the same standard phosphopeptide mixture. A number of dif-

ferent conditions were investigated and its was found that the

highest average signal intensities could be observed after elution

using 90% MeOH, 10% H2O, 0.1% H2KPO4 and a matrix solution of

2,5-dihydroxybenzoic acid containing 1% H3PO4. The addition of

phosphoric acid to the matrix has previously been demonstrated

to improve detection of phosphopeptides [28].

The capacity of the high affinity sites for pS-peptides in this

type of MIP materials can be estimated to be in the order of

10 pmol/mg [12], and as the approximate amount of SPE mate-

rial in one ISET nanovial is 50 �g this would correspond to a

0.5 pmol capacity of high affinity sites/ISET position and a total

capacity (including low affinity sites) in the range 5–50 pmol. To

investigate if the pS-MIP material exhibited any preferential bind-

ing multi-phosphorylated peptides at limited capacity, a standard

phosphopeptide mixture with increasing concentrations was pro-

cessed. The standard phosphopeptide mixture was composed of

two singly phosphorylated peptides (3 pS and 1 pY) and one

triply phosphorylated tyrosine peptide (3pY). Identical amounts

of pS-MIP sorbent was incubated in 10 �l samples with increasing

concentration (2, 4, 6, 8, 10 �M) and transferred into ISET nanovials

for wash and elution (corresponding to total loads ranging from

20 to 100 pmol). From the resulting MALDI mass spectra, Fig. 3,

it was evident that as the concentration increased above 4–6 �M

the signal intensity did not increase in a predictable manner. Above

6 �M the triply phosphorylated tyrosine peptide (1863 Da) and one

of the singly serine phosphorylated peptides (1423 Da) showed a

marked increase in signal intensity while the other peptide signals

remained unchanged or decreased. This indicates that the bind-

ing capacity for the amount of pS-MIP sorbent in one ISET well is

in close agreement with the theoretical value of 5–50 pmol. The

preferential binding of multi-phosphorylated peptides at under-

capacity has also been observed for TiO2 and is attributed to the

stronger binding provided by multivalent interactions [29]. The

increased signal for the singly phosphorylated serine peptide at

1423 Da could either be a result of the pS affinity provided by the

MIP or a result of preferential ionization, as this peptide has a posi-

tive net charge and 2 lysine residues [30,31]. From the experiments

it was evident that selectivity of the pS-MIP is affected by the capac-

ity.

In order to investigate the impact of unspecific binding the

pS-MIP SPE sample preparation was compared to too some stan-

dard phosphopeptide SPE sorbents, i.e., hydrophilic interaction

chromatography (HILIC), strong anionic exchange (SAX) and TiO2,

using samples consisting of trypsin digested �-casein. The tryp-

tic digestion of �-casein results in 2 pS peptides and a number of

non-phosphorylated peptides (background). Samples of 10 �l at a

concentration of 2 �M were incubated for 90 min with each dif-

ferent sorbent and loaded into separate rows of ISET nanovials

for wash, elution and analysis. Evaluation of the resulting mass

spectra showed that the pS-MIP sorbent captured both phospho-

rylated peptides with a similar signal intensity and non-specific

background as observed for the HILIC and SAX sorbents, Fig. 4. It is

important to note that the signal intensities of the phosphopeptides

are not used to draw conclusions, due the differences in capturing

capacity for the different SPE materials (due to varying size and

porosity), instead the relationship of phosphopeptide and back-

ground in combination with knowledge of binding mechanism for

the SPE sorbents was used. In fact for all of the SPE phases unspe-

cific binding of a non-phosphorylated acidic peptide at 2187.5 Da is

observed, this acidic peptide has a pI of 4.07 and contains one glu-

tamate as well as one aspartate residue with C-terminal carboxyl

group The phosphopeptide capture for the generic SPE materials

can be explained by the fact that phosphopeptides are amongst

the most acidic peptides due to their negatively charged phos-

phate group and are able to interact with different materials by

many different ways, i.e., electrostatic interactions, Lewis acid–base

and bidentate bonds [27]. The zwitter ionic HILIC material also

provided high signals for both phosphopeptides and acidic pep-

tides [32]. The SAX material captured the acidic peptide but to a
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Fig. 4. Comparison of the MIP SPE with HILIC, SAX and magnetic TiO2, using a standard �-casein sample. A. Each row of the ISET is loaded with different SPE materials. B. The

resultant spectra show that MIP sorbent have similar non-specific background binding as the HILIC and SAX. Due to differences in size and porosity the capacity is higher for

the HILIC, SAX and TiO2 SPE.

Fig. 5. Investigation of the presence of unspecific electrostatic interactions was performed by pS-MIP enrichment of a trypsin digested 4 �M ß-casein sample using different

washing buffers in the SPE protocol. The incubated sample/MIP mixture are loaded into the ISET and each wash buffer is used row wise. The following washing buffers were

used in this experiment; W1—95% ACN, 5% H2O, 0.1% TFA, 100 mM NaCl, W2—ACN:H2O (1:1), W3—97% ACN, 3%NH3, W4—95% ACN, 5% H2O, 0.1% TFA. The resultant spectra

shows that addition of NaCl (W1) in the washing buffer reduces the un-specific binding, although at the cost of adduct formation (M + Na)+.

lower extent and the singly phosphorylated peptide at 2062.8 Da

was not observed at all, while the tetra-phosphorylated peptide

at 3123.25 Da showed very strong binding [33,34]. The gold stan-

dard phosphopeptide capture sorbent, TiO2 displayed the highest

intensities for the mono-phosphorylated peptide, a well-known

behavior [35] and low signal for the acidic unspecific peptides.

Nonspecific binding of acidic peptides containing aspartic acid and

glutamic acid residues is also commonly seen with TiO2 and IMAC

materials, and it has been extensively investigated [27,35]. Thus

for TiO2 there are many different methods for minimizing back-

ground available, such as the use of acidic loading buffers and weak

competitive binders such as DHB [36] and lactic acid [37] or methyl-

esterification of carboxyl groups [38].

In the case of the pS-MIP no significant difference in observed

background could be seen when using acidic loading conditions

(Supporting information, Fig. S2), neither did addition of DHB

decrease the background (data not shown). The similarity in

observed background for the pS-MIP and the HILIC and SAX phase
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Fig. 6. Each row of the ISET are loaded with incubated sample/MIP mixture containing different ratios (1:1, 1:5, 1:10) of �-casein and BSA. The observed MALDI spectra of

pS-MIP enriched �-casein spiked in BSA at different ratios (1:1, 1:5, 1:10). Under these optimized conditions the pS-MIP could capture both of the phosphopeptides at 1:1

and 1:5 and one phosphopeptide at 1:10 ratio of �-casein and BSA with very low background.

in combination with the fact that the phosphopeptides were also

observed with the NIP material indicates that there might be other

electrostatic interactions in the MIP material in addition to the spe-

cific phosphopeptide imprinting. The observed unspecific binding

for the MIP sorbent could be due to interactions between peptide

carboxyl groups with the urea moieties of the MIP/NIP materials.

In order to investigate how the unspecific background could be

minimized different washing buffers were tested using the ISET

platform. Four different washes were used; W1—95% ACN, 5%H2O,

0.1% TFA, 100 mM NaCl, W2—97% ACN, 3%NH3, W3—ACN:H2O

(1:1), W4—95% ACN, 5%H2O, 0.1% TFA, Fig. 5. The original washing

protocol (W4) shows the same background as observed previously,

while the wash containing only 50% ACN (W3) leads to an even

higher background as some of the hydrophobic peptides are no

longer washed away. In the wash using basic conditions (W2) the

peak for the acidic peptide at 2186.6 Da becomes even more pro-

nounced, as the negative net charge increases. Among the different

washing buffers, W1 including 100 mM NaCl resulted in much less

background compared to the other washing solutions. NaCl is com-

monly used in ion exchange protocols to enable elution and was

added to W1 in order to minimize unspecific interactions of elec-

trostatic nature and provide increased selectivity. In addition an

improved selectivity was also observed when the pS-MIP was com-

pared with NIP material, especially for the mono-phosphorylated

peptide (Supporting information, Fig. S3).

This supports the hypothesis of unspecific electrostatic inter-

actions on the surface of the pS-MIP material that can bind

both phosphorylated and unphosphorylated peptides. Although it

should be noted that while the addition of NaCl in the washing

buffer reduced un-specific binding, the presence of salt in the final

elution lead to (M + Na+) adduct formation and a lower sensitivity

in the MALDI MS analysis.

As the use of NaCl in the washing step was both beneficial

(reduced background) and detrimental (adducts, lower sensitiv-

ity), a new SPE protocol with NaCl added in the loading buffer

and an extra wash step without NaCl was implemented in order to

maintain sensitivity and low background while avoiding the adduct

formation in the MS analysis step. This protocol was tested using

samples containing different ratios of �-casein and BSA (1:10, 1:5,

1:1). The different samples of trypsin digested �-casein and BSA

were incubated with the pS-MIP for 90 min in a loading buffer with

100% ACN, 100 mM NaCl. The incubated sample-MIP mixture was

then transferred to the ISET and subjected to a SPE protocol using

an extra wash without NaCl followed by elution and MALDI-MS

analysis. From the resultant spectra, Fig. 6, it was clear that the

background generated by the BSA peptides in the sample could

be effectively reduced while avoiding the detrimental effects of Na

adducts. Using this optimized SPE protocol, allowed for pS-MIP cap-

ture of one phosphopeptide (2062.5 m/z) even when the ratio of

�-casein and BSA was 1:10.

In the case of many MIP systems the exact recognition mecha-

nism is not clearly understood and even for a well-studied system

like the used phosphopeptide MIP the specificity is very complex

[11,39]. Due to the polymeric nature of the MIP material it is very

difficult to discern between unspecific binding and specific bind-

ing. While TiO2 material presents a fairly homogeneous surface for

binding, MIP sorbent consists of a polymer network with a mix of

high affinity, low affinity binding sites and a multitude of chemi-

cal groups (from the monomers used) available for interaction. In

this respect MIPs are more similar to their biological counterpart
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the antibody, which exhibits even more diverse chemical makeup.

Therefore, many fundamental properties of the MIPs affinity needs

to be systematically studied, e.g., the dependence of the cross-

linker concentration, functional monomer concentration, buffer

composition, ionic strength, pH and temperature. This also makes

it important to develop technologies that allows for optimization

of the sample preparation protocol, both for taking full advantage

of the selectivity provided by MIPs and for understanding of the

underlying binding mechanisms.

4. Conclusion

It is demonstrated that the ISET platform facilitates rapid inves-

tigation of different solid phase extraction protocols with low

sorbent and sample usage. An amount of 25 mg MIP sorbent

allowed for SPE sample preparation in more than 500 ISET wells.

With a processing time of 2 h/ISET with 96 samples excluding

sample incubation, the generic miniaturized format provides both

multiplexed analysis and high-throughput. This makes the ISET

platform an efficient screening step for newly prepared sorbent

materials especially when time and cost are a concern. In the case of

the investigated pS-MIP the multiplexed experiments allowed for

discovery of unspecific interactions and subsequent minimization

of these, resulting in a protocol that provided improved enrich-

ment of phosphopeptides. The ability to develop optimized sample

preparation protocols that maximizes the selectivity of MIPs is key

aspect for successful applications using real clinical samples. In the

near future this screening platform will be used for discovery of

improved phosphopeptide specific MIPs from libraries made by

combinatorial techniques, involving up to 96 different MIP sor-

bents.
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Introduction

Recent developments of traditional generic solid-phase extrac-

tion (SPE) sorbents have provided new high-performing  

varieties, like mixed-mode polymeric sorbents1,2 and nano-

structured materials.3,4 While many of these SPE materials 

are excellent when applied for removal of contaminants, the 

reduction of sample complexity is often lacking, especially in 

the case of low abundant biomarker analytes in complex 

matrixes, such as blood, serum,5 plasma,6 or urine.7,8 Thus, 

there is a need for new SPE sample preparation materials 

with high selectivity and specificity toward targeted analytes, 

preferably with a high specific surface area and enhanced 

chemical/physical stability.9,10 In order to enable high-sensi-

tivity detection in complex samples, affinity sorbents based 

on molecular recognition, such as immunosorbents,11 

aptamer-based sorbents,12 and molecularly imprinted poly-

mers (MIPs),13 are finding increased use. Among them, SPE 

sorbents based on immobilized antibodies are usually highly 

specific to their target.14 Many successful biomarker assays 

have been developed by combining immunoaffinity SPE and 

MS,15,16 but their broad application has been limited by issues 

such as antibody stability, variability, availability, cost, and 

challenging sample preparation (e.g., mismatched solvents).17 

MIPs represent a possible alternative to antibody-based SPE, 

as MIPs have a low manufacturing cost, can be tailor-made 

with functionalities complementary to the target analyte, and 
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Abstract

Affinity-based solid-phase extraction (SPE) is an attractive low-cost sample preparation strategy for biomarker analysis. 
Molecularly imprinted polymers (MIPs) as affinity sorbents offer unique opportunities for affinity SPE, due to their low 
manufacturing cost and high robustness. A limitation is the prediction of their affinity; therefore, screening of analyte 
recovery and specificity within a large range of SPE conditions is important in order to ensure high-sensitivity detection 
and assay reproducibility. Here, a μ-SPE method for screening of the MIP-SPE materials using a commercial 384-well filter 
plate is presented. The method allows for rapid and automated screening using 10–30 μL of packed SPE sorbent per well 
and sample volumes in the range of 10–70 μL. This enables screening of many different SPE sorbents while simultaneously 
identifying optimal SPE conditions. In addition, the 384-well format also facilitates detection with a multitude of analytical 
platforms. Performance of the μ-MIP-SPE method was investigated using a series of MIPs designed to capture pro-gastrin-
releasing peptide (ProGRP). Fractions coming from sample load, cartridge wash, and elution were collected and analyzed 
using mass spectrometry (MS). The top-performing MIPs were identified, together with proper SPE conditions.
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sample preparation, mass spectrometry, separations or chromatography, protein chemistry, protein labeling, proteomics, 
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can work even under extreme conditions (pH, temperature, 

and organic solvents).18,19 Generally, the manufacturing of 

MIP sorbents involves a preorganization of the target mole-

cule to be imprinted with the functional monomers, followed 

by a polymerization step with a cross-linker to lock the 

monomers into a polymer network and create the affinity sor-

bent.20,21 Traditionally, MIP-SPE sorbents have been devel-

oped and applied for capture of small molecular targets,22,23 

but the development of MIPs for capture of biomolecules has 

been growing with the increased scientific understanding of 

imprinting.24,25 Currently, MIPs targeting peptides or proteins 

cannot match the high affinity of the best antibodies, although 

the recent progress in MIP synthesis and the ever-increasing 

sensitivity and dynamic range of new analytical instruments 

could very well provide ample opportunities for new affinity 

SPE assays using MIPs.

In a typical development of a MIP SPE method, several 

parameters needs to be screened, comprising those related 

to the synthesis of the sorbent, as well as those related to its 

use in SPE, that is, load, wash, and elution conditions. The 

performance is commonly evaluated by packing the 

imprinted polymer (15–50 mg) into SPE cartridges, and 

then measuring the recovery of the target compound in the 

fractions obtained after cartridge load, wash, and elution.10

Here, an automated, high-throughput SPE screening 

method is presented and used for screening of molecularly 

imprinted sorbents in order to identify promising candidates. 

The method is based on 384-well filter plates and is compara-

ble to the previously presented ISET platform.26 This type of 

platform greatly facilitates the screening of different phases 

with simultaneous investigation of diverse solvent/buffer con-

ditions. Compared with the ISET, the 384-well filter plate for-

mat provides increased bed volume, and thus binding capacity 

(needed to enable use of low-affinity materials), and can be 

used with analysis techniques other than matrix-assisted laser 

desorption/ionization (MALDI), for example, liquid chroma-

tography–electrospray ionization mass spectrometry (LC 

ESI-MS). The molecularly imprinted materials used for devel-

opment and validation were designed to selectively capture a 

proteotypic peptide of pro-gastrin-releasing peptide (ProGRP), 

NLLGLIEAK, as previously reported.27

Although the 384-well format has been extensively uti-

lized for immunoassays and in vitro receptor binding stud-

ies, its use in SPE is relatively new.28 The presented method 

has been automated using liquid handling robotics, for the 

addition of the different solvents during the SPE process. 

The eluents resulting after the SPE experiments were ana-

lyzed on two different analytical platforms (ESI-triple 

quadrupole and MALDI-Orbitrap), allowing for quantifica-

tion of NLLGLIEAK and evaluation of the different MIP 

sorbents based on recovery and removal of background.

The collected multiplexed experimental data on the 

ProGRP-specific MIP and non - imprinted polymer (NIP) 

phases provided both mechanistic information concerning 

analyte binding and an improved protocol for the specific 

enrichment of NLLGLIEAK with reduced non - specific 

binding.

Materials and Methods

Protein and Peptide Samples

Internal standard (IS) NLLGLIEA[K_13C
6

15N
2
] (95% purity,

Thermo Fisher Scientific, Braunschweig, Germany) was 

diluted according to the AQUA peptide storage and handling 

guidelines and stored at −20 °C. Stock solutions of IS and 

NLLGLIEAK of 5 μM were used to prepare samples by dilu-

tion with 50 mM ammonium bicarbonate (ABC) buffer 

solution.

β-Casein (Sigma-Aldrich, St. Louis, MO) was digested 

overnight with trypsin (Promega, Madison, WI) in a 1:100 

ratio (enzyme–protein) at 37 °C. The digested protein was 

diluted with 0.1% trifluoroacetic acid (TFA) and frozen to stop 

the digestion process. Stock solutions of 4 μM were used to 

prepare samples by dilution with 50 mM freshly prepared 

ABC buffer.

μ-SPE in the 384-Filter Plate Format

μ-SPE was performed using 384-well filter plates filled 

with MIPs imprinted to capture the ProGRP signature pep-

tide NLLGLIEAK. NIPs were used as controls to assess the 

MIP imprinting efficiency.

The MIPs were prepared as described previously with 

minor modifications27 (see Supporting Information). Briefly, 

P
MIP

-1 and P
MIP

-2 were prepared by ethylene glycol dimethac-

rylate (EDMA) copolymerized with methacrylic acid (MAA), 

and P
MIP

-3 and P
MIP

-4 polymers were prepared from hydro-

phobic divinylbenzene (DVB) copolymerized with 2-amino 

ethyl methacrylamide (EAMA). For all MIPs, an N-terminally 

Z-protected peptide was used as a template for generating the 

surface imprint (Suppl. Table S1). The NIPs were prepared by 

the same synthetic protocol without the initial addition of the 

template molecule. The SPE platform used either MultiScreen 

HTS 384-well filter plates from Millipore made of styrene 

acrylonitrile (SAN) with polyvinylidene fluoride (PVDF) 

membrane/polyester support or AcroPrep 384-well filter plates 

from Pall Life Sciences made of polypropylene (SAN) with 

glass fiber (borosilicate glass, 1.0 μm) membrane. Thermo 

Scientific (Waltham, MA) Nunc plates made of polystyrene 

were used as collection plates. A Millipore MultiScreen HTS 

Vacuum Manifold coupled to a vacuum pump (0–6 g/cm2, 

Nerliens Meszansky, Oslo, Norway) was used to carry out the 

SPE protocol. A Biomek 3000 Laboratory Automation 

Workstation (Beckman Coulter, Fullerton, CA) was used to 

enable automated sample preparation. Control of the robot was 

governed directly by Biomek automation software v3.3 

(Beckman Coulter).
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The MIP-μ-SPE protocol consisted of the following 

steps;

1. A fixed vacuum of 10–15 Hg was used for filling the 

wells with 20 μL of MIP/NIP material.

2. Wash, 2 × 60 μL of acetonitrile (ACN), was subse-

quently pulled through the wells.

3. Conditioning with 2 × 60 μL of methanol (MeOH),

followed by 2 × 60 μL of 50 mM ABC buffer.

4. A 20 μL sample in loading buffer was added to each 

well.

5. 80 μL of wash buffer was added to each well.

6. For elution of the bound analytes, 80 μL of elution

solution was added.

7. During the transfer of washing and elution buffers,

the vacuum was turned off and then turned on after

the addition in order to facilitate a homogeneous

wetting of the SPE bed.

8. MS analysis was performed on the collected fractions.

Liquid Chromatography–Tandem Mass 
Spectrometry Analysis

The chromatographic system consisted of LPG-3400 M 

pumps with integrated degasser, a WPS-3000TRS autosam-

pler, and an FLM-3000 flow manager (Dionex, Sunnyvale, 

CA). Chromatographic separation was carried out on a 

Hypersil GOLD aQ analytical column (Thermo Scientific, 

100 Å, 3 μm, 50 × 1 mm) preceded by a Hypersil GOLD aQ 

Drop-In Guard Cartridge (Thermo Scientific, 100 Å, 3 μm, 

10  × 1 mm). Sample (40 μL) was injected in mobile phase A 

(20 mM formic acid [FA] and ACN 99:1, v/v) and eluted 

with a 30 min linear gradient from 1% to 85% of mobile 

phase B (20 mM FA/ACN 1:99, v/v) at a flow of 40 μL/min. 

After each gradient run, the column was washed for 3 min 

with 90% mobile phase B and reequilibrated with mobile 

phase A. Column temperature was kept constant at 30 °C. 

For the MS (TSQ Quantum Access, Thermo Fisher 

Scientific) quantification, the standard peptide NLLGLIEA- 

[K_13C
6

15N
2
] was spiked into the samples, and using selected 

reaction monitoring (SRM), the transitions pairs 489.9  

638.3 and 489.9  751.4 were monitored (qualifier and 

quantifier, respectively). TSQ data were processed by 

Xcalibur’s QualBrowser (Thermo Scientific), and the ana-

lyte peak area was automatically extracted by the genesis 

peak detection algorithm. Only peaks with a signal-to-noise 

(S/N) ratio above 10 and retention times corresponding to 

those of the reference samples were used. All collected frac-

tions were diluted 1:10 with a 0.001% polyethylene glycol 

(PEG) + 0.1% FA solution before injection into the liquid 

chromatography–tandem mass spectrometry (LC-MS/MS) 

system, in order to reduce ACN concentration, maximize the 

ESI ionization, and minimize the absorption of peptides to 

the vials walls.29

The recovery of NLLGLIEAK for each analyzed frac-

tion (R%
EF

) was calculated based on the peak area gener-

ated by the NLLGLIEAK in the extracted fraction (A
EF

), 

and the peak area of NLLGLIEA[K_13C
6

15N
2
] peptide

(A
IS

), according to eq 1:

R% = A /A  100EF EF IS( ) × (1)

The recovery was normalized by setting the sum of all the 

observed peak areas for all fractions, that is, the sample 

flow-through, wash, and elution, as equation eq 2:

Recovery percentage R%
R%

R% R% R%

EF

sample flow-through wash e

( ) =
+ + llution( )

×100

(2)

Nano-LC-MS/MS Analysis

For nano-LC-MS/MS analysis, sample fractions were 

mixed with 2 μM heavy standard NLLGLIEA[K_13C
6

15N
2
] 

in a 1:1 ratio by volume and diluted 1:10 with a solution of 

0.1% FA. Thereafter, 5 μL of the diluted sample was injected 

into the nano-LC-MS/MS system. Analysis was performed 

on an EASY-nLC (Thermo Scientific) running with a 75 μm 

× 150 mm fused silica column packed in-house with 

ReproSil C18 (3 μm, 120 Å from Dr. Maisch, Ammerbuch-

Entringen, Germany) as an analytical column, preceded by 

a 0.1 × 20 mm, 5 μm EASY C18-A1 precolumn (Thermo 

Scientific) at 300 nL/min. The mobile phases consisted of 

(A) 20 mM FA and ACN (99:1, v/v) and (B) 20 mM FA and 

ACN (1:99, v/v). A linear gradient was run from 10% to

50% B in 15 min. Between samples, the B content was

increased to 95% over 2 min and left constant for 5 min.

The total analysis time per run was 22 min. The LC setup

was connected to a TSQ Vantage instrument equipped with

a nano-ESI ion source operated in positive ionization mode, 

spray voltage was set at 1.7 kV, and the heated capillary was 

kept at 270 °C. The mass spectrometer was operated in

SRM mode and using the following transitions: 485.8 

347.2, 485.8  460.3, 485.8  573.4, 485.8  630.4, and

485.8  743.5 for the target peptide NLLGLIEAK and

489.8  355.2 and 489.8  468.3 for the IS NLLGLIEA-

[K_13C
6

15N
2
] (IS). TSQ data were processed using Skyline

software v3.1 (MacCoss Lab, Seattle, WA).

The ratio of the peak area of the target peptide (NLLGLI- 

EAK) from the extracted fraction (EF) to the peak area of the 

NLLGLIEA[K_13C
6

15N
2
] peptide (IS) was used for quantifica-

tion of NLLGLIEAK in samples, according to eq 1.

MALDI-MS

For the MALDI-MS analysis, 1 μL of SPE fraction was 

mixed with 1 μL of 2 μM labeled standard NLLGLIEA[K_
13C

6

15N
2
] and 1 μL of alpha-cyano cinnamic acid matrix

solution and spotted onto a MALDI target plate for analysis. 
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Analysis was performed on a hybrid MALDI LTQ Orbitrap 

XL (Thermo Fisher Scientific) instrument. Full MS spectra 

for each spot were obtained as the average of 10 mass scans 

in positive mode, mass range 700−2000 Da at 60,000 mass 

resolution. The selective ion monitoring (SIM) spectra were 

obtained in positive mode, mass range 880−990 Da using 

60,000 mass resolution. The peak intensities were extracted 

using Xcalibur (Thermo Scientific), and the data were ana-

lyzed with the statistical software package R.30

The intensity ratio (Intensity Ratio %) of each sample 

fraction was calculated from the intensity of the target pep-

tide (NLLGLIEAK) observed in the sample fraction (I
EF

) 

and the intensity of the heavy IS (I
IS

), according to eq 3:

Intensity Ratio % = I / I 100EF IS( )× (3)

Results and Discussion

The workflow of the method is illustrated in Figure 1, 

where the MIPs are prepacked into wells of a 384-well filter 

plate; (1) sample is drawn through the SPE bed, and after 

washing, (2) the captured analyte is eluted and (3) the col-

lected eluents are analyzed using LC-MS and/or MALDI 

for the quantification of recovery and evaluation of the 

background removal (i.e., spiked peptides added to the sam-

ple) (Fig. 2).

384-Well Filter Plate: SPE Setup and
Development

During SPE, unspecific absorption to surfaces can lead to 

sample losses and false results. Therefore, the retention of 

analyte contributed by unspecific absorption in the 

384-well filter plate setup was investigated. Briefly, 20 μL

of a 5 nM NLLGLIEAK peptide in 50 mM ABC buffer was 

loaded into the filter plate wells without any MIP/NIP

phase, followed by running an SPE protocol using 5% ACN 

as washing buffer and 80% MeOH + 3% FA as the elution

buffer. The collected eluents were analyzed with LC-MS/

MS for detection of binding of the target peptide. The anal-

ysis (Suppl. Fig. S5) showed that approximately 10% of the 

loaded peptide was bound to surfaces of the well (mem-

brane absorption, dead volumes in the tip) and recovered

during the elution step. At this quite low concentration (5

nM), the total loss due to adsorption was approximately

25% of the loaded analyte.

Chemical compatibility of the microplates and filter 

plates was checked with different conditions. Prolonged 

exposure of ACN resulted in warping of MultiScreen HTS 

384-well filter plates and cross talk in the collection plates.

This problem was addressed by changing the filter plates to 

AcroPrep 384-well filter plates, which are made of polypro-

pylene (SAN) with glass fiber (borosilicate glass, 1.0 μm) 

membrane. The latter was inert to the all buffer conditions 

used in the described experiments.

High-Throughput Screening of MIPs  
Using LC-MS

In the initial development of the 384-well filter plate SPE 

platform, only P
MIP

-4 and its nonimprinted counterpart P
NIP

-2 

were used. These two sorbents had been previously investi-

gated for SPE of the NLLGLIEAK peptide, using a reversed-

phase-like SPE protocol with a low amount of organic 

modifier in the wash solution.27 Thus, the 384-well filter 

plate SPE platform should provide the same results as the 

previous investigation. The impact of increasing organics in 

Sample

Solid Phase Extraction

Wash Elution

Target analyte

Other materials

MIP

A

B

Figure 1. Schematic representation 
of the 384-well filter plates and the 
workflow of the SPE step in the 
microwell. (A) 384-well filter plate. 
(B) SPE sample preparation, where the 
sample is transferred to the microwell 
loaded with SPE material (1), followed 
by a wash step to remove undesired 
components (2), and the captured 
analytes are then displaced by the 
elution step (3).
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the washing buffer on the SPE sample preparation was there-

fore investigated using increasing ACN% (5, 10, 15, 30, 50, 

and 95). Supplemental Figure S6 shows the recovery (R%) 

in the elution plotted against the ACN concentration used in 

the wash step. As expected, the data showed that a wash buf-

fer with 5% ACN provides a higher recovery than the washes 

with higher ACN. This trend is also seen for the NIP, albeit 

with a lower recovery in the elution step. This effect can be 

explained by considering the nature of the peptide and the 

polymer. NLLGLIEAK is a 0.8 kDa proteolytic digest prod-

uct dominated by a hydrophobic pentapeptide segment (55% 

hydrophobic residues); the polymeric sorbents were in this 

case based on DVB as the main constituent. In agreement 

with our recent report, this leads to a reversed-phase retention 

mechanism with a strong non - specific hydrophobic contri-

bution. To suppress this effect, a careful optimization of the 

wash conditions is required. Indeed, at an increased ACN%, 

that is, at 30% and 50%, more significant imprinting-related 

differences in the elution recoveries were observed. However, 

as high content of ACN in the wash step resulted in lower 

recoveries, there is an obvious trade-off between recovery 

and specificity.

A second screening was performed to narrow down the 

optimal organic content in the wash step. For this experi-

ment, wash buffers containing 5%, 7.5%, 10%, and 12.5% 

ACN were used. Samples of 5 nM NLLGLIEAK peptide in 

50 mM ABC buffer were loaded onto the MIP/NIP materi-

als, followed by wash and elution using 80% MeOH/3% 

FA. Recovery (R%) of the analyte in the wash and elution 

fractions was calculated and plotted against the ACN con-

centration (Suppl. Fig. S7).

Analysis of the wash fraction (Suppl. Fig. S7A) shows that 

using 7.5% ACN as wash buffer leads to 34% of the analyte 

loss, whereas usage of 10% ACN as wash buffer increases the 

analyte loss to 48%. Based on the recovery observed in the 

elution step (Suppl. Fig. S7B), it appears that the most selec-

tive MIP retention, for this particular SPE protocol, could be 

found when using 7.5%–10% of ACN. At 7.5%, a total recov-

ery of 50% was observed for the MIP, compared with 25% for 

its NIP counterpart. At 10% ACN, the recovery was a bit lower 

(40%), but the discrimination versus the NIP, showing only 

8%, was significantly better. Wash with 12.5% ACN displayed 

lower recovery and diminished the affinity of the MIP com-

pared with NIP. The 384-well filter plate–based SPE method 

thus provided the same results as the previously reported 1 mL 

cartridge for a NLLGLIEAK-specific MIP phase.27

Verification by the MALDI-MS Method

The 384-well filter plate platform can in many situations be 

“too fast” for analysis readout with LC-MS; that is, 384 sam-

ples would take days to weeks to analyze. Therefore, 

MALDI-MS was investigated as an option for rapid readout in 

order to achieve a better match between the SPE-screening and 

the MS analysis time. While MALDI-MS can easily provide a 

qualitative answer, the multiplexed testing is much more use-

ful if quantitative data from the samples can be obtained. The 

Standard MALDI plate

Collection Plate
Manifold Collar

 Filter Plate

Collection Plate

Manifold Base

ESI - MS/MS

Q1 Q2 Q3

Parent Selection Fragmentation Fragmentation
Selection
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Figure 2. Schematic representation of the dual (MALDI and ESI)-analysis readout facilitated by the 384-well filter plate SPE method.
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feasibility of a quantitative MALDI-MS method was investi-

gated by direct comparison with nano-LC-MS analysis. The 

previous LC-MS experiments showed an optimal reversed-

phase-based SPE with 7.5% ACN in the wash buffer. These 

conditions were used for performing SPE with P
MIP

-3 (MIP) 

and its counterpart P
NIP

-2 (NIP). Samples of 1 μM 

NLLGLIEAK peptide in 50 mM ABC buffer were used, and 

the concentration was increased to improve detection with 

MALDI. The collected SPE eluent fractions were subjected to 

analysis with both MALDI-MS and nano-LC-MS.

The observed peak area ratio (%) from the nano-LC-MS 

experiment was compared with the observed intensity ratio 

(%) from the MALDI experiment (Fig. 3). The intrasample 

variation of the MALDI and LC-MS provided a relative stan-

dard deviation (RSD) of <10%, excluding one “outlier” for 

P
NIP

-2, although the intersample variation was somewhat 

higher (10%–15%).

The reproducibility of the sample preparation was investi-

gated by comparing duplicates in the SPE and MS process, as 

shown in Supplemental Figure S8. The deviation is very low 

in the MS analysis, 1% (Suppl. Fig. S8B). However, varia-

tions arising from different SPE replicates (Suppl. Fig. S8A) 

are not entirely surprising, and can be attributed to flow varia-

tions and variations in bed volume. The variations in the SPE 

process make it extra important to at least employ relative 

quantitation and large number of replicates.

High-Throughput Screening of the Polymer 
Library Using MALDI-MS

Using the MALDI-MS method, the ProGRP affinity of six 

different MIP/NIP (P
MIP

-1–4 to P
NIP

-1–2) phases was 

investigated. In order to see if additional modes of selectiv-

ity could be identified, additional SPE conditions, as 

depicted in Table 1, were evaluated using samples of 4 μM 

NLLGLI- EAK. Briefly, after equilibration of the sorbents, 

20 μL of 4 μM NLLGLIEAK peptide in loading buffers 

ABC + 0.5% FA (L1), ABC + 0.8% NaOH (L2), ABC (L3), 

and 100% ACN (L4) was added to each μ-well. The μ-SPE 

was carried out with 90 μL of washing buffers 7.5% ACN 

+ 0.5% FA (W1), 7.5% ACN + 0.8% NaOH (W2), 7.5%

ACN (W3), and 100% ACN + 0.1% FA (W4), and 30 μL of 

elution buffers 80% ACN + 3% NH
3
 (E1), 80% ACN + 3% 

FA (E2), and 50% MeOH + 5% FA (E3). The collected SPE 

fractions were then spotted in triplicate on a MALDI target 

plate with 1 μL of an IS 10 nM NLLGLIEA[K_13C
6

15N
2
] 

and 1 μL of alpha-cyano cinnamic acid for analysis using

SIM mode MALDI-MS.

The MALDI-MS peak intensity for NLLGLIEAK of dif-

ferent MIP (P
MIP

-1–4) and NIP (P
NIP

-1–2) phases in four differ-

ent conditions—condition 1, L1W1E1; condition 2, L2W2E2; 

condition 3, L3W3E2; and condition 4, L4W4E3 is plotted in 

Figure 4. The data indicate that conditions 1 and 2 result in 

lower peak intensity than conditions 3 and 4. Imprinting-

related effects in condition 3 are small, possibly a consequence 

of the relatively high sample load. However, the use of condi-

tion 3, corresponding to the condition selected in our previous 

report, MIPs P
MIP

-3 and P
MIP

-4, showed increased analyte peak 

intensities corresponding to enhanced recoveries exceeding 

the NIP (P
NIP

-2).

Investigation of MIP Selectivity

A further investigation of the selectivity at lower sample 

load was carried out by repeating the same experiment with 

samples of 40 nM NLLGLIEAK mixed with 40 nM β-casein 

digest (1:1 ratio). These concentrations still allowed for 

analysis using MALDI-MS. Figure 5 shows the mean 

intensities (six spots, two samples) for the NLLGLIEAK 
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Figure 3. Quantitative comparison using nano-LC-MS (peak 
area ratio %) with the MALDI (intensity ratio %) samples of 20 
μL of 1 μM NLLGLIEAK peptide in 50 mM ABC buffer, followed 
by 7.5% ACN wash and elution with 80% MeOH/3% FA.

Table 1. Different SPE Optimization Conditions Used for the Semiquantitative Method for Materials PMIP-1–4 to PNIP-1–2.

SPE Condition Load Buffer Wash Buffer Elution Buffer

L1W1E1 ABC + 0.5% FA 7.5% ACN + 0.5% FA 80% ACN + 3% NH3
L2W2E2 ABC + 0.8% NaOH 7.5% ACN + 0.8% NaOH 80% ACN + 3% FA
L3W3E2 ABC 7.5% ACN 80% ACN + 3% FA
L4W4E3 100% ACN 100% ACN + 0.1% FA 50% MeOH + 5% FA

L1, L2, L3, and L4, loading buffers 1–4; W1, W2, W3, and W4, washing buffers 1–4; E1, E2, and E3, elution buffers 1–3.
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peak (970 Da) (dark bars), and the white bars represent the 

summed intensity of the observed background peaks (i.e., 

sum of the intensity of the peptide peaks originating from 

the β-casein digest). Individual peptide intensities can be 

seen in Supplemental Figure S9. The data indicate that 

conditions 1 and 2 provide a generic SPE with high recov-

ery observed for all peptides and have little to offer in terms 

of selectivity. Condition 3 provided two candidates showing 

selective retention, that is, P
MIP

-4 (MIP) and P
NIP

-2 (NIP). 

Both phases offered a reduced background and minor 

selectivity, but with a low recovery. An interesting result 

was obtained using condition 4. The background in condi-

tion 4 was very low, and good selectivity could be observed 

using P
MIP

-4 (MIP) versus P
NIP

-2 (NIP).

In conclusion, the presented approach provides a conve-

nient “all-in-one” experimental platform for performing 

high-throughput screening of synthetic polymer (MIP) 

libraries. Moreover, the method is also applicable to any 

generic SPE or affinity phases that can be packed in the 

filter plate. The 384-well filter plate method increases 
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sample preparation throughput significantly, that is, 15–20 

min per sample (SPE and MALDI-MS analysis), compared 

with 60–90 min per sample (SPE and LC-MS analysis) for 

the standard off-line SPE cartridge method. Moreover, the 

highly parallelized method means that costs are reduced, for 

example, using a less solid phase (20 μL) and smaller sam-

ple volume (both often available in limited amounts) and 

solvents, naturally facilitating considerable time savings, 

which scales with the increased sample numbers. It can be 

automated using basic liquid handling robotics and applied 

in different analytical workflows, leading in turn to greater 

consistency and reduced sample preparation time and effort. 

The issue of long analysis time as the LC-MS runs could be 

addressed using a MALDI readout, as demonstrated here. 

An entire plate can be run in 8 experiments (e.g., in our 

experiment, we used 8 different polymers with 4 SPE con-

ditions in duplicate, for 48 samples in total for each experi-

ment), and a partial analytical run of 144 samples on a 

MALDI-MS could be performed in approximately 15–20 

min per sample (SPE and MALDI-MS analysis), with the 

cost of extraction sorbent for the screening made at a very 

low per sample cost (~0.5–1 USD/sample). The 384-well 

laboratory automation also minimizes the risk of mislabel-

ing and sample handling errors. This makes the 384-well 

filter plate setup an efficient high-throughput screening 

platform for newly prepared sorbent materials using a 

MALDI-MS output.

In the case of the investigated ProGRP-specific MIP and 

NIP phases, the multiplexed experiments confirmed find-

ings previously reported27 with the identification of the 

optimal polymer sorbent for the hydrophobic retention of 

NLLGLIEAK. In addition, the presented platform allowed 

the identification of new SPE conditions with suppressed 

nonspecific binding. In the same settings, MIP sorbents 

showed enrichment toward the target peptide NLLGLIEAK, 

with the depletion of other peptides.
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Abstract: 

High-throughput screening (HTS) is an important technique to profile a very large number of 

chemicals against the target(s) of interest rapidly. Recently, Mass spectrometry have emerged 

as an important tool in HTS, competing, fluorescent or colorimetric methodologies, due to its 

direct and label-free detection method. Among the various MS techniques, Matrix-assisted 

laser desorption/ionization mass spectrometry (MALDI-MS) fulfils the essential criteria, such 

as, speed and automation of a high-throughput analyses. However, integration, sorting and 

comparison of these datasets pose significant challenges, especially when analysing multiple 

experiments. In addition to the huge data quantities, the diversity of data corresponding to 

different sorbent phase, sorbent mass, and load, wash, and elution conditions makes manual 

data analysis difficult. 

To address these challenges, a comprehensive informatics tool for MALDI is developed to 

facilitate visualization, statistical analysis, and high quality image and data export. This tool is 

a R-Shiny based Web application, accessible independently of the operating system and 

without the need to install program locally. It allows easy visualization of data, comparison of 

multiple experiments, and permits export to high quality images. This can be used to do quality 

checks, visualizations and analysis of mass spectrometry data, coming from proteomics 

experiments. 
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Introduction 

Scaled-down HTS methods applied for characterization of different separation phases has 

provided a breakthrough in the bioprocess development1, 2. Development of new robotic based 

liquid handling techniques, labware concepts such as the 96/384/1536 well formats and 

software for rapid data analysis, have greatly advanced HTS technology3, 4. Conventionally, 

many HTS assays are fluorescence-based5, however, the selectivity is not always sufficient, 

e.g. if the sample mixture consists of several proteins with similar structural features6. Also,

the development of specific fluorescent probes or antibodies adds cost and time to the process.

Recently, mass spectrometry (MS) has been recognised as an essential analysis tool in HTS for

identification and characterization with the MS offering a label-free and direct-detection

method6. Surface-based MS techniques such as desorption electrospray ionization (DESI) and

matrix-assisted laser desorption/ionization (MALDI)7, 8, have fast analysis times (around 1

s/sample) and very small sample volume requirements (typically nanoliter), have the potential

to combine the label-free, interference-resistant readout with a throughput close to that of

traditional fluorescence-based read-out8, 9.

Three major miniaturized HTS formats have been demonstrated in recent times for

investigation of different separation phases. The formats includes: (1) the microtiter filter

plates10; (2) micropipette chromatography tips11; and (3) miniature packed columns12. Each of

these uses phase volumes of around 500 µL or lower, i.e. half of the normal laboratory scale

SPE column volume (1 mL). These new formats facilitate screening of different separation

phases with simultaneous investigation of diverse sample preparation conditions, to assess the

conditions that are optimal for efficient separation of a target analyte. The MS based HTS,

particularly if performed in parallel and on a daily basis will yield large amounts of raw data.

Thus a major bottleneck in MS based HTS is the data analysis. Fast data analysis and trend

identification in the generated information is also very important for design of further

experiments.

The key challenge with multiparametric MS datasets is how to best organize, simplify,

visualize and analyse the data while retaining the relationships among the different samples/

parameters13. Furthermore, data import and export functionality is required for future

assignment and consistent interpretation of deduced results.  There are few devoted software

tools for analysis of HTS MS data, but more general tools such as R14, SPSS and Matlab15

packages can be used. Several open source libraries and frameworks such as OpenMS,

Proteowizard, MsInspect, Bioconductor have been developed to facilitate MS data analysis16.

DanteR17 and InfernoRDN18 are user-friendly graphical interfaces to the R framework that
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allow normalization, statistical analysis based on ANOVA and various multivariate analysis to 

be carried out. Perseus that is part of the MaxQuant package is also available stand alone19, 

offering tools similar to the ones of DanteR. Thus there are a great variety of software tools 

and techniques for analysis of MS based proteomic datasets, although most of these tools are 

intended for, or requires a certain knowledge bioinformatics and sometimes even programming 

skills.  

Also there is a particular lack of specific tools that cover the MALDI data visualization and 

analysis. The fast generation of MALDI data needs to be visualized and analysed by different 

statistical techniques, compared to the in proteomics more common ESI MS. In this paper we 

present MALDIViz, a comprehensive informatics tool for MALDI that facilitate visualization, 

statistical analysis, and high quality image and data export. MALDIViz is a R-Shiny based 

Web application, accessible independently of operating system and without the need to install 

any program locally. It allows easy visualization of data, comparison of multiple experiments, 

and can be used to do quality checks, visualization and analysis of data from screening 

experiments. 

Materials and Methods 

Built-in Analysis Functions 

MALDIViz App is a Shiny-based web application, accessible independently of the operating 

system and without the need to install the program locally. MALDIViz incorporates algorithms 

for multi-dimensional visualization, statistical analysis, and for creating publication quality 

images. It has been written entirely in the R language14 (R version 3.2.3) and developed using 

Rstudio and Shiny framework. Rstudio is an open source interface for development of R 

applications, and Shiny is a package that allows to build interactive web applications directly 

from R.  

MALDIViz uses several R packages internally, including data.table20, reshape21, plyr22 

packages for basic data manipulation capabilities such as filtering, and splitting into groups; 

rgl23, plotly24 and ggplot225 packages for plotting; d3heatmap, pheatmap26 packages for 

drawing heat map; MALDIquant27 package for MALDI data pre-processing; pcamethod28 

package for principal component analysis calculations. MALDIViz is freely available at 

https://jkkishore85.shinyapps.io/maldiviz/. 

Datasets 

Two different datasets were used in order to demonstrate the MALDIViz functionality.  

SPE Screening Dataset 
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Data from a screening experiment with different molecularly imprinted SPE phases developed 

for selective enrichment of a proteotypic peptide from the protein Pro-GRP, a biomarker used 

for Small Cell Lung Cancer diagnosis. Briefly, 6 different polymers in 4 different conditions 

was processed in duplicate using a micro-SPE platform. Thereafter, the collected eluents were 

analysed in triplicates using MALDI-MS29.  

Cancer Dataset 

Publicly available data from MALDI-based sample profiling using gold-nanoparticles to 

separate the proteins and peptides in human serum. The protocol described in this work divides 

each sample into two sub-samples: pellet and supernatant. The MALDI spectra of both sub-

samples are grouped by their corresponding conditions using three-dimensional PCA. The 

dataset is composed of sera from 5 patients with lymphoma, sera from 5 patients with myeloma, 

and sera from 2 healthy donors30. 

Figure 1. The main workflows and operations that MALDIViz can perform 

Data Pre processing 

MALDIViz tracks contextual information using rows and columns in data tables. Input data 

for analysis can be any data table (crosstab) containing columns of mass and intensities, with 

additional columns corresponding to informational metadata from each experiment, such as, 

type of separation phase, buffer condition, replicate details, or clinical outcomes. At the present 

version of MALDIViz, up to four columns representing different metadata can be added by the 

user. In an interactive analysis the user might want to modify the sample groups for instance to 

include or exclude certain samples. To enable an efficient sample grouping, user can do sample 

selection based on the supplied metadata. The strategy is easy to use and particularly suited for 

batch processing. 
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Supported file formats are any file that stores tabular data, including flat files (either CSV or 

tab-delimited text files) and Microsoft Excel files. An example of how a typical dataset looks 

like, from the web app, is displayed in Figure 2. 

Figure 2. A screenshot from the MALDIViz app showing a typical dataset loaded. 

Data Visualization and Analysis Pipeline 

MALDIViz provides visualization tools in the form of 2D plot, 3D plot, boxplot and heat map 

plots for quick data overview and control quality. Once the MALDI data features are extracted, 

data sets are imported into the MALDIViz for analysis, as shown in Figure 1. 

Spectra View 

An important function of MALDIViz is its ability to interactively show information about 

specific sample specified by the user based on values in the metadata, for example, buffer 

conditions and separation phases. Figure 3 shows examples of the data visualization 

capabilities provided by MALDIViz. The user can inspect the data such as m/z, intensity, and 

sample details by moving the cursor along the spectrum.  

2D visualization is efficient in showing many data points at the same time. However, it is 

difficult to visualise the data trends when there are large overlaps of samples. If one wishes to 

view intensity pattern of several spectra accurately, a better choice would be 3D visualization. 

In 3D visualization, horizontal axis, x represents mz, the vertical axis, y represents intensity. 

And depth axis z represents different samples. In order to show 3D visualizations from a 

variable view point, the user can zoom and rotate the view around all axes. In addition, it is 

also possible to change scaling on the m/z value. Similar to the 2D plot, the user can see 

spectrum data, such as m/z, intensity, and sample details by moving the cursor along the 

spectrum. The spectra window also allows for colouring of the plots by user-defined groups, 
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which is useful for finding features and patterns across the experiment in one quick step instead 

of looking at all the individual spectra. 

Analysis view 

The analysis window allows for comparison of the experimental data using box and heatmap 

plots. Box plots provides a clear visual interpretation of the differences between groups and a 

measure of the within-group variation. The grouping can be accomplished based on user 

supplied values in the metadata. For example, a SPE material screening data can be plotted 

with grouping based on buffer condition to examine any significant differences between 

separation phases while varying buffer conditions (Figure 3C). Heatmap1 is plotted using 

pheatmap, d3heatmap R packages. Similar to the boxplot, the feature selection on the data is 

accomplished based on user supplied values in the metadata. Hierarchical clustering and 

annotation can also be applied to columns and/or rows based on the user inputs. 

Stat analysis View 

Stat analysis view offers more advanced, but still easy-to-use multivariate statistical analysis 

tools for data exploration and validation.  

Principal component analysis (PCA) 

MALDIViz can perform PCA for classification and identification of major sources of variation 

in the data. The ultimate goal of PCA is to reduce the dimensionality of a multivariate dataset 

while retaining most of the variation in the dataset.13, 31 By reducing the dimensionality, each 

sample (spectra) can represented by a point in a 2D or 3D coordinate system (score plot), in 

which, spectra with similar variation characteristics can be clustered together and the 

differences between sample groups can be readily visualized in the system.  

PCA creates new variables, the principal components (PCs), which are linear combinations of 

the original variables (i.e., m/z values). The first PC (PC1) is the direction along which the 

samples show the largest variation. The second PC (PC2) is the direction uncorrelated to the 

first component along which the samples show the largest variation. The first three of the 

orthogonal and linearly independent new coordinates (PC1, PC2, and PC3) are then used to 

visualize the data as dots in a 3-dimensional space32. 

It can be estimated how much each of the original variables (e.g m/z values) contribute to each 

of the new PCs. These values are called loadings. The loading plots of the PCA analysis provide 

information regarding the contribution of each m/z value to the variance covered by each 

respective PC. MALDIViz also offers two types of data pre-processing, i.e., mean-centering 

and variance scaling prior to PCA33. By mean-centering, an average data spectrum is calculated 

and subtracted from each spectrum of the data set. Without mean-centering, the calculated PC1 
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will be the average of the data set and will not describe the variation in spectral content. 

Variance scaling can be used to ensure that all variables contribute equally during the PCA 

calculation. 

Cluster analysis 

Cluster analysis aims to identify which groups of objects are similar to each other but different 

(or distant) from objects in other groups. There are several ways to define dissimilarity (or 

distance), according to each particular goal34. Typical clustering methods include hierarchical 

clustering, k-means, neural network, and SPADE. MALDIViz provides hierarchical clustering 

analysis (HCA) and k-means clustering methods. HCA generates clusters by simply pairing 

individuals or sub-clusters that are the smallest distance apart in the space, with the original 

parameters as the coordinates (in our case, m/z values)35. MALDIViz allows user to choose 

between different distance measurement algorithms such as euclidean, maximum, manhattan, 

canberra, binary or minkowski distance, and select different linkage criteria functions such as 

complete, single, average, ward. D, ward.D2, mcquitty, median or centroid34. The results of the 

hierarchical clustering is presented in a dendrogram. 

Heatmap2 

Similar to heatmap1, heatmap2 is plotted with hierarchical clustering and annotation options 

to columns and/or rows based on the user inputs. Heatmap2 plots the heatmap for the all m/z 

values in the dataset, while heatmap1 plots heatmap only for the user defined m/z values. 

Results and Discussion 

Case 1: 

We applied the MALDIViz analysis pipeline in order to analyse high-throughput screening 

experimental data and identify an optimal SPE phase for the retention of NLLGLIEAK, a 

proteotypic peptide of Pro-Gastrin Releasing Peptide29. In this experiment, 6 different SPE 

phases in duplicate were examined using 4 different SPE conditions, and MALDI-MS analysis 

of the SPE eluents was carried out in triplicates. 

An example of MALDI-MS spectra resulting from eluent treated with two different SPE 

materials but the same condition is shown in Fig. 3 A. Without dedicated analysis software 

such as MALDIViz, user will have to compare these mass spectra one by one which is both 

tedious and very risky from an analytical perspective. Fig. 3 B shows a MALDIViz generated 

3D visualization of MALDI-MS spectra profiles of four different SPE materials (SPE 2, 4, 5, 

and 6) using Condition 3 as the SPE condition.  This way visualizations in combination with 

user defined sample grouping by colouring option provides a fast and convenient to identify 

experimental trends.  
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Figure 3A. MALDI–MS-based spectra profiles of eluent treated with two different SPE 

materials (SPE 5 and 6) in a same condition 3. Figure 3C. MALDIViz generated 3D 

visualization of MALDI-MS spectra profiles of four different SPE materials (SPE 2, 4, 5, and 

6) using condition 3 as SPE condition. 3C. Peptide intensity profiles, of the analyte peak (i.e.,

peptide 1), and the background peaks (i.e., the peptides peaks corresponding to the b-casein

digest (i.e., peptide 2, peptide 3, peptide 4, peptide 5, peptide 6)), corresponding to 6 SPE

materials in 4 different conditions using MALDI-MS analysis, displayed as a heat map. The

upper dendrogram with annotations (c), shows the clustering of the samples, while the side

dendrogram automatically groups the more similar peptides. Significant variations in the

analyte peptide (a) intensity were observed in the SPE materials 4 and 5 at condition 4 (b).

 Although this quick observation of the intensity distribution across the groups can be used to 

find features and patterns across the experiment, it is important to note that the MALDI signal 

intensities are not ideal for drawing conclusions, due to ion suppression and sweet spots. 

Furthermore, there might be experimental differences affecting the intensity, e.g. capacity 

differences in SPE materials. Instead the relationship of target and background in combination 

with knowledge of binding mechanism for the SPE sorbents should be assessed for the final 

conclusion. 
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To further assess experimental quality, Peptide intensity profiles, of the analyte peak (i.e., 

peptide 1), and the background peaks (i.e., peptide 2, peptide 3, peptide 4, peptide 5, peptide 

6), resulting from the 6 SPE materials in 4 different conditions was plotted as a heat map 

(Figure 3C). In this heatmap the vertical axis represents the samples, and the horizontal axis 

represents the different peptides and the colours corresponding peptide intensities. The highest 

intensities are easy to find in these plots and the top performing SPE material and condition is 

given by the annotation available at the top of the plot. Optionally MALDIViz, hierarchical 

clustering can be applied to columns and/or rows. Users can choose which clustering method 

and linkage method to use. Similarly, users can select the annotation parameters based on the 

metadata. From the Figure 3C, condition 1 and 2 were identified as having a generic SPE 

affinity with high recovery observed for all peptides and low selectivity. While condition 4 

provided 2 SPE materials (i.e. SPE material 5 and 6), showing selective retention. This 

significant phenomenon was also demonstrated with the box-plot analysis29. Summing up, 

MALDIViz provided a convenient “all-in-one” data analysis platform that was fundamental 

for performing high-throughput screening of SPE materials. 

Case 2: 

In the second case study, a previously published and validated dataset from a MALDI-based 

sample profiling carried out with gold-nanoparticles as a separation phase is used for 

demonstration30. The dataset comprises observed MALDI peaks after analysis of serum from 

5 patients with lymphoma, 5 patients with myeloma, and serum from 2 healthy donors. López-

Cortés et al. demonstrated that the resulting MALDI spectra of could be grouped by their 

corresponding cancer type using three-dimensional PCA.  

Two separate classification methods, heatmap and PCA, were applied with MALDIViz, in 

order to ensure that the previously classification results could be reproduced. For distance 

measurement and linkage options in the heatmap, we used the most commonly used euclidean 

algorithm with Ward’s method34. The dendrogram and annotation on top of the heatmap shows 

(Figure 4B), a clear clustering of the samples into three groups (i.e., lymphoma, myeloma and 

healthy samples). Figure 4A shows the PCA plot generated by MALDIViz after processing the 

entire peak lists. The PCA classification also results in three distinct clusters representing 

lymphoma, myeloma and healthy samples, in a 3-dimensional subspace spun by the first three 

PCs. By assigning a different color to each group (i.e., lymphoma, myeloma and healthy), users 

can quickly visually identify the separate groups. 

In conclusion, the herein presented MALDIViz, web application facilitates the analysis and 

visualization of MALDI-MS data and export of results as high quality images for 
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documentation and publication. MALDIViz incorporates various functions with focus on 

analysis of data from high-throughput MALDI screening experiments. The case studies provide 

some examples of the visual interpretation of differences between different sample groupings 

as wells as a wide range of statistical tools with clustering and PCA, all with a user-friendly 

interface, designed to minimize the need of bioinformatics expertise and complicated client 

installations. The MALDIViz app has been and continuous to be a very important tool for 

analysing MALDI data in our laboratory, and we now would like to share this tool with the 

scientific community. The app is very generic and can surely be applied to many different 

analytical problems.  we also would like to encourage anyone working with MALDI MS to try 

the tool, we recommend users to start with a dataset where the answers are known. Although 

designed specifically for analysing MALDI data, the web app can also be applied to analysis 

of data from microarray and other -omics data with a MALDIViz compatible data format. 

Figure 4A. Principal component analysis (PCA) presenting three different clusters, one for 

each sample. Figure 4B. Heatmap of the cancer dataset. (a) Annotations on top of the heatmap 

show clustering of the samples. 

Currently MALDIViz limits the input file size and does not allow matrices of very high 

dimensionality. This is mainly due to the performance issues as the huge matrices take longer 

to upload and calculate, make the tool slower and inconvenient to use. These limits may be 

reconsidered in the next versions of MALDIViz. Efforts are also taken to add the relative 

quantitation analysis in the material screening studies, and will reflect in the next versions of 

MALDIViz. 
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Abstract 

Phosphatidylethanol (PEth) is an interesting biomarker finding increased use for detecting long 

term alcohol abuse with high specificity and sensitivity. Prior to detection, sample preparation is an 

unavoidable step in the work-flow of PEth analysis and new protocols may facilitate it. Solid-phase 

extraction (SPE) is a versatile sample preparation method widely spread in biomedical laboratories 

due to its simplicity of use and the possibility of automation. In this work, a library of polymeric 

SPE materials with different surface functionalities was screened for PEth extraction in order to 

identify the surface characteristics that are important for PEth retention and recovery. The library 

of SPE materials was evaluated using samples of PEth spiked in human plasma and detection was 

done by LC-MS/MS. Finally, with the information obtained from the screening, four new SPE 

materials were formulated, synthesized and tested. A material based on quaternized 1-

vinylimidazole with a poly(trimethylolpropane trimethacrylate) backbone was found suitable for 

PEth extraction in human blood. 
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1. Introduction

Phosphatidylethanol (PEth) belongs to a group of phospholipids that can be used to determine 

alcohol abuse[1-3]. In the erythrocytes membrane, phospholipase D catalyses the reaction of 

phosphatidylcholine with ethanol that leads to the formation of PEth, Fig. 1.  
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Figure 1. Schematic picture of the formation of PEth: PEth is formed from ethanol and phosphatidylcholine in the cell membrane 

by a transphosphatidylation reaction catalysed by phospholipase D. 

This group of phospholipids have a common polar head group, phosphoethanol, and long-chain 

fatty acid moieties typically containing 14 to 22 carbon atoms with 0 to 6 double bonds[4, 5]. 

Among the different forms, PEth-16:0/18:1 and PEth-16:0/18:2 (Nomenclature: ‘PEth-16:0/18:1’; 

16,18 - number of carbons and 0,1 - number of double bonds of the fatty acids) are the major 

species and account for more than 60% of the total PEth in blood[6]. PEth has been gaining ground 

in clinical analysis as an effective alcohol abuse marker, with a blood concentration reference value 

for alcohol overconsumption of 0.3 μM and due to the long half-life of PEth in the blood, it can be 

detected even after 14 days without alcohol consumption. PEth has a higher sensitivity (94.5-100%) 
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and specificity (100%) compared to other established markers such as carbohydrate deficient 

transferrin, gamma-glutamyl transferase and mean corpuscular volume[7, 8]. 

Different analytical techniques have been utilized over the past few decades to detect and quantify 

PEth in blood, e.g thin-layer chromatography (TLC) [9], high-performance liquid chromatography 

(HPLC) [10-12], capillary electrophoresis (CE), non-aqueous capillary electrophoresis (NACE) [13, 

14] and immunoassays targeting the head group[15]. In more recent years, mass-spectrometry-

based (LC-MS) methods have brought high analytical sensitivity, shorter turnaround time and, 

above all, the ability to distinguish the different molecular forms of PEth[16-19]. 

An important practical aspect in the MS-based methods for PEth analysis is the sample preparation 

step, i.e. how to extract, isolate, clean-up and enrich PEth from its complex sample matrix 

(blood)[20].  By removing some of the endogenous background from the sample, matrix ion 

suppression[21, 22] can be minimized; additionally, a cleaner sample also provides improved 

robustness of the chromatographic separation. To date, liquid-liquid extraction (LLE) is the most 

widespread method for PEth extraction from blood[4, 13, 16, 18]. The  LLE extraction is based on 

partition of  lipids (where  PEth is a small fraction) into an added organic phase[23]. The most 

popular method uses chloroform and methanol as solvents[13], but there are many alternative 

solvent systems[4, 16, 18]  including a dispersive liquid-liquid micro extraction (DLLME) using 

dichloromethane as extraction solvent and acetone as the dispersive solvent[24]. 

Recently, solid phase extraction (SPE) has been suggested as a  means to pre-separate target lipids 

from other sample matrix components[25]. Compared to LLE, an SPE sample preparation can 

potentially provide higher selectivity, allowing for a greater reduction of background , speed of 

extraction, easier automation and reduced use of organic solvents[26, 27]. In this respect a tailor 
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made SPE material targeting PEth may offer better clean-up than existing methods/materials. With 

the use of polymeric SPE sorbents, there is ample opportunity to control e.g. the hydrophobicity 

and surface functionality through the choice of the components. This work presents an SPE 

material development strategy based on an initial screening of a selected library of polymeric SPE 

materials with different surface functionalities and then, based on the gained information, 

formulating and synthesizing new SPE materials designed for improved PEth extraction. 

2. Materials and methods

2.1. Materials 

PEth-16:0/18:1 was obtained from Abcam (Cambridge, UK). Distilled water was purified using an 

ultra-pure water system from Elga (High Wycombe, UK). ABDV (2,2'-azo-bis(2,4-

dimethylvaleronitrile)  was obtained from Wako Chemicals (Neuss, Germany), Celvol 523 was 

from Celanese (Dallas, Texas, USA). All the other chemicals including lyophilized human plasma 

and HPLC-grade solvents were purchased from Sigma-Aldrich (Steinheim, Germany). The 

chemicals were used as received except for 4-vinylpyridine which was distilled before use. PEth free 

human blood was obtained from healthy volunteers. Elemental analysis was carried out by 

Mikroanalytisches Laboratorium Kolbe (Mülheim, Germany). Pore volumes and surface areas were 

obtained by N2 adsorption analyses provided by the Department of Chemical Engineering, Lund 

University using a Micromeritics ASAP 2400 instrument. The samples were degassed overnight at 

60 °C. The library of SPE materials and the ion-exchanger Evolute AX were kindly provided by 

MIP Technologies AB (Lund, Sweden). 
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2.2. LC–MS/MS analysis  

The LC-MS/MS analysis of PEth was performed using a Shimadzu HPLC instrument with two 

HPLC pumps (LC-20AD), a vacuum degasser (DGU-20A3) and an autosampler (SIL-20AC) 

connected to an Applied Biosystems mass spectrometer (API3200) with an electro spray ionization 

interface. The chromatographic separation was carried out with a Thermo Scientific Hypersil 

HyPURITY C4 column (100 mm x 4.6 mm, 5 μm particle size) in gradient mode with solvent A: 

20% 2 mM NH4Ac + 80% MeCN, solvent B: 100% isopropanol. From sample injection until 2.0 

min, isocratic elution with 90% A and 10% B was used; from 2.0 –3.0 min, a linear gradient to 50% 

B; from 3.0–6.0 min, a linear gradient to 100% B; from 6.0 –7.0 min, isocratic elution with 100% B; 

and from 7.0–8.0 min, a linear gradient back to 90% A and 10% B. The flow rate was 400 μL/min 

and the sample injection volume 10 μL. The column was reconditioned with 90% A and 10% B for 

5 min after each injection. 

The mass spectrometer was used in negative mode with the following settings: electrospray 

capillary voltage, 3500 V, ion source temperature 350 C, curtain gas (N2) 20 psi, collision gas (N2) 3 

psi, nebulizer gas 15 psi, auxiliary gas 40 psi, de-clustering potential −80 V, focusing potential −350 

V, entrance potential −9 V, and collision energy −45 V. Data was acquired through multiple 

reaction monitoring mode (MRM) to detect the major product ions (fatty acid fragments) from the 

deprotonated species of PEth-16:0/18:1 (m/z 701.5→255.5 and 701.5→ 281.5). 

2.3. SPE materials library screening procedures 

A library of 12 available SPE materials was screened against samples containing PEth, first in water 

and then spiked in human plasma to increase background complexity. All the used SPE phases 

were highly cross-linked polymeric beads in sizes of 20-70 μm (see information in Table 1). For 



7 

each SPE phase, triplicate 3 mL polypropylene cartridges (Biotage AB, Sweden) were packed with 

100 mg material held in place by 20 μm pore size frits at the top and the bottom of the packed bed. 

The SPE protocol consisted of the following steps: 

1. Conditioning: 1 mL of methanol and 1 mL of water

2. Loading: 1 mL of water or diluted human plasma (1:10 in water) spiked with PEth, flow rate

< 1 mL/min

3. Washing 1 (W1): 1 mL water:acetonitrile 50:50 (v/v)

4. Washing 2 (W2): 1 mL water:acetonitrile 10:90  (v/v)

5. Elution 1 (E1): 1 mL 5% formic acid in water:acetonitrile 10:90 (v/v)

6. Elution 2 (E2): 1 mL 10% formic acid in water:acetonitrile 10:90 (v/v)

All fractions were collected and analysed using the LC–MS/MS method described above. 

2.4 Synthesis of solid-phase extraction materials  

2.4.1 Quaternized poly(TRIM-co-VI) (P1)          

Celvol 523 (20 g) was dissolved in 980 mL water in a 2 L reactor at 80°C under stirring and the 

solution was allowed to cool down. Then, 1-vinylimidazole (51.3 g), trimethylolpropane 

trimethacrylate (TRIM) (184.8 g) and benzoyl peroxide (5.58 g, 75%, remainder water) were 

dissolved in toluene (325 mL) and added to the reactor at room temperature and the mixture was 

stirred at 300 rpm using an anchor stirrer. The temperature was increased to 75°C and maintained 

there for 24 h. The resulting beads were filtered off in a filter funnel and washed there times with 

warm water and once with methanol before wet sieving. The 32-90 μm fraction was washed once 

with methanol, three times with ethyl acetate, three times with formic acid and three times with 



8 

methanol in a filter funnel before drying in a vacuum oven at 40°C. The nitrogen content of the 

resin was found to be 2.2% corresponding to an imidazole content of 0.8 meq/g.  

A portion of the resin (5 g) was suspended in DMF (30 mL) and iodomethane (5 mL) was added. 

The mixture was stirred for 24 h at 40°C and then filtered off in a filter funnel. The resulting resin 

was washed three times with water and five times with methanol and then dried in a vacuum oven 

at 40°C. 

2.4.2 Quaternized poly(TRIM-co-4VP) (P2)  

The polymer was prepared as P1 but using 4-vinylpyridine (57.3 g) instead of 1-vinylimidazole. 

The nitrogen content measured before quaternization of the resin was found to be 3.0% 

corresponding to a pyridine content of 2.1 meq/g. 

 2.4.3 Quaternized poly(PETRA-co-VI) (P3)  

Pentaerythritol triacrylate (PETRA) (32.2 g), 1-vinylimidazole (5.7 g) and ABDV (0.95 g) were 

dissolved in toluene (38 mL). The mixture was distributed equally in two 100 mL glass bottles and 

polymerized in a ventilated oven for 24 h at 50°C. After polymerization, the bottles were broken 

with a hammer and the polymer was crushed in a mortar into 5-10 mm size pieces. The polymer 

pieces were washed three times with methanol in a filter funnel and then dried in a vacuum oven at 

40°C. After drying, the polymer was ground and wet sieved and the 32-90 μm fraction was washed 

once with methanol, five times with ethyl acetate and three times with methanol in a filter funnel 

before being dried again in the vacuum oven at 40°C. The nitrogen content of the resin was found 

to be 4.0% corresponding to an imidazole content of 1.4 meq/g. 

The quaternization was carried out as for P1. 
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 2.4.4 Quaternized poly(PETRA-co-4VP) (P4)  

The polymer was prepared as P3 but using 4-vinylpyridine (3.1 g) in methyl isobutyl ketone 

(MIBK) (66 mL). The nitrogen content measured before quaternization of the resin was found to 

be 2.0% corresponding to a pyridine content of 1.4 meq/g. 

2.5 PEth solid-phase extraction from human blood 

The SPE materials synthesized were packed in 3 mL SPE cartridges (60 mg/cartridge) in triplicate 

and used for solid-phase extraction of spiked PEth in human blood according to the following 

protocol: 

1. Conditioning: 1 mL of methanol and 1 mL of water

2. Loading: 1 mL of diluted human blood (1:10 in water) spiked with PEth (0.3 μM), flow rate

< 1 mL/min

3. Washing 1 (W1): 1 mL water

4. Washing 2 (W2): 1 mL 1% formic acid in water:acetonitrile 10:90 (v/v)

5. Elution (E): 1 mL 10% formic acid in water:acetonitrile 10:90 (v/v)

The elution fractions were collected, evaporated and reconstituted in 250 μL of mobile phase A and 

analysed using the LC–MS/MS method described above. 

3. Results and discussion

3.1. Screening of SPE libraries for extraction of PEth in water and human plasma 

In order to identify material properties suitable for SPE of PEth, 12 different materials were chosen 

based on the structure of PEth and screened. The materials comprise backbones providing different 

levels of hydrophobicity and functional groups imparting either positive or neutral interaction 
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sites. The characteristics of each SPE material are presented in Table 1. The ligand density and 

surface area are also included as important measures for understanding possible interactions. 

Table 1. Characteristics of the SPE materials used for the first screening step. 

DEGDMA: di(ethylene glycol) dimethacrylate; PETRA: pentaerythritol tetra-acrylate; TRIM: trimethylolpropane 

trimethacrylate; DVB: divinylbenzene ; EGDMA: ethylene glycol dimethacrylate 

The SPE materials containing tertiary amine functional groups (II, III, IV and XII) are expected to 

behave as weak anion exchangers (pKa~9), while the materials containing quaternary amines and 

quaternary pyridine (I, V, VII and X) are strong anion exchangers i.e. exhibit permanently charged 

groups. Materials VI and XI, containing imidazole (pKa~7) and pyridine (pKa~5), should have 

none or only little charge under the current extraction conditions. Additionally, these functional 

groups, as well as the pyrrolidone group of material VIII, can provide sites for hydrogen bonding. 

The other retention mechanism to be considered is hydrophobic interaction between the fatty acid 
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chains of PEth and the hydrophobic backbone of the polymers. The hydrophobicity is to a large 

extent dependent on the polymer backbone; poly(DEGDMA) is the least hydrophobic one followed 

by poly(PETRA), poly(TRIM) and poly(EGDMA), which have similar properties, and finally 

poly(DVB) which provides the most hydrophobic backbone.   

The SPE library (Table 1) was first screened using samples of 4 μM PEth spiked in water. The 

applied SPE protocol used a high organic content (50-90%) in the wash steps and an acidic elution. 

Therefore, anion exchange should be the dominant mechanism responsible for PEth retention. The 

SPE flow-through and elution was collected and subjected to LC-MS/MS analysis, the observed 

signal (peak area) is plotted in Fig. 2. 

Figure 2. MS peak area of PEth resulting after analysis of the flow-through (white) and the elution step (striped). The best SPE 

materials I, II and V provided high signal for the elution and no signal of the analyte in the flow-through. 

From the data in Fig. 2 and Table 1, it is evident that a purely hydrophobic retention as offered by 

the DVB based materials VI, VIII and IX was insufficient for retention, as high signal for PEth was 

observed in the flow-through. The SPE phases III, IV, X, XI and XII provided very high retention, 
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with little or no observed signal of PEth in either flow-through or elution. This overly strong 

retention is most likely due to a very hydrophobic backbone, e.g. DVB, in combination with anion 

exchange functionalities (IV, X and XII) and hence it appears that even under these conditions 

with a high organic content, hydrophobicity still plays a role. Another factor that also contributes 

to this strong retention is a high surface area (III, XI and XII). In order to improve the recovery for 

these materials, one could just increase the elution volume. However, large elution volumes are not 

a desirable feature in any SPE sample preparation method and hence these materials were not 

passed on to the second screening. Rather, the materials selected for the second screening step (I, II 

and V) displayed strong retention of PEth, with negligible or no signal observed in the flow-

through, while still allowing for efficient elution. It may be noted that while material VII, 

containing a quaternary amine, also showed a signal for PEth in the elution, the recovery was quite 

low and therefore material VII was excluded from the second screening. All the high performing 

materials (I, II and V) possess a combination of a positively charged surface with an intermediate 

or low hydrophobicity backbone. 

In the second screening step, using only SPE materials I, II and V, all the fractions from the sample 

preparation were analysed. Also, a more complex sample was used (0.5 μM PEth spiked in diluted 

human plasma 1:10). The analysis revealed that material I and II suffer from losses during loading 

and wash (Fig. 3).  Material V provided the highest observed signal for PEth in the elution and very 

low losses in the wash steps, W1 (50% acetonitrile) and in W2 (90% acetonitrile). The ability to use 

a high organic content in the wash should allow for removal of hydrophobic (proteins) 

contaminants during SPE.  
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Figure 3. MS peak area in fractions collected after SPE of 0.5 μM PEth spiked in plasma for the flow-through, washes (W1, W2) and 

elutions (E1, E2)  using I, II and V. Here, material V provides the lowest PEth signal in the flow-through and washing and the 

highest response in the elution fraction.  

In order to facilitate quantitative determination of the recovery for material V, with the used 

instrumentation and no isotope dilution, the PEth spike was increased to 5 μM and the extraction 

repeated using the same protocol. The recovery was found to be 1.05 ± 0.22, as calculated from 

observed peak area for the eluted fractions divided by the peak area observed for external standards 

(5 μM in mobile phase).  

An unexpected isobaric compound(s) was observed in the XIC/SRM chromatogram for spiked 

plasma when analysed without SPE (i.e. injected directly), Fig. 4. It is noteworthy that after SPE 

purification, the unknown isobaric peak disappeared and a higher intensity of PEth at 7.2 min was 

observed. Although we did not manage to identify the offending peak, it is an example of why it is 

important to reduce sample complexity before analysis. Even if modern LC-MS methods have the 
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capability to handle quite complex samples, sample matrix variations in patient samples can 

sometimes lead to erroneous results. Another benefit of the SPE is that a cleaner sample leads to 

better assay/instrument robustness. 

 

Figure 4. XIC/SRM chromatograms for 5 μM PEth 16:0/18:1 (m/z 701.5/255.5 and m/z 701.5/281.5) spiked in human plasma, before 

SPE and after SPE using material V.  
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3.2. Synthesis of new solid phases for PEth extraction and evaluation with whole blood 

From the initial screening, it was concluded that PEth required an SPE material with anion-

exchange capability and that too hydrophobic backbones would be detrimental for the elution step. 

In particular, material V with the combination of a cross-linker of intermediate hydrophobicity 

and quaternized pyridine functionality seemed interesting. Based on this knowledge, a new set of 

related polymers was synthesized (Table 2).  

Table 2. The new synthesized SPE materials for PEth extraction from human blood: chemical composition and porosity data. All 

polymers were quaternized with iodomethane after synthesis. 

SPE 

material 

ID 

Functional  monomer Crosslinker 
BET surface 

area (m2/g) 

Pore 

volume 

(mL) 

Average 

pore size 

(Å) 

P1 1-vinylimidazole TRIM 419 0.67 64

P2 4-vinylpyridine TRIM 300 0.66  89

P3 1-vinylimidazole PETRA 305 1.01  132

P4 4-vinylpyridine PETRA 344 0.90  105

TRIM and PETRA were chosen as cross-linkers as they provide intermediate hydrophobicity. We 

also decided to test another quaternized heterocyclic group, quaternary imidazole, by using the 

functional monomer 1-vinylimidazole for the synthesis of P1 and P3 instead of the 4-vinylpyridine 

monomer used in synthesis of P2 and P4. The quaternizations were carried out with iodomethane 

(see Fig. 5 for structures). 
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Figure 5. Monomers used in the synthesis of the polymers (A) and the resulting functional groups in the polymer after 

quaternization (B). 

In the library screening, PEth was spiked into 1:10 diluted plasma and while this is a fairly complex 

sample, PEth is clinically extracted from whole blood. Blood is probably one of the most difficult 

matrices to work with as it is not only extremely complex but also very viscous. However, since it is 

the matrix of main interest, it was used for the evaluation of the new materials. For comparison, 

Evolute AX (Biotage AB) was included as a benchmark. This commercially available SPE product 

comprises quaternary amines on a modified polystyrene-based (PS) polymer (exchange capacity 0.7 

mmol/g). This product is similar to the synthesized materials as it is a mixed-mode ion-exchanger 

offering both hydrophobic and strong anion exchange interactions. 

In Fig. 6 we present the SPE recoveries of PEth in human blood samples. All the synthesized 

polymers exhibit satisfactory recoveries (28-49%). P1 shows the highest recovery in the elution, 

about 50% of PEth loaded onto the SPE column. The lowest recovery is obtained with P2 which has 

the most similar characteristics to material V (best performing material in the screening). 

Therefore, the newly develop material P1 represents an improvement compared to the composition 

originally found and it appears that the more polar imidazole moiety may be better suited for SPE 
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of PEth (in blood) than the more non-polar pyridine moiety (imidazole logP -0.02 compared to 

0.65 for pyridine).[28, 29] The materials containing the slightly less hydrophobic crosslinker 

PETRA also perform well and all the synthesized materials outperform the commercial benchmark 

strong anion exchanger Evolute AX. 

Figure 6. Recovery values of PEth extraction from whole blood using 4 new polymers and a commercial benchmark.  

From the results of the initial SPE library screening, it is reasonable to believe that the low recovery 

for Evolute AX is due to the hydrophobicity of the PS backbone, causing this conventional mixed-

mode ion-exchanger to be unsuitable for SPE of PEth, even though its modified backbone is less 

hydrophobic than a purely PS/DVB one. 

The lower recoveries obtained from blood (50%) in comparison to the best performing material for 

SPE of PEth in human plasma (100%) can be expected due to the use of (lyzed) whole blood.  This 

also forced the SPE procedure to be adapted to include a stronger wash step composition (W2), 

containing 90% acetonitrile and 1% formic acid. The recovery value of 50% obtained with this 
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protocol shows that unlike conventional materials, P1 can effectively retain and release PEth and 

provides a good starting point for the development of SPE methods for PEth extraction in clinical 

samples. 

3. Concluding remarks

This paper introduces new SPE materials for PEth extraction from complex biological matrices 

such as blood. A series of screening procedures using different SPE materials were carried out and 

after identification of the core mechanism of retention, new polymers designed for PEth extraction 

were synthesized. Using this procedure we have developed an SPE material which possesses 

appropriate binding properties and allows for purification of PEth from human blood. We 

concluded that a good SPE material for PEth should include strong anion exchange capabilities and 

that a very hydrophobic backbone will be detrimental for recovery of PEth, making cross-linkers of 

intermediary hydrophobicity a better choice. Additionally, heterocyclic amino groups seem to 

perform better than alkyl amino groups. The best material synthesized in this study contains strong 

anion exchange functionalities in the form of quaternary imidazole groups with a cross-linker of 

intermediary hydrophobicity (TRIM). These findings constitute a first step towards a versatile SPE 

method for PEth analysis in the clinical lab which may bring advantages in terms of solvent use, 

automation, through-put and analysis time in comparison with traditional liquid-liquid extraction 

methods. Moreover, the findings of this study show that even though conventional mixed-mode 

ion-exchangers might be insufficient for more complex matrices, fine tuning of the solid-phase 

characteristics can make SPE an option for sample preparation in those cases.  
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#INFU, Technische Universitaẗ Dortmund, 44221 Dortmund, Germany

*S Supporting Information

ABSTRACT: This work describes the preparation and inves-
tigation of molecularly imprinted polymer (MIP) microgel (MG)
stabilized Pickering emulsions (PEs) for their ability to catalyze
the formation of disulfide bonds in peptides at the O/W
interface. The MIP MGs were synthesized via precipitation
polymerization and a programmed initiator change strategy. The
MIP MGs were characterized using DLS analysis, SEM
measurement, and optical microscopy analysis. The dry and
wet MIP MGs showed a hydrodynamic diameter of 100 and 280
nm, respectively. A template rebinding experiment showed that
the MIP MGs bound over two times more template (24 mg g−1)
compared to the uptake displayed by a nonimprinted reference
polymer (NIP) MG (10 mg g−1) at saturation. Using the MIP
MGs as stabilizers, catalytic oxidation systems were prepared by emulsifying the oil phase and water phase in the presence of
different oxidizing agents. During the cyclization, the isolation of the thiol precursors and the oxidizing reagents nonselectively
decreased the formation of the byproducts, while the imprinted cavities on the MIP MGs selectively promoted the intramolecular
cyclization of peptides. When I2 was used as the oxidizing agent, the MIP-PE-I2 system showed a product yield of 50%,
corresponding to a nearly 2-fold increase compared to that of the nonimprinted polymer NIP-PE-I2 system (26%). We believe
the interfacial catalysis system presented in this work may offer significant benefits in synthetic peptide chemistry by raising
productivity while suppressing the formation of byproducts.

KEYWORDS: molecularly imprinted polymers, disulfide-rich cyclic peptides, Pickering emulsions, interfacial catalysis,
intramolecular cyclization

■ INTRODUCTION

Disulfide-rich cyclic peptides discovered in a wide variety of
plants and animals display a broad spectrum of biological
activities and pharmaceutical applications.1−3 These disulfide
bridges play important roles in folding and stabilizing protein
tertiary structure. Therefore, artificial introduction of disulfide
bonds in peptides is of special interest.4 For example,
Berezhkovskiy et al. synthesized a nonobese diabetic (NOD)
mouse MHC class II derived peptide, which was an efficient
vaccine to prevent diabetes and insulitis in NOD mice.5 Wong
et al. demonstrated a disulfide-rich cyclic peptide to be an
attractive material serving as a drug design scaffold for the
incorporation of active epitopes.6 However, in a previous

review article, White et al. showed that cyclic peptides were
difficult, and often impossible, to synthesize using traditional
synthetic methods.7 For the synthesis of disulfide-rich cyclic
peptides, the traditional methods include both solution and
solid-phase synthesis.8,9 A crucial final step consists of the
controlled intramolecular formation of disulfide bonds
involving two strategically placed cysteine residues while
suppressing side reactions such as dimerization or oligomeriza-
tion.10,11
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Traditionally, intramolecular formation of disulfide bonds is
achieved by oxidizing the thiols under strict conditions favoring
intramolecular reactions at the expense of intermolecular
reactions.11 However, this reaction system has some drawbacks
(e.g., low capacity, difficult separation of the excess oxidizing
reagent). We present here an approach utilizing imprinting and
reagent partitioning in Pickering emulsions (PEs) which
successfully addresses these drawbacks. Pickering emulsions
are solid particle stabilized emulsions which are now extensively
used in colloid chemistry.12,13 Particularly promising is their use
in synthetic chemistry in order to enhance catalytic efficiency
and for catalyst recycling in interfacial or biphase catalysis.14−19

We have previously demonstrated PE as a versatile tool for
enhancing water compatibility and imprinting efficiency in
molecularly imprinted polymers (MIPs).20,21 Moreover, protein
imprinting, cell imprinting, and Janus MIPs as self-propelled
transporters have also been presented on the basis of PEs.22−24

Although numerous examples have been reported on the use
of the molecular imprinting concept in molecular recognition,
sensing, and separations,25−29 the area of catalysis has been less
exploited. Reactions previously investigated using imprinted
enzyme mimics include dehydrofluorination, hydrolyses,
selective photocatalysis, Diels−Alder, and aldol reactions.30−35

To our knowledge the use of MIPs to control peptide disulfide
bridge formation has not been reported.
Therefore, in this work we demonstrate that oxidizing agent

partitioning in MIP microgel (MG) stabilized oil/water PE
provides an effective means of promoting the cyclization of
cystein-rich peptides, in this case somatostatine (SST), a
growth hormone inhibiting hormone composed of a cyclic 14
amino acid peptide (Figure 1a). The system design was guided
by the following criteria and assumptions: (i) The thiol

precursors and the oxidizing agent will be dissolved in different
phases of the PEs. This will reduce the collision concentration
of reagents, which in turn will suppress peptide dimerization or
oligomerization. (ii) The heterogeneous nature of the catalyst
will facilitate product purification. (iii) The oxidation reaction
will occur at the PE interface where the imprinted cavities of
the MIP MGs will act as microreactors for directing the
intramolecular cyclization of the peptides at the expense of
intermolecular reactions.

■ EXPERIMENTAL SECTION
Materials. N,N,N,N-Tetra-methyl-ethylenediamine (TEMED),

ammonium persulfate (APS), dithiothreitol (DTT), acrylic acid
(AA), N-isopropylacrylamide (NIPAm), N-tert-butylacrylamide
(TBA), and N,N′-methylene bis(acrylamide) (MBA) were obtained
from Sigma-Aldrich. Toluene, dimethyl sulfoxide (DMSO), acetoni-
trile (ACN), methanol (MeOH), and ethyl acetate were supplied from
VWR International. Trifluoroacetic acid was from Acros (Geel,
Belgium). Characteristic MSH-tetrapeptide (Sequence: H-His-Phe-
Arg-Trp-OH, MSH) was obtained from BACHEM. Standard peptide
H-NLLGLIEAK-OEt (molecular weight: 998) was purchased from
Genscript (Piscataway, NJ). Somatostatin (H-Ala-Gly-Cys-Lys-Asn-
Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys-OH, molecular weight: 1638),
and desmopressin (Mpr-Tyr-Phe-Gln-Asn-Cys-Pro-D-Arg-Gly-NH2,
molecular weight: 1069) were from Sigma-Aldrich. Reference
somatostatin (Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys-Ala-Gly-
Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys, molecular
weight: 2375) was purchased from WuHan Moon Biosciences Co.,
Ltd. Iodine, potassium ferricyanide(III), and ZnO nanoparticles (90 ±
10 nm in diameter) were purchased from Shanghai Aladdin Biochem
Technology Co., Ltd. Other chemicals were of reagent grade or higher.

Synthesis of MIP Microgels (MIP MGs). In a previous work, a
protocol for the synthesis of nanogels or microgels via aqueous
surfactant-free radical precipitation copolymerization has been
presented using a programmed temperature ramp from 45 to 65 °C
during the nucleation stage of the polymerization.36 To keep the
stability of the template peptide at low temperature and hence to
suppress unwanted methyleneation through reaction of especially
lysines with TEMED radicals,37 the synthesis of MIP MGs employs a
programmed initiator change method (change from single APS to a
mixture of APS and TEMED) during the nucleation stage in this work.
Here, AA, NIPAm, and TBA were used as functional monomers, and
MBA was used as a cross-linker. Typically, 20.7 μL of AA, 217.3 mg of
NIPAm, 61.0 mg of TBA, and 46.3 mg of MBA were dissolved in 20
mL of PBS buffer (pH 7.4, 20 mM). After dissolving 6.8 mg of SST
into the monomer solution, the reaction mixture was filtered through a
0.45 μm filter to remove particles. In this solution, 120 μL of APS
solution (10%) was added, and then nitrogen was bubbled through the
reaction mixture for 15 min. The reaction mixture was shaken at 50 °C
for 3 h.

Subsequently, 120 μL of APS solution (10% in weight) and 60 μL
of TEMED were added into the clear reaction system. Following
completion of initiator supplement, the polymerization was allowed to
proceed at 50 °C for another 1 h. The polymeric MGs were purified by
dialysis against 1 L of pure water (changing water more than 4 times/
day) for 3 days, 1 L of water containing 3 mL of 4 mol L−1 HCl
(changing the solution more than 4 times/day) for 3 days, and 1 L of
pure water (changing water more than 4 times/day) for 2 days,
successively.

The leakage of target peptide from MIP MGs was investigated using
a Spectamar Gemini EM made by Molecular Device (UK) with
SoftMaxPro6.4 software. Typically, 0.5 mL of the MIP MG solution
was mixed with 0.5 mL of PBS buffer (pH 7.4, 20 mM) and incubated
in a 1.5 mL Eppendorf tube at 25 °C for 16 h. The MIP MGs were
removed by centrifugation for 15 min with a speed of 14 000 rpm.
After addition of 200 μL of the supernatant into a 96 well quartz plate
(Hellma Analytics, Germany), the quartz plate was placed into the
fluorescence reader. The excitation wavelength and the emission

Figure 1. (a) Structure and amino acid sequence of the peptides used
in the study. (b) Procedure used for synthesizing MIP MG. (c)
Scheme depicting the procedure used for the preparation of MIP MG
stabilized Pickering emulsion and its application in interfacial
formation of cyclopeptide.
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wavelength for SST were 280 and 356 nm, respectively. When no SST
was observed in the supernatant, the washing step was terminated.
After removal of the template (SST), the weight of MIP MGs in the

solution was measured by drying the MIP MG solution (1 mL) at 95
°C for 16 h and then at 100 °C for 1 h. For further application, the
MIP MG solution was diluted with water to 9.0 mg mL−1 (dry
polymer) and stored at 25 °C. The NIP MG solution was prepared
and washed in an identical way except that the templates were not
added to the reaction mixture during the synthesis.
Preparation of Pickering Emulsion. Typically, 600 μL of MG

solution, 100 μL of concentrated linear peptide solution, 300 μL of
ethyl acetate, and 100 μL of toluene were mixed together. Nitrogen
was bubbled through the emulsion for 5 min to remove O2. To obtain
a stable Pickering emulsion, the mixture was shaken vigorously by
hand. For the catalysis, 100 μL of oxidizing reagent solution was also
added after a 1-h equilibrium adsorption. After the addition of the
oxidizing reagent solution, the emulsion was shaken vigorously by
hand again. It is noted that the oxidizing reagent solution used in the
experiments was pure DMSO, 2.5 mmol L−1 potassium ferricyanide
(III) solution, or 2.5 mmol L−1 I2 in methanol. The Pickering
emulsions stabilized by MIP (or NIP) MGs in the presence of oxidant
I2, potassium ferricyanide (III), and DMSO were named MIP-PE-I2
(or NIP-PE-I2), MIP-PE-K3Fe(CN)6 [or NIP-PE-K3Fe(CN)6], and
MIP-PE-DMSO (or NIP-PE-DMSO), respectively. In control experi-
ments, an unstable Pickering emulsion was observed when no MGs
were used (see Figure S9a).
Characterization. The morphology of the MGs was observed

using a scanning electron microscope (Inspect SEM F50, FEI
Company). The wet MGs were cast onto a glass slide and dried at
ambient temperature before SEM testing.
The size distribution of the wet MGs was measured using dynamic

light scattering (DLS) with a Coulter LS230 instrument (Beckman-
Coulter Co. Ltd.). The MG solution was diluted to a concentration of
0.1 mg mL−1 during the measurement.
The optical images of Pickering emulsions were recorded with an

inverted optical microscope with an HMX lamp house assembly
(model TMS-F) made by Nikon Japan.
Selectivity and Binding Test. The selectivity test was conducted

by incubation of 0.6 mL of the MIP MG solution (containing 5.4 mg
of dry MGs) and 0.4 mL of PBS buffer (pH 7.4, 20 mM) containing
different peptides (single or a mixture of DDAVP with LLS) in a 1.5
mL Eppendorf. After incubation at 25 °C for 16 h, the MIP MGs were
removed by centrifugation for 15 min at a speed of 14 000 rpm. The
concentration of the peptides in the supernatant was then determined.
It is noted that when we investigated the effects of temperature on the
MGs binding, the experiment was conducted at 25, 30, 35, 40, and 45
°C, respectively.
The concentration of DDAVP was determined using HPLC. The

gradient for HPLC method used for analysis follows: 0 min 21%
mobile phase B, 15 min 40% mobile phase B, 17 min 21% B, 20 min
21% B. Mobile phase A was prepared by diluting 11 mL of phosphoric
acid with water, adjusting to pH 2.3 with triethylamine, and diluting to
1000 mL with water. Mobile phase B was acetonitrile 100%. Flow rate
was 1.0 mL min−1, and UV detection was at 215 nm. Injection volume
was 50 μL. The column used is a Luna C18 (150 mm × 4.6 mm i.d., 5
μm) HPLC column from Phenomenex (Torrance, CA).
The concentration of SST and L-SST was measured using a

fluorescence reader (Gemini EM Microplate Reader). Typically, 200
μL of the supernatant was added into a 96 well quartz plate (Hellma
Analytics, Germany), and the quartz plate was placed into the
fluorescence reader. The excitation wavelength and the emission
wavelength were 287 and 356 nm, respectively. It is noted that the
solution should be diluted when the SST (L-SST) concentration is
higher than 400 mg L−1.
The rebinding test was conducted also by incubating 0.6 mL of the

MIP/NIP MG solution (containing 5.4 mg of dry MGs) with 0.4 mL
of PBS buffer (pH 7.4, 20 mM) containing different concentrations of
peptides in a 1.5 mL Eppendorf tube. After incubation at 25 °C for 16
h, the MIP MGs were removed by centrifugation for 15 min at a speed

of 14 000 rpm. The concentration of the peptides in the supernatant
was then determined.

Langmuir Isotherm Model Study. With the assumption that
monolayer adsorption happened at binding cavities with homogeneous
energy levels, no interactions between adsorbed molecules, and no
transmigration of adsorbed molecules onto the polymeric surface, the
equilibrium adsorption data were simulated using the Langmuir
isotherm model as follows:

=
+
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Here Ce is the equilibrium concentration of the SST solution (mg
L−1), qe is the adsorption capacity at equilibrium (mg g−1), qm is the
maximum adsorption capacity at monolayer coverage (mg g−1), and kl
is the Langmuir constant (L mg−1). For the calculation of the
coefficients in eq 1, eq 1 was changed into eq 2.

Interfacial Catalysis study. MIP-PE-I2/NIP-PE-I2 (using iodine
as oxidizing agent), MIP-PE-K3Fe(CN)6/NIP-PE-K3Fe(CN)6 (using
K3Fe(CN)6 as oxidizing agent), and MIP-PE-DMSO/NIP-PE-DMSO
(using DMSO as oxidizing agent) were monitored at 25 °C with
respect to the transformation of linear to cyclic peptide. For
comparison, a suspension system containing 600 μL of MG solution,
100 μL of concentrated linear peptide solution, and 100 μL of
oxidizing agent served as negative controls.

To test the catalytic activities and the conversion of linear to cyclic
peptide in these systems, the concentration of thiol groups in L-SST
was measured using Ellman’s reagent. Typically, aliquots of the
reaction solution were sampled at given time intervals. The samples
were centrifuged to remove the MGs in the solution. The MGs were
further washed with 0.1 mol L−1 HCl solution (0.5 mL) 3 times. The
sample solution and the washing solutions were mixed and filtered
through 0.45 μm filters; the concentrations of thiol groups in L-SST
were then measured by Ellman’s reagent. A 0.5 mL portion of the
sample and 50 μL of Ellman’s reagent stock solution were mixed and
allowed to react at 25 °C for 3 min. After the reaction, the UV−vis
adsorption (at 410 nm) of the mixture was measured using a Varian
Cary 50 UV−vis spectrophotometer.

■ RESULTS AND DISCUSSION
Preparation and Characterization of MGs. MIP MGs

were prepared via aqueous surfactant-free radical precipitation
copolymerization of acrylic acid (AA), N-tert-butylacrylamide
(TBA), N-isopropylacrylamide (NIPAm), and N,N′-methylene
bis(acrylamide) (MBA) initiated by ammonium persulfate
(APS)/N,N,N,N-tetra-methyl-ethylenediamine (TEMED) and
in the presence of the template (SST) based on a previously
reported procedure (Figure 1 b).38,39 In view of our recent
findings concerning TEMED induced peptide methenylations,
the protocol was slightly modified by delaying the addition of
the accelerator TEMED.39 As a control, the corresponding
nonimprinted MGs were prepared in the absence of the
template.
The hydrodynamic diameter of the MGs was measured by

scanning electron microscope (SEM) and dynamic light
scattering (DLS). It is seen that the dry MIP MGs were easily
aggregated (Figure 2b) and had a hydrodynamic diameter of
∼100 nm (Figure S7). The increase in diameter from ∼100 nm
of the dry MIP MGs to 280 nm of the wet MGs (Figure 2a)
demonstrates the gel-like character of the lightly cross-linked
beads.

Binding Study. Template rebinding to the MIP and NIP
MGs was then investigated by fluorescence spectrometry. From
the results shown in Figure 3a, it is seen that the MIP MGs
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bound more than two times more template (24 mg g−1)
compared to the uptake displayed by a nonimprinted reference
polymer (NIP) MG (10 mg g−1) at saturation. Therefore, the
specific uptake of SST as saturation on MIP MGs was
estimated to be ca. 14 mg g−1, which is in the same range as the
binding capacity of the traditional thermoresponsive imprinted
hydrogels.40

Figure S16 shows that the adsorption of SST on the MGs
was fitted well to the Langmuir isotherm model (R ≥ 0.93),
suggesting a relatively homogeneous distribution of imprinted
sites. The additional uptake at saturation on MIP MGs (14 mg
g−1) corresponds to nearly 71% of the nominal capacity
assuming a quantitative template utilization (see SI). In order
to probe whether the excess binding was selective, the MGs
were challenged with other peptides including linear
somatostatin (L-SST), reference somatostatin (rSST), desmo-
pressin (DDAVP), and melanocyte stimulating hormone
(MSH) (Figure 3b). As anticipated, the MIP MGs showed

the highest template selectivity and notably a clear preference
for the cyclic versus the linear form. A competitive binding
experiment further confirmed the MIP MGs enhanced affinity
for SST (Figure S14). It is noted in Figure 3b that the MIP
MGs also show preferential binding to L-SST (template
analogue), which will play an important role when the MIP
MGs are used as catalysts for the cyclization of L-SST.
The thermoresponsiveness and related rebinding character-

istics of the MIP MGs were also investigated in this work. It is
known that thermal phase transition temperature (also known
as the lower critical solution temperature, LCST) is one of the
important characteristic of a temperature responsive polymer.
Therefore, we first investigated the optical absorbance of the
MIP MGs (0.5 mg mL−1, approximately) at different
temperatures. As seen in Figure 4a the transition from a clear
to an opaque solution occurred in the interval 20−40 °C,
approximately. The thermoresponsiveness was further con-
firmed by the photographs of MIP MGs dispersed in water at
different temperatures (20 and 50 °C) and the measurement of
the temperature-dependent average diameter. Using a 1H NMR
study, Chen et al. demonstrated that the thermoresponsiveness
of this kind of MGs is due to temperature-dependent interchain
hydrogen bonding.41 Interestingly, as seen in Figure 4b the
selectivity of the MIP MGS was preserved in a wide
temperature range (from 25 to 45 °C) with the highest
nonspecific binding observed at 40 °C near the LCST. This
indicates that the hydrophilicity/hydrophobicity balance of the
polymer might also influence the nonspecific binding affinity
with respect to the target peptide.42

The oil/water Pickering emulsion was generated by
emulsifying the aqueous phase (pH 7.4 PBS buffer containing
the linear peptide substrate) and organic phase (a mixture of
toluene and ethyl acetate) using the polymeric MGs as solid
stabilizers (Figure 1c). The morphology (stability) of the
Pickering emulsions was observed visually (Figure 5a) and by
optical microscopy (Figure 5b and Figure S9). The data
showed that the Pickering emulsions consisted of round
spherical droplets in a size range 5−70 μm (with an average
diameter of 35 ± 14 μm) and that the emulsions were stable
during the reaction.

Catalysis Study. The catalytic performance of the PEs was
then investigated with respect to the cyclization of linear SST
and DDAVP (Table 1). It is noted that the linear peptide
concentration was 183 μmol L−1 in all of the following catalytic

Figure 2. (a) DLS analysis of MIP MGs in water. (b) SEM image of
MIP MGs casted on a glass slide.

Figure 3. (a) Binding isotherms of SST on MIP and NIP MGs. (b)
Uptake of different peptides (183 μmol L−1) by MIP and NIP MGs.
The MG concentration was 5.4 mg mL−1.

Figure 4. (a) Average diameter and optical absorbance of the MIP MGs at different temperatures. The absorbance was measured at 700 nm. The
inset is the photographs of MIP MGs dispersed in water at 20 °C (T < LCST) and 50 °C (T > LCST). (b) Uptake of SST by MIP MGs and NIP
MGs at different temperatures. The peptide concentration was 183 μmol L−1, and the MG concentration was 5.4 mg mL−1.
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studies. This concentration has been confirmed to be
appropriate according to the disassociation constants toward
MIP MGs (see SI). In the literature, it is well-known that the
oxidizing agent plays an important role in the formation of the
disulfide bond in peptides.43 To achieve the interfacial catalysis,
I2 which partitioned preferentially into the oil phase of the PEs
(see Figure S11) was selected as the main oxidizing agent in
this study. As a control, potassium ferricyanide(III) (see Figure
S12) and DMSO (see Figure S13) which partitioned
preferentially into the water phase were also chosen. When I2
was used, the reactions were monitored over sufficient time for
nearly quantitative conversions (>93%) to be achieved (Table
1). Compared to I2, DMSO and potassium ferricyanide (III)
were shown as less efficient oxidizing agents (see Table S1).
We first investigated the effect of MIP-PE-I2 systems on the

extent of byproduct formation. Two control experiments were
performed for this purpose: (1) a mixture system containing
MIP MGs, PBS buffer, methanol, oxidizing agent, and the linear
peptide, and (2) a homogeneous solution system containing

PBS buffer, methanol, oxidizing agent, and linear peptide in
absence of MGs.
As confirmed by MALDI analysis, peptide dimers were

identified as the main byproducts during the cyclization of L-
SST (Figure 6). For L-DDAVP (see Figure S19), the ion
complex (between cyclic peptides and I−) was dominating.44

Interestingly, the byproducts of the ion complex between L-
SST were not observed in all the catalytic system. It is seen in
Figure 1a that the ring of the SST molecule contains 12 amino
acids, whereas the ring of the DDAVP molecule contains only 6
amino acids. The different phenomenon (formation of ion
complex) for L-DDAVP and L-SST might be due to the
distinct size of the host cavities of DDAVP and SST.45

The yield of cyclic product was further investigated. For L-
DDAVP the product yields for the PE systems (>26% for L-
DDAVP) were considerably higher than that for the control
systems (not detected). This conclusion was also confirmed
when L-rSST and L-SST were used as the linear peptide (Table
1). For example, it is seen in Table 1 that the interfacial MIP-
PE-I2 system showed a product yield of 50%, which is
considerably higher than the yields obtained using the
traditional homogeneous system (11%). These data indicate
that the PE catalyzed peptide cyclization at the oil/water
interface was more efficient than the traditional homogeneously
catalyzed reactions (Table 1 and Table S1).
The catalytic performance of the MIP-PE-I2 system and the

NIP-PE-I2 system for L-SST was then carefully investigated. In
comparison with the NIP-PE-I2 system, the MIP-PE-I2 system
gave rise to a higher product yield and less dimerization (Table
1 and Table S2). These data suggest that I2 acted as effective
oxidizing agent with a pronounced effect on the cyclization of
L-SST (Figure 6). The inhibition of the dimerization in the
catalytic system might be attributed to the specific binding of
SST and L-SST to the MIP MG binding sites. Interestingly, in
the MIP-PE-I2 system, the product yield for L-rSST (38%)
agreed with the binding results shown in Figure 3b, indicating
that the MIP MGs also possessed some affinity for the template
analogue rSST (although L-rSST has a large molecular size).
The MIP-MGs in general showed a low affinity for L-DDVAP
(although L-DDVAP has also two cysteine), whereas the MIP
MGs lacked affinity toward DDVAP (Figure 3b). After the

Figure 5. (a) Macroscopic view of different emulsions after a 30 min
reaction period. (b) Optical microscopy image of the MIP-PE-I2
droplets. For the Pickering emulsion, the water phase was a mixture
of 600 μL of MG solution and 100 μL of concentrated L-SST solution,
and 100 μL of 2.5 mmol L−1 I2 in methanol solution; the oil phase was
a mixture of 300 μL of ethyl acetate and 100 μL of toluene. (c)
Scheme showing the catalytic process of cyclopeptide formation.

Table 1. Effect of Reaction Conditions on the Conversion and Yield in the PE Catalyzed Cyclization of Linear Cysteine
Containing Peptides

entry peptide oxidizing agent/its partition MGs catalytic system conversion (%) cyclopeptide yield (%)

1 L-DDAVP I2/water no homogenous >95b ndc

2 I2/water MIP mixture >93b ndc

3 I2/oil NIP emulsion >95 26.2
4 I2/oil MIP emulsion >95 29.8
5 L-rSST I2/water no homogenous >95b <5
6 I2/water MIP mixture >95b 13.8 ± 0.1
7 I2/oil NIP emulsion >95 25.5 ± 0.5
8 I2/oil MIP emulsion >95 38.4 ± 0.7
9 L-SST I2/water no homogenous >95b 10.7 ± 0.2
10 I2/water MIP mixture >95b 15.1 ± 0.3
11 I2/oil ZnOa emulsion >95 26.3 ± 2.6
12 I2/oil NIP emulsion >95 25.7 ± 0.4
13 I2/oil MIP emulsion >95 49.9 ± 1.7

aNanoparticles. bThe I2 in the homogeneous mixture was removed by a mixture of 300 μL of ethyl acetate and 100 μL of toluene before the
measurement using Ellman’s reagent. cnd: not detected. For Pickering emulsion, the oil phase was a mixture of 300 μL of ethyl acetate and 100 μL of
toluene. The oxidizing reagent was 100 μL of 2.5 mmol L−1 I2 in methanol solution. The time length of the reaction was 30 min.
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reaction, the total SST concentration was calculated to be 92
μmol L−1 (see SI). The product and the byproduct bound onto
the MIP MGs (in the MIP-PE-I2 system) were measured with
high performance liquid chromatography (HPLC) (Figure
S18). The SST bound onto the MIP MGs was ∼35%, which is
slightly lower than the uptake of SST (40%) on MIP MGs for
an initial SST concentration of 92 μmol L−1 (150 mg L−1)
(Figure 3a). This decrease might be caused by the coexisting
reagents. Moreover, it is seen in Figure S18 that almost no L-
SST and byproducts remained on the catalysts, indicating the
reaction system was an efficient system for both the catalytic
reaction and purification of the products.
The effect of the initial L-SST concentration on the

cyclopeptide yield was investigated for the MIP-PE-I2 system
(see Figure S17b). It is clear that a lower product yield was
obtained when a higher initial L-SST concentration was used.
In Figure S17a, the MIP MGs show a binding capacity of ∼15
mg g−1 (saturation) toward L-SST when the initial L-SST
concentration was higher than 183 μmol L−1. Therefore, we can
suggest that the limitation of binding capacity of the MIP MGs
toward L-SST decreases the product yield in high L-SST
concentration. Interestingly, when the SST analogue (L-rSST)
was used as the linear peptide, the MIP-PE-I2 system also
displayed higher product yield than the NIP-PE-I2 system
(Table 1, entries 7 and 8). To further investigate this inhibition
selectivity, the cyclization of L-DDAVP was carried out under
the same conditions (Table 1, entries 3 and 4). Presumably due

to the weak affinity of L-DDAVP to the MIP MGs (Figure 3b),
the MGs show no effect on the cyclization reaction.
To demonstrate the role of the MIP MGs in the MIP-PE-I2

system, ZnO nanoparticles were used as solid particles for the
preparation of the Pickering emulsions. It is seen in Figure S15
that the latter displayed a much higher binding capacity to the
SST and L-SST than the MIP MGs. However, the ZnO-PE-I2
system showed a low cyclopeptide yield (Table 1, entry 11).
This finding indicates that the enhanced cyclopeptide yield
obtained using the MIP MGs is not only a result of an
enhanced rate of mass transfer but also a change in the reaction
pathway via the tailor-made “catalytic sites” (Figure 5c).
The recovery and reuse of imprinted catalyst are important in

the catalytic system. In this work, the cyclization of the linear
peptide (L-SST) was performed in 5 successive batches (see
SI). As shown in Figure S20, the yield of cyclopeptide
decreased just slightly during the course of 5 successive
experiments, indicating that the MIP MGs possess excellent
recycling ability.

■ CONCLUSIONS

In conclusion, by integrating molecular imprinting and the
Pickering emulsion technique, the first successful construction
of a MIP microgel stabilized Pickering emulsion capable of
catalyzing the intramolecular disulfide bond formation in
peptides has been demonstrated. The Pickering emulsion
catalytic system provided high cyclopeptide selectivity and a

Figure 6. MALDI analysis of the cyclic somatostatin (SST, mass 1638) and the byproducts after a 30 min reaction. The oil phase was a mixture of
300 μL of ethyl acetate and 100 μL of toluene. The oxidizing reagent was 100 μL of 2.5 mmol L−1 I2 in methanol solution. m/z 1639: SST + H+. m/z
1491: SST lost Cys residue. m/z 1660: SST + Na+. m/z 3277: SST dimer + H+.
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remarkable inhibition of byproducts during the cyclopeptide
formation. We are currently working on the catalytic formation
of more than one disulfide bond with or without a sophisticated
side-chain protection strategy using this interfacial catalysis
system. We believe the interfacial catalysis system presented in
this work may offer significant benefits for synthetic peptide
chemistry by raising the reaction selectivity.
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