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1. Need for high resolving power  

 

Liquid chromatography (LC) is one of the most-used tools in analytical 

chemistry [1]. Its great separation power can be used for sample analysis, 

sample fractionation or sample purification. In recent years the attainable 

speed of separation has been enhanced by the introduction of smaller (sub-2-

m) particles, while the attainable separation efficiency has grown, due to the 

development of ultra-high performance liquid chromatography (UHPLC; 

pressures exceeding 100 MPa) and longer columns and by the application of 

elevated temperatures. However, the separation efficiency obtainable with one 

dimensional separation (1D-LC) is not always enough.  

It has been shown that with 1D-LC a maximum peak capacity of little more 

than 1000 can be obtained [2,3]. In the case of complex samples of more than 

1000 components a very much higher peak capacity is needed. If the peaks are 

randomly distributed across the chromatogram, a required excess peak 

capacity of a factor 20 has been estimated [4]. One of the fields in which we 

encounter samples with a high degree of complexity, which current separation 

techniques cannot fully resolve, is proteomics. The human proteome 

comprises of about 100 000 proteins encoded by over 20 000 genes [5]. The 

samples can gain even higher levels of complexity due to post-translational 

modifications and/or digestion prior to analysis. The most used workflow for 

proteomics samples is digestion of proteins [6], peptide separation using liquid 

chromatography (LC), detection with high-resolution mass spectrometry 

(HRMS), and identification based on spectral matching using peptide data 

bases. The current limitation for elucidating proteomics samples are the LC 

and MS technologies that lack the needed resolving power [7]. 
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In the last years, multidimensional liquid-chromatographic systems were 

introduced as a way of gaining separation power. These can be either time-

based separations or spatial separations that can be performed online or 

offline. In offline 2D-LC fractions are collected first and then analysed on an 

independent second-dimension system. Two-dimensional liquid 

chromatography (2D-LC) is the most established multidimensional technique. 

It can be either comprehensive (LC×LC), where all components are 

transferred from one dimension to the other, or “heart-cut” separations, where 

only some analytes of interest are separated in the second dimension. The best 

example of a spatial comprehensive two-dimensional separation system is 

poly(acryl amide) gel electrophoresis (2D-PAGE). It employs iso-electric 

focussing in the first dimension and a size-based gel-electrophoretic 

separation in the second dimension. 2D-PAGE provides very high separation 

power, but it is very slow, lacks reproducibility, and is notoriously difficult to 

combine with the all-important mass spectrometry [8]. Recent studies, have 

described the development of chip-based separations that in the future may 

provide much faster and high-efficiency separations by employing spatial 

separations [9–13].  

Challenges encountered when developing multidimensional separations 

include the selection of appropriate separation mechanisms that can provide 

different types of retention in each dimension. Additional obstacles 

encountered in time-based LC×LC include sample transfer and dealing with 

solvent incompatibilities between the dimensions. In the case of chip-based 

separations, the design can allow for multiple channels in the second (2D) or 

third dimension (3D), or a continuous bed of stationary phase. Fundamentally, 

spatial separations reduce the analysis time, thanks to the simultaneous 

development in the 2D or 3D. To make such novel spatial 2D separations 

successful, additional aspects must be considered, such as appropriate design 
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and material of the device, flow confinement between the dimensions, 

implementation of stationary phases, and appropriate means of detection. 

Some of these challenges and ways in which they may be overcome will be 

discussed in the following sections of this chapter. 

 

2. Retention mechanisms in LC 

An advantage of LC over gas chromatography (GC) and capillary 

electrophoresis (CE) is the possibility of employing very different retention 

mechanisms to meet the requirements of the desired application. For choosing 

an appropriate selectivity we need to consider the sample properties, the 

stationary-phase chemistry, the mobile-phase composition and, in case of 

large molecules, the pore size. Some key characteristics of the sample that can 

be exploited to achieve separation, also known as sample dimensions [14] , 

can be the carbon-chain length, polarity, size, etc. Based on the sample, an 

appropriate stationary-phase can be selected that provides the needed 

interaction. The separation can be tuned by adapting the mobile-phase 

composition, pH buffers, and additives. Some of the main separation 

mechanisms are described in Table 1.  

The most-used separation mode is reversed-phase liquid chromatography 

(RPLC), where – by definition –  the mobile phase is more polar than the 

stationary phase. The stationary phase is typically formed of porous-silica 

particles, modified with aliphatic (most commonly octadecyl, C18, chains) or 

aromatic ligands to obtain a hydrophobic surface [15]. The retention 

mechanism is partition between the solvated hydrophobic surface and the 

mostly polar mobile phase. The separation can be performed either in isocratic 

(constant mobile-phase composition) or gradient (varying mobile-phase 

composition) mode. In the latter case the mobile phase initially contains a 
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large fraction of water and has the concentration of an organic solvent 

(“modifier”) increase during the run to facilitate elution. When silica particles 

are used for the stationary-phase support, residual (ionizable) silanol groups 

can interact with the analytes. Electrostatic interactions with silanols can be 

minimized by using acidic additives to lower the pH below 4, where the silanol 

groups are protonated. However, the use of high pH in RPLC has shown to 

exhibit higher retention and better separation of basic analytes, while a low 

pH yields higher retention for acidic compounds. 

Another separation mechanism that is still widely used is ion-exchange 

chromatography (IEC). The advantage of this technique is that mostly aqueous 

mobile phases can be used [16]. Salts are added to the mobile phase and 

elution can be achieved by increasing the ionic strength, by a pH gradient or 

a combination of the two [17]. Depending on the ligands used on the stationary 

phase, the separation mode can be either cation exchange (negatively charged 

ligands) or anion exchange (positively charged ligands), with either strong 

(permanently charged) or weak (pH-dependent) charged groups. 

Occasionally, hydrophobic interactions may also occur in IEC, but they can 

be suppressed by adding organic modifiers, such as acetonitrile to the mobile 

phase [18]. Limitations of the technique are the need to detect the analytes in 

effluents containing high salt concentrations, and limited selectivity for the 

separation of similar analytes (e.g. peptides eluting in clusters based on their 

charge state) [15].  

Hydrophilic-interaction liquid chromatography (HILIC) was named in 1990 

[19] and is based on highly polar (normal-phase) stationary-phases. The 

mobile phase is largely organic, but always contains a fraction of water, which 

is thought to form an aqueous immobilized layer on the stationary phase. In 

the case of HILIC, polar groups will play a major role in the retention of the 

analytes on the column. The mobile phase usually contains at least 3% water 
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initially. Addition of acids (e.g. trifluoroacetic acid, TFA, or formic acid, FA) 

or salts (e.g. volatile salts, such as ammonium acetate or formate) have been 

shown to lead to improved peak shapes [20,21]. The perceived water layer on 

the surface of the polar stationary phase allows for the analytes to partition 

from the mostly organic bulk mobile-phase. However, electrostatic 

interactions can also influence the retention. Elution is facilitated by 

increasing the polarity of the mobile phase, hence the water content.  

Table 1: Summary of retention mechanisms and possible favourable combinations  

LC 

separation 

mode 

Acronym Favourable 

combinations 

Separation conditions 

Reversed 

phase 

RPLC HILIC, IEC, 

HIC, RPLC, 

SECaq 

Retention at highly aqueous 

conditions and elution at 

increasing organic-solvent 

concentrations. Retention based 

on the hydrophobic character of 

analytes 

Hydrophilic 

interaction 

HILIC RPLC, 

SECaq 

Retention at high organic-solvent 

concentrations and elution at 

increasing water concentrations. 

Usually salts, such as ammonium 

formate/acetate are used (5-100 

mM). Retention based on 

partitioning in water layer on 

stationary-phase surface, with 

possible strong H-bonding and 

electrostatic interactions 

Ion exchange IEC RPLC, 

SECaq 

Salts gradients or pH gradients 

are used to elute analytes. Basic 

conditions are common for anion-

exchange and acidic conditions 

for cation-exchange 

chromatography. 

Retention is based on electrostatic 

interactions 

Hydrophobic 

interaction 

HIC RPLC Retention at very high salt 

concentrations and elution upon 

decreasing salt concentration. The 

stationary phase is less retentive 
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Table 1: Summary of retention mechanisms and possible favourable combinations  

LC 

separation 

mode 

Acronym Favourable 

combinations 

Separation conditions 

then those used in RPLC (e.g. 

short alkyl ligands). 

Size exclusion SECaq RPLC, 

HILIC, IEC; 

Either aqueous (aq) or organic 

(org) eluents. Separation based on 

size, due to (partial) penetration 

into the pores, without interaction 

with the stationary-phase surface. 

SECorg NPLC 

Normal phase NPLC SECorg Non-polar or moderately polar 

mobile-phase, with more-polar 

stationary phase. 

Retention based on polar 

interactions. 

Immobilized-

metal-ion 

affinity 

IMAC RPLC, 

HILIC, 

SECaq 

Retention based on selected 

affinity (e.g. TiO2 for enriching 

phospopeptides) 

 

Peptide mixtures have been analysed using many different LC retention 

mechanisms. All of these may potentially be useful, due to the high sample 

dimensionality. The sample dimensionality, as introduced by Giddings in 

1995 [14], considers the sample properties, which ideally should be correlated 

with the retention mechanism (separation dimensions). As an example a 

homologous series (e.g. n-alkanes) or a sample of a linear homopolymer with 

given end-groups (e.g. polystyrene) has only one sample dimensionality, the 

chain length. In this case the use of multidimensional separations is anticipated 

to provide no improvement compared to a one-dimensional separation. When 

considering peptides, among the many dimensions (including the numbers and 

types of the various amino acids, their sequence, etc.) two overall 

characteristics may be dominant, viz. hydrophobicity and charge. We can 

exploit the various dimensions and separate complex peptide samples using 

either reversed-phase LC [22]  (RPLC, hydrophobicity), ion-exchange 
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chromatography [18] (IEC, charge), size-exclusion chromatography [23] 

(SEC, molecular size), hydrophilic-interaction LC [24] (HILIC, 

hydrophilicity), or metal-affinity chromatography (post-translational 

modifications, e.g. phosphorylation [25]). Some retention mechanisms and 

favourable combinations are summarized in Table 1.  

One-dimensional liquid chromatography (1D-LC) offers great possibilities for 

determining the composition of samples in a variety of fields. However, in 

case of complex mixtures 1D-LC does not suffice to characterize all the 

components present. Proteomics samples are a case in point. To increase the 

number of components that are resolved, extra selectivity is needed. One 

solution for proteomics samples has been the use of mass spectrometry (MS), 

adding separation based on mass-to-charge ratio. In most cases the coupling 

between LC and MS can be easily accomplished. However, there are also 

limitations, for example, the analytes should be present at similar 

concentrations, a limited number of analytes should be introduced into the MS 

at any one time, and the analytes and mobile phase should be compatible with 

the MS. MS is of enormous value for protein analysis and it should always be 

used if at all possible. However, given the large number of sample dimensions 

and the limitations of LC-MS, more separation dimensions are needed. 

A good way to introduce more separation power is to use multidimensional 

systems, with different selectivities and high separation efficiencies in each 

dimension. Two-dimensional separations are the most established, but some 

three-dimensional separations have also been reported [26]. The step from 1D-

LC to on-line comprehensive 2D-LC (LC×LC) offers a great leap in peak 

capacity and peak-production rate (i.e. peak capacity per unit time). By now 

LC×LC is well-developed, robust and automated. The columns in the two 

dimensions are commonly coupled using a 10-port or an 8-port two-position 

valve, equipped with two identical loops or trap columns. This allows the 
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entire 1D effluent to be divided in many fractions, all of which are submitted 

to the 2D column for additional separation. To maximize the gain in selectivity 

the two columns need to employ very different retention mechanisms. 

Moreover, the phase systems used need to be compatible, with the 1D effluent 

typically acting as the 2D injection solvent. 

Pirok et al. discussed many different separation mechanisms and speculated 

on favourable combinations based on potential peak capacity, phase-system 

compatibility, independence of retention mechanisms, and time needed for 

equilibration [27]. The most-important and most-favourable combinations are 

included in Table 1. However, less-favourable combinations are still possible, 

depending on applications or setups used. For instance, combining RPLC and 

NPLC, which is generally deemed unfavourable, would be a highly attractive 

combination in terms of selectivity if the issue of solvent incompatibility can 

be rigorously dealt with [28]. 

Below, the most-important aspects of multidimensional LC will be discussed, 

i.e. separation power (efficiency and peak capacity), selectivity 

(orthogonality), and the various possible implementations. 

 

3. Separation power 

The concept of peak capacity was introduced to quantify the maximum 

number of components that can be separated in a chromatographic 

measurement [29]. When separations of complex samples are involved, 

resolution is not a good measure of separation efficiency, due to inevitable 

coelution. Instead, peak capacity can be used and it can be described by the 

following equation  

𝑛𝑐 =  1 +  ∫
1

4𝜎

𝑡𝑅

𝑡0
 𝑑𝑡         (1) 
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where t0 represents the elution time of an unretained compound [30].  

In practice, complex mixtures are invariably eluted under programmed 

conditions (temperature programming in GC or gradient-elution in LC). In the 

latter case the peak capacity can be calculated based on the gradient time (tg) 

and the average peak width at the base (w) of analytes (n) 

𝑛𝑐 = 1 + 
𝑡𝑔

(1/𝑛) ∑ 𝑤𝑛
1

         (2) 

A separation of nc peaks in a one-dimensional chromatogram can only be 

achieved if all the analytes give rise to a series of equidistant peaks throughout 

the separation. Conceptually, this may be achieved for a homologues series, 

but never for more-complex samples. In practice a random distribution of 

peaks is expected. Assuming a Poison distribution of peaks, Davis and 

Giddings have shown that the number of compounds that can be fully resolved 

is only a fraction of the calculated peak capacity [4]. Nevertheless, the peak 

capacity is a very good indication of the separation power of a 

chromatographic system. 

In packed-column LC the peak capacity can be increased by decreasing the 

particle size (keeping the column length constant), increasing the column 

length, or using longer, shallower gradients. However, the total peak capacity 

of a 1D separation has been found to be limited to about 1500, using a very 

long gradient [3]. When using comprehensive two-dimensional LC (LC×LC) 

or multidimensional separations, the total peak capacity can be approximated 

by the product of the peak capacities in each dimension.  

3Dnc  1nc × 2nc × 3nc         (3) 

To make full use of this peak capacity, it is essential that the retention 

mechanisms employed in the individual dimensions are extremely different 

(‘orthogonal’).  
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Figure 1 The theoretical peak capacity that can be achieved with different systems as a function 

of the analysis time, assuming a gradient duration equal to ten times the column hold-up time. 

One way of increasing the peak capacity is by increasing the plate number in 

1D-LC. This can be achieved by using a longer column or smaller particles. 

This can be made possible by increasing the operating pressure (i.e. ultra-high-

pressure liquid chromatography, UHPLC), by using column with higher 

permeability (e.g. monolithic columns), or by operating the columns at higher 

temperatures, so as to decrease the solvent viscosity [31]. However, there is a 

limit in the gains that can be attained for 1D-LC. In figure 1, the theoretical 

peak capacity can be observed for different systems as a function of the 
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analysis time [32]. It can be seen that even at very long analysis times and 

operating at a very high pressure, 1D-LC cannot compete with the separation 

powers offered by LC×LC operated at a more-modest pressure.  

The peak capacity can be correlated to the efficiency of the system by 

considering the number of plates. 

𝑁 = (
𝑡𝑅

𝜎𝑡
)

2
=  

𝐿

𝐻
          (4) 

 

Where tR is the retention time of the analyte, σt is the standard deviation in 

time units, usualy derived from the peak width at half height, L represents the 

column length, and H  is the plate height. Equivalently, the plate height is 

equal to 

𝐻 =  
𝐿 ×𝜎𝑡

2

𝑡𝑅
2            (5) 

 

Whether the separation is performed in isocratic mode or using a solvent 

gradient, the plate height can be related to peak capacity using equation 6, 7 

or 8, assuming a resolution of 1 (four standard deviations between the peak 

maxima).   

𝑛𝑖𝑠𝑜 = 1 +  
√𝑁

4
 ln

𝑡𝑅,𝑛

𝑡𝑅,1
         (6) 

𝑛𝑔𝑟𝑎𝑑 ≈ 1 + 
𝑡𝑔

4𝜎𝑡
≈

𝑡𝑔√𝑁

4𝑡0(1+𝑘𝑒)
        (7) 

or 

𝑛𝑔𝑟𝑎𝑑 ≈ 1 + 
𝑡𝑔

4𝜎𝑡
≈

(𝑡𝑅,𝑛−𝑡𝑅,1)√𝑁

4𝑡0(1+𝑘𝑒)
       (8) 
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if only a limited part of the gradient can effectively be used. 

Here tR,1 and tR,n represent the elution time of the first and last eluting 

compounds considered to be of relevance for the analysis [33], tg is the 

duration of the gradient and ke is the retention factor at the moment of elution, 

which in this equation is assumed equal for all analytes [31]. When applying 

the LSS theory, equation 7 may be written as  

𝑛𝑔𝑟𝑎𝑑 ≈
𝑡𝑔√𝑁

4(𝑡0+1/𝑆𝐵)
         (9) 

where S is the slope of the ln k vs.  relationship and B is the slope of the 

gradient (in volume-fraction-per-time units). Since ke (and S) are not equal for 

all analytes, the average value of ke or the average value of 1/S may be used. 

 

4. Orthogonality 

With the introduction of multidimensional separations came the need to 

measure the performance of different combinations in terms of selectivity, 

which resulted in the development of orthogonality metrics. By definition, two 

systems are orthogonal if the first-dimension retention time (1tR) is totally 

unrelated to the second-dimension retention time (2tR). If this is the case, peaks 

may appear everywhere in the two-dimensional separation space. Thus, the 

degree of orthogonality in 2D-LC can be related to the extent of coverage of 

the separation space and this parameter can be used as a guideline for column 

selection or method optimization. Several orthogonality metrics have been 

introduced [34], but until now no consensus has been reached on an optimal 

metric for multidimensional chromatography.   

Gilar et al. presented a way of calculating orthogonality based on division of 

the separation space into bins [35]. This approach utilizes normalized 
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retention data plotted in a 2D separation space as seen in figure 2A. The 

separation space is divided into square bins. The total number of bins should 

be equal or very close to the number of peaks observed in the chromatogram. 

The coverage of the separation space is calculated based on the total area of 

the occupied bins. From a probabilistic point of view, a 100% coverage is 

unlikely. Assuming a random distribution of peaks following Poison statistics, 

Gilar et al. suggested that a coverage 63% would represent fully orthogonal 

separations [35].  

Semard et al. introduced the convex hull metric for calculating the 

orthogonality [36]. In this case, the separation space is limited to the usable 

space, delimited by t0 and the tR of the last eluting compound. The retention 

space used is determined by the Delauney triangulation method [37]. The area 

of the convex hull is the sum of the areas of the triangles. When calculating 

the orthogonality, the percentage “synentropy” is considered. This is 

calculated by dividing the informational entropy of data aligned on the 

diagonal by the total informational entropy of the 2D system.  

Another orthogonality metric, called the asterisk method, was introduced by 

Camenzuli et al. [38]. In this case the retention time is normalized and a 2D 

plot is created. The 2D separation space is crossed by 4 axes, one vertical (Z1), 

one horizontal (Z2) and the two diagonals (Z+, Z-) (see figure 2B). The 

orthogonality is determined by considering the distance of each peak to the 

four axes. In the case of full orthogonality, the peak spreading would be 

maximal. 

In a recent review, Schure and Davis [39] concluded that none of 20 published 

orthogonality metrics accounted for all the variance and none of them fully 

matched with visual interpretation of the data by experts. By using the product 

of several metrics a more reliable indication on orthogonality was said to be 
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obtained. By considering multiple metrics and visual assessment of the data 

the best combinations of separation modes could be selected. 

Orthogonality metrics have been used to characterize two-dimensional 

separations of peptides. In 2005, Gilar et al. [35] showed the separation of 

peptides (196 were considered) in one-dimensional LC using different 

separation mechanisms (RPLC, HILIC, SCX, SECaq). The resulting retention 

times were normalized and plotted against the RPLC separation at pH=2.6. 

They concluded that HILIC×RPLC would be the best combination in terms of 

peak spreading followed by RPLC(pH 10)×RPLC(pH 2.6) and SCX×RPLC. 

This is a good first step in choosing the most-promising retention mechanisms 

needed to create a multidimensional separation setup, without needing 

complex instrumentation and experimentation. In the following section the 

different implementations of multidimensional separations are discussed. 

  

Figure 2 Normalized retention time of 100 peptides separated in HILIC and RPLC plotted in a 

two-dimensional space [40]. On the left (A) the separation space was divided in 100 bins 

(10x10) and the occupied bins were highlighted [41]. On the right (B) the same separation 

space is crossed by four lines used to calculated the asterisk criterion [38].  
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5. Implementations of multidimensional separations  

Multidimensional separations can be either time-based (tLC) or spatial (xLC). 

In time-based separations, the analytes will exit the column or separation 

space. Therefore, they are easier to couple with conventional detection 

methods, such as UV or MS. In the case of spatial separations, analytes are 

distributed along the distance of the separation space. Detection can rely on 

imaging or the analytes need to be extracted from the separation space (e.g. 

polyacrylamide gel electrophoresis, PAGE).  

The advantage of spatial separations is the simultaneous development in the 

second and third dimensions, leading to faster separations overall. For 

example, we may imagine a 3D separation cube with a channel as the first 

dimension, a perpendicular separation space as the second dimension and a 

third dimension separation cube under the second dimension plane. In this 

case the sample would be separated in the first dimension column space, with 

the entire separated sample being transferred to the second dimension 

simultaneously, before the analytes could exit the column. After separation in 

the 2D plane all analytes would simultaneously be send to the 3D cube. The 

third dimension could be either a spatial separation or time based separation, 

with the compounds being eluted at the end of the cube. Among the challenges 

still faced to realize such a device are the flow control and confinement for 

each dimension, introduction of different stationary phases in each dimension 

and detection either within the device or simultaneously for multiple outlet 

points at the exit of the cube.  

Two-dimensional liquid chromatography (2D-LC) methods – either off-line 

or on-line – have already been applied in many fields (e.g. food science, 

proteomics, metabolomics, lipidomincs, etc.). Off-line combinations are 

easily implemented and the fractions collected from the first-dimension 

effluent can be processed before their injection in the second-dimension 
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system to address issues such as solvent incompatibility or dilution. Off-line 

LC×LC can be a highly time-consuming process. On-line 2D-LC separations 

(tLC×tLC) require more-complex setups and method development. The 

conventional setup is based on a valve system with two identical loops that 

are alternately filled and emptied towards the second-dimension (2D) column. 

A limitation of these on-line tLC×tLC techniques is that the 2D separation 

needs to be completed in a very short time, while the alternate loop is getting 

filled. The loops must be large enough to hold the entire fraction for each 

modulation without sample loss. Due to the Poiseuille flow profile this implies 

that the loop volume should exceed the fraction volume by up to 100% [27]. 

The conventional setup can give rise to incompatibility issues. Due to the 

combination of orthogonal separation mechanisms, the 1D solvent is often not 

compatible with the initial 2D conditions (“solvent-strength mismatch”). This 

can cause peak splitting, peak deformation, or elution of the analytes with the 

1D plug (“breakthrough”). Transfer of very small volumes can overcome the 

solvent mismatch [42]. However, in combination with dilution of the analytes 

during the two chromatographic separations, this makes detection more 

difficult.  To overcome these issues active modulation has been developed to 

perform desalting, focussing on trapping columns, solvent exchange, or 

evaporation under vacuum [43].  

For relatively compatible mobile phases, a setup containing a 2-position 10-

port or 8-port valve can be used and the effluent from the first dimension can 

be diluted before injection in the second dimension, so as to yield a solvent 

strength equal to or weaker than that of the initial solvent composition of the 

2D run. In this way the analytes will be focused at the inlet of the 2D column. 

One way to achieve such active solvent modulation employs two loops and a 

third pump to generate a make-up flow. Another way to achieve his is the co-

called fixed solvent modulation (FSM). In this setup no additional pump is 

needed. Instead, the 2D pump is used to dilute the 1D fractions. The 2D-pump 
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flow is split prior to the modulator valve, creating a bypass connection to the 

2D column. The extent of dilution is determined by the ratio of the flow 

restrictions through the two paths. If these are equal, a 1:1 dilution is achieved. 

The main limitations of this technique are the lower flow rate in the modulator 

loop and the complex flow profile when the two streams are recombined. To 

overcome these limitations, Stoll et al. introduced active solvent modulation 

(ASM) [44]. An 8-port valve was modified to have two more ports and two 

extra rotational positions. This allowed the bypass loop to be connected only 

while the sample was transferred and not during the separation.  

Another type of active modulation, called stationary-phase-assisted 

modulation (SPAM) [45], was achieved using small columns (“traps”) instead 

of loops for the sample transfer. The analytes are focused on the traps before 

the 2D separation. If necessary, adsorption may be enhanced by dilution of the 

1D effluent with a make-up flow. The trap can be overfilled (i.e. flushed with 

much more effluent than their own volume) and the analytes can be focused 

in a much smaller volume. The 1D solvent can be almost completely removed, 

detection is improved due to focusing on the trap, and the 2D injection volume 

is decreased (to the volume of the trap). In order to apply this technique, all 

analytes in the sample need to be retained on the trapping column and the 

solvents in the two dimensions should be miscible. Another limitation arises 

from the more-complex timing for the valve switch and the start of the 2D 

gradient. Also, the two trapping columns must perform identically and 

robustly during many cycles. 

An alternative approach to those discussed above is vacuum-evaporation 

modulation. For this approach, solvent miscibility is no longer a requirement. 

The modulation valve is equipped with two loops containing heating elements 

to aid evaporation. The loops are connected to vacuum during the evaporation 

step. The setup has been developed for a 1D (NPLC) separation with a fully 
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organic (low polarity) mobile phase and a 2D (RPLC) separation with a water-

based mobile phase. Many parameters need to be considered, such as the time 

needed to remove all the solvent, the volatility of the analytes, and the re-

dissolution of the precipitated analytes during the modulation.  

A number of other modulators have been proposed, including several thermal 

modulators, which rely on the effect of temperature on retention [46–49]. 

These are less commonly used for LC×LC than for GC×GC, because the effect 

of temperature on retention is much-more modest in LC. The principle is most 

attractive for high-molecular-weight analytes, such as polymers [50]. 

All these types of modulators have helped make LC×LC an indispensable 

technique with great separation power and a broad range of applications. 

However, the setups are complicated and the sequential separations in the 

second dimension make column-based (temporal) LC×LC time-consuming. 

An alternative method of analysis that may offer a greater separation power 

per unit time is spatial two-dimensional LC.  

The best-known technique for spatial separation is thin-layer chromatography 

(TLC), introduced in 1938 by Izmailov and Shraiber [51]. Conventionally, 

separations were performed in normal-phase mode, utilizing a polar stationary 

phase and a non-polar mobile phase. Since then, the technique has been 

improved, with the introduction of high-performance TLC (HPTLC)[52], 

using smaller particles and smoother surfaces, and over-pressured TLC 

(OPTLC) [53], using a pressurized chamber and flow delivered by a pump. 

For TLC and HPTLC the progression of the solvent front is controlled by 

capillary forces, while in OPTLC a combination of capillary forces and pump-

delivered flow determines the migration of the front. The efficiencies 

achievable by TLC and HPTLC are limited due to the long development times 

needed for longer beds. OPTLC has the advantage over TLC and HPTLC of 
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faster separations (5 to 20 times faster), while the precision is comparable to 

that of HPLC [53].  

A well-established electrophoretic 2D-spatial separation is two-dimensional 

poly(acryl amine) gel electrophoresis (2D-PAGE). This technique combines 

isoelectric focusing in the first dimension, a separation that is based on the 

isoelectric point (pI) of the analytes, and separation based on molecular weight 

and charge in the second dimension (using sodium dodecyl sulphonate in the 

carrier liquid, SDS-PAGE) [54]. 2D-PAGE has become a vital technique for 

protein separation with great resolution (over 10 000 proteins were separated 

using a 200 × 200 mm gel [55]). The limitations of the technique include 

difficulties with the separation of compounds with extreme pI or molecular 

weight and with proteins present in low abundance. Also, 2D-PAGE 

separations are very slow and laborious. Detection is typically performed 

through staining, but this further complicates the combination of 2D-PAGE 

with MS. 

Detection is generally a challenge encountered with the spatial separations 

discussed above. Coupling with detectors used in HPLC is not possible 

without additional steps. In open-bed systems compounds that are – or can be 

made – UV/Vis active or fluorescent can be visualized, detected and 

quantified. However, in comparison with HPLC the options for detection are 

limited. 

Over the last decades, microfluidic devices for multidimensional separations 

have been introduced. In some cases, microfluidic devices offer high 

separation efficiencies, while analysis times tend to be short and low sample 

quantities are required. Also, due to the freedom in creating various designs, 

dead volumes can be minimized, making the coupling of multiple separation 

channels possible [56]. 
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The earliest micro-fabricated device for multidimensional separation was 

introduced by Becker et al. [57]. The device was used to perform two-

dimensional electrophoresis with 500 parallel micro-channels in the second 

dimension. Other electro-driven separations were later developed and 

implemented by other groups, such as isoelectric focusing (IEF), capillary gel 

electrophoresis (CGE), micellar electrokinetic chromatography (MEKC), 

sodium-dodecyl-sulphate polyacrylamide-gel electrophoresis (SDS-PAGE), 

etc. [58]. Devices were fabricated in quartz, glass, silicon or polymeric 

materials using various microfabrication processes [59]. The devices showed 

a very low reagent consumption, possibilities for rapid analysis, and also for 

hyphenation to detectors either on chip (e.g. UV, fluorescence, C4D) or after 

elution (e.g. MS).  

Integration of HPLC in microfluidic chips presented researchers with 

additional challenges, such as the need for high-pressure resistance of the 

devices and for the introduction of stationary phases. In 2010, the first 

microfluidic device combining an electrophoretic separation (IEF) and a 

reversed-phase liquid-chromatography separation (RPLC) was introduced 

[60]. The first-dimension separation was a single channel, where the sample 

was separated using IEF, and the second dimension was formed by multiple 

RPLC columns. The sample transfer was enabled by the integration of high-

pressure micro-valves on the chip. Detection was performed either with on-

chip fluorescence detection or by matrix-assisted laser-desorption/ionization 

mass spectrometry (MALDI-MS) detection following droplet deposition on a 

MALDI plate. The authors showed an increased peak capacity for the 

separation of peptides compared to one-dimensional micro-RPLC operated 

under the same conditions.   

In 2011, a spatial multidimensional device, for CE×LC or LC×LC separations 

was presented [13]. The device was formed of two Borofloat glass disks with 
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six nano-ports in the bottom disk. A polyethylene spacer was used in between 

to allow the introduction of a polymerization mixture for the formation of the 

stationary phase. A sample-introduction channel and two flow distributors 

were created by incorporating a copper wire and two copper plates before 

polymerization. Which were removed by etching with nitric acid after the 

stationary phase was formed, leaving empty spaces.  The authors showed the 

applicability of the monolithic bed in RPLC separations, but the device 

presented a low efficiency and an uneven flow-profile.  

Another device for LC×LC was introduced by Wouters et al. [10]. The 

proposed device was created in cyclic-olefin copolymer (COC) and it 

contained a single channel for the first dimension and 21 parallel channels for 

the second dimension. Flow control and confinement were achieved by the 

use of a diamond-shaped flow distributor and the implementation of physical 

barriers around the first dimension channel. A monolithic stationary phase was 

created by UV-polymerization and confined to the second-dimension 

channels using photo-masks. Later, Wouters et al. showed the addition of a 

third dimension separation module, comprising of an array of channels 

perpendicular to the second dimension channels [61]. The device was intended 

to provide a three-dimensional separation, with first IEF, followed by a spatial 

RPLC separation and a time-based RPLC separation (xIEF× xLC× tLC). By 

using RPLC in the second and third dimension only one stationary-phase type 

needed to be created and the separations could feasibly be run at different pH 

(e.g. pH=2 and pH=10) to provide orthogonal separations of peptides. Actual 

three-dimensional separations were not yet demonstrated. 
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6. Conclusion 

In this chapter I presented the challenges and improvements associated with 

multidimensional separations. Keeping the goal of comprehensive analysis of 

complex samples in mind, multidimensional LC seems to be the best tool, due 

to its higher separation power and the possibility of fast analysis.  

The desire to enhance the capability of conventional separation technologies 

does come with challenges. The main challenges considered here were the 

selection of appropriate retention mechanisms, sample transfer between 

dimensions and developments towards spatial separation devices.  

To take full advantage of separation power of multidimensional separations, 

all dimension need to be orthogonal. When choosing the appropriate 

separation modes or retention mechanisms, multiple approaches have been 

presented to determine the orthogonality for a class of analytes. Completely 

orthogonal separation cannot be achieved in practice, but a great gain in 

separation power has been demonstrated for favourable combinations.  

Implementation of such favourable retention mechanisms in multidimensional 

approaches, such as column-based comprehensive two-dimensional liquid 

chromatography tLC×tLC, have already been widely investigated. Separations 

can be performed on-line or offline, with direct transfer to the second 

dimension with or without active modulation, and with hyphenation to a 

variety of detectors.  

The desire to further enhance separation power, without an increase in analysis 

time, has driven the investigations towards spatial separations. Spatial 

separations discussed in this chapter range from the well-known TLC plates, 

to more advanced OPTLC, and ultimately to microfluidic devices. Separation 

powers comparable to those reported for column-based 2D separations have 

not been obtained yet for spatial separations. However, the great interest in 
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microfluidics and the advances in 3D-printing technology offer hope for 

progress in spatial separations.  

 

7. Scope of this thesis 

Chapter 1 provides a general introduction into the need of employing 

multidimensional separations for complex samples encountered in life science 

fields (e.g proteomics, metabolomics, lipidomics, bio-pharmaceuticals). It 

also provides an overview of attempts by other groups to realize microfluidic 

multidimensional separation devices. 

Chapter 2 addresses recent developments in the technology of high-pressure 

liquid chromatography that have implications for two- and three-dimensional 

separations. Especially ways to realize very fast separations are shown to be 

relevant in the context. 

In the study described in Chapter 3 we investigated the possibility of retention 

modelling for peptides in one-dimensional hydrophilic-interaction liquid 

chromatography. We show an effective way of retention-time prediction of 

peptides from the use of at least two scanning gradients.  

Chapter 4 describes the development of a two-dimensional low-flow 

hydrophilic-interaction liquid chromatography separation, hyphenated to 

reversed-phase liquid chromatography for the separation of peptides. 

Detection and identification of the analytes were realized with a high-

resolution mass spectrometer. An increase in peak capacity was shown with 

the developed 2D-LC method when compared to 1D separation. 

Chapter 5 describes the development of particle-packed 3D-printed devices 

that may serve as a third-dimension separation space in a three-dimensional 
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separation device. The operation of the device was verified with a separation 

of peptide standards and detection with mass spectrometer.  

Chapter 6 summarizes some possible directions for future work in the field of 

this thesis. 
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1. Introduction  

High-performance liquid chromatography (HPLC) is a versatile, well-

established separation technique with applications in many fields [1–3]. Over 

time, due to a high demand for faster separations, higher efficiency, and 

analysis of more complex mixtures, many advancements in the 

instrumentation and stationary phases have been implemented in conventional 

(column-based) HPLC  [2]. 

For complex samples, the most-convenient way of documenting the 

separation power and the limitations of current systems is by considering the 

peak capacity. In a one-dimensional (1D) separation, the maximum number 

of components that can be separated is limited by the analysis time and the 

peak width of the analytes [4]. The peak capacity can be seen as the maximum 

number of peaks that can fit next to each other (with a given resolution) in a 

certain period of time. In isocratic LC the peak capacity (niso) is 

𝑛𝑖𝑠𝑜 =  
√𝑁

4𝑅𝑠
ln (

1+𝑘𝜔

1+𝑘𝛼
) + 1        (1) 

where N represents the plate count, Rs corresponds to the resolution between 

two consecutive peaks, k is the retention factor of the last eluting peak, and 

kα is the retention factor of the first eluting peak [5]. In case of gradient elution  

𝑛𝑔𝑟𝑑 =  
𝑡𝐺

4𝑅𝑠𝜎𝑝𝑒𝑎𝑘
+ 1 ≈

𝑡𝐺

𝑡0

√𝑁

4𝑅𝑠(1+ 𝑘𝑒)
       (2) 

where tG is the duration of the gradient, σpeak represents the peak dispersion 

(standard deviation) under gradient conditions (in time units), t0 is the dead 

time and ke is the retention factor at the moment of elution [5]. 

In both cases the peak capacity is seen to be proportional to the square root of 

the number of theoretical plates available. This implies that any developments 
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in LC that result in higher plate counts are relevant for the separation of 

complex samples.   

In a real separation, the analytes will not have equal peak widths and will have 

random elution times. The peak capacity represents an ideal case and if the 

retention times of the analytes are randomly distributed (e.g. following 

Poisson statistics) the number of components that can be expected to be fully 

resolved is much lower. Davis et al. proposed a theory that the peaks resolved 

cannot be more than 37% of the peak capacity and if single-component peaks 

are considered the percentage would drop to 18% [6,7]. One way to 

circumvent such limitations is to optimize the selectivity of the separation, so 

as to spread the peaks much better across the chromatogram. Many authors 

have designed procedures for such optimizations [8–10], but for very complex 

samples the peak capacity remains a limiting value. Therefore, it is still seen 

as the prime descriptor for the separation power of a chromatographic system.  

The other main descriptor that follows from equations (1) and (2) is the 

analysis time. In isocratic LC very little gain can be booked by extending the 

maximum retention time to high values of k , because of the logarithm in the 

equation. Also, high retention factors lead to broad peaks and greatly reduced 

sensitivities. Therefore, gradient-elution LC is the predominant mode for 

separating complex samples. Equation (2) suggests that the peak capacity is 

proportional to the duration of the gradient. However, this is a bit deceptive, 

because the retention factor at the moment of elution (which is the main factor 

determining the peak width) increases for slower gradients. Nevertheless, 

gradient-elution allows a much larger number of analytes to be eluted under 

roughly optimal conditions.  

Comprehensive two-dimensional liquid chromatography (LC×LC) has 

developed into a prime technique for the liquid-phase separation of highly 
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complex samples. This is due to practical reasons, such as the availability of 

high-quality (commercial) hardware and software for the purpose, but also 

because of fundamental advantages. To a first-order approximation, the peak 

capacity of an LC×LC system (2Dn) is the product of the peak capacities in the 

individual dimensions (1n and 2n), i.e. 

2Dn = 1n × 2n         (3) 

whereas the total analysis time (2Dt) is only the sum of the two analysis times 

2Dt = 1t + 2t          (4) 

Equation (3) is somewhat optimistic, as it requires a sufficient number of 

fractions collected (“cuts”) to avoid undersampling of the first-dimension (1D) 

chromatogram and injection of these fractions in the second-dimension (2D) 

column without any additional band broadening. Moreover, the total 

(theoretical) peak capacity indicated by Eq. (3) can only be fully utilized if the 

1D and 2D analysis times of analytes are fully independent, i.e. the 

selectivities (retention mechanisms) in the two dimensions must be 

completely different. Such LC systems are called “orthogonal”. 

To perform LC×LC in real time (i.e. without stopping the 1D flow during the 

2D analysis), the 2D separation needs to be very much faster than the 1D 

separation. For example, if 100 fractions are to be collected and separated on 

the 2D column, this latter separation should be two orders of magnitude faster 

than the 1D separation. Therefore, developments towards high-resolution LC 

separations in (moderately) long analysis times and developments towards 

very fast HPLC separation (with moderate peak capacities) are both highly 

relevant for eventual implementation in LC×LC systems. Therefore, 

developments in both directions will be discussed in detail in this review. 
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To avoid 2D band broadening caused by the injection of relatively large-

volume fractions collected from the 1D separation, the inner diameter of the 

2D column was typically selected to be much larger than that of the 1D column 

(1dc << 2dc) [11], to the extent that 2D columns could be short (50 mm) and 

very fat (20 mm ID) [12]. However, recent advances in the coupling between 

the two systems (so called active modulation, [13,14]) have largely eliminated 

this requirement. Therefore, high-resolution or high-speed LC columns of any 

diameter may be relevant for contemporary LC×LC. 

The main improvements that will be discussed in this review are the use of 

high pressures, high temperatures, high diffusivity, different stationary phases 

(monoliths, core-shell particles), and non-standard separation devices (chip-

based columns).  

2. Need for advancements in LC applicable in LC×LC  

The main requirement in LC×LC for the first-dimension separation is to obtain 

a good spread of the peaks throughout the chromatogram. The time available 

for the 1D separation depends greatly on the 2D analysis time. Several groups 

[5,15] have concluded that an optimal peak-production rate (peak capacity per 

unit time) can be achieved if two or three cuts are taken from each 1D peak. In 

that case the 2D analysis time should not exceed twice the standard deviation 

(1t) of the 1D peak, i.e. 2tanal ≤ 2 
1t . Other authors (e.g. Li et al. [16] ) 

recommend four cuts per peak to maintain the resolution obtained in the first 

dimension, in which case 2tanal ≤ 
1t. Because LC×LC is mostly suitable for 

(highly) complex samples, gradient elution is the dominant mode of 

separation. The widths of peaks eluting during a linear gradient can be 

approximated by 

𝜎𝑡 ≈1 𝑡0(1+𝑘𝑒)

√𝑁
≈

𝑡0(1+
𝑡𝐺

𝑆∆𝜑𝑡0
)

√𝑁
       (5) 
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where S is the slope of the linear ln k vs. line and  is the span of the 

gradient in volume-fraction units. Eq. 5 indicates that there is a lot of 

flexibility to adapt the 1D separation to the 2D analysis time. Efficient 1D 

separations (high N) result in relatively narrow peaks, but the gradient time 

and the flow rate (which determines t0) can be adapted. Usually, the 1D 

involves fairly long gradients and low flow rates.  

Equation (3) is overly optimistic for real LC×LC separations. The main 

corrections involve undersampling of the 1D chromatogram and injection band 

broadening in the second dimension. Vivó Truyols et al. [5] have derived the 

following equation that corrects for these two effects, assuming gradient 

elution in both dimensions (with gradient durations 1tG and 2tG, respectively). 

𝑛grad×grad
2𝐷 =  

𝑡𝐺
1

4𝑅𝑠,𝑟𝑒𝑞
√

(𝑘𝑒+1)2

𝑁1  ∙ 
𝑡1

𝜔
2

(
𝑡1

𝐺

𝑡1
0

+1)

2 + 
𝑡2

𝜔
2

𝛿det
2

×
𝑡𝐺

2

4𝑅𝑠,𝑟𝑒𝑞√
(𝑘𝑒+1)2

𝑁2  ∙ 
𝑡2

𝜔
2

(
𝑡2

𝐺

𝑡2
0

+1)

2 + (
𝐹1

𝐹2 ∙
𝑡2

𝜔

𝛿inj

)

2
  (6) 

Here Rs,req is the required resolution, which is usually assumed to be equal to 

1. The retention factor at the moment of elution (ke) depends on the analyte 

and the gradient conditions. For low-molecular-weight analytes under 

reasonable gradient conditions (e.g. tG/t0=10) a value of ke = 3 is often 

assumed. For slow gradients higher values may be encountered, whereas for 

high-molecular-weight analytes ke may be lower (see Eq. 5). To correct for 

undersampling of the first-dimension separation, the 2D separation is treated 

as a detector with a low sampling frequency (1/2t Hz) and a value of det = 

4.76 was suggested by Davis et al. [17]. The modulation time concurs with 

the time it takes to perform one 2D separation and equilibrate the column for 

the next injection. Simultaneously, it also represents the time it takes for a 

fraction of the 1D effluent to be collected for further separation in the 2D 
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column. The two actions occur in parallel, allowing for the first-dimension 

flow to be diverted to a modulator for sample focusing or solvent exchange.  

To correct for the effect of the finite (and often relatively large) injection 

volume in the second dimension (without active modulation 2Vinj = 1F × 2t) a 

value of inj=2 may be used [18]. The analysis time in the first dimension is 

1t, which is the elution time of the last analyte. The cycle time of the second 

dimension, which includes the gradient and re-equilibration, 2t , which is also 

equal to the modulation time. The total 2D analysis time is 1t + 
2t . When the 

effective injection volume on the second-dimension column is reduced 

through active modulation [13] or a prudent selection of gradient-elution 

conditions, the term that corrects for the injection band broadening in the 

second dimension may be multiplied by a factor (1+2kinit)/(1+2kam), where 2kinit 

and 2kam are the retention factors upon injection on the 2D column without and 

with focussing or active modulation, respectively. This factor is solute 

dependent, but if high values of 2kam can be realized for all relevant analytes, 

the 2D injection band broadening can effectively be neglected.  

The introduction of smaller columns and smaller particles in LC×LC has a 

great impact on the fraction volume that can be transferred from the 1D to the 

2D column. To maintain a good peak shape and efficiency, the sample volume 

should not exceed 10% of the column volume [19]. Three options can be 

employed to reduce the (effective) second-dimension injection volume, viz. 

(a) reducing the flow rate in the first dimension, (b) increasing the speed of 

the second dimension, so as to reduce the modulation time, or (c) 

implementing active modulation to concentrate the analytes from the fraction 

in a smaller volume [20]. 

The 1D flow rate can be reduced without increasing the analysis time by 

reducing the column diameter. Indeed, the 1D column diameter in LC×LC has 
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typically been much smaller than the 2D column diameter (1dc<2dc). This was 

either achieved by using a narrow bore 1D column (e.g. 1 mm i.d.) and a 

conventional 2D column (e.g. 4.6 mm i.d.), or by using a conventional 1D 

column (4.6 mm i.d.) in combination with a very wide 2D column (up to 20 

mm) [21]. The former approach is not attractive, because the sample 

loadability of the 1D column will be limited and the detectability of low-

concentration analytes may be impaired. The second approach is undesirable, 

because of the very high 2D flow rate, leading to very large volumes of eluent 

required, and the incompatibility of detectors with such high flow rates. 

Therefore, active modulation is the most attractive option. 

Various active-modulation strategies have been developed [22] to effectively 

mitigate the additional 2D band-broadening. When some kind of action is 

taken during the modulation, instead of direct transfer between the 

dimensions, it is considered active modulation [23]. One way to achieve this 

is active solvent modulation [14], in which part of the 2D eluent passes through 

the loop and transfers the collected fraction, while another part of the 2D eluent 

bypasses the loop through a connector. This can alleviate the solvent mismatch 

between the two dimensions with incompatible eluents. Another way is 

stationary-phase-assisted modulation [24]. In this case the collection loops in 

between the two dimensions are replaced by trap columns, often of the same 

chemistry as the second-dimension column. The 1D effluent may be diluted 

prior to the trap column to obtain a weaker solvent and allow strong retention 

of the analytes on the trap. This allows for focusing of the analytes on the trap 

and complete exchange of the 1D eluent. Vacuum-evaporation modulation has 

also been applied for the transfer of fractions between dimensions, as 

demonstrated for NPLC×RPLC coupling [25]. The fractions from the first 

dimension were collected in heated loops with a vacuum applied to the outlet. 
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This allowed for the complete removal of the 1D solvent, followed by (re-) 

solvation in the 2D solvent prior to sending the analytes to the 2D column. 

The undersampling of the 1D signal cannot easily be mitigated and the 

correction of the 1D peak capacity is often quite substantial. In the extreme 

case, the effective peak capacity of the LC×LC system will be the peak 

capacity of the second dimension multiplied by the number of fractions taken 

from the first dimension. In such a case the peak capacity of the first dimension 

was shown to have a negligible impact on the total peak capacity [16]. The 

impact increases when very fast second dimension cycles are used or when 

the 1D separations are very long and the 1D peaks relatively broad. Therefore, 

LC×LC performance is dramatically dependent on advancements in very fast 

LC (2D) and somewhat dependent on advances in fairly slow, efficient 

separations (1D).  

The other essential factor to make full use of the separation power of LC×LC 

is the orthogonality of the two different separation dimensions. The 

selectivities in the two dimensions should be such that the separation space is 

used as much as possible. This will depend on the retention mechanisms 

(stationary and mobile phases) selected in each dimension, which will not be 

addressed in this review.  

 

3. Fast separations 

Experimental advances made towards faster (one-dimensional) LC 

separations [4] that have been applied to 2D separations will be detailed in this 

section. These include the use of high pressures, elevated temperatures, short 

columns, and advances in separation media (superficially porous or non-

porous particles, monoliths). Multiple second-dimension separations have 

also been performed in parallel by some authors [26,27], but this does not rely 
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on advances in (one-dimensional) LC and, therefore, will not be discussed in 

this review.   

  

3.1 High pressure, smaller particle diameters 

The use of smaller particles (sub 2 µm) in LC leads to faster mass transfer. 

This simultaneously results in reduced peak widths and increased optimum 

velocities [2]. A significant limitation is the maximum working pressure. 

Ultra-high pressure HPLC, pioneered by Jorgenson and co-workers [28], was 

introduced as a consequence of the desire to use smaller particle diameters. 

This was soon followed by the commercial availability of U(H)PLC 

instrumentation reaching operating pressures in excess of 1000 bar (100 MPa). 

The great importance of high-pressure instrumentation when working with 

small particle diameters is made evident by eq. 7. The pressure drop (P) 

across a column needed to achieve a mobile-phase linear velocity, u, can be 

correlated to the particle diameter (dp ) by the Darcy equation [1]. 

∆𝑃 =  𝜙𝜂𝐿𝑢/𝑑𝑝
2         (7) 

where 𝜙 is the flow-resistance factor, 𝜂 is the viscosity of the solvent, and L 

is the length of the packed bed. 

Moreover, it follows from the concept of reduced parameters that the optimum 

linear velocity (uopt) can be correlated to the particle diameter by equation 8. 

𝑢opt  ∝  𝐷𝑚/𝑑𝑝         (8) 

where Dm is the analyte’s diffusion coefficient in the mobile phase [1].  

Therefore, the pressure drop for a column of constant length operated at the 

optimal linear velocity is inversely proportional to the cube of the particle size. 

Because the plate height decreases in direct proportion with dp, equal numbers 
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of plates can be achieved by keeping L/dp constant. In that case the pressure 

drop increases with 1/dp
2. Thus, the use of smaller particles is typically 

combined with the use of shorter columns and increased pressures. Keeping 

the plate count constant, shorter columns and higher optimal flow rates result 

in a reduction of the analysis time by a factor dp
2. 

The highly desirable progress towards smaller particles made possible by 

advancements in high-pressure instrumentation came with one fundamental 

disadvantage, viz. frictional heating [29]. The energy dissipated in the column 

causes a radial thermal gradient that can be predicted using the following 

approximate equation [30]. 

∆𝑇𝑅  ≈  
𝑢𝑠(

𝑑𝑃

𝑑𝑧
)𝑑𝑐

2

16𝜆𝑚
 ≈  

𝐹∆𝑃

4𝜋𝐿𝜆𝑚
       (9) 

The radial thermal gradient obtained is proportional to the pressure drop per 

unit length (dP/dz), the superficial velocity of the mobile-phase (us), and the 

square of the column radius. λm is the thermal conductivity of the mobile 

phase. Thus, a solution for reduction of frictional heating when using smaller 

particles is a reduction of the column diameter. This implies that very fast 

contemporary separations are obtained on short, relatively narrow columns 

packed with very small particles. 

High-pressure LC can readily lead to very fast (below 1 min) isocratic second-

dimension separations. However, gradient-elution separations are more 

complicated. Carr et al [29] presented the challenges faced when moving to 

gradient separations. One of these was the need to minimize the system 

(dwell) volume. This was addressed by reducing the mixer volume from 1 mL 

to 100 µL and by using narrow tubing. A small dwell volume (from pump 

heads to the column entrance) allows fast delivery of the gradient. The extra-

column volume (from injector to detector) is much smaller, so as to not greatly 
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affect the speed of separation, but it should be minimized to limit the 

contribution of extra-column band broadening. In case of gradient elution, the 

analytes can usually be focussed at the top of the column at the starting 

conditions, so that only the post column volume (from column to detector) 

contributes to the extra-column band broadening.    

High pressures have been applied in many LC×LC applications in the last 

years. The first application of UHPLC in LC×LC was for the separation of 

phenolic compounds in wine [31]. A comparison was made between 

HPLC×HPLC and HPLC×UHPLC. The highest peak capacity was obtained 

by using silica monoliths in the second dimension under HPLC conditions 

(inlet pressure 8 MPa or 80 bar). UHPLC conditions were not exploited to the 

full for any of the second-dimension columns tested (maximum pressure used 

52 MPa) and the injection volume was kept the same for HPLC and UHPLC 

while a narrower column was used in the latter case. Kivilompolo et al. [31]  

made it clear that increasing the operating pressure alone was not enough to 

achieve higher peak capacities. Other parameters, such as the injection 

volume, extra-column volume, and the use of optimal conditions for the 

separation also play important roles.  

Holčapek et al. [32] showed the first fully comprehensive LC×LC separation 

of complex lipidomics samples from human plasma and porcine brain with a 

2D separation of 1 min. The combination of lipid-species separation using 

RPLC (1D) and lipid-class separation with HILIC (2D), i.e. RPLC×HILIC, 

yielded a very fast separation. However, fewer lipids were identified as 

compared to offline or stop-flow LC×LC. This research drew attention to the 

great need to improve 2D-LC technology and to increase the sensitivity, so as 

to allow a fair comparison with well-optimized 1D systems. 
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For the separation of polymers Uliyanchenko et al. [33] used “ultra-high” 

pressures in both dimensions, combining UHPLC in the first dimension 

(pressure varying from 45 to 75 MPa during the gradient) to achieve 

separation based on the polymer chemical composition and ultra-high-

pressure size-exclusion chromatography (UHPSEC) in the second dimension 

(at 85 MPa) for size-based separation. With the set-up proposed, 2D 

separations were achieved in less than 1 min and complete separations of a 

complex mixture of copolymers within 22 min. The 2D separations could be 

sped up to 30 s by overlapping SEC injections. 

 

3.2 High temperature  

Use of higher temperature in LC was demonstrated to increase the speed and 

efficiency and improve the peak shape and the resolution of the separation 

[34]. Temperature may also be used to tune the selectivity. Faster separations 

at elevated temperatures can be achieved due to shorter gradients and 

decreased retention. The mobile-phase viscosity decreases with increasing 

temperatures, allowing increased mobile-phase velocities (or reduced 

pressures). Efficiency and resolution are positively impacted by a faster mass 

transfer between the mobile and stationary phases, thanks to an increase in 

analyte diffusivity with increasing temperature. Overall, elevated 

temperatures lead to greater efficiency per unit time. Selectivity can be 

impacted by temperature, especially for ionizable analytes due to the 

temperature dependency of the ionization equilibrium [35].    

High-temperature LC (HTPLC) has been applied also in LC×LC. Stoll et al. 

demonstrated the possibility of reducing the 2D separation time to 20 s with 

the use of high-temperature LC [36]. The proposed set-up used RP-HPLC 

separations in both dimensions, but with different column chemistries. The 
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first dimension was a pentafluorophenylpropyl-bonded silica column, 

operated at 40ᴼC, while the second dimension contained a temperature-stable 

carbon-coated-zirconia stationary phase, operated at 110ᴼC. The separation of 

metabolites from maize extracts showed very high peak-production rates, 

obtaining a peak capacity of about 900 in 25 min.  

Another application of high temperature RPLC×RPLC was shown by Le 

Masle et al. [37] for the separation of bio-oils. Some 15 column chemistries 

were investigated at temperatures between 30 and 90ᴼC. Two gradients with 

different slopes were run to allow the in-silico screening of 237 possible 

LC×LC combinations for the highest orthogonality and peak capacity. The 

combination of a non-silica-based and a silica-based column and high 2D 

temperature was predicted to offer the best results. After experimental 

optimization of the LC×LC setup, the combination with the highest 

orthogonality and peak capacity was found to be a Hypercarb 1D column 

operated at 60ᴼC (maximum temperature of the 1D oven) and a CSH Phenyl 

Hexyl 2D column operated at 80ᴼC. The calculated peak capacity was almost 

2000. However, the run time was 285 min.  

 

3.3 High pressure and high temperature  

Heinish et al. confirmed [38] that the highest theoretical peak capacity for a 

second-dimension separation could be achieved by combining high-pressure 

and high-temperature conditions. The peak capacity was calculated for a 1 mm 

ID 1D column at 10 µL/min and for a 2.1 mm ID 2D column operated at flow 

rates between 0.5 and 5 mL/min, where pressure permitted. The simulated 

peak capacity increased in the order HPLC (20oC, 35 MPa, maximum 

observed peak capacity np,max  40) < HTLC (90oC, 35 MPa, np,max  70) < 

UHPLC (20oC, 80 MPa, np,max  100) < HT-UHPLC (90oC, 80 MPa, np,max  
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170).  The HT-UHPLC 2D conditions were also applied for the separation of 

tryptic peptides with RPLC×RPLC and RPLC×HILIC. The use of HT-

UHPLC allowed for very short 2D analysis times (30 s), while maintaining a 

high peak capacity.  

3.4 Core-shell particles and monoliths 

Core-shell particles have emerged as an alternative to the use of very small 

porous particles that require UHPLC conditions [39]. The principle employed 

is the use of a solid core (usually silica) and a porous shell built up in layers. 

Salisbury et al. [40] showed that a column packed with 2.7 µm core-shell 

particles (1.7 µm solid silica core and 0.5 µm porous silica layer) offered 80% 

of the efficiency of a column packed with 1.7 µm particles, while giving half 

of the backpressure.  

The advantages of this technology are the shorter diffusion paths, higher 

permeability, high homogeneity of particle dimensions, and higher thermal 

conductivity [41]. Faster separations can be achieved due to the shorter 

diffusion paths, and thus, faster mass transfer (C-term in the van Deemter 

equation) and higher permeability which allowed higher velocities. The 

efficiency is also thought to be increased due to the narrower size distribution, 

leading to a more homogeneously packed column (A-term in the van Deemter 

equation) and due to the higher thermal conductivity that improves heat 

dissipation. It combination with the lower pressures, this allows wider 

columns to be used without a radial temperature gradient causing additional 

band broadening. 

Monolith are integral (“one piece”) porous media that can be created in 

chromatographic columns instead of a packed bed [42–44]. Monoliths can be 

created in-situ in (capillary) columns or they may be inserted in a tight 

(polymeric) sleeve. In either case, convective flow between the wall of the 
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column and the monoliths should be avoided. Two types of monoliths are 

commonly used, i.e. silica monoliths and organic monolith. Also, 

combinations of these two types of materials have been used, yielding 

promising “hybrid” monoliths [45]. The main advantage of monoliths is their 

higher permeability. This allows longer columns to be used without an 

increase in pressure. However, in LC×LC the 1D flow rate is usually low and 

pressure is rarely a limiting factor in the first dimension (see section 2). The 

higher permeability of monoliths also allows higher flow rates to be used, 

which make them an attractive option for very fast 2D separations. The main 

limitation of organic monoliths in particular is their limited efficiency.  

Core-shell particles or monoliths can be applied in LC×LC to speed up the 

second dimension separation. The challenge to reach very fast and efficient 

separations can be mitigated by the advantages of core-shell particles [46]. 

Monoliths also promise an increase in speed due to their higher permeability 

and low resistance to mass transfer. However the high eddy-diffusion 

contribution has led to lower efficiencies compared to packed columns [47]. 

Pirok et al. combined hydrodynamic chromatography (HDC) and SEC into 

HDC×SEC for nanoparticle analysis [48]. The nanoparticles were separated 

by size in the 1D-HDC separation and broken down into the constituting 

polymers in a modulator. Thereafter, the polymers were separated according 

to their hydrodynamic radius in the 2D-SEC separation. A faster 2D separation 

was achieved by coupling three core-shell C18 columns in series. This yielded 

a similar or better resolution than a porous-particle SEC column, but in a 

shorter time. Thanks to overlapping injections in the 2D-SEC separation, a 

modulation time of 36 s was achieved. 

The implementation of core-shell particles for the 2D column was compared 

to sub-2-µm fully porous particles by Haidar Ahmad et al. [49]. The 
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conditions considered were fast gradients (9 - 120 s) at a high temperature 

(95ᴼC), either at the same linear flow velocity or at the same back pressure. 

When operated at the same pressure, the core-shell column gave slightly 

higher peak capacities. However, the flow for the core-shell column was 

higher, which can be highly advantageous in the 2D separation to overcome 

the system dwell volume and to equilibrate the column faster (within 3 s).  

Core-shell particles were compared to fully porous particles for the 2D 

stationary-phase also by Sommella et al. [50]. The separation of peptides in 

90 min by RPLC×RPLC showed the highest experimental peak capacity (nc = 

2096) when the core-shell column was used to obtain a fast 2D separation (45 

s), outperforming the fully-porous-particle column. The opposite was 

observed when the 2D separation was longer (60 s). In that case, the fully-

porous-particle column outperformed the core-shell column. 

From the practical applications presented above, sub-2-µm fully-porous 

particles and core-shell particles (approximately 3 µm) offer similar 

performance. The demonstrated advantage of the core-shell columns was the 

possibility to operate them at higher linear velocities without a great increase 

in backpressure. Also, core-shell particles allow larger internal diameters, 

resulting in higher volumetric flow rates and shorter dwell times.  

The use of a 2D monolithic column in LC×LC was shown by Hu et al. [51] for 

the separation of traditional Chinese medicines. A comparison was made with 

a packed 2D column. By introducing a silica-monolithic column with C18 

ligands instead of a packed column, the speed of the second-dimension 

separation could be greatly increased. This allowed for a shorter modulation 

time. Hence, a higher flow velocity was possible in the first dimension. The 

operation of the 1D column at a more optimal linear flow velocity, led to a 

50% increase in the plate count and a great reduction in total analysis time 
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(from 215 min down to 130 min), while obtaining an increase in the number 

of observed peaks by more than 50%. 

Tanaka et al. [52] investigated several ways of performing 2D-LC separations 

for hydrocarbons and benzene derivatives, employing a silica-monolithic C18 

column in the second dimension. In the case of an LC×LC setup, the 

monolithic column was run at a linear flow velocity of 10 mm/s with a 

pressure lower than 10 MPa. This allowed for a 30-s 2D separation, resulting 

in a total peak capacity of about 1000 in 60 min. 

Dugo et al. [53] showed the use of a monolithic column as a way of dealing 

with solvent incompatibility between the first- and second-dimension 

separations. They presented the use of a microcolumn for the 1D separation 

(normal-phase LC; 1 mm ID) and an RPLC monolithic column (4.6 mm ID) 

in the second dimension. The use of low flow rates in the fist-dimension (15.4 

L/min) combined with very high flow rates in the second-dimension (4 

mL/min) allowed them to minimize the second-dimension injection volume 

and to achieve peak-focussing at the top of the 2D column. 

 

3.5 Enhanced-fluidity liquid chromatography and supercritical-fluid 

chromatography 

Enhanced-fluidity liquid chromatography (EFLC) [54] has emerged as a 

bridge between high-performance liquid chromatography (HPLC) and 

supercritical-fluid chromatography (SFC).  

In both cases conventional HPLC mobile phases are combined with liquefied 

gases, such as carbon dioxide (CO2) [55]. In SFC, CO2 is the main (or, 

occasionally, only) component of the mobile phase. In EFLC CO2 is the minor 

component. 
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Mobile phases in SFC or EFLC feature enhanced diffusion and reduced 

viscosity in comparison with liquid solvents, while maintaining a high solvent 

strength. This results in increased efficiency at lower backpressures.  

The first online LC×SFC coupling was shown with SEC in the first dimension 

coupled to capillary (open-tubular) SFC [56]. However, this type of 

hyphenation did not spark much interest in the following years, due to the 

diminishing interest in capillary SFC. Later, with the advancements in packed 

column SFC,  LC×SFC hyphenations have re-emerged [57] in many research 

fields, such as bioenergy, food, lipidomics, pharmaceuticals, etc. 

Sarrut et al. [58] showed the application of RPLC×SFC for the separation of 

neutral compounds in bio-oil samples. The RPLC×SFC separation was 

compared to an RPLC×RPLC separation in terms of orthogonality and 

efficiency. The authors found a slightly higher overall peak capacity for the 

RPLC×SFC setup, which was said to be due to the high degree of 

orthogonality. However, the RPLC×SFC system still showed limitations, such 

as large dwell and extra-column volumes, which impacted the separation 

efficiency and sensitivity.  

Another RPLC×SFC combination was presented by Sun et al. for the 

separation of depolymerized lignin samples [59]. The interface between the 

SFC and LC was realized either with loops or with trapping columns. The 

latter showed a (two-fold) reduction in analysis time and better sensitivity, due 

to a focusing effect. One disadvantage mentioned was the undersampling of 

the first dimension in the case of trapping columns, which lead to a decrease 

in peak capacity. 

SFC×LC has also been reported in literature. Donalto et al. [60] proposed 

SFC×RPLC hyphenation as an alternative to the highly orthogonal, but 

impractical NPLC×RPLC combination. By post-column addition of water and 
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use of trapping columns in between the two dimensions, the analytes were 

successfully focused before they were sent to the 2D column. The SFC×RPLC 

analysis of carotenoids in red chili pepper was performed in half the time 

needed for the corresponding NPLC×RPLC separation. SFC×RPLC allowed 

for a larger number of identified compounds (50 vs. 33) and the column 

lifetime could be extended by avoiding the damaging solvents normally used 

in NPLC.  

EFLC was shown to alleviate some of the limitations encountered when 

separating hydrophilic compounds in SFC, while still using mobile phases 

with lower viscosities than in HPLC [61].  The technique was successfully 

applied using an amide column for the separation of nucleotides, nucleosides 

[62], fructans [63], and hydrophilic proteins up to 80 kDa in size [64]. 

EFLC was also demonstrated in the separation of polystyrene standards by 

SEC [65], using tetrahydrofuran (THF) mixed with CO2 as eluent. The 

chromatographic efficiency was enhanced when increasing the concentration 

of CO2 (up to 50 mol %), while the optimal linear flow velocity increased. 

Therefore, faster and more-efficient separations were achieved. To our 

knowledge, comprehensive two-dimensional separations that use EFLC in 

either dimension have not been reported yet. 

3.6 Alternative separation devices  

Column-based comprehensive two-dimensional LC (LC×LC) has shown 

great improvements over 1D-LC. However, when dealing with highly 

complex samples we need to strive for even greater separation power. Higher 

separation powers have been shown to be achievable either by addition of 

another separation dimension [66] or by employing spatial separations [67].  

Three dimensional column-based (“temporal”) separations are difficult to 

implement, due to increasing time restrictions going from the first to the 
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second and to the third dimension. Every additional separation has to be 

completed in the time it takes to fractionate the previous separation. If the total 

separation time is not greatly extended, the 3D separation will need to be 

completed in a matter of few seconds (or less) [68]. Only one such column-

based three-dimensional liquid-phase separation has ever been reported, using 

SEC (hours), RPLC (minutes), and capillary electrophoresis (CE, seconds) in 

the three dimensions [69]. Such separations are extremely challenging, as they 

demand extreme robustness from the 3D separation. 

Alternatively, the increase in separation power may be achieved by spatial 

separations. Davydova et al. [67] calculated the theoretical performance of 

different types of separation systems. They concluded that spatial 2D 

separations may be advantageous in comparison with time-based LC×LC 

separations, even at modest pressures (5 MPa). Comprehensive three-

dimensional spatial separations, if they can be realized, hold immense 

promise, with peak capacities of up to a million in a few hours.    

Davydova et al. [70] proposed a design for a microfluidic device that uses a 

channel for the 1D spatial separation and multiple perpendicular 2D channels 

for a spatial or temporal 2D separation. In this design all the second dimension 

separations would be developed simultaneously instead of sequentially. The 

device allows for all the 1D eluent to be transferred concomitantly to the 

second dimension channel, resulting in a great reduction of the total separation 

time. Challenges still confront these microfluidic devices, such as flow 

confinement and introduction of orthogonal retention mechanisms (stationary 

phases). However, more investigations have emerged that look into solutions 

for implementation of microfluidic devices in separation sciences.  

In a further development Wouters et al. [71] proposed a 3D microfluidic chip 

with 16 2D channels and 256 3D channels. Flow confinement was obtained by 
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implementing physical barriers. A stationary phase was synthesised in situ by 

forming organic monoliths using thermal UV-induced polymerization. The 

device was intended to have spatial separations in the first two dimensions and 

temporal separation in the third (XLC × XLC × TLC), to allow “stamping” of 

the analytes for easier detection. However, such separations were not yet 

reported.  

Adamopoulou et al. [72] have proposed a TWo-dimensional Insertable 

Separation Tool (TWIST) that would provide a complete flow confinement 

between the first separation channel and the multiple second dimension 

channels. The microfluidic device was designed to have a rotatable cylinder 

containing the first dimension channel that is inserted in a device containing a 

flow distributor and multiple 2D channels. During the first-dimension 

separation the 1D channel outlets are offset compared to the 2D channels, 

allowing complete flow confinement. Followed by twisting of the cylinder 

containing the 1D channel to align it with the 2D channels, allowing the 

second dimension separation to proceed.   

Passamonti et al. [73] investigated the confinement of stationary phases in 

microfluidic devices, by formation of monoliths in selected areas. Using 

titanium 3D-printed devices equipped with heating and cooling jackets, the 

monolith formation could be confined in the heated half of the channel, while 

the polymerization mixture could be flushed away from the cooled half of the 

channel. This advancement brings a solution to the introduction of different 

(orthogonal) stationary phases inside devices, with the limitation of a quite 

intricate design and large space needed for the implementation of the jackets 

around each channel or separation space. 
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4. Conclusions 

The aim of this review was to provide an overview of the major advances in 

one-dimensional liquid chromatography that have been applied to make 

comprehensive two-dimensional chromatography a more-accessible and 

more-attractive analysis tool for many sample types.  

The need for analysis of highly complex samples has driven the development 

of liquid-chromatographic technologies and, in particular, of 

multidimensional separations. The goal for faster and more-efficient 

separations has inspired developments in column technology, instrument 

capabilities and ingeniously designed separation devices. In this ever-growing 

field, the major progress in the past decades may be attributed to the 

development of UHPLC, ultra-small particles, core-shell particles, monoliths, 

and microfluidic devices.   

The applications shown in this review, are ample proof that comprehensive 

two-dimensional liquid chromatography, even if it can be seen as a highly 

complex tool, has gained popularity in fields such as biopharmaceuticals, 

proteomics, food science, polymers, etc. The development of LC×LC greatly 

benefited from all progress in LC, especially from increases in the speed of 

separation. 

The future holds great prospects for the development of alternative separation 

devices, such as those for spatial 2D and 3D separations. The need for 

improvement still lies in the device-manufacturing process, better connections 

with the instrument, introduction of stationary phases, flow confinement, and 

detection capabilities.  
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Abstract 

The applicability of models to describe peptide retention in hydrophilic 

interaction liquid chromatography (HILIC) was investigated. A tryptic digest 

of bovine-serum-albumin (BSA) was used as a test sample. Several different 

models were considered, including adsorption, mixed-mode, exponential, 

quadratic and Neue-Kuss models. Gradient separations were performed on 

three different HILIC stationary-phases under three different mobile-phase 

conditions to obtain model parameters. Methods to track peaks for specific 

peptides across different chromatograms are shown to be essential. The 

optimal mobile-phase additive for the separation of BSA digest on each of the 

three columns was selected by considering the retention window, peak width 

and peak intensity with mass-spectrometric detection. The performance of the 

models was investigated using the Akaike information criterion (AIC) to 

measure the goodness-of-fit and evaluated using prediction errors. The F-test 

for regression was applied to support model selection. RPLC separations of 

the same sample were used to test the models. The adsorption model showed 

the best performance for all the HILIC columns investigated and the lowest 

prediction errors for the amide and W-silica columns. In most cases prediction 

errors were within 1%.  

Keywords 

HILIC, retention modelling, bottom-up proteomics, mass spectrometry 
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1.  Introduction  

Proteomics is a field comprising of different techniques used to identify and 

quantify the proteins present in cells, tissues and organisms [1]. A distinction 

can be made between top-down proteomics [2], where intact proteins are 

analysed, and bottom-up proteomics [3], where proteins are first digested to 

yield peptides, prior to analysis and interpretation. The identification and 

quantification is challenging, due to the high complexity of the sample, 

especially in bottom-up proteomics, and the great differences in relative 

abundance of proteins in a cell proteome [4]. An indispensable analytical 

technique in this field is mass spectrometry (MS). However, data quality can 

be detrimentally impacted if many species are infused at the same time. 

Therefore, MS alone cannot be used to analyse complex samples, such as 

whole-cell lysates. For this reason, separation techniques are typically coupled 

to MS analysis, providing the much needed simplification of the sample prior 

to its introduction into the MS.  

Liquid chromatography (LC) is one of the most frequently employed 

separation techniques, since it can be directly coupled to MS. Moreover, for 

common LC modes employed, little or no additional sample preparation is 

needed. The most commonly used LC separation mode for bottom-up 

proteomics is reversed-phase liquid chromatography (RPLC). In RPLC, 

analytes are separated based on differences in partitioning between the 

hydrophilic (aqueous) mobile phase and the hydrophobic stationary phase. To 

facilitate timely elution of strongly retained analytes from the stationary 

phase, the fraction of organic modifier can be gradually increased using a 

gradient program. However, one limitation of RPLC is the lack of separation 

based on the polar functional groups which are abundantly present in peptides. 

Therefore, a complementary technique that would be able to retain polar 

compounds is needed to extend the analysis of a proteomic sample. This is 
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especially relevant for multi-dimensional separations, in which two (or three) 

vastly different (“orthogonal”) retention mechanisms are employed to greatly 

improve the separation of complex mixtures [5,6]. 

One method with a retention mechanism and selectivity that is very different 

from that of RPLC is hydrophilic-interaction liquid chromatography (HILIC). 

HILIC was introduced as a separation mode for polar compounds [7], but it is 

also used as a fractionation technique for bottom-up proteomics prior to a 

RPLC separation to decrease sample complexity [8]. Whereas hydrophobic 

alkyl-based stationary-phase chemistries are used in RPLC, HILIC employs a 

polar stationary phases, such as bare silica, or silica modified with amide, 

amino or diol groups [9]. Charged stationary-phases can also be used such as 

silica modified with cationic groups (e.g. poly aspartamide) or zwitterionic 

groups (e.g. ZIC HILIC). The mobile phases in HILIC mainly comprise of 

non-polar organic solvents, with small percentages (e.g. 3%) of water or 

aqueous buffer. The exact retention mechanism is still being investigated. 

However,  there is a general consensus that retention is based on partitioning 

between an aqueous layer formed on the surface of the stationary phase and 

the mostly organic bulk mobile phase, with electrostatic interactions (ionic 

interactions and hydrogen bonding) also influencing the retention [7,10,11]. 

The exact magnitude of the different interactions highly depends on the 

employed stationary and mobile phases, but also on the properties of the 

analyte. 

The large influence on retention of the selected stationary phase, mobile-phase 

solvent and additives, dramatically complicates method development for 

HILIC separations. In order to improve the adoption of HILIC, computational 

tools for method development are needed.  Such tools generally rely on 

prediction of retention times with respect to the combination of stationary 

phase and mobile phase. Several models have been proposed for predicting 
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the retention times of peptides, based on their amino-acid composition, 

sequence and conformation [12–15],  assessing the chemical structure of the 

analyte to predict retention. However, the development of such models 

depends heavily on large numbers of experiments using various mobile and 

stationary phases.  

An alternative approach is based on establishing retention parameters of 

(unknown) analytes using the concept of so-called gradient-scanning 

techniques [16]. Here, the retention times are recorded for each analyte in a 

few experiments under pre-set conditions and the resulting data are fed into 

the underlying retention model. Entirely theoretical models require a thorough 

understanding of the underlying retention mechanism, which is challenging 

for HILIC. Alternatively, (semi-) empirical models can be used to describe the 

data. 

Computer-aided method development for HILIC has been extensively studied 

by several groups [17,18]. Recently, the feasibility of accurate prediction of 

retention times of peaks eluting before, during or after a gradient was 

demonstrated, using only a small number of scouting measurements [19]. 

Several retention models were investigated and the prediction performance 

was shown to depend on the type of stationary-phase chemistry and the 

mobile-phase components. In addition, while the method was found to have 

great potential for smaller molecules, such as metabolites, dyes and tea 

components, its application for predicting retention times of peptides proved 

fruitless. However, in the above study only a small number of peptide 

standards were included, which were not representative of the peptides 

typically encountered in bottom-up proteomics.   

In this study, we investigate the prediction of retention times of peptides for a 

larger number of combinations of stationary-phase chemistries and mobile-
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phase additives. A more-complex sample (BSA digest), rather than standard 

peptides, is used that is much-more representative of a bottom-up-proteomics 

sample. Bovine serum albumin is attractive as bench mark sample because it 

is easily available and it includes a sufficient number of diverse peptides. 

Moreover, we rigorously evaluate the contemporary tools used to assess 

prediction performance. Computer aided method development for HILIC has 

been massively restricted by shortcomings in retention modelling on certain 

types of columns (particularly amide) and for certain types of analytes, 

especially peptides. The results of the present work remove these restrictions. 

In addition, the results help understand the retention behaviour in HILIC and 

they provide means to reduce the uncertainty in peptide identification.  

Finally, a number of general recommendations for HILIC separations of 

peptides are proposed. 

2. Experimental 

2.1 Materials 

Milli-Q water (18.2 mΩ) was obtained from a purification system (Millipore, 

Bedford, MA, USA). Acetonitrile (ACN, MS grade), 2-propanol (IPA, HPLC 

grade) and toluene were purchased from Biosolve Chimie (Dieuze, France). 

Ammonium formate (AF, BioUltra; ≥ 99%) and ammonium bicarbonate 

(Bioultra; ≥ 99.5%) were purchased from Fluka Analytical (Buchs, 

Switzerland). Acetic acid (glacial) was obtained from ACROS organics (Geel, 

Belgium).  

The following chemicals were purchased from Sigma-Aldrich (Darmstadt, 

Germany), bovine serum albumin (BSA, ≥96%), urea (bioreagent, ≥ 98%), 

dithiothreitol (DTT, ≥ 99%), iodoacetamide (IAA, ≥ 99%), trypsin (BRP), 

uracyl (≥ 99%), ammonium acetate (AA, for molecular biology, ≥98%) 

trifluoroacetic acid (TFA, ≥99%), Formic acid (FA, Analytical grade; 98%), 
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SPE cartridges (3 mL, C18), thiourea (GR for analysis ACS) and sodium 

hydroxide (for analysis). 

2.2 Sample preparation 

The peptide samples were obtained by trypsin digestion. Denatured protein 

(100 µL, 1 µg/µL) in urea (6M) was reduced with DTT (5 µL, 30 mg/mL in 

25 mM ammonium bicarbonate) for an hour at 37ᴼC. The protein was 

alkylated with IAA (20 µL, 36 mg/mL in 25 mM ammonium bicarbonate) for 

one hour in the dark at room temperature. Then 20 µL of DTT and 900 µL of 

25-mM ammonium-bicarbonate solution and finally trypsin (1:30 weight ratio 

trypsin:protein) were added. The protein was digested overnight at 37ᴼC. The 

next day TFA (10%, 40 µL) was added to acidify the sample to pH 2-3 before 

desalting the peptides using SPE cartridges (C18). The peptide solution was 

freeze-dried and reconstituted in 80% ACN, 20% buffer (1 mg/mL) before 

use.  

2.3 Instrumentation 

The LC-MS measurements were performed on an Agilent 1100 Series LC 

system with a quaternary pump (G1311A), an auto-sampler (G1313A) 

(Agilent, Waldbronn, Germany) in combination with a Micro-QTOF from 

Bruker (Bremen, Germany). The electrospray ionization (ESI) parameters 

used were end-plate offset -500 V, capillary voltage 4.4 kV, nebuliser 1 bar, 

dry gas 8 L/min, dry temperature 220ᴼC. Compass Data analysis from Bruker 

was used to extract the m/z and retention time information. The dwell volume 

of the LC system was experimentally determined to be 0.81 mL and the dead 

time for the HILIC columns was 0.33 mL, measured using toluene and an 

Agilent DAD detector (1-µL flow cell, 1290 Infinity diode-array detector 

(G4212A)). 
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A system comprised of an Eksigent Ekspert nanoLC 425 (Sciex, Singapore) 

coupled to a TripleTOF 5600+ mass spectrometer (Sciex, Singapore) was used 

for MS/MS measurements for sample identification. The columns used during 

this investigation are listed in table 1.    

Table 1: Columns used for the separation of BSA digest. 
Column Brand and type of 

stationary phase 

Selectivity Designation Dimensions 

(mm) 

Particle 

size 

(µm) 

Pore 

size 

(Å) 

1 Waters, Acquity, 

BEH  

Amide Amide 2.1×150 1.7 130 

2 Waters, Atlantis  Silica W-silica 2.1×150 3 100 

3 Agilent, Zorbax, 

HILIC Plus 

Silica Z-silica 2.1×150 1.8 95 

4 Phenomenex*, 

Kinetex  

RP XB-C18 4.6×150 3.5 100 

5 In house packed, 

Magic C18** 

RP M-C18 0.075×100 5 100 

* Phenomenex (Torrance, CA, USA) 

** NanoLCMS Solutions (Oroville, CA, USA)  

 

2.4 Methods 

2.4.1 HILIC separation of peptides 

Three different columns were chosen for the HILIC separations, W-silica 

(Waters), Z-silica (Zorbax) and amide. The effect of mobile phase additives 

on the retention and selectivity of the HILIC column was investigated using 

formic acid or two buffers, 10 mM ammonium formate, pH 3, and 10 mM 

ammonium acetate, pH 6. These conditions were selected based on the MS 

compatibility of the volatile additives and the pH range (in the working pH 

range of the columns), and to observe the effect of using a buffer compared to 

only an acidic environment. At acidic pH the silanol groups present in the 

stationary phase will be protonated, thus minimizing electrostatic interactions. 

All the HILIC columns were chosen to have the same dimensions, but the 

particle size varied (see Table 1). Bovine serum albumin (BSA) digested with 



Chapter 3  

72 

 

trypsin was used to provide a good range of peptides with varying properties 

and concentrations. 

For each combination of mobile and stationary phase, six gradients were 

measured. Mobile-phase A was always 97% ACN with 3% water or buffer 

and B was 100% water or buffer. In the case of formic acid 0.3% (volume) 

was added to both A and B. The initial condition, isocratic 100% A was held 

for 0.25 min. This was followed by a linear gradient from 0% B to 40% B 

(amide and Z-silica column) or 50% (W-silica) in 10, 17, 30, 52, 70 or 80 min. 

The final condition was maintained for 1 min (amide and Z-silica) or 5 min 

(W-silica), after which the system was switched back to the initial conditions 

in 1 min. The equilibration time was set to 30 minutes (amide) or 50 min (Z-

silica and W-silica). The flow rate was 0.2 mL/min. The sample was dissolved 

in 80% ACN 20% buffer with a concentration of 1 mg/mL. The injection 

volume was 5 µL for the three shortest gradients and 10 µL for the three 

longest gradients to overcome the problem of dilution.  

In order to identify the peptides in the gradient runs, the same sample was 

measured on C18 column 75 µm ID 10 cm length (M-C18) coupled to a high 

resolution mass spectrometer. The peptides identified using MS/MS were 

compared to peptides measured on the microQTOF and were considered a 

match if the m/z value was within 0.02 of the MS/MS identified peptides. A 

list of 15 peptides was constructed by comparing measurements with all 

stationary-phases and seven of these were selected to show the influence of 

mobile-phase additives due to their similar intensity. 

The initial separation method was developed initially for the amide column 

and then for the silica columns. A scouting gradient from 97% ACN to 40% 

ACN was used and the final solvent composition was adjusted to have a better 

peak spreading. The length of the equilibration time was set initially to 20 min 
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and then increased to 30 min. Triplicate measurements were overlaid and no 

significant variations were observed in the retention times therefore the 

column was considered to be well equilibrated.  Changes had to be made 

during measurements for the other columns. In the case of the Z-silica column, 

a peak shift was noticed between triplicate measurements. Therefore, the 

equilibration time after each run was increased. For the W-silica column, 

carry-over and peak shifting were observed, and therefore the final percentage 

of aqueous eluent was increased and the equilibration time was chosen the 

same as for the Z-silica column. The equilibration time has previously [20] 

been correlated to the water uptake capability of the stationary phase, with 

faster equilibration corresponding to higher water uptake. The amide 

stationary phases were reported to have the highest water uptake followed by 

bare silica, which was in line with our observations.  

2.4.2 RPLC separation of peptides 

BSA digest was separated on an RPLC column using the same linear gradient 

lengths as for HILIC, with 0.1% FA in water and with 10 mM ammonium 

formate pH 3 buffer as mobile phase A and 80% ACN mobile-phase B. The 

flow-rate used was 0.4 mL/min since the internal diameter was larger than that 

of the HILIC columns (4.6 mm). The gradient ran from 5% to 60% B, 

followed by a 10 min equilibration. We observed a slight decrease in retention 

when using buffer. However, the resolution between some peptides was 

increased.  

2.5 Data processing and retention modelling  

The data were processed using Compass Data Analysis from Bruker and 

PIOTR [21]. A longer gradient (52 min or 70 min) was chosen from each data 

set and the dissect option was used to obtain the m/z and retention-time list. 

The m/z values were assigned to a peptide sequence using MS/MS 

measurements with the same sample on the Sciex TripleTOF 5600+ MS. The 
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MS confidence of identification was chosen to be 95% or above and no 

modifications were considered. The observed ions in the HILIC 

measurements were matched to a peptide sequence if the value was within 

0.02 m/z. Once the longer gradient was assigned, the same peptide list was 

searched in the other gradients using extracted-ion chromatograms (EIC). A 

unique list for all the columns of 15 peptides was obtained after processing all 

the data sets. Peak lists consisting of the retention time of each peptide for 

each gradient experiment were prepared for each column. These data were 

supplied to the PIOTR program to fit the different retention models. The 

computational approach has been explained previously [19,21]. Briefly, the 

retention models were used to calculate the model coefficients and the 

goodness-of-fit values, to compute the F-test of regression, and to predict 

retention. For the Z-silica and W-silica columns the 10-min gradient gave rise 

to a high degree of co-elution, which hindered peak detection and diminished 

the accuracy of the extracted retention times. Therefore, only five gradients 

were used in the analysis for these columns. 

3.  Results and discussion 

3.1 Effect of additives in HILIC separation of peptides  

Among the conditions explored – three different columns (amide and A and 

B type silica stationary phases) and three mobile-phase additives (0.3% formic 

acid, 10 mM ammonium acetate pH 6, 10 mM ammonium formate pH3) – not 

all chromatograms showed good chromatography, in terms of retention and 

peak shape. Therefore, we first set out to establish the optimal combinations 

of columns and additives (figure 1). For this purpose, we compared the peak 

width, peak intensity and elution window for each of the conditions (see table 

2). The performance of the amide column was good with all three mobile-

phase additives. When using a buffer (ammonium acetate and formate), 

slightly sharper peaks were obtained. However, the intensity decreased by one 



Chapter 3 

75 

 

order of magnitude. Retention was also affected by the use of buffers. Formic 

acid gave rise to the lowest retention, followed by ammonium acetate and then 

ammonium formate (figure S1). This could be explained by an expansion of 

the water layer when using buffers. Dinh et al. [20] showed that when 

ammonium acetate (5 to 50 mM) was added to the ACN/water mobile phase, 

the ions were adsorbed on the surface of the stationary phase. The authors 

observed an increase in the water layer of up to 50% for bare silica phases. 

The elution order also varies with different conditions. Due to the higher 

signal intensity and adequate resolution, formic acid was chosen as the optimal 

additive for the amide stationary phase. 

Table 2: Seven peptides that were used to assess the optimal mobile-phase additive for the 

HILIC separation. The 30 min gradient duration measurements were used. FA=formic acid, 

AF= ammonium formate, AA= ammonium acetate. 

Column/ 

additive 

Max tR 

(min) 

Min 

tR 

(min) 

Retention 

window 

(min) 

Average peak 

height 

(counts) ×103 

Average peak 

width 

(min) 

Amide FA 29.70 21.71 7.99 56.3 0.133 

Amide AF 31.54 24.49 7.04 6.74 0.114 

Amide AA 32.60 15.86 16.74 20.2 0.124 

W-silica FA 23.18 17.27 5.90 83.7 0.185 

W-silica AF 28.89 21.64 7.25 24.2 0.157 

 W-silica AA 39.64 21.60 18.04 49.5 0.201 

Z-silica FA 28.41 19.86 8.55 9.91 0.225 

Z-silica AF 34.97 25.03 9.93 39.2 0.125 

Z-silica AA 37.21 24.33 12.88 27.9 0.223 

 

The Z-silica column required a buffer for the elution and separation of the 

peptides (figure S2). Therefore, the separations using the formic acid as 

additive were not considered for modelling. The elution order was the same 

with the two buffers. However, with ammonium acetate the peaks were tailing 

and the resolution was decreased. At pH=6 a large fraction of the silanol 

groups will be dissociated, whereas some groups (arginines, lysines and 
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histidines) on the peptides may still be positively charged. This creates a 

strong ion-exchange contribution to a mixed retention mechanism, which may 

explain the tailing. Therefore, ammonium formate was chosen as the optimal 

additive for the Z-silica column.  

 

Figure 1: Optimal conditions for the separation of BSA digest on the amide column (red, top), 

Z-silica column (blue, middle), W-silica column (purple, bottom). For details see text. Analyte 

peptides: 1. m/z = 1002.5830, 2. m/z = 740.4014, 3. m/z = 509.2956, 4. m/z = 789.4716, 5. m/z 

= 689.3729, 6. m/z = 922.4880, 7. m/z = 571.8608 

Finally, also the separations using the W-silica column required a buffer 

(figure S3) [22]. Good peak shapes were obtained with both buffers. The 

elution order was also the same, with the exception of two peptides (3 and 5), 

which showed a decreased retention with ammonium formate. Both peptides 

had a theoretical pI of about 9.7 (basic). McCalley showed previously that for 

this silica column the retention of basic solutes increased when increasing the 

pH from 3 to 6 [23].  The number of negatively charged silanol groups at the 

surface increases at higher pH, providing stronger interaction with the 
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positively charged solutes. Ammonium acetate (pH 6) gave higher retention 

and a better resolution. Hence, it was chosen as the optimal buffer. 

 

3.2 Retention modelling 

The models used to fit the data were the exponential, mixed-mode, adsorption, 

quadratic and Neue-Kuss models. 

The exponential model has been shown to fit RPLC data [24] and has the 

following form 

ln 𝑘 = ln 𝑘0 − 𝑆 𝜙        (1) 

Where k0 represents the extrapolated retention of an analyte at 𝜙 = 0 (100% 

water in case of RPLC) and S the so-called “solvent-strength parameter”, 

describing the change in retention with increasing concentration (volume 

fraction) of strong solvent (𝜙). 

The adsorption model is typically used to describe normal-phase 

separations.[25] 

 ln 𝑘 = ln 𝑘0 − 𝑛 𝑙𝑛𝜙        (2) 

Here, n is meant to represent the ratio between the surface occupied by the 

analyte molecules and the molecules of strong solvent. 

The mixed-mode model is a combination of the previous two models and is 

thought to take into account both partitioning and adsorption [26]. 

 ln 𝑘 = ln 𝑘0 + 𝑆1𝜙 + 𝑆2 𝑙𝑛𝜙       (3) 

The quadratic model was developed to characterize retention over a larger 

range of mobile-phase compositions [27]. 

 ln 𝑘 = ln 𝑘0 + 𝑆1𝜙 + 𝑆2 𝜙2       (4) 
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The Neue-Kuss model is an empirical model that can easily be integrated to 

predict retention under gradient conditions [28]. 

 ln 𝑘 = ln 𝑘0 + 2ln (1 + 𝑆2𝜙) −
𝑆1𝜙

1+𝑆2𝜙
     (5) 

This study was conducted using retention times obtained using gradient-

elution programs. Thus, the retention models were applied for gradient 

separations as described previously [19]. For the mixed-mode and quadratic 

model the gradient equation cannot be solved. Therefore, a numerical 

approach by use of the Simpsons’ approximation was applied when needed. 

The PIOTR program was used to fit these different retention models to the 

experimental data for each analyte. We have previously described this 

approach to establish the retention parameters [19,21]. Briefly, PIOTR utilizes 

a non-linear programming solver which searches for the minimum residuals. 

In essence, the constants (e.g. ln k0 and S for the exponential model) are varied 

until the simulated result matches the experimental retention times with a 

minimum of residual error. This is carried out within the constraints of the 

applied gradient to record the experimental data. 

The goodness of fit of the five models was determined using the Akaike 

information criterion (AIC) [29]. The minimum number of scouting gradients 

needed was three to fit all the models since the quadratic, mixed-mode and 

Neue-Kuss contain three parameter model coefficients. The retention time of 

the peptides under different gradient conditions were used as the input data. 

The data sets contained 15 peptides, analysed with the three HILIC columns 

run at optimal conditions as described in the previous section and one RPLC 

column. The 15 peptides featured different properties with regard to length, 

amino-acid composition, net charge, pI, and the grand average of 

hydropathicity index (GRAVY). The properties of the peptides can be found 

in table 3. Peptides KVPQVSTPTLVEVSR and KQTALVELLK were 
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removed from the final results due to large variations in the AIC values and 

prediction errors. The AIC values were calculated and predictions were 

performed using the in-house-developed Matlab program PIOTR [21].  

Table 3: Peptides used for the retention modelling; Properties were obtained from [32]. 

Sequence m/z Measured  

charge 

MW pI GRAVY 

index 

LGEYGFQ 407.193 2+ 812.369 4.00 -0.35 

GFQNALIVR 509.296 2+ 1016.575 9.75 0.57 

FWGK 537.282 1+ 536.274 8.75 - 

KQTALVELLK 571.861 2+ 1141.705 8.59 0.19 

TDLTK 577.319 1+ 576.310 5.50 -1 

LVNELTEFAK 582.319 2+ 1162.621 4.53 0.13 

AWSVAR 689.373 1+ 688.364 9.79 0.26 

STVFDK 696.356 1+ 695.347 5.55 -0.31 

GLVLIAF 732.465 1+ 731.456 5.52 2.92 

LGEYGFQNALIVR 740.401 2+ 1478.786 6.00 0.29 

LVTDLTK 789.472 1+ 788.462 5.84 0.42 

KVPQVSTPTLVEVSR 820.473 2+ 1638.928 8.75 -0.06 

AEFVEVTK 922.488 1+ 921.479 4.53 0.17 

LVVSTQTALA 1002.583 1+ 1001.574 5.52 1.39 

QTALVELLK 1014.619 1+ 1013.61 6.00 0.64 
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The AIC parameter is calculated as follows. 

𝐴𝐼𝐶 = 2𝑝𝑚 + 𝑛 (ln (
2𝜋∗𝑆𝑆𝑄

𝑛
) + 1)     (6) 

Where n is the number of input data points, p is the number of parameters of 

the model and SSQ is the sum of squared errors. By using this value, we can 

compare models that have different numbers of parameters. A good fit is 

indicated by a small, often negative, AIC value. Each peptide considered gives 

an AIC value for each model. Therefore, we considered the average values 

and the standard deviations across all peptides. Indeed, the AIC value itself 

does not provide any qualitative information about the fit. AIC values can only 

be used to relatively compare a series of values. Even then, as can also be seen 

in Figure 3, the AIC values are not always conclusive, especially not when a 

large standard deviation is observed. Therefore, we also considered the 

average error of prediction and the F-test of regression to draw clear 

conclusions.  

3.3 RPLC retention modelling  

Separation of BSA digest with reversed-phase liquid chromatography was 

performed to facilitate identification of the peptides using existing libraries on 

the Triple TOF instrument. RPLC data were also used to verify the 

functionality of the models and to compare the selectivity with the HILIC 

separations. RPLC has been extensively characterized [30] and the retention 

of the analyses can be accurately described by an exponential model 

(equation 1). 

Using the same procedures for the data treatment as outlined in section 2.6 we 

calculated the goodness of fit and prediction errors with the five models. We 

observed that only the exponential, mixed-mode and quadratic models 

performed well, showing low prediction errors (≤ 0.5%) and negative AIC 

values (figure 2). The adsorption and Neue-Kuss models did not perform well. 
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When inspecting the models (section 3.2), we observed that the three 

equations that provided a good fit shared the terms of the exponential model, 

with one extra parameter in the case of the mixed-mode and quadratic models. 

The mixed-mode and the quadratic models can be viewed as the exponential 

model when considering only the first two parameters. This could be an 

indication that the third parameter does not contribute significantly to the 

performance of the model. To test this hypothesis, we looked into the 

influence of the third parameter by using the statistical F-test for regression 

[31]. In contrast to the AIC value, this statistical F-test does not assess the fit 

in general. Instead, it allows comparison of a model with a reduced version. 

For example, the exponential model (Eq. 1) can be seen as a reduced version 

of the quadratic model (Eq. 4), differing by one term. The F-test can be used 

to compare the residual sum-of-squares of the full model (𝑆𝑆𝑟𝑒𝑠,𝑓𝑢𝑙𝑙) with that 

of the reduced model (𝑆𝑆res,red) and consequently determine the significance 

of the additional parameter. This is shown in Eq. 7 

𝐹 =
𝑀𝑆res,diff 

𝑀𝑆res,full
=

(𝑆𝑆𝑟𝑒𝑠,𝑓𝑢𝑙𝑙−𝑆𝑆res,red)/(𝑑𝑓red−𝑑𝑓full)

𝑆𝑆res,full/𝑑𝑓full
 (7) 

where 𝑀𝑆 denotes the mean squares and 𝑑𝑓red and 𝑑𝑓full are the degrees of 

freedom of the reduced and full model, respectively. Using PIOTR, the 

cumulative distribution function of the F-distribution is assessed to yield a p 

value. If the p value is statistically significant (<0.05), then this indicates that 

the additional term (and thus the full model) is statistically significant. It is 

good to emphasize that this specific F-test provides no information on the 

goodness-of-fit. 

All the values obtained were added in the supplementary information (table 

S1). The minimum p values obtained were 0.26 for the mixed-mode and 0.51 

for the quadratic model. From this it can be concluded that the added 
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contribution of the third parameter in the mixed-mode and quadratic models 

was not statistically significant.  

 

Figure 2: BSA digest separation of XB-C18; left: average AIC values and right: errors in 

prediction expressed in % of mobile-phase B; 3 input gradients were used 17, 52 and 80 min 

duration and 30 min gradient was predicted. 

 

3.4 HILIC-goodness of fit 

Firstly, we investigated how the number of input gradients affect the AIC 

values. We observed that the standard deviation decreased significantly when 

four gradients were used as input instead of three (figure S5), whereas only a 

slight additional decrease was observed when five input gradients were used 

(figure S6). The differences were more noticeable for the quadratic and Neue-

Kuss models. Based on these observations, we used four input gradients to 

decide on the best model(s) to describe our data (figure 3).  

Secondly, we investigated which model yielded the lowest AIC average for 

each column. For the amide and Z-silica columns, the lowest AIC values were 

obtained with the adsorption model with relatively low standard deviations 

(2.15 and 1.18 respectively). For the W-silica the lowest values were for the 

quadratic model. However, it showed a large standard deviation (11.04). The 

second lowest AIC average value was obtained with the adsorption model, 
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with a much lower standard deviation (3.88). Therefore, we concluded that for 

all columns the adsorption model could best be used to accurately fit the data.  

 

Figure 3: AIC values and standard deviations for five models on three different columns, 

obtained using gradients of 17, 52, 70 and 80 min duration 

 

3.5 HILIC - Retention-time prediction 

Prediction of retention times is an important tool in method development. An 

accurate model and a small number of scouting gradients may suffice to 

optimize a separation. We used prediction of retention times for the three 

HILIC columns to validate the results obtained from the goodness-of-fit for 

the five tested models. As previously, when investigating AIC values, we 

explored three or four gradients as inputs and we attempted to predict one of 

the measured gradients that were not used as an input. In figure 4 the results 

for the three-gradient-input are shown. The results obtained with four-
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gradient-input data are shown in supplementary material (figure S7).  We 

observed that there is no significant gain in accuracy from adding a fourth 

input gradient for prediction. Therefore, only three measurements suffice for 

prediction. The column with the lowest error of prediction was the amide 

column, followed by W-silica and then Z-silica.  

 

Figure 4: The error in prediction of a 30 min gradient for the separation of BSA digest 

expressed in mobile-phase B composition in the three HILIC columns. The input gradients for 

were 17, 52, 80 min duration. 

The amide column showed average prediction errors close to 0 for the 

adsorption (0.08%), quadratic (0.35%) and Neue-Kuss (0.2%) models. 

However, the standard deviations for the latter two models were larger. The 

exponential model showed standard deviations similar to the adsorption 

model. However, the average error was larger (0.36%). The mixed-mode 

model showed errors in prediction up to 0.8%. The significance of the third 

parameter to the model performance was calculated for the quadratic 
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compared to exponential model and mixed-mode compared to adsorption 

model. There was no significant gain from adding a third parameter for the 

adsorption model (lowest p value was 0.31). However, for six of the thirteen 

peptides the third factor in the quadratic model did prove to be significant (p 

values ≤ 0.01). Ultimately, the adsorption model was found to be the most 

suitable for retention-time prediction of peptides on the amide column. This 

model was previously also found suitable for predicting the retention of small 

molecules [19]. 

The Z-silica column was found to give rise to a systematic error, with all 

models showing an average prediction error close to 0.5 min. The exponential 

model showed an average prediction error closer to zero (1.36%). We 

evaluated the significance of the third parameter in the quadratic model 

compared to the log-linear model. The p values for all the peptides were above 

0.05, with 0.1 being the minimal value, thus indicating no significant 

contribution. When comparing the adsorption model with the mixed-mode 

model, no significance of the third parameter was observed either (lowest p 

value was 0.44). The exponential model performed reasonably well. However, 

the adsorption model may still be preferred since the difference in prediction 

error was just 0.5%.  

The W-silica column showed a very high error of prediction for the Neue-

Kuss model and a large standard deviation for the quadratic model. Therefore, 

these models were not further considered. When inspecting the other three 

models, the mixed-mode model showed a larger standard deviation, whereas 

the exponential and adsorption models exhibited a relatively narrow range of 

errors. The contribution of the third parameter in the mixed-mode compared 

to the adsorption model was found to be insignificant, with a lowest p value 

of 0.3. Among the exponential and adsorption models, the latter showed lower 
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prediction errors (i.e.  0.36%). Hence, it was considered the best model for 

prediction.   

 

4. Conclusion 

In this work, we have investigated the retention of peptides in HILIC and we 

have explored five models to fit the data. The performance of the models was 

characterized by the Akaike information criterion (AIC) to determine the 

goodness of fit and evaluated using prediction errors. Optimal separation for 

a BSA digest was obtained using formic acid as additive for an amide column, 

ammonium formate (pH 3) for a Z-silica (Zorbax) column, and ammonium 

acetate (pH 6) for W-silica column (Waters-Atlantis). Equilibration times 

were also different for the different stationary phases, with the shortest time 

needed for the amide column. 

RPLC experiments were performed as a benchmark to test the modelling 

procedures, as well as to aid in identifying the peptides in a digest sample. The 

best fit to the data was obtained with the exponential model, as expected, but 

the mixed-mode and quadratic models also performed adequately. By 

computing the F-statistic for regression we noted that the third parameter of 

these latter two models did not have a significant influence on the model 

performance. Therefore, these models behave like the exponential model and 

the added complexity has no significant benefits. 

The goodness of fit values indicated that the adsorption model was the most 

suitable to describe retention of peptides using the three HILIC columns. At 

least four input gradients were needed to obtain reliable model coefficients for 

the quadratic and Neue-Kuss models, whereas three input gradients were 

sufficient for the mixed-mode, adsorption and exponential models. The 
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adsorption model gave the lowest AIC values with the smallest standard 

deviations.  

We were able to predict the retention times of peptides on all three stationary-

phases with errors below 2%. The amide column had the smallest average 

errors in prediction with the adsorption model (0.08%), followed by the W-

silica column with average prediction errors of 0.78%. The Z-silica column 

showed higher prediction errors for all the models, exhibiting a systematic 

error. On this latter column the prediction error for the adsorption model was 

1.76%, while the lowest errors were observed for the exponential model with 

1.36%. 

There have been previous studies for retention models applied in HILIC 

separations. Česla et al. [18] have concluded that for the isocratic separation 

of malto-oligosaccharides in HILIC the mixed-model provided the best fit of 

the data, yielding the lowest AIC values and prediction errors. Tyteca et al. 

[17] proposed the same model for isocratic separations of acidic, basic and 

neutral small molecules. However, for gradient separations they found the 

Neue-Kuss model to be more suitable, because it allowed analytical 

integration to obtain gradient retention times. The use of a large number of 

measurements used in the above mentioned experiments could possibly 

explain the better functioning of the Neue-Kuss empirical model. However, 

for a limited number of scouting gradients Pirok et al. [19] showed a poor 

performance of the Neue-Kuss model, with the adsorption model providing a 

better fit and yielding lower prediction errors for a variety of small molecules.  

Based on the results reported previously in a study involving small-molecule 

analytes [19] and the results reported in this paper, we recommend that the 

adsorption model be used to describe retention in HILIC, unless specific 

information is available to support the suitability of other models. 
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Abstract 

Bottom-up proteomics provides often small amounts of highly complex 

samples that cannot be analysed by direct mass spectrometry (MS). To gain a 

better insight in the sample composition, liquid chromatography (LC) and 

(comprehensive) two-dimensional liquid chromatography (2D-LC or LC×LC) 

can be coupled to the MS. Low-flow separations are attractive for HRMS 

analysis, but they tend to be lengthy.  In this work, a low-flow, online, actively 

modulated LC×LC system, based on hydrophilic-interaction liquid 

chromatography (HILIC) in the first dimension and reversed-phase liquid 

chromatography (RPLC) in the second dimension, was developed to separate 

complex mixtures of peptides. Miniaturization permitted the analysis of small 

sample amounts (1-5 µg) and direct coupling with micro-ESI MS (1 µL/ min). 

All components focused and automatically transferred from HILIC to RPLC 

using stationary-phase-assisted active modulation (C18 traps) to deal with 

solvent-incompatibility or dilution issues. Optimization of the setup was 

performed for the HILIC columns and the RPLC columns to provide a more 

efficient separation and higher identification rates than obtained using one-

dimensional (1D) LC. A 60% increase in peak capacity was obtained with the 

2D setup compared to a 1D-RPLC separation and a 17 to 34% increase in the 

number of proteins identified was achieved for the samples analysed (2D-

yeast-8280 peptides and 2D-kidney tissue-8843 peptides), without increasing 

the analysis time (2 h).  

 

Keywords 

nano two-dimensional liquid chromatography; hydrophilic interaction liquid 

chromatography; active modulation; peptide separation 
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1. Introduction 

Liquid chromatography (LC) coupled to high-resolution mass spectrometry 

(HRMS) is commonly used to study protein expression and its modification 

in biological samples (e.g. cell cultures, tissues) [1]. Due to the difficulties 

associated with the liquid separation, ionization and fragmentation of proteins 

in the gas phase and the detection of ions with high mass-to-charge (m/z) 

ratios in MS [2], proteins are typically digested using enzymes (e.g. trypsin) 

and the resulting peptides are subsequently analysed using reversed-phase 

liquid chromatography (RPLC) coupled to tandem MS (MS/MS).  To allow 

for the analysis of samples that are limited in quantity (and concentration), 

low-flow separations (e.g. 300 nL min-1) with nano-electrospray ionization 

(nESI) sources are used. [3,4] The MS and MS/MS data are processed using 

software (e.g. MaxQuant [5], Mascot [6], PeptideShaker[7]) to identify 

peptides and to infer the presence of proteins in the sample based on 

characteristic peptides (unique proteotypic peptides).  This analytical 

approach is usually described as bottom-up proteomics [8,9].  

Tens of thousands of proteins are present in biological samples of complex 

organisms in a wide range of different concentrations (estimated at 10 orders 

of magnitude [10]). Furthermore, biological processes can induce several 

types of post-translational modifications (PTMs, e.g. phosphorylation, 

acetylation, glycosylation) [11,12].  The digestion process increases the 

complexity of the sample by generating up to a hundred peptides per protein. 

Therefore, achieving high-coverage proteome analysis of a complex cell 

system is a challenging endeavour, crucially relying on fast and high-

resolution-separation and mass-spectrometry methods. Multidimensional 

separations can provide a large increase in the peak capacity in comparison 

with one-dimensional LC methods, provided that the separation dimensions 

are very different (“orthogonal”)[13]. This will help reduce the coelution of 
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analyte components and makes multidimensional methods attractive for 

proteomics analysis [14–17]. Orthogonality metrics asses the fraction of the 

separation space that is utilized for the separation of the components in a 

sample. The orthogonality can be assessed in several ways, for example 

focusing on the coverage of the separation space (global orthogonality) or on 

the uniformity of the space coverage (local orthogonality)[18].   

An online multidimensional LC method often employed in proteomics 

analysis is the multidimensional protein identification technology (MudPIT) 

[19–21]. A column containing ion-exchange (IEC) particles in the first part 

and RPLC particles in the remainder is used in a MudPIT setup. Proteins or 

peptides are eluted using salt pulses from a strong-cation-exchange (SCX) 

resin or a mixture of weak-anion-exchange and SCX resins [22], focused on 

the RPLC column and separated using water to ACN gradients (typically 

containing 0.1% formic acid). Using a single column approach avoids dead 

volumes between separation dimensions and does not necessitate a valve 

system to couple the two columns. Separation methods are used that are 

mutually compatible and the eluting solvent in one dimension does not 

(significantly) influence the migration of analytes in the other dimension.  

From a chromatographic perspective, this setup present limitations in terms of 

separation capacity and implementation, as it can be used only to couple IEC 

and RPLC separations (resulting in limited orthogonality) and employs pulsed 

elution in the first separation, leading to “undersampling” [23] and reducing 

the separation efficiency of the first separation dimension.  

Other approaches have been investigated, which use online and offline 

comprehensive two-dimensional liquid chromatography (LC×LC) 

[e.g.[16,24–26]. The advantage of an online setup is the automated sample 

transfer. It has been shown that RPLC (at a different pH), IEC and HILIC are 
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good choices in combination with RPLC in a two-dimensional separation 

system. 

In terms of selectivity, hydrophilic-interaction LC (HILIC) has emerged as a 

favourable alternative to IEC. The mechanism proposed for HILIC is based 

on partitioning between a water layer formed on the surface of the stationary 

phase and the bulk mobile-phase, with additional effects of electrostatic 

interactions and hydrogen bonding.  Analytes are separated mainly based on 

their hydrophilicity, whereas in IEC separation is based on charge (peptides 

of interest generally carry two to four positive charges). HILIC provides a 

higher degree of orthogonality with RPLC [25,27] and can be easily coupled 

to MS when volatile additives are used. However, in HILIC, high 

concentrations of acetonitrile (ACN) are used, which creates a solvent 

mismatch with RPLC [28]. To overcome the solvent incompatibility, two-

dimensional (2D) separations have been performed off-line, with the solvent 

being evaporated in between the two separations and replaced by a favourable 

solvent for the second-dimension (2D) separation. If a 2D-LC separation is 

performed on-line, very small amounts can be transferred with the aid of 

loops. However, this may lead to sensitivity issues. 

With the implementation of stationary-phase-assisted modulation (SPAM), 

the solvent mismatch can be overcome and narrower columns can be used in 

the second dimension [29]. In this case the simple loops between the two 

dimensions are replaced by small columns (traps) that allows concentration of 

the analytes in a smaller volume. The 1D effluent is not transferred directly 

and, thus, the flow rate is not a limiting factor. The 1D effluent can be diluted 

with a make-up flow, which will aid in solving the solvent incompatibilities. 

A similar type of set-up is already implemented for large volume injections in 

nano-HPLC (trap-and elute setup) [30]. To avoid volume overload on an 

analytical column, the sample can be loaded onto a pre-column (trap) at higher 
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flowrates, using a loading pump and then a valve is switched to send the 

sample to the column using a solvent gradient. 

The objectives of the present study were to develop a high-resolution LC×LC 

method to increase the number of analytes identified in bottom-up-proteomics 

studies and to enhance the coverage of the proteome. We aimed to combine 

HILIC with RPLC in capillary column format, using active modulation with 

dilution during sample transfer to circumvent solvent-incompatibility issues, 

all without increasing the required analysis time compared to a 1D separation. 

 

2. Materials and methods 

2.1 Chemicals 

Acetonitrile (ACN, MS grade), 2-propanol (IPA, HPLC grade) and water (MS 

grade) for all MS measurements were purchased from Biosolve Chimie 

(Dieuze, France). Milli-Q water (18.2 mΩ) was obtained from a purification 

system (Millipore, Bedford, MA, USA). Bovine serum albumin (BSA, ≥96%) 

and formic acid (FA, analytical grade; 98%), were purchased from Sigma-

Aldrich (Darmstadt, Germany). Yeast cell lysate was obtained from Promega 

(Madison, WI, USA). 

Fused-silica capillaries (20, 50, 75, 100, 150 µm internal diameter (ID); all 

360 µm outer diameter (OD)) (CM scientific, Silsden, United Kingdom), 

PEEK tubing (IDEX, Lake Forest, IL, USA), Next-advance frit kit (kasil 1624 

and formamide ;Troy, NY, USA), ferules, nuts and unions (Vici-Valco, 

Houston, TX, USA) were used to prepare the columns and connections. 

C18 particles (3 µm diameter, 100 Å pore size) for the reversed-phase columns 

were obtained from NanoLCMS Solutions (Magic C18, Oroville, CA, USA). 

HILIC columns were packed in our laboratory with hydroxyethyl A particles 
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(5 µm, 300 Å) from PolyLC (Columbia, MD, USA), Acquity UPLC BEH 

Amide (1.7 µm, 130 Å) from Waters (Milford, MA, USA), and ZIC-HILIC 

(3.5 µm, 100 Å) from Merck (Darmstadt, Germany). 

2.2 Instrumentation  

For the 1D and 2D experiments an Ultimate 3000 (ThermoFisher Scientific, 

Breda, The Netherlands) system was used, equipped with nano-pump (0.1 to 

1.5 L/min, NCP 3200RS) and nano-pump / loading-pump (0.1 to 1.5 L/min 

nano pump, 1-100 L/min loading pump, NCS 3500RS) modules and an auto-

sampler (WPS-3000TPL RS). ProFlow nano selectors (ThermoFisher 

Scientific) were used as flow selectors for the nano pump. For the MS 

measurements an Orbitrap Q Exactive plus (QE) from ThermoFisher 

Scientific was used with a nanospray Flex source. The sampler was equipped 

with a 20-µL loop for the RPLC measurements, a 1-µL loop for HILIC 

measurements, or a 5-µL loop for the 2D measurements. 

2.3 Sample preparation  

The protein digestion was performed as described previously [31]. The 

peptide samples were dissolved either in 98% water, 2% ACN, 0.1% FA for 

RPLC measurements or 80% ACN, 20% 10 mM ammonium formate in water, 

pH 3 for HILIC and 2D measurements.  

Human kidney tissue was obtained in homogenized fresh frozen form (Jasper 

Kers, Amsterdam UMC, Amsterdam, The Netherlands). The tissue aliquot (5 

mg, 0.2 g mL-1 in 100-mM ammonium bicarbonate solution) was assumed to 

contain 1 mg of protein. The tissue was sonicated with 100 µL of 6 M urea 

solution, after which the same in-solution digestion procedure was followed.  

Human IMR90 lung fibroblast cells (ATCC CCL-186) were grown in 

Dulbecco’s modified Eagle media (DMEM) supplemented with 10% heat-

inactivated, sterile-filtered fetal bovine serum (Life Technologies) and 
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prepared according to what was described in [32]. The extracted proteins were 

precipitated with cold acetone (-20ᴼC). The acetone was then removed and the 

palette was suspended in 100 µL of 6 M urea solution. The same in-solution 

digestion was performed as described above. 

 

2.4 Column packing 

Firstly, frits were created in the fused silica capillaries. Kasil 1624 (60 µL) 

was mixed gently with formamide (20 µL). The capillaries cut to the desired 

column length plus 30 mm were dipped in the solution for 1 to 2 s [33]. Then 

the capillaries were placed in an oven at 100ᴼC overnight. Before packing, the 

frit was cut to 1 to 2 mm and the capillary to the desired column length plus 5 

mm.  

The RPLC columns were packed by preparing a slurry of 0.1 g mL-1 particles 

in the packing solvent (methanol:isopropanol 50:50). The slurry was inserted 

in an empty column (4.6 mm × 50 mm) with one end drilled to be able to 

connect the capillary. The capillary was inserted 5 mm inside the packing 

column. A flow of 0.1 mL min-1 of the packing solvent was set. The column 

was kept under flow for 30 min after the packing was complete. The slurry 

left was collected and the packed column was removed. The top 5 mm were 

cut and the capillary was placed at the same level as the sleeve before making 

the final connection. 

The same procedure was followed with the HILIC stationary phases, but the 

packing solvent was changed to 97% ACN, 3% 10-mM ammonium formate 

in water, due to the nature of the particles.  
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2.5 Chromatographic conditions 

2.5.1 HILIC-MS separation conditions 

Three different HILIC stationary phases were tested for the 1D separation (ZIC 

HILIC, amide and hydroxyethyl). All were packed in-house and all columns 

were made to the same length (200 mm) and internal diameter (200 µm).  

In this setup only one pump is used. The column is connected to the auto-

sampler valve and no traps are used. The flow rate was set to 1 µL min-1 and 

1 µg of yeast digest was loaded on the column. Mobile phase A was 10-mM 

ammonium formate in water, adjusted to pH 3, and mobile phase B was 97% 

ACN and 3% 10-mM ammonium formate, pH 3. A multi-segment gradient 

was used as follows: 95% B for 1 min, 95-85% B in 2 min, 85-75% B in 59 

min, 75-65% B in 39 min, 65-50% B in 1 min and then back to 95% B in 1 

min. The column was equilibrated with 95% B for 30 min.  

2.5.2 RPLC-MS conditions  

More attention was paid to the second dimension, since this has a greater 

impact on the final separation. The aspects considered were the efficiency of 

the separation (section 2.5.2.1 and 2.5.2.2 and the detection sensitivity 

(section 2.5.2.3). The mobile phases used were water with 2% ACN and 0.1% 

formic acid for channel A and the loading pump, and 80% ACN, 20% water, 

0.1% formic acid for channel B.  

For the RPLC optimization, all measurements were carried out in trap-and-

elute mode using a 5 mm length, 300 µm ID trap column (C18, ThermoFisher 

Scientific). The loading pump (20 µL min-1) was used to transfer the sample 

from the injector to the trap in 3 min. The column was kept in a column oven 

at 45ᴼC. A gradient from 5% B to 35% B was used for all measurements. For 

the peak integration and the determination of the peak width at half height 

MZmine (version 2.40.1) was used. The processing method will be detailed in 
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section 2.7. Bovine-serum-albumin digest was chosen to represent a real 

proteomics sample and was used to characterize the 2D columns. The sample 

was dissolved in water containing 2% ACN and 0.1% FA in concentrations of 

0.2 µg µL-1 and 0.05 µg µL-1. 

2.5.2.1 RPLC-MS experiments to determine the optimal linear flow 

velocity 

BSA digest 0.25 µL (50 ng, 0.2 µg µL-1, quantified at protein level) was loaded 

on an RPLC column (C18, 10 mm length, 100 µm ID,) to determine the effect 

of linear flow velocity on the peak capacity. The flow rates employed were 

0.3, 0.5, 0.7, 0.9, 1.2, and 1.5 µL min-1. The gradient time was varied in order 

to keep the same volumetric gradient (tg/t0) (see Table S1.1). The identified 

peptides from all the measurements were compared. From the common list of 

peptides, the most intense 35 peaks were chosen to perform the peak capacity 

calculations (supplementary material Table S1.2). Equation 1 was used to 

calculate peak capacity [34] (derived in supplementary material Equations 

S1.1, S1.2, S1.3) and equation 2 and 3 were used to convert from volumetric 

flow rate to linear flow velocity. 

𝑛𝑐 =  
𝑡𝑔

1.7× 𝑤1
2

ℎ

+ 1         (1) 

Where nc is the peak capacity, tg the gradient time (min) and 𝑤1

2
ℎ

 is the peak 

width at half height (min).  

𝜇𝑠 =  
𝐹

𝜋×𝑟2           (2) 

Where µs is the linear flow velocity in an empty cylinder (“superficial 

velocity”) (mm s-1), F is the volumetric flow rate (mm3 s-1) and r is the column 

radius (mm) 
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𝜇𝑡  =  𝜇𝑠/𝜀𝑡          (3) 

Where µt is the mobile-phase velocity and εt is the total porosity of the column. 

We assumed a medium porosity column which would give a value of about 

0.6 for t [35]. 

The optimal mobile phase velocity was determined to be approximately 1.8 

mm s-1. (Figure S1.1 supplementary material) 

2.5.2.2 RPLC-MS effect of gradient steepness on peak capacity  

BSA digest (50 ng injected on column for all experiments) was used as the 

peptide sample. Three RPLC column dimensions were tested (100 mm length; 

75, 100 and 150 µm ID) at an optimal linear flow velocity of 1.8 mm s-1 (see 

section 2.5.2.1), which corresponded to 300, 533 and 1200 nL min-1, 

respectively. The gradient times used were 3, 4, 5, 7, 10 and 15 min. The 

widths of 15 peptide peaks were used to calculate the peak capacity of each 

separation (for a list see supplementary material, Table S2.1). 

2.5.2.3 RPLC-MS effect of flow rate on sensitivity 

RPLC columns with the same dimensions as those described in section 2.5.2.2 

were used at their optimal linear flow velocity. The gradient time was kept 

constant (10 min) and the quantity of BSA digest loaded was varied (5, 10, 20 

and 50 ng). The areas of extracted ion currents (EIC) for selected peptides 

(same list as in 2.5.2.2) were considered to compare the MS sensitivity at 

different flow rates.  

2.5.3 HILICRPLC-MS optimization  

A schematic of the HILICRPLC-MS setup is shown in Figure 1. A HILIC 

1D column was run at 1 µL min-1. The 2D RPLC column was run at 1.2 µL 

min-1, either with the 100-µm ID column or with the 150-µm ID column. A 

dilution flow of water containing 0.1% FA (9 µL min-1) was provided by a 
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loading pump, which was connected to the outlet of the HILIC column using 

a VHP MicroTee Assembly for 360µm OD (P/N UH-750, Idex, Lake Forest, 

IL, USA). The tenfold diluted flow 1D effluent containing the sample was 

retained on C18 traps (5 mm  300 µm ID). This allows for the entire sample 

(peptides) to be transferred from the first to the second dimension in a solvent 

favourable for RPLC separation. The traps were attached to the valve using 

two Viper connections (10 mm  30 µm ID; ThermoFisher Scientific). The 

other connections were made with fused-silica capillaries (250 mm  20 µm 

ID, except 300 mm  50 µm ID for the connection from the T-split to the 

valve, figure 1). 

The gradient and valve switches were programmed using Xcalibur. A long 

step gradient was programmed for the first dimension and repeated short 

gradients for the second dimension. The 2D gradient duration was set equal to 

the modulation time minus one minute. This latter minute was used to wash 

the RPLC column increasing the % B to 80% in 0.1 min. Thereafter, the 

composition was programmed to return to the initial conditions in 0.4 min and 

the column was then equilibrated for 0.5 min. The first 2D gradient ran from 

5% B to 60% B. The gradient was then changed gradually, with the initial %B 

increasing linearly to 15% and the final %B decreasing linearly to 35%. This 

was because the more-hydrophobic components eluted in the first modulations 

from the HILIC 1D column required a higher % of ACN to be eluted from the 

2D RPLC column than the more-hydrophobic components eluting in the later 

modulations. 

Multiple modulation times were considered (5, 10, 15 and 30 min) to 

determine a compromise between the sampling of the 1D chromatogram and 

the resolution of the 2D separation. A complication factor is that increasing 

the number of modulations implies that the fraction of the time lost due to 

sample loading and column equilibration is increased.  
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In our setup, the volume of the trap and the valve ports used were calculated 

to be about 640 nL. At a flow rate of 300 nL min-1 this will result in a delay in 

excess of 2 min. This may be quite significant. For example, in case of a 10 

min modulation a 2 min delay represents a 20% reduction of the 2D separation 

time. By increasing the flow rate to 1200 nL min-1 we can reduce the effect of 

the system volume to 0.5 min. However, we must still consider the dead 

volume of the 2D column. A 100 mm  75 µm ID column (RP75) run at 300 

nL min-1 will have a dead time of about 1 min. If we increase the column ID, 

while keeping the length and linear flow velocity constant, the column dead 

time will stay the same. Running the separation at a higher than optimal linear 

flow velocity would reduce the dead time and the system dwell time 

simultaneously. The 2D setup was therefore operated with the 150-µm or 100-

µm ID columns (RP 150, RP100) at 1.2 µL min-1.  

 

Figure 1: Schematic of the 2D-LC setup used. The 6-port valve represents the injector valve 

and the 10-port valve is the modulation unit allowing to collect fractions of the sample from the 

first dimension and inject these in the second dimension. The 10-port valve and the RPLC 

column were kept in an oven at 45ᴼC. 
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2.6 Mass-spectrometry conditions 

All separations were performed with direct injection into the nano-LC setup 

coupled using a nanospray Flex source to a Q-Exactive Plus (Thermo Fisher, 

Bremen, DE). 

The tune method was set with the following parameters: capillary temperature 

275ᴼC, S-lens RF level 55, and spray voltage between 1.85 and 2.1 kV, 

depending on the status of the emitter. The MS1 conditions were set to a 

resolution of 70,000, automatic gain control (AGC) target 3106, maximum IT 

60 ms, and a scan range from m/z = 375 to 1575. The MS2 parameters were: 

resolution 17,500, AGC target 105, maximum IT 100 ms, isolation window 

(m/z) 1.8, fixed first mass m/z = 110, normalized collision energy (NCE) 27, 

number of MS/MS (loop count) 10. The data-dependent settings were a 

minimum AGC target of 2103, intensity threshold 2104, and charge exclusion 

of unassigned species, charge of 1, 7, 8 and larger than 8. The dynamic 

exclusion was set to 20 s and the chromatographic peak width was set to 15 s 

for the 1D experiments and 10 s for the 2D experiments. 

2.7 Data processing 

2.7.1 Bottom-up MS/MS database searches 

MaxQuant (open-source computational platform, version 1.6.5.0) and 

Proteome Discoverer (Thermo Scientific, version 2.4.1.15) were used to 

identify the peptides in all samples. Carbamidomethyl (C) was used as a fixed 

modification and the variable modifications were set to oxidation (M) and 

acetylation (protein N-Terminal). Trypsin was specified as the enzyme, with 

a maximum of two missed cleavages. The false discovery rate (FDR) for the 

peptide identification was set to 1% [36]. 

FASTA files [37] with reviewed peptide sequences were downloaded from 

uniprot.org[38]. For the yeast measurements, baker’s yeast was selected and 
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only the reviewed sequences were downloaded in uncompressed form (created 

on 05.07.2019). For the kidney-tissue samples and the IMR90 cell-line 

sample, reviewed sequences of the complete human proteome were 

downloaded (created on 12.02.2019). To speed up the identification, for BSA 

only the reviewed sequences for the protein were downloaded (created on 

13.06.2019) and not the bovine proteome. Information on the peptides, 

proteins, peptide-to-spectrum matches (PSMs), and retention times was 

gathered from both MaxQuant and Proteome Discoverer.  

The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE [39] partner repository with the 

dataset identifier PXD022330 and 10.6019/PXD022330. 

2.7.2 Extraction of chromatographic characteristics 

Identified sequences from MaxQuant or Proteome Discoverer were used to 

create csv files for targeted peak detection in MZmine (the peptide lists can 

be found in supporting materials S1 and S2). For each type of experiment an 

intermediate gradient duration was chosen for creating the csv file containing 

m/z values, retention times and sequences identified. The assignment was 

performed using the targeted-peak-detection function with the correct peak 

list, intensity tolerance 50%, noise level 6.0103, m/z tolerance 0.02 Da or 10 

ppm. The retention time tolerance was set to an arbitrary high value of 15 min 

due to the very different conditions between some of the measurements. The 

deconvolution function was used on the obtained peak lists to determine the 

charge state of the species. The peak integration was assessed visually and all 

peptides with poor integration were removed from further consideration. The 

retention time, peak width at half height and charge state were extracted for 

each peptide analyzed.  
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2.7.3 Orthogonality calculations 

Scatter plots between the HILIC and RPLC data were created (see Figure 2), 

using the retention times of common peptides. If one sequence was identified 

multiple times the sequence with the highest identification score was chosen. 

The retention times of the peptides were normalized using equation 3. 

𝑡𝑖 (𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑) =  
𝑡𝑖−𝑡𝑚𝑖𝑛

𝑡𝑚𝑎𝑥−𝑡𝑚𝑖𝑛
       (3) 

Where tmin and tmax represent the first and the latest eluting peak in the chosen 

series, respectively, and ti is the retention time of the chosen peak. The 

orthogonality scores were calculated with a modified Matlab script (courtesy 

of John Mommers, DSM Material Science Centre, Geleen, The Netherlands) 

[40], in which the bin-counting method [27] and the equations for the Asterisk 

approach [41] were implemented. The results from the bin-counting method 

is dependent of the number of analytes in the sample. It determines the space 

coverage as the percentage of occupied bins in the 2D separation space. 

Ideally, each analyte will occupy one bin. Thus, the number of bins should 

match the number of analytes to be able to make a fair conclusion. Therefore, 

the bin-counting method was modified so as to have a number of bins similar 

to the number of analytes included in the scatter plots. For the Asterisk method 

the same equations were applied, independent of the number of analytes 

included in the calculations. The Asterisk metric calculates the orthogonality 

from the distances of each peak to four axes, the vertical axes, the horizontal 

axes and the two diagonals. The final orthogonality is given as a percentage. 

3. Results and discussion  

Online coupling of HILIC×RPLC for the separation of peptides shows great 

promise in increasing the peak capacity without a great increase in analysis 

time. This is expected to lead to a better analysis of complex proteomics 
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samples. In this project a 2D setup was built with micro flow rates in both 

dimensions. The effects of an increase in flow rate in the second dimension 

on peak capacity and MS sensitivity were investigated. Three samples with 

different levels of complexity were used, i.e. bovine serum albumin digest 

(one protein), yeast-proteome digest (about 6,700 proteins) and human tissue 

(about 20,000 proteins).  

3.1 First-dimension HILIC - orthogonality with respect to RPLC 

We tested three types of HILIC stationary-phase chemistries, viz. two neutral 

phases (hydroxyethyl and amide) and one charged type (sulfobetaine, ZIC-

HILIC). The method was developed on the basis of previously described 

research [31]. HILIC-MS methods were optimized in order to spread the yeast 

peptides across the chromatogram. A total of 8908 unique peptides were 

identified from the three HILIC columns and the RPLC column. The highest 

number was obtained with the RPLC separation (7904 peptides, 1497 

proteins) followed by ZIC HILIC (3098 peptides, 695 proteins), amide HILIC 

(2432 peptides, 584 proteins) and hydroxyethyl HILIC (2389 peptides, 556 

proteins). The larger number of identified peptides can be explained by a 

more-efficient separation in RPLC compared with HILIC, augmented by the 

lower internal diameter and flow rate used for RPLC, while keeping the 

amount injected constant. The calculated peak capacity for the RPLC 

separation was 398. For the HILIC columns the calculated peak capacity was 

158 for ZIC HILIC, 84 for the amide column and 141 for the hydroxyethyl 

column.  

The identified peptides from the separations on the three HILIC columns and 

the RPLC column were compared and a common list was obtained (1064 

peptides). To select the HILIC column with the highest separation power and 

orthogonality with RPLC, the retention times were normalized and scatter 
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plots were created (Figure 2). To assess the orthogonality both the asterisk 

equation [41] and the bin-counting method [27] were adopted.  

 

Figure 2: Scatter plots of retention data obtained from one-dimensional separations using 

RPLC and three different HILIC columns. A common list of peptides between the four 

measurements was considered. Axes show normalized retention times. 

 

The column showing the least correlation and the highest orthogonality based 

on the Asterisk metric was the ZIC HILIC column, followed by amide and 

then the hydroxyethyl. When considering the bin-counting method, the amide 

columns was found to outperform the ZIC HILIC column by 2% (see Table 

1). Another observation was a clustering of peaks at the beginning of the 

separation on the hydroxyethyl column. If this were to be improved the 

orthogonality would be increased. It can be concluded that any of the three 

column chemistries would provide a largely orthogonal separation when 

coupled with RPLC. Irrespective of the column chemistry, the peptide 

retention order on the HILIC columns is quite similar (Figure S3.1, supporting 

information). Due to its higher peak capacity, higher number of proteins 

identified and higher orthogonality to RPLC, the ZIC HILIC column was 

selected for use in the 2D setup. 
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Table 1 Orthogonality considerations of the three HILIC column compared to RPLC 

separation. 1064 common peaks were considered and the number of bins was 1024 (32×32). 

Column  Bin % Asterisk 

HILIC Amide  48 59 

HILIC Hydroxyethyl 42 51 

HILIC ZIC 46 60 

 

3.2 Optimization of second-dimension LC conditions: influence of 

column dimensions on peak capacity and detection 

The second dimension was developed to provide a fast, efficient separation, 

while maintaining the sensitivity of low-flow LC-MS analysis. The 

parameters investigated were column internal diameter, flow rate and gradient 

duration, to establish a balance between speed of analysis and efficiency. 

Potential loss in peak capacity, when using fast 2D gradients to improve the 

first-dimension sampling rate, was investigated. Theoretically the peak 

capacity of the 2D-system will be the product of the peak capacities of the two 

dimensions used. However, since in a low-flow setup adequate sampling of 

each 1D peak is not possible, the total peak capacity will be better 

approximated as the peak capacity of the second dimension multiplied by the 

number of modulations. 

In all of the three columns (with different dimensions) investigated an increase 

of the peak capacity approximately with the square root of the gradient 

duration was observed. As seen in figure 3A, the 75-µm ID column presented 

peak capacities between 26 and 59 for the tested gradient lengths. The 100-

µm ID column showed peak capacities from 32 to 89 and the 150-µm ID 

column exhibited a peak capacity of 43 to 117. Larger columns, running at 

higher flow rates, resulted in more-efficient separations.  

Another consideration was the influence on the MS response, due to changes 

in sample dilution. Introduction of miniaturized ESI sources have shown great 
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promise for increasing the sensitivity of detection and for allowing smaller 

sample quantities to be used. The standard setup for contemporary proteomics 

features a 75-µm ID column packed with C18 particles, run at 300 nL min-1 

[42]. This has been a compromise between sensitivity, enhanced by lower 

flow rates, and robustness of the setup. Lately, the advantages of micro-flow 

liquid chromatography (columns of around 1 mm ID) for proteomics have 

been discussed [43]. The separation efficiency improves by having sharper 

peaks and avoiding column overloading, but the MS sensitivity suffers due to 

sample dilution, hence an ion-suppression effect. 

 

Figure 3 (A) Peak capacity of three RPLC column with different dimensions as a function of 

gradient duration. Linear flow velocity was kept at 1.13 mm s-1. (B) MS sensitivity of three 

RPLC columns with different dimensions determined from the average peak area of 14 peptides. 

Black (□) 75 µm ID, red (●) 100 µm ID, blue (∆) 150 µm ID columns. 

In this work, we explored the use of second-dimension columns with slightly 

larger diameters than the standard 75-µm ID column, to improve the sample 

loading and to obtain sharper peaks (higher peak capacity). In figure 3-B a 

1.3-fold decrease in sensitivity is observed when going to the 100-µm ID 

column and a 2.3-fold decrease when using a 150-µm ID column. 

Clearly, we must compromise the MS sensitivity to have a faster and more 

efficient separation. However, by increasing the quantity of peptides loaded 
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we could overcome the decreased sensitivity, while maintaining an increased 

peak capacity.  

3.3 2D platform – optimization and application  

The low flow 2D-LC setup was used to analyze yeast-proteome digest as a 

standard test sample and finally was applied for the separation of fresh-frozen 

human-kidney-tissue homogenate and an IMR90 cell-line lysate. The protein 

digestion was performed in-house as descried previously [31]. Stationary-

phase-assisted modulation was used to transfer the fractions from the first 

dimension to the second dimension. In this way, the solvent incompatibility 

issues between HILIC and RPLC were solved and all sample could be 

transferred automatically. The RPLC was coupled to ESI-MS for the analysis 

of the sample.  

3.3.1 Modulation time  

When developing a miniaturized LC×LC setup some of the critical aspects to 

consider are the (column) dead volume and the (system) dwell volume and 

their influence on the second-dimension separation. In analytical-scale setups, 

system dwell volumes are small with respect to the flow rates used (e.g. 100 

µL of dwell volumes at flow rates of 1 mL min-1 result in a 6-s dwell time), 

allowing fast second dimension-separations (e.g. below 1 min) and frequent 

sampling of the first-dimension separation, significantly increasing the peak 

capacity of the 2DLC separation system [44]. However, in nano-LC the dwell 

volumes tend to be relatively large with respect to the operative flow rates, 

introducing significant time gaps between second-dimension runs. This can 

be clearly observed in a series of modulations as analysis gaps in which no 

peptide is observed by the mass spectrometer.  

We investigated the effect of the modulation time and the number of 

modulations per run. The duration of the HILIC gradient was kept constant at 
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two hours, independent of the modulation time tested. The total run time was 

expanded by up to 20 min to accommodate the final modulation. We expected 

more-efficient 2D separations for longer modulation times. However, the 1D 

separation will be jeopardized by undersampling. The modulation times tested 

were 5, 10, 15, and 30 min. The resulting numbers of modulations were 24, 

12, 8, 4 respectively. A table documenting the peptide and protein 

identification in each case is included in supplementary material (Table S4.1). 

When considering the 150-µm ID 2D column run at the optimal linear flow 

velocity (1.2 µL min-1; see Supplementary Material S1), the dwell volume of 

0.64 µL of our system will result in a dwell time (2tD) of 0.5 min, while the 

column dead (2t0) time is 1 min, resulting in a total time loss per modulation 

(2tD + 2t0) of 1.5 min. This implies that 30% of the time will be lost in case of 

5-min modulations, 15% for 10-min modulations, 10% for the 15 min 

modulations, and only 5% for the 30-min modulations. If we replace the 

second-dimension column with a 100-µm ID one and we keep the flow rate 

the same, the 2t0 is reduced to 0.5 min, and 2tD + 2t0 becomes 1 min. This 

implies that we regain 10% of the separation space for the 5-min modulations 

and 5%, 3.3% and 1.7% for the 10-min, 15-min and 30-min modulations, 

respectively (see supplementary material Figure S4.1).  

However, the separation efficiency should be lower when using a smaller 

column run at a much higher linear flow velocity. The peak capacities for the 

two setups were calculated for one of the modulations, assuming that for all 

modulations in one run the second-dimension peak capacity (2n) should be 

similar. One 10 min modulation run was selected for both the RP100 and 

RP150 columns. 15 peptide peaks were selected from modulation #7, 15 

values for peak capacity were estimated based on the band widths of each of 

the peptides, and these 15 values were then averaged (for a list of peptides see 

supplementary material, Table S4.2). The RP150 showed a peak capacity of 
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83 and the RP100 setup one of 81. Assuming that the total peak capacity of 

the system equals the peak capacity of the second dimension multiplied by the 

number of modulations (nmod=12). Therefore, the total peak capacity of the 

system will be about 1000.  This is a great improvement when considering the 

peak capacity of the 1D RP75 separation of the same 2-h duration (about 400). 

Due to the very small difference in the obtained peak capacities of the two 

setups the 100 µm ID column was thought to provide a better option due to 

the lower dead time (2tD + 2t0). The longer modulations were determined to be 

more suitable for our setup, providing enough fractionation of the sample in 

the first dimension and a more limited time lost due to the dead time system.  

3.3.2 Method optimization and repeatability  

Triplicate measurements were performed to check the repeatability of the 2D-

setup. The RPLC column was kept in a column oven at 45ᴼC to minimize the 

effects of fluctuations in the room temperature and to decrease the 

backpressure.  

The identified species (about 4800 peptides per run) were not considered a 

good indication of the repeatability, due to the variability of the sample, 

ionization efficiency and precursor selection for MS/MS. Therefore, the 

retention times of a selection of the identified peptides were considered to 

determine the degree of variation between the triplicate measurements. We 

considered the common peptides without post-translational modifications 

from the three measurements (2742 peptides). We found an average variability 

of 1.7% (rsd) in the retention times between the triplicate measurements. Of 

the common peptides 192 showed a variability above 1%. If these were to be 

removed the average variability for the remaining 2550 peptides would drop 

to 0.01%. The observed variability may also be influenced by an incorrect 

assignment of an m/z value to a peptide sequence. We observed that multiple 
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retention times (peaks) were assigned to some of the peptides. We used the 

identification score in Proteome Discoverer (xcorr) to filter out the duplicate 

assignments. During this filtering the wrong retention time may be removed, 

leading to an increased variability in the retention time for the triplicate 

measurements. Due to the large number of common peptides manual 

verification was not feasible. For an example of three overlaid extracted-ion-

current chromatograms see supplementary material (Figure S4.2).  

After the system was deemed repeatable, further considerations were made to 

optimize the method. The optimization of a 2D-LC system can be difficult and 

time consuming, due to the many parameters that can influence the efficiency 

of both the 1D and 2D separations, such as the linear flow velocity, the column 

temperature, the mobile-phase composition and the gradient program [44]. In 

this work, the parameters investigated were the linear flow velocity using two 

different column diameters in 2D, the mobile-phase composition and the 

gradient duration. The latter factor is closely related to the modulation time. 

The optimization was performed by visual assessment of the obtained 

chromatograms.  

Initially, it was observed that the first 2D RPLC modulations needed a higher 

concentration of ACN to elute the peptides as compared to later modulations. 

This was expected, since more-hydrophobic peptides will elute first in HILIC 

(1D) and will require higher concentrations of ACN for elution in RPLC (2D). 

A variable (“shifting”) gradient was programmed, where the initial 

concentration of B (80% ACN, 20% water, 0.1% formic acid) was decreased 

linearly from 15% to 5% and the final concentration of B from 60% to 35% 

from the first to last modulation. A visual representation of the effect of the 

variable gradient compared to an identical repeated gradient can be found in 

supplementary materials (Figure S4.4).  



Chapter 4  

116 

 

The HILIC gradient was also modified to improve the spreading of the peaks. 

Initially the gradient was started at 95% B and held for 5 min, followed by a 

first step from 95% to 80% B in 40 min, then to 55% B in 72 min. The column 

was washed by going to 40% B in 1 min, to 70% B in 2 min, to 40% B in 1 

min and back to 95% B in 1 min. The column was equilibrated for 28 min. 

With this gradient program it was observed that the middle fractions contained 

larger numbers of peaks. The elution of peptides earlier in the HILIC gradient 

was promoted by starting the gradient at 90% B and adding a step to 85% B 

in 5 min. The next step was from 85% to 70% B in 60 min, followed by a 

decrease to 50% B in 52 min. The washing steps were the same as in the 

previous gradient program. The column was equilibrated at 90% B for 28 min. 

After the optimization of the HILIC gradient, the RPLC gradient for the 15 

min modulation was optimized for each modulation individually (see Figure 

4). In supplementary materials Figure S4.5 a clear improvement in the 

separation can be observed for the manually adjusted gradient for each 

modulation versus the shifting linear gradient described above (see 

supplementary material figure S4.6 and S4.7). The improvement was also 

noticed in the number of peaks that could be subjected to MS/MS analysis 

(“sequenced peaks”) and the number of peptides identified. For a generic 

shifting gradient, the number of peaks was 39,107 and 4,529 peptides were 

identified, while for the manually optimized variable gradients the number of 

peaks increased to 49,194 and the number of peptides identified was 6,606. 
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Figure 4 2D separation of yeast-proteome digest using 15-min modulations (120 min 

separation). ZIC HILIC as first dimension and C18 (100 µm ID) as second dimension. For 

conditions see Section 3.5.2 and supplementary materials figure S4.6. 

 

3.3.3 Application of the 2D setup and comparison with 1D RPLC 

The same yeast sample was also run with 1D-RPLC with two column 

dimensions, i.e. 75 µm ID (300 nL min-1) and 150 µm ID (1.2 µL min-1). The 

gradient duration was equal to that of the 1D HILIC gradient in the 2D 

measurements (120 min). Dilution in the column is proportional to the square 

of the column diameter [42]. Therefore, a 4-fold greater dilution was expected 

when increasing the column diameter from 75 to 150 µm. This was also 

observed experimentally. The narrower column performed better when the 

same sample quantity was loaded (1 µg). However, a five-time increase in the 

sample quantity injected on the larger-diameter column led to more peptides 

being identified than with the 75-µm ID column. This beneficial effect is 
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expected also for the 2D setup, since larger column diameters were used. Both 

1 µg and 5 µg sample amounts were loaded during the 2D experiments to 

determine the effect of the sample concentration and to allow a comparison 

with the 1D runs.  

The numbers of peptides and proteins identified are listed in table 2. When 1 

µg of sample was separated the RP75 column (1D) yielded the highest number 

of peptides identified, followed by the RP150 column and then the 2D 

separation (15 min modulation). However, for the number of proteins 

identified, the RP75 and 2D separations yielded similar values (nearly 1500), 

while about 300 fewer proteins were found with the RP150 column. When 5 

µg were loaded, slightly more peptides were identified with the 2D and RP150 

separations compared to the RP75 column (with 1 µg injected). The number 

of proteins found was comparable between RP150 (5 µg) and RP75 (1 µg). 

The 2D separation of 5 µg yeast-proteome digest yielded the highest number 

of proteins identified, with between 400 and 500 more proteins identified than 

on either 1D system (RP75, 1 µg or RP150, 5 µg). It can be concluded that 

dilution has a large effect on the identification of peptides in a sample as it 

decreases the intensity of the peaks present and consequentially increase MS1 

and MS/MS ion injection time, reducing the number of MS/MS scans that can 

be performed per analysis.  

Finally, the setup was used for the characterization of proteomics samples 

from complex organisms: human-kidney-tissue proteome and IMR90 cells 

proteome. The same trends as with yeast were observed, but a larger number 

of proteins were identified, likely due to the more complex proteome.  

For the IMR90 cells proteome we observed the highest number of 

identifications. We observed similar numbers of identified peptides and a 

slightly (5%) higher number of identified proteins using the 2D setup (15 min 
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modulation) in comparison with the1D separation on the RP75 column, when 

loading the same amount of sample (1 µg) on the two systems. 

For the kidney-tissue-proteome, loading 1 µg of sample yielded similar results 

in terms of protein identification for the 1D (RP75) and 2D (15 min 

modulation) systems. When 5 µg of sample were loaded on the 2D system, 

the number of proteins identified increased by about 1000. This represents a 

34% increase in the number of proteins identified using the 2D platform, 

without any increase in measurement time. The higher protein coverage 

available from the 2DLC-MS setup in the analysis of kidney samples suggest 

that 2D approaches could significantly help in the analysis samples from 

complex matrices.  

Moreover, when comparing the chromatographic performance of the 1DLC 

analysis respect to the 2DLC analysis the average peak width of the peptides 

identified was 2.5 times higher. It is likely that the cycle time for the MS 

experiments in the MS system used in this study (between 0.9 and 1.3 s) does 

not allow to fully exploit the gain in chromatographic performance from the 

2DLC-MS. We suggest that 2DLC methods in combination with the latest 

generation of orbitrap and or ion mobility -time of flight mass spectrometry 

instruments would allow to capture to a greater extent the chromatographic 

gains in terms of peak width reduction (and hence peak capacity) that 2DLC 

analysis allows for.  
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Table 2: Comparison of results obtained with 1D-RPLC compared to 2D HILIC-RPLC 

separations of the yeast proteome, kidney- tissue proteome and IMR90 cells proteome. 

File  Quantity 

loaded 

Sample Peptides Proteins 

1D RP75 1 µg Yeast 7904 1497 

1D RP150  1 µg Yeast 6240 1130 

1D RP150  5 µg Yeast 8436 1457 

2D (15 min modulation)  1 µg Yeast 5905 1469 

2D (15 min modulation)  5 µg Yeast 8280 1931 

1D RP75 1 µg Kidney tissue 6629 1803 

1D RP150 1 µg Kidney tissue 5574 1351 

2D (15 min modulation) 1 µg Kidney tissue 5944 1764 

2D (15 min modulation) 5 µg Kidney tissue 8843 2750 

2D (30 min modulation) 1 µg Kidney tissue 5935 1868 

1D RP75 1 µg IMR90 10005 2495 

2D (15 min modulation) 1 µg IMR90 9993 2624 

 

4. Conclusion  

In this work we developed an online low-flow 2DLC setup for the separation 

of complex protein digest. The two separation dimensions were developed 

separately, keeping in mind their final application in the 2D-LC setup. The 

first dimension was chosen to be HILIC, due to its high orthogonality with 

RPLC. This was demonstrated with three types of column chemistries tested, 

which all showed a surface coverage in excess of 42% and asterisk 

orthogonality indices above 51%. The best performing column under the 

conditions tested was a ZIC HILIC column, which yielded a surface coverage 

of 46% and an asterisk orthogonality index of 60%. Therefore, this column 

was used in the 2D setup.  

For the second-dimension separation a short run time, high peak capacity and 

good MS sensitivity are needed. For this purpose, three columns were 



Chapter 4 

121 

 

investigated with different internal diameters (75, 100, and 150 µm ID) 

containing the same C18 particles (3 µm diameter) and having the same length 

(100 mm). The optimal linear flow velocity was determined to be about 1.8 

mm s-1, corresponding to volumetric flow rates of 300, 533 and 1200 nL min-

1 in the three columns. The peak capacity increased, but the MS sensitivity 

decreased with increasing column diameter. The reduction in sensitivity was 

overcome by loading larger quantities of peptides. 

Considering the implementation of the two-dimensional system, higher flow 

rates were needed to minimize the detrimental effects of the dwell volume and 

the column dead volume. Therefore, the 100-µm and 150-µm ID columns 

were used in the second dimension at a flow rate of 1.2 µL min-1. The 

repeatability of the 2D setup was determined by considering the retention time 

variation. An average relative standard deviation of 1.7% was found. Manual, 

sample-dependent optimization of both dimensions (including variable 

gradients for each modulation) was needed to achieve the best result. In the 

future, computer-aided optimization would be highly attractive for an easier 

implementation of such a setup. 

The 2D setup performed better than a one-dimensional separation with the 

150-µm ID RPLC column. When the quantity of peptides was adapted the 2D 

setup also performed better than the 75-µm ID RPLC column. With the 2D 

setup we could obtain a much higher peak capacity in the same separation time 

(about 1000, as compared to 400 in 1D), which explains the better separation 

and higher identification capacity. A 17% increase in the number of proteins 

identified was obtained for the yeast proteome and a 34% for the human 

kidney-tissue-proteome with the 2D-LC setup compared to 1D RPLC (75 µm 

ID) when loading a five-fold higher quantity in the 2D setup. 
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Abstract 

Microfluidic devices for comprehensive three-dimensional spatial liquid 

chromatography will ultimately require a body of stationary-phase with 

multiple in- and outlets. In the present work 3D-printing with a transparent 

polymer resin was used to create a simplified device that can be seen as a unit 

cell for an eventual three-dimensional separation system. Complete packing 

of the device with 5-m C18 particles was achieved, with reasonable 

permeability. The packing process could be elegantly monitored from the 

pressure profile, which implies that optical transparency may not be required 

for future devices. The effluent flow was different for each of the four outlets 

of the device, but all flows were highly repeatable, suggesting that correction 

for flow-rate variations is possible. The investigation into flow patterns 

through the device was supported by computational-fluid-dynamics 

simulations. A proof-of-principle separation of four standard peptides is 

described, with mass-spectrometric detection for each of the four channels 

separately.  

 

Keywords 

Additive manufacturing, microfluidics, packing, flow distribution, flow 

control, separation devices 
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1. Introduction  

Liquid chromatography is a versatile technique that is used to analyse samples 

from many fields, such as proteomics, metabolomics, lipidomics, etc. [1–3]. 

One of the common characteristics of life-science samples is the high degree 

of complexity, which necessitates a high peak capacity to fully resolve all 

components [4]. The introduction of ultra-high performance liquid 

chromatography (UHPLC) allows the use of higher pressures, viz. longer 

columns and/or smaller particle diameters. In combination with shallow 

gradients such systems have shown great promise in increasing resolving 

power [5]. However, a maximum peak capacity of 1400 to 1600 is predicted 

for one-dimensional (1D) LC [6] and a random distribution of peaks implies 

that only about 37% of the full peak capacity of a system can be realized [7]. 

To fully resolve life-science samples, higher peak capacities are needed. These 

can be achieved with multidimensional separations. 

Multidimensional LC, employing orthogonal separation mechanisms in the 

different dimensions, promises much greater separation power. Ideally, the 

total peak capacity of the system will be the product of the peak capacities in 

each dimension [8]. In this way a higher peak capacity can be obtained without 

a great increase in measurement time [9]. Multidimensional LC can be 

achieved in time-based separations by coupling different columns or in spatial 

separations [10]. The latter provides parallel, simultaneous separation in all 

but the first dimensions, which keeps the total analysis time much shorter and 

results in a much higher peak-production rate (peak capacity per unit time).  

A design for a microfluidic device has been proposed previously [11]. The 

first-dimension (1D) separation takes place in a channel, the second-dimension 

(2D) separation in a perpendicular direction in a rectangular planar space (“flat 

bed”), and the third dimension (3D) separation, again in a perpendicular 

direction, in a block. The analytes will be separated spatially in the 1D channel 
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and 2D bed and eluted from the 3D block in the final separation. (“temporal” 

separation). Flow distributors are needed to transfer the analytes to the next 

dimensions and to create homogeneous flow in the 2D and 3D directions. To 

create such a device 3D-printing techniques have been proposed and flow-

control [12], implementation of stationary phases [13,14] and detection 

methods all need to be considered for its operation. Given the current state of 

the art of 3D printing we envisage devices slightly larger than that described 

before [11] to accommodate channels of between 1 and 2 mm internal 

diameter. Smaller devices are feasible with high resolution 3D-printing, such 

as two-photon polymerization [15] or hybrid stereolithography [16].   

The stationary phase can be a packed bed (polymer or silica-based particles) 

or a monolith, with various surface functionalities. Monoliths are formed from 

a liquid mixture of monomers, cross-linkers, porogens and initiator, which has 

the advantage that it can easily be introduced in any structure. The formation 

of the organic monolith can be performed by UV irradiation or thermal 

initiation. However, the polymerization process is highly exothermic[17]. 

This causes temperature differences in large spaces, with the centre getting 

warmer than the edges, leading to a heterogeneous bed. Particle-packed 

columns yield higher separation efficiencies and better reproducibility than 

organic monolithic column and the former are used much-more widely.  

However, the introduction of particles in a device can present its own set of 

challenges. Procedures for the packing and consolidation of cylindrical 

columns are well established, and sources of packing heterogeneities have 

been the subject of several studies [18–21]. There are few published examples 

of packing channels in microfluidic devices [22,23]. The demands of a spatial 

2D or 3D device introduce their own set of considerations, compared to 

packing a cylindrical column with a single inlet and outlet, or a single channel 

in a microfluidic device. A cuboidal or block-shaped region, necessary for all 
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dimensions, creates dead-zones, where packing densities may be lower. The 

proposed devices also require flow distributors and/or collectors to distribute 

fluid flow homogeneously within the 2D and 3D spaces. The design of these 

flow distributors will also influence the homogeneity of the packed regions. 

An additional consideration is the 3D-printing method used to create the 

device, which can introduce surface features [24] not present in mechanically 

polished cylindrical columns. Nonetheless, it is highly relevant to attempt 

creating particle-based stationary phases, because of their suitability to larger 

aspect ratios needed for 2D and 3D regions 

In this project we aimed to study the introduction of particles in a block-

shaped region, akin to a possible third-dimension block in a 3D spatial-LC 

device. We sought a transparent material for 3D printing suitable for 

Reversed-Phase Liquid Chromatography (RPLC) separations that would 

allow the visualization of the packing and withstand the pressure needed for 

introducing the particles. Moreover, we aimed to develop a packing 

procedure, to test the properties of the packed device, and to produce a proof-

of-principle separation.  

 

2. Materials and methods 

2.1 Chemicals 

Acetonitrile (ACN, MS grade) and 2-propanol (IPA, HPLC grade) were 

purchased from Biosolve Chimie (Dieuze, France). Milli-Q water (18.2 mΩ) 

was obtained from a purification system (Millipore, Bedford, MA, USA). C18 

particles (5 µm diameter, 100 Å pre size) were purchased from Fuji Silica 

Chemical (Lausanne, Switzerland). An HPLC peptide-standard mixture was 

purchased from Sigma Aldrich (Darmstadt, Germany). The methacrylate-
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based resin Formlabs Durable was purchased from Formlabs (Somerville, 

MA, USA).  

A Next-Advance frit kit (Troy, NY, USA), fused silica-capillaries (200 µm 

ID, 360 µm OD) (CM scientific, Silsden, UK), PEEK tubing (IDEX, Lake 

Forest, IL, USA), and ferules, nuts and unions (Vici-Valco, Houston, TX, 

USA) were used to prepare the connections. 

2.2 Instrumentation  

For constructing the devices, the Form-2 3D-printer (Formlabs) and Form 

Cure chamber (405 nm wavelength; Formlabs) were used. Packing of the 

devices was performed using a Shimadzu LC-10AD VP pump (Shimadzu, ‘s 

Hertogenbosch, The Netherlands). The flow measurements were performed 

with an Agilent 1100 Series Pump (Agilent, Waldbronn, Germany). The LC-

MS measurements were performed with Waters ACQUITY UPLC and Waters 

Synapt G2 (Waters Corporation, Milford, US).  

2.3 Design of device and printing 

To study the efficacy of particle packing and the performance of the bed for a 

potential third dimension, devices with a flow distributor (FD) starting from 

one inlet, a 7×10×10 mm 3D space and four outlets were studied. The initial 

device, shown in Figure 1, comprised an FD with 1.4-mm ID channels and a 

wall thickness of 1 mm. In following iterations, the wall-thickness was 

increased to 2.5 mm in order to enhance the pressure resistance of the devices. 

Additionally, the ID of the flow-distributor channels was adjusted from 1.4 

mm to 2 mm to enhance the ease of packing. All devices were designed via 

Autodesk Inventor (Autodesk, San Rafael, CA, USA). 

In order to visualize the anticipated influence of packing heterogeneities, 

computational-fluid-dynamics (CFD) simulations were performed. ANSYS 

Workbench Fluids and Structures Academic package (version 17.1) was used 
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(ANSYS, Canonsburg, PA, USA). The examined case was discretized with 

ANSYS Meshing. The geometry was meshed with tetrahedral cells and 

inflation layers were used on the flow distributor. The total number of cells in 

this setup was 12,956,270. All simulations were conducted using the Fluent 

solver (ANSYS), solving for flow and species transport [25]. In order to 

simulate the effect of packing heterogeneities on the flow profile, a mixture of 

dye and water (1% dye) was injected from the 3D inlet and flushed with one 

device volume of water towards the 3D space. Two cases were examined, viz. 

one with perfect packing of the whole device and one where a part of the FD 

was not fully packed. In both cases the permeability was set at 10-15 m2. The 

value of the velocity at the device inlet was adjusted so as to obtain a velocity 

of 1 mm/s in the block-shaped region. 

The device was fabricated through 3D-printing, more specifically 

stereolithography. First, the design was converted to STL format and then 

loaded to PreForm (FormLabs software). Printing orientation and settings 

were optimized for high resolution and fabrication time, after which the form 

file was loaded to the Form-2 printer. After printing, post-processing of the 

parts was necessary (figure S6, supplementary information). This included 

sonication and flushing of channels with 2-propanol and compressed air to 

remove any uncured resin. Thereafter, the parts were placed in a Form Cure 

chamber (405 nm; Formlabs) for UV and thermal curing for 60 min at 60oC.  

For fluidic connections, straight threads (#10-32 UNC, major diameter 4.83 

mm, thread pitch 0.794 mm or #6-32 UNC, major diameter 3.5 mm, thread 

pitch 0.794 mm) were created using a hand tap. Conical ferrule seats were 

included in the designs of the devices to prevent leakage. 
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Figure 1: Design of the 3D printed device (a- CAD picture; b- Printed device). Fused-silica 

capillaries (200 µm ID) containing frits (Kasil) were used to contain the particles (c). 

2.4 Connections (frit) 

Confinement of the particles inside the device needs a barrier permeable for 

the solvent, but not for the stationary-phase particles. In this project the 

confinement was achieved by the use of silica frits. These were created inside 

fused-silica capillaries (200-µm internal diameter). A solution of Kasil 1624 

(60 µL) and formamide (20 µL) was prepared and vortexed gently. The 

capillaries were dipped (1-2 s) in this mixture and then placed in an oven at 

100ᴼC overnight. After the formation of the frit with 10 to 20 mm length, the 

capillary was cut so as to retain only 1 or 2 mm of monolith (Figure 1C). On 

the frit side of the capillary, a sleeve and ferrule were added and the connection 

was made. Two sizes of nuts were used to allow for more space to tighten 

them (see Figure 1B).  

2.5 Packing procedure 

A slurry of 0.8 g of particles in 4 mL of IPA/water 50/50 by volume (0.2 g/mL) 

was prepared and sonicated for 15 min. The slurry chamber was an empty 

cylinder (250 × 4.1 mm ID, 3.3 mL internal volume) with a piece of metal 

tubing (specified aa 0.04” ID, 100 mm length) connected at the end to make 

the connection with the device. The setup was aligned vertically with the 

slurry chamber on top, followed by the metal tubing connected to the inlet of 
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the 3D printed device. The components were held in place using metal clamps. 

The slurry was introduced in the cylinder and the top was connected to a pump 

(Shimadzu LC-10AD VP pump). Packing was performed under constant flow 

(100 µL/min) and the pump was stopped when a sharp increase in pressure 

was observed and the pump pressure reached 40 bar (4 MPa). Higher pressures 

were not possible, due to the limited pressure resistance of the device (see 

supplementary information, figure S8). 

2.6 Characterization of the packed devices 

The permeability of the devices was determined by measuring the pressure 

drop across the empty device and across the device after packing when being 

flushed with water at various flow rates. Equation 1 was used to calculate the 

permeability [26]: 

𝑘 =   
𝜇 ×𝐿 ×𝑄

𝐴 × ∆𝑃
          (1) 

Where k is the permeability (m2), µ is the viscosity of the solvent (Pa×s), L is 

the length of the column (m), Q is the flow rate (m3/s), A is the surface area 

(m2) and ∆P is the difference in pressure drops between the empty device and 

the packed device (Pa). 

The uniformity of the effluent flow was determined by flushing the packed 

device with water at 0.2 mL/min for 15 min. The effluent from each outlet was 

collected and weighted in triplicate. The total weight collected was expected 

to be 3 g and the weight collected from each outlet 0.75 g (25%). The average 

percentage collected from each outlet and the standard deviations were 

determined.  

2.7 Separation and MS detection 

Since the device contained four outlets, the backpressure caused by a 

connecting one of the outlet tubings to a detector would influence the flow 
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through the device. Therefore, an MS detector was used that did not add any 

backpressure. The effluent flow from all each of the outlets was measured. 

The connection was made using a PEEK nut added to the outlet capillary, 

which was then connected to the inlet of the MS (Figure S12, supplementary 

information). After that the device was connected to the MS (Waters Synapt 

G2) and detection was performed individually after each of the four outlets, 

with the effluent flow measured for each of the three remaining outlets to 

verify that the MS did not affect the flow rates through the different channels.  

The device was used under reversed-phase conditions to perform separation 

of four peptides (Gly-Tyr, Val-Tyr-Val, Met-Enkephalin, Leu-Enkephalin). A 

gradient from 15% ACN to 50% ACN (with a constant 0.1% of formic acid, 

FA, as additive) in 10 min was performed at 0.3 mL/min. The peptides were 

dissolved in water containing 2% ACN and 0.1% FA by volume (0.02 mg/mL 

of each peptide) and 5 µL were loaded on the device (0.1 µg of each peptide).  

The MS method was set to negative mode, capillary voltage 1.8 kV, sampling 

cone 20 V, extraction cone 2 V, source temperature 110ᴼC, desolvation 

temperature 350ᴼC, cone gas 10 L/h and desolvation gas 800 L/h. The mass 

range was 100 to 1200 Da, and only MS1 was acquired. 

3. Results and discussion 

3.1 Design of the 3D printed device  

The 3D-spatial separation devices that we are aiming for consist of a first-

dimension channel, a second-dimension planar separation space in a 

perpendicular direction, and a third-dimension separation block underneath 

the second dimension (figure S1 in supplementary information). The design 

of the present device is a simplification of the third dimension space, intended 

to study possible packing techniques. Multiple aspects need to be considered 

when building a 3D separation block, so as to ensure flow confinement and 
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added selectivity. The aspects of flow confinement have been investigated 

using simulations [12] and it was concluded that a permeability difference of 

two orders of magnitude is needed for a good flow confinement between the 

second and third dimensions. One possibility to achieve this may be a highly 

permeable monolith in the second-dimension separation space and a particle-

packed bed for the third-dimension separation. Our simplified device, shown 

in Figure 1, contains a flow distributor on top, a separation block and four 

outlets at the bottom, which may be seen as an elementary unit of the ultimate 

separation device.  

3.2 Packing considerations for 3D-printed devices 

3.2.1 Solvent used for packing 

When packing devices, a very important consideration is the suspension of the 

particles in the packing solvent. For C18 particles, due to their hydrophobic 

nature, organic solvents, such as methanol, iso-propanol (IPA), chloroform, 

acetone, etc., may provide good, stable suspensions. In contrast, particles 

agglomerate and float on top when submerged in water (figure S5, 

supplementary information). The stability of suspensions is also enhanced by 

a higher solvent viscosity and a small density difference between solvent and 

particles. However, we also had to consider the solvent compatibility of the 

device. The material used for printing the devices (Formlabs durable) was not 

stable in methanol, acetone or chloroform and showed swelling when exposed 

for a long duration to pure IPA or acetonitrile (ACN) (see figure S4 in 

supplementary information).  

IPA is the recommended solvent for post-processing of the 3D-printed devices 

(see section 2.3). Also, it has a relatively high viscosity and is miscible with 

water. Therefore, a mixture of IPA and water was thought to be a good solvent 

for packing. The C18 particles were suspended 50% IPA in water (by volume), 

which allowed for solvation of the particles and a yielded a homogeneous 
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slurry. Sonication of the slurry for 15 min was used to prevent any possible 

agglomeration of the particles. Thereafter, the slurry was added to the packing 

cylinder and a constant flow of 50% IPA was used for packing. 

3.2.2 Pressure resistance 

Initially, the device was designed to have a wall thickness of 1 mm around the 

separation space. The device was connected to the LC pump with 150-µm ID 

connection tubing. The pressure of the system was measured at different 

flowrates (0.1 – 1.5 mL/min), without the device installed. After installing the 

device, we ramped up the flowrate (starting at 0.1 mL/min) and thus the 

pressure. The devices typically functioned well until about 35 bar (3.5 MPa). 

At that point the wall around the separation space would break and start to 

leak (see figure S3 in supplementary information). This was performed to see 

at what pressure the empty device would break or start leaking and which were 

the weak points.  

The wall thickness was increased to 2.5 mm to improve the pressure resistance 

of the device. This still allowed for a good visualization of the separation 

space. The highest pressure achieved with this device was 80 bar for a for a 

short period of time (packed device). The vulnerable points in the device were 

the walls surrounding the empty block and the fittings. A further increase in 

wall thickness was deemed undesirable, as this would reduce the transparency 

of the device. At a flowrate of 1.1 mL/min the pressure drop was dominated 

by the system and connections. The empty device proved stable at this 

flowrate and showed a fairly constant pressure of 30 to 40 bar. Only after 

prolonged operation at a higher pressure cracks around the separation space 

or leaks from the connections were observed. Therefore, pressures should not 

exceed 40 bar if at all possible. While the increased wall thickness increased 

the pressure resistance of the device, swelling of the packing chamber was not 

completely eliminated. 
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Another cause of failure of the printed devices after repeated use was erosion 

of the printed substrate in the threaded ports.  PEEK fittings (UNF 10-32) at 

the inlet of the device were found to be less damaging when attached and 

removed repeatedly, compared to metal fittings. PEEK fittings (UNF 6-32) 

were also tried at the outlets, but the nut did not tighten enough to hold the 

capillaries in place. Metal fittings were used at the outlets instead. When the 

fittings started leaking the device could not be used anymore. 

3.2.3 Packing procedure  

The packing procedure was monitored visually (Figure 2A) and by monitoring 

the backpressure (Figure 2B). Initially (region 1), the outlet zones were 

packed, resulting in a steep rise of the pressure. This was followed by a gradual 

increase while the main region was being packed (zones 2 and 3). The flowrate 

was chosen so as to have a reasonable backpressure while packing. Most 

devices had a pressure around 20 bar for the main part of the packing 

procedure at a constant flowrate (0.2 mL/min; see Figure 2B). When the flow 

distributor and the metal tubing connecting the device to the packing cylinder 

also started to be filled with particles, the pressure increased rapidly and the 

device was considered to be fully packed (region 4 in figure 2B). At this point 

the flow was stopped.  

For six devices that were packed without any interruption, the average packing 

pressure was 21.5 bar and the average time it took until the devices were fully 

packed was 13.7 min. By using this procedure to monitor the packing, 

transparency of the device is not a prerequisite. Packing of non-transparent 

devices (e.g. metal printed devices) may also be performed by monitoring the 

pressure during packing. This would remove the limitation on compatible 

solvents currently encountered and increase the maximum pressure during 

packing and operation. However, the design of the connections should be 

adapted and the effects of the surface roughness should be investigated. 
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Figure 2: Illustration of the process of packing a device. a, visual observation at various stages 

of the process; b, pressure profile during packing with the numbers corresponding to the 

pictures of Fig. 2a. C18 particles 5 µm introduced as a slurry in 50% IPA. 

 

Sonication during packing was also attempted. It has been shown for capillary 

columns that using sonication can prevent particle aggregation, hence column 

clogging, and can make the packing process faster, ensuring stability of the 

slurry suspension [27]. We observed that the packing pressure was lower 

during sonication, probably because the bed was not consolidating until the 

end of the process. However, the observed permeability was comparable to 

that observed without sonication, while the uniformity of flow output was 

slightly worse (see figures S9 and S10 in supplementary information). 
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Moreover, due to the sonication, the outlet nuts moved, loosening the 

connections and allowing particles to escape around the ferrule and into the 

threads. Therefore, sonication was not considered a valuable addition to 

packing of the devices.  

 

3.3 Characterization of packed devices 

The devices packed with C18 particles were characterized by measuring the 

effluent flow from each outlet, the permeability and by the separation of 

peptides under gradient conditions.  

3.3.1 Flow uniformity 

During experimental testing measurements were performed in triplicate to 

determine the variability in effluent flow from each outlet and the variability 

between the outlets. In figure 3 the average relative flow collected is illustrated 

for three devices. The lowest flow recorded from any outlet was 15% (instead 

of the expected 25%), which indicates a large variability. However, the 

variability of individual outlets for the triplicate measurements were very low. 

This would suggest that a packed device with multiple channels may 

eventually be used in practice, provided that a flow marker is used to correct 

for the residence time in each channel. The added value for the separation 

power of the device can still be realized, even with deviations at the flow 

distribution, as long as the measurements are repeatable. 
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Figure 3: Relative effluent flow rates from all outlets of three different devices, measured by 

collecting and weighing. Measurements were performed in triplicate and the average value was 

plotted with the standard deviation. 25% from each outlet would represent an ideal situation. 

3.3.2 Permeability 

The permeability of the devices was also considered as a measure of packing 

uniformity. The permeability was calculated by measuring the pressure drop 

across the packed device corrected for that across the empty device at a given 

flow rate. The permeability of three devices can be seen in figure 4. The 

average permeability was calculated using water at three different flow rates 

(0.1, 0.2 and 0.4 mL/min). Higher flow rates were not used to avoid high 

backpressures. The contribution of the flow distributor was not considered in 

the calculation of the permeability. Only the area and length of the separation 

space were used in the equation 1 (see section 2.6). Permeability values in the 

order of 10-16 were obtained. For a column packed with 5 µm particles a 

permeability of 10-14 would be expected [28,29]. From our results it seems that 

the packed bed obtained was denser or that the flow distributor had a large 

impact on the permeability calculation. Considering the presence of particles 
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in the channels of the flow distributor, the latter is considered more likely. 

This assumption can also be supported by a theoretical calculation on the 

influence of the packed flow distributor on the device pressure. We found that 

94% of the backpressure is due to the flow distributor and only 2% due to the 

separation space (Supplementary information Table S1). 

 

Figure 4: Permeability of three packed devices measured using water at 0.1, 0.2 and 0.4 

mL/min. The average permeability and the standard deviation are plotted. 

In addition to radial heterogeneity (section 3.3.1), the effect of axial 

heterogeneity on the local permeability was studied by applying a step 

gradient from 100% IPA to 100% water and recording the backpressure of the 

system. A device with a perfectly constant axial permeability is expected to 

lead to a linear decrease in the system backpressure from P1 (100% IPA) to P2 

(100% Water), with slight non-linearity in the pressure profile being 

introduced by the packed flow distributor, device band broadening and axial 

mixing.  
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Figure 5: Pressure profile arising from a gradient from 100% IPA to 100% water in 0.1 min. 

 

A significantly curved pressure profile at the start of the gradient indicates 

under-packed or heterogeneously packed regions within the flow distributor 

and prominent tailing at the end of the pressure profile indicates 

heterogeneities in the separation region. The measured profiles shown in 

Figure 5 show an initial steep decline (4 to 5 min) when the gradient passes 

the flow distributor. The curvature is relatively minor, which may be due to a 

homogeneous packing and/or the relatively small volume of the flow 

distributor. The steep decline is followed by a shallow part when the gradient 

passes through the separation region. The curvature of this part of the curve is 

indicative for heterogeneities in the packed bed. 
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3.3.3 Separation of peptide standards 

The device was envisioned to be the third dimension of a separation space. 

We attempted the separation of four peptides under reversed-phase gradient 

conditions. The separation bed was only 7 mm in length and a gradient of 10 

min was programmed. The effluent of each outlet had to be measured 

individually, since a multi-channel detector was not available. To obtain 

correct results, a detector was needed that did not alter the flow distribution 

between the four outlets.  

Initially, the flow output of the device was recorded in each outlet and then 

one of the outlets was connected to a mass spectrometer (MS). The flow output 

from the three remaining channels was measured again to determine the 

influence of the MS on the flow profile. A comparison between the free outlets 

and one outlet connected to the MS can be seen in supplementary information 

(figure S11 and table S2). We observed no change in backpressure caused by 

the MS and no influence on the flow distribution across the four channels. 

Therefore, the MS was deemed a good option for detection.  

The separation of the peptide mixture can be seen in figure 6. The peptides 

separated were Gly-Tyr, Val-Tyr-Val, Met-Enkephalin and Leu- Enkephalin 

(structures shown in figure S13, supplementary information). The elution 

order of the four peptides was the same in all four outlets but a shift in 

retention time was observed, which could be correlated with the flow through 

each outlet. Outlet 4 exhibits the highest linear velocity. Therefore, the 

composition gradient will arrive earlier and be steeper, leading to faster elution 

and sharper peaks. Outlet 1 showed broader peaks and the longest retention 

times, due to a relative flow of only 11%. The peaks were not baseline 

separated. However, with MS detection we were able to use extracted ion 

currents (EIC) to easily identify the four peptides. The repeatability of the 

separation was investigated for the fourth outlet. The same gradient was run 
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three times and the EICs plotted as overlays (see figure S14 in supplementary 

information).  

 

Figure 6: Separation of four peptides using a gradient from 15% to 50% ACN in 10 min at a 

flow rate of 0.3 mL/min with MS detection at each of the 4 outlets. Peptides in order of elution: 

Gly-Tyr (black), Val-Tyr-Val (red), Met-Enkephalin (blue) and Leu- Enkephalin (green). 

In all outlets severe peak tailing was observed. This may possibly be attributed 

to dead zones in the corners of the cube. Even in a cylindrical column, it has 

been shown that the mobile-phase velocity can be 2 to 5% lower close to the 

wall [30]. When the separation space is a cube, the linear velocity in the 

corners may be even lower. This will then lead to distortion of the peaks. Such 

“wall effects” will have less influence for a device that features a larger array 

of outlets.  
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The peak capacity for this imperfect device was calculated based on equation 

2 [31]:  

𝑛𝑐 =  
𝑡𝑔

1.7× 𝑤1
2

ℎ
 
 + 1        (2) 

Where nc is the peak capacity,  𝑤1

2
ℎ

 is the peak width measured at half height 

(min) and tg the gradient time (min). And a value of nc = 9 was obtained. 

In a perfect multidimensional system, the total peak capacity may be obtained 

by multiplying the peak capacities obtained in each dimension [11]. When 

using a limited number of channels, this puts a limited on the actual achievable 

peak capacity. Also, the effective peak capacity is limited by the orthogonality 

of the different separations. The time needed for the separation is determined 

by the sum of the analysis times in each dimension. Assuming a final device 

with 16 outlets between the first and second dimension (hence, an assumed 1D 

peak capacity of 1nc = 16), and 16 outlets between each second-dimension 

channel and the third dimension (2nc = 16), and with 3nc = 9. The anticipated 

total peak capacity of the device would be 2304. 

4. Conclusions  

A device was designed so as to mimic a unit in a three dimensional separation 

space. Such devices were successfully created in this work using a Form 2 3D-

printer (Formlabs) using Durable as resin, resulting in a good solvent stability, 

transparency, and flexibility. The latter property allowed connections to be 

made to fritted capillaries, providing a barrier for the particles. We succeeded 

in packing C18 porous particles suspended in 50% IPA under constant-flow 

conditions (0.2 mL/min). Monitoring of the pump pressure during packing 

was found to offer an indication of the completion of the packing process. 

Therefore, the procedure is also applicable to non-transparent devices, 
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allowing the possibility to use metal printing. The use of metal printing would 

allow for a wider range of organic solvents and the devices may withstand 

higher pressures. 

When investigating the flow stability and uniformity through the device, 

highly repeatable measurements were obtained for each single outlet, but there 

were large variations between the four outlets. The latter could be caused by 

errors in printing (e.g. unequal channels in the flow distributor), differences in 

the inner diameters of outlet capillaries, differences in length and/or 

permeability between different frits, or differences in particle consolidation. 

In spite of all this, the repeatability of the device promises future gains in 

separation power by adding a third-dimension separation.  

A proof-of-principle separation of peptides using the device was obtained by 

loading the sample from the flow distributor. In future experiments 

separations of samples will be developed in the plane above the separation 

space and different analytes will be sent to each outlet. In the present case we 

obtained the same chromatogram from all the outlets with some variation in 

retention times, that could be correlated with differences in the flow output. 

The separation of the four peptides was repeatable, but peak tailing was 

observed due to dead zones in the device, most likely in the corners of the 

separation space. This situation may be improved by smoothing the corners of 

the separation space and by creating more outlets. The detection was 

performed for each outlet separately by connection to the MS. In the future, 

other detection methods will be employed to monitor all channels 

simultaneously or to store fractions of each outlet before detection (droplet 

collection). If droplet collection is employed detection could then be 

performed by scanning (e.g. fluorescence spectroscopy) or matrix-assisted 

laser-desorption/ionization (MALDI) mass spectrometry. 
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Abstract  

A few aspects of the research described in this thesis are discussed in the 

present chapter, with focus on future prospects. The main investigational 

routes are described in the quest for a peak capacity of one million, as 

formulated in the “Separation Technology for A Million Peaks” (STAMP) 

project. The main challenges that need to be tackled are manufacturing of 

devices, introduction of stationary phases, flow confinement and control, 

retention mechanisms (orthogonality), and detection. Retention modelling has 

been studied extensively in the context of the present thesis, specifically for 

hydrophilic-interaction liquid chromatography (HILIC). Retention modelling 

is essential for developing and optimizing complex separation methods in an 

efficient and successful manner. A brief outlook on the computational tools 

required for this purpose is presented in this chapter. All the efforts to realize 

spatial two- and three-dimensional separations have involved small separation 

devices, aiming at flow rates well below 1 mL/min. Hence, we aim to use 

microfluidic devices. A discussion on these and their impact on liquid-

chromatographic separations is also provided in this chapter. Finally, some 

general considerations, recommendations and conclusions are presented. 
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1. The STAMP project 

The continuous improvement of separation and detection techniques have 

inspired scientists to strive for the complete elucidation of highly complex 

samples. For this to be an attainable goal, a very high peak capacity is 

essential. Therefore, we made it our goal in the Separation Technology for A 

Million Peaks (STAMP) project to work towards a peak capacity of one 

million.  

The STAMP project was focused on tackling the most-important challenges 

from different directions. The answers to these, when brought together, would 

pave the road towards extremely high peak capacities, which could then serve 

to complete the puzzle of identifying and understanding the properties of 

highly complex samples. The main directions in the STAMP project and the 

progress towards the one million peak capacity goal can be seen in Table 1.  

Table 1: Summary of challenges confronted and results achieved in the STAMP project. 

 Challenge Main achievements Ref. 

(i) creation of 

multidimensional 

separation devices by 

the use of 3D-

printing and 

computer-aided 

design 

3D-Printed modular device for 

2D separations 

 

 

Adamopoulou et al. 

[1] 

EU patent:  

EP3598125A1 

 

 

(ii) 3D-printing 

technology 

Hybrid stereolithography Nawada et al. [2] 

EU patent:  

EP 9170376.8-1022 

(iii) design optimization 

and flow control, 

both in practice and 

Band broadening investigation by 

CFD, and testing of 3D printed 

devices  

Adamopoulou et al. 

[3] 
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Table 1: Summary of challenges confronted and results achieved in the STAMP project. 

 Challenge Main achievements Ref. 

through 

computational 

simulations 

Temperature controlled flow 

confinement by creation of 

freeze-thaw valves 

Nawada et al. [4] 

 

Flow confinement in 3D-LC 

devices by employing 

permeability differences between 

dimensions 

Adamopoulou et al. 

[5] 

(iv) introduction of 

stationary phases and 

testing of devices 

Creation of monolithic stationary 

phase in 3D-printed 

polypropylene columns  

Abdulhussain et al. [6] 

Confinement of monolithic 

stationary phases in desired 

zones of 3D-printed titanium 

devices 

Passamonti et al. [7] 

 

Creation of monolithic frits and 

introduction of particles in a 

glass chip 

Abdulhussain et al. [8] 

 

Introduction of particles in 

transparent 3D -printed device 

with multiple outlets 

Roca et al. 

(v) understanding and 

optimizing 

(combinations of) 

retention mechanisms 

Retention modelling for the 

separation of peptides in HILIC 

Roca et al. [9] 

 

Comprehensive two-dimensional 

separation of peptides by 

HILIC×RPLC 

Roca et al. [10] 

(vi) detection techniques 

suitable for the 

analytes and devices 

in use 

Parallel electrochemical 

detection for 3D printed device 

with multiple channels  

Komendova et al. [11] 
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In this thesis, we have focused on understanding recent developments in liquid 

chromatography (LC) and how these can be applied to improve two-

dimensional separations (Chapter 2). The main advances that were of interest 

for the design of a 3D separation device were those in column technology, 

instrument capabilities and miniaturized separation devices. We proceeded 

with an investigation into the miniaturization of comprehensive two-

dimensional LC (LC×LC) for the analysis of peptides by direct coupling with 

a high-resolution mass spectrometer (HR-MS) (Chapter 4). In choosing the 

best combination of retention mechanisms for the LC×LC system, we have 

investigated computational programs for the prediction of retention and the 

optimization of peptide separations in hydrophilic-interaction liquid 

chromatography (HILIC) and reversed-phase liquid chromatography (RPLC) 

(Chapter 3). Finally, we investigated the introduction of particles in a 3D-

printed device as a model for a future 3D-spatial-separation device (Chapter 

5).  

To reach the ultimate goal of a 3D-spatial-separation device with the 

capability of achieving a peak capacity of one million, further research is still 

required. The future outlook following the research in this thesis is described 

in the following sections.  

 

2. Computational tools 

In Chapter 2, we showed the use of retention modelling to predict elution of 

peptides under various conditions and to predict a pareto-optimal separation. 

A computational approach to data analysis is highly desirable, especially when 

dealing with multidimensional separations and/or complex samples. One way 

of tackling the retention-time-prediction challenge was named inverse 

methods of chromatography [12]. The term “inverse” refers to the 
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experimental set-up, viz. initial separations are performed either in the form of 

a few scouting (or “scanning”) experiments or following a design of 

experiments and the resulting data are used to train a gradient model that can 

predict retention times under various conditions. The advantage of this 

approach is a faster optimization based on a limited number of runs and on the 

extensive underlying studies into different retention mechanisms in LC, in 

which various models have been evaluated [13–16]. Practical limitations of 

such a model are the need to input the instrument hold-up volume and the 

dwell volume, the accurate determination of which can cause difficulties when 

using multiple set-ups, the assumption that gradients are strictly linear without 

any effects from the column chemistry, the eluents or the instrument, and the 

use of empirical retention models that are not always validated for the exact 

experimental conditions.  

Looking forward, the introduction of artificial intelligence (AI) is being 

advocated as an alternative for retention-time prediction and optimization of 

separations in liquid chromatography. Multiple approaches using AI were 

reported for retention-time prediction and/or optimization in LC separations 

in recent years. Some of the approaches are quantitative structure–retention 

relationship (QSRR ) methods [17], least-squares support-vector machines 

(LSSVM) [18] and ANNs [19]. The use of AI would require large amounts of 

data to train the algorithm. However, the results would be independent of 

fundamentals and principles of LC. The most accurate artificial neural 

network (ANN) reported had a relative error of 5% for the training set and 

about 9% in the validation set [20]. Generally, such errors are not acceptable, 

as a 5% difference in (net) retention time may change the results from fully 

overlapping (e.g. retention factors k1 = k2 = 3, resolution Rs = 0) to well 

separated (k1 = 3 and k2 = 3.15, Rs = 1) for two analytes in typical HPLC 

operation (N = 12,000). 
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3. Microfluidic devices  

Miniaturization of LC separations, often referred to as capillary LC (capLC), 

is a powerful tool in analytical chemistry. The attractiveness of capLC is based 

on its ability to analyse very small amounts of sample, and to obtain higher 

sensitivity and greater compatibility when coupled to MS. Packed capillary 

columns can be divided into micro (0.8–0.15 mm ID) and nano (20–100 μm 

ID) columns, which utilize flow rates of 2-20 μL/min and 100-1000 nL/min, 

respectively. The use of low flow rates also greatly reduces the solvent 

consumption [21]. 

A further development towards miniaturization in analytical chemistry has 

been the creation of microfluidic devices. This field is often referred to as μ-

TAS (micro total-analysis system) or as Lab-on-a-chip, and applications can 

be found, for example, in chemical, biochemical and biomedical domains.  

In line with the advantages of capLC, microfluidic devices utilize smaller 

samples and solvent volumes. A further advantage compared to capLC is the 

possibility to create various designs with multiple channels or chambers. 

Therefore, microfluidic devices have become of great interest also for 

separation science, thanks to its potential for creating a multidimensional 

separation device on one chip.   

Initial microfluidic devices were fabricated in glass, quartz, or silicon 

substrates by etching, photolithography or deposition techniques. However, 

the high cost of the substrates, the time-consuming fabrication process, and 

limitations in channel design made these devices unfavourable [22]. A more 

suitable alternative was found by the use of polymers. Fabrication of 

polymeric microfluidic devices can be achieved by various techniques such as 

micro-milling [23], laser ablation [24], casting [25], 3D-printing [26], etc. 
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Several microfluidic chips have been developed and commercialized for nano-

LC separations with MS detection in a plug-and-play format [27–29]. The 

chips contain a nano-column that can be coupled to a nano-LC pump. 

Optionally, such chips can have an integrated electrospray emitter for easier 

coupling to MS detection.  

An alternative commercial microfluidic device is the pillar-array column. De 

Malsche et al. [30] proposed the construction of a silicon-based microfluidic 

device, with ordered pillars that are coated with a hydrophobic monolayer. 

The use of such a highly ordered system can drastically reduce plate heights 

and flow resistance, allowing, in principle, very long columns to be used [31]. 

Reported drawbacks of the current pillar-array columns were a low sample 

loadability and an increase in band broadening due to imperfect wall etching.  

4. Conclusion 

The work presented in this thesis was focused on investigating retention 

mechanisms and multidimensional separations for the elucidation of complex 

samples, such as those found in the field of proteomics. Improvements 

described in this thesis can be applied in the future also to other fields (for 

instance, pharmaceutical, food science etc.). Future improvement in 

computational tools for method development, technology for building devices 

(e.g. 3D-printing) and their operation (e.g. low volume connections), and 

detection methods are some of the challenges still faced to achieve the goal of 

one million peaks.  
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Summary 

 

Increasing peak capacity has become a critical need for the analysis of 

complex samples, such as those encountered in the field of proteomics. State-

of-the-art one-dimensional liquid chromatography (1D-LC) can provide a 

limited peak capacity, constrained by the time of analysis and the maximum 

permissible pressure of the column and system. To circumvent the limitations 

of 1D-LC, further separation dimensions can be added to increase peak 

capacity. Comprehensive column-based two-dimensional LC has already 

become a widely used tool. However, it still requires great knowledge and 

complex setups.  

The desired multidimensional separation device would employ spatial 

separations. The peak capacity could be greatly improved, while the 

simultaneous development all separations in the second and the eventual third 

dimension would allow for short analysis times. Such a device, even at modest 

pressures, could yield peak capacities in the order of one million.  

The objectives of the research described in this thesis were to explore 

implementation of multidimensional separations for peptides, combinations 

of retention mechanisms, optimization of separations, and operation of 3D-

printed devices.  

In Chapter 1 an introduction is given to the need of multidimensional 

separations and the critical aspects needed to be considered for improvements.  

Chapter 2 provides a comprehensive review of the latest advancements in one-

dimensional liquid chromatography (1D-LC) that have impacted the 

development of column-based two dimensional LC. The main need for 

advancing LC×LC was deemed to be speed of the second dimension 
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separation. Several improvements in column and system technology have 

proven useful for realizing fast separations in the timeframe of seconds. These 

include stationary-phase development (sub-2-µm particles, core-shell 

particles, monoliths, temperature-stable packings), systems that can operate at 

ultra-high pressures, use of supercritical fluids, and advances in the field of 

microfluidics. 

In Chapter 3 the separation of peptides by hydrophilic-interaction LC (HILIC) 

was investigated. An experimental data set was created using three HILIC 

columns and different mobile-phase modifiers, using various gradient 

conditions and mass-spectrometric (MS) detection. The data set was used to 

test several retention models in order to predict retention times and optimize 

the separation of a model sample (BSA digest). It was shown that accurate 

prediction of retention times was possible for peptides in HILIC, using a small 

set of experiments.  

Chapter 4 describes the construction of a low-flow comprehensive two-

dimensional separation setup for peptides. Due to the small amounts of 

samples typically available in proteomics studies, miniaturized 1D-LC 

separations have become the gold standard. To improve the separation 

capacity, we proposed a two-dimensional separation using HILIC×RPLC 

coupled to high-resolution MS (HR-MS). Complete transfer of all fractions of 

the first-dimension effluent to the second dimension was achieved by active 

modulation with C18 trap columns. We demonstrated an increase in peak 

capacity and in the number of peptides identified without an increase in total 

analysis time.  

In Chapter 5 the introduction of C18 particles in a 3D-printed device was 

investigated. Unlike a 1D column, the envisioned multidimensional separation 

devices come with challenges, such as flow distribution, multiple outlets, large 
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separation blocks, etc. The work in Chapter 5 shows a proof-of-principle 

device containing a flow distributor, four outlets and a cuboid separation 

space. The proposed device was used to investigate packing methods for 

transparent 3D-printed housings, containment of particles, and separation in a 

cuboid space with multiple outlets. Successful packing of the device with C18 

particles was achieved. Separation of peptide standards was demonstrated by 

coupling of the device to a mass spectrometer.   

In Chapter 6 the future outlook of the work described in the above chapters is 

discussed, with some general recommendations for optimization tools and 

microfluidics. 
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Samenvatting 

 

Een hogere piekcapaciteit is een kritische noodzaak geworden voor de analyse 

van complexe monsters, zoals die die zich aandienen op het gebied van 

proteomics. Met de huidige stand van de techniek kan ééndimensionale 

vloeistofchromatografie (1D-LC) een beperkte piekcapaciteit bieden, doordat 

de analysetijd en de maximum druk begrensd worden door de kolom en het 

instrument. Om de beperkingen van 1D-LC te omzeilen en om de 

piekcapaciteit te verhogen kunnen meer scheidingsdimensies worden 

toegevoegd. Alomvattende (“comprehensive”) tweedimensionale LC 

(LC×LC) is een al veelgebruikte techniek, die echter nog wel veel kennis en 

complexe apparatuur vereist. 

Het gewenste multidimensionale systeem zou gebaseerd moeten zijn op 

ruimtelijke scheidingen. Daardoor zou de piekcapaciteit sterk verhoogd 

kunnen worden, terwijl de gelijktijdige ontwikkeling van alle scheidingen in 

de tweede en eventuele derde dimensie korte analysetijden mogelijk zouden 

maken. Een dergelijk systeem zou zelfs met een bescheiden druk 

piekcapaciteiten van de orde van een miljoen mogelijk moeten maken. 

De doelen van het in dit proefschrift beschreven onderzoek betroffen de 

exploratie van meerdimensionale scheidingen van peptiden, combinaties van 

verschillende retentiemechanismen, de optimalisering van scheidingen en het 

gebruik van met 3D-printing vervaardigde apparaten. 

Hoofdstuk 1 bevat een inleiding in multidimensionale scheidingen, de 

noodzaak daarvan en de kritische aspecten waarmee rekening gehouden moet 

worden om de systemen te verbeteren.   
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Hoofdstuk 2 omvat een uitgebreid overzicht van de meest recente 

ontwikkelingen op het gebied van ééndimensionale LC die de ontwikkeling 

van op kolommen gebaseerde tweedimensionale chromatografie hebben 

beïnvloed. De snelheid van de scheiding in de tweede dimensie werd 

geïdentificeerd als de belangrijkste behoefte. Verschillende verbeteringen in 

kolom- en instrumenttechnologie zijn nuttig gebleken om snelle scheidingen 

– binnen het tijdsbestek van enkele seconden – te realiseren. Daaronder vallen 

ontwikkelingen op het gebied van stationaire fasen (sub-2-µm deeltjes, 

deeltjes met een harde kern en een poreuze buitenlaag, monolieten en 

temperatuur-stabiele deeltjes), systemen die een ultrahoge druk leveren, 

superkritische mobiele fasen en “microfluidics”. 

In Hoofdstuk 3 werd de scheiding bestudeerd van peptiden met behulp van 

“hydrophilic-interaction” LC (HILIC). Een experimentele data set werd 

gecreëerd voor drie HILIC kolommen en verschillende oplosmiddelen in de 

mobiele fase, bij verschillende gradiëntcondities en met 

massaspectrometrische (MS) detectie. De data set werd gebruikt om 

verscheidene retentiemodellen te testen, zodat retentietijden voorspeld konden 

worden en scheidingen van een modelmengsel (BSA digest) konden worden 

geoptimaliseerd. Aangetoond werd dat een juiste voorspelling van 

retentietijden van peptiden in HILIC mogelijk was op basis van een klein 

aantal experimenten. 

In Hoofdstuk 4 wordt de constructie beschreven van een LC×LC systeem voor 

de scheiding van peptiden met lage vloeistofdebieten. Vanwege de kleine 

hoeveelheden monsters die doorgaans beschikbaar zijn in onderzoek op het 

gebied van proteomics zijn geminiaturiseerde 1D-LC systemen uitgegroeid tot 

de “gouden standaard”. Om het scheidend vermogen te vergroten hebben wij 

een tweedimensionaal systeem voorgesteld, bestaande uit HILIC×RPLC in 

combinatie met hoge-resolutie MS (HR-MS). De volledige transfer van alle 
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fracties van het effluent van de eerste dimensie naar de tweede dimensie werd 

bereikt door “actieve modulatie” met C18 trap-kolommen. We hebben een 

toename in de piekcapaciteit en in het aantal geïdentificeerde peptiden 

aangetoond, zonder de analysetijd te laten toenemen. 

In Hoofdstuk 5 werd het inbrengen van C18 deeltjes in 3D-gepinten 

apparaatjes bestudeerd. In vergelijking met eendimensionale kolommen biedt 

dit uitdagingen, zoals een goede verdeling van de vloeistofstroom, meerdere 

uitgangen, een relatief groot scheidingsblok, enzovoort. Het in Hoofdstuk 5 

beschreven werk toont een principemogelijkheid voor een apparaat met een 

stroomverdeler, vier uitgangen en een kubusvormig scheidingsdomein. Het 

voorgestelde ontwerp werd gebruikt om methoden te bestuderen om deeltjes 

te pakken in transparante omhulsels vervaardigd met behulp van 3D-printing, 

om de deeltjes daar vast te houden en om scheidingen te verrichten. C18 

deeltjes werden met succes gepakt in het apparaat. De scheiding van peptiden 

werd gedemonstreerd door het apparaat te koppelen aan een 

massaspectrometer. 

In Hoofdstuk 6 worden vooruitzichten besproken voor het in eerdere 

hoofdstukken besproken werk, waarbij enkele algemene aanbevelingen 

worden geformuleerd voor optimaliseringsprogramma’s en microfluidics 

systemen. 
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