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1. Introduction 

The continuous evolution of stationary phase supports over the past decades have allowed to vastly 

increase the separation performance in liquid chromatography. As in any chromatographic separation, 

the maximum achievable separation performance of a given support is determined by both the plate 

height H (which affects the efficiency N) and the flow resistance (which determines maximum column 

length L and flow rate at a given maximum operating pressure Pmax). The interplay between both 

characteristics determines the so-called kinetic performance limit of the support. The black full line 

curves in Fig. 1 represent the achievable kinetic performance limit of packed bed columns with 

different particle sizes (dp) operated at the current maximum instrument pressure of 1500 bar. For the 

analysis time tR in Fig. 1a, a retention factor k=9 is assumed for the last eluting compound, i.e., the 

column void time t0 is always 1/10th of the value on the y-axis. It is assumed that all columns are equally 

well packed and that the effects of viscous heating on performance are negligible(1)(2). The curves also 

do not include possible extra-column band broadening affects, which are expected to be more 

pronounced for shorter columns packed with smaller particles (bottom left part of the graph)(3). The 

dashed black line represents the Knox-Saleem limit, i.e., the kinetic performance limit of packed bed 

columns when one could freely choose any particle size and column length(4). The position of this line 

can be calculated by: 

  𝑡𝑅 = (1 + 𝑘) ∙
𝜂∙0 ∙ℎ𝑚𝑖𝑛

2

∆𝑃𝑚𝑎𝑥
∙ 𝑁2 = (1 + 𝑘) ∙

𝜂∙𝐻𝑚𝑖𝑛
2

∆𝑃𝑚𝑎𝑥∙𝐾𝑉0 
∙ 𝑁2   (1) 

with  the mobile phase viscosity, 0 the column flow resistance and KV0 the t0-based column 

permeability (KV0=dp²/0). 

Overlaid (red full line curves) is a set of achievable kinetic performance limit curves for the ‘ideal’ 

column format, i.e., a thin film open tubular column for liquid chromatography (OTLC). The curves are 

plotted under the assumption the OTLC is operated at the same maximum operating pressure as the 

packed columns. It is clear that an almost 100-fold decrease in analysis time tR (at fixed N) or 10-fold 

increase in separation efficiency N (at fixed tR) could be achieved by switching from slurry packed 

particle columns to open tubular systems. The fact that the decrease in tR is 100-fold while the increase 

in N is only 10-fold can be understood from the relationship between tR and N² in Eq. (1). 

As a side-note, we can remark that even the very small 0.33µm inner diameter (ID) OTLC column 

operates far from its corresponding Knox and Saleem-limit in the practically most relevant range of 

10,000 to 100,000 theoretical plates. Obviously, this would be less the case if the OTLC-curves would 

not be calculated for a 1500 bar maximum operating pressure, but rather in the 100-400bar range. Of 

course, this would also shift the curves upward and thus closer to the packed bed curves. A more 

important remark is that, whereas these particle can be packed in a wide range of inner diameter 

housing, allowing to tune the required flow rate and a high enough injected sample mass for detection, 

the separation performance of open tubular columns is directly linked to its diameter. The required 

size of these OTLC columns to achieve this very high performance is however so small that they can’t 

be coupled with universal detectors such as MS or standard detector such as UV. The small ID also 

required very small flow rates as a 1µm open tube at the high velocity of 10cm/s only requires 

1.3pL/min flow rate. In addition, the thin layer or stationary phase only allows very limited sample 

loading.  



The plot however illustrates that there is still a large possible gain in separation performance that can 

be achieved by improving the stationary phase structures used in liquid chromatography. Looking at 

Eq. (1), there are two factors that are determined by the column structure, i.e. the minimum plate 

height and the column permeability. To assess their individual importance, the two dotted lines in 

between the Knox-Saleem limits for the packed bed (hmin=1.65 and 0=650) and OTLC columns (hmin=0.8 

and 0=32) represent the Knox-Saleem limits that would be achievable if it would be possible to 

produce packed bed columns with the same reduced minimum plate height (hmin) as an open tubular 

column (black dotted line) or with the same permeability as an open tubular column (red dotted line). 

The individual data points on Fig. 1a represent some of the best kinetic performances presented in the 

literature on the new column technologies that were introduced over the last 5 years to attempt to 

surpass the Knox and Saleem limit of packed bed columns (see Table 1 and later Sections for details). 

The x-coordinate of the data points was calculated from the cited values of Hmin, uopt and Kv0 using:  

𝑁𝑜𝑝𝑡 =
Δ𝑃𝑚𝑎𝑥

𝜂

𝐾𝑉0

𝑢𝑜𝑝𝑡∙𝐻𝑚𝑖𝑛
=

Δ𝑃𝑚𝑎𝑥

𝜂.𝐷

𝜙0

𝑜𝑝𝑡∙ℎ𝑚𝑖𝑛
. 𝑑2    (2) 

Fig. 1b replots the same data but now in the form of the separation impedance E0
(5) as a function N, as 

this plot allows to maximum zoom-in on the difference in separation performance of the different 

stationary phase formats. Furthermore, it also allows to remove the effect of the difference in assumed 

maximum operating pressures between the curves and the individual data points (Pmax=400 bar for 

monolithic and OTLC columns in Table 1). Please note that the shape of the E0-curves directly reflects 

the shape of the underlying van Deemter curve, as the velocity corresponding to the minimum of the 

E0-curve is also the one marking the minimum of the van Deemter curve. As can be noted from Eq. (3), 

the separation impedance E is also directly proportional to the ratio t0/N² , implying that the vertical 

differences between the different curves and data points directly relate to the difference in time 

needed to achieve a given N (assuming all systems are used at the same pressure drop). 

    
𝑡0

𝑁2 =
𝐻2

𝐾𝑉0
∙

𝜂

Δ𝑃
= 𝐸0 ∙

𝜂

Δ𝑃
      (3) 

Considering the data points representing the new support types, it is striking to note that, the stronger 

they surpass the Knox and Saleem limit of the packed bed columns, the more they shift to the 

(impractically relevant) range of extremely high efficiencies (and correspondingly long analysis times). 

This is due to the fact that the gain in separation impedance of these systems essentially originates 

from their higher permeability, and not from a smaller plate height. In other words, these novel 

structures have an advantageous shape, but the size of their individual structures is still too large.(6) 

The following sections discuss these innovative chromatographic support structures developed in the 

last five years, as well as give an overview of the advances made in more traditional column packings, 

with regard to e.g. improved packing quality, novel porous zone structures (wide pore, radially 

oriented pores, sphere-on-sphere), enhanced heat dissipation and improved understating of 

adsorption-desorption kinetics affecting separation performance. For earlier developments and an 

overview of the state-of-the-art before 2015, the reader is referred to the previous review papers.(7)(8) 

Problems with radial heterogeneity, achievable printing speed or etching depth currently mainly limit 

the research on the development of the alternative formats (monolithic columns, micro-pillar array 

columns, 3D-printed columns) to column dimensions situated in the nano-LC flow rate range (except 

for some 3D printing work that rather addresses the preparative scale). Nevertheless, this carries 



sufficient value on its own, as miniaturized LC and Nano-LC have become an established tool in the 

molecular omics research (e.g., proteomics, metabolomics, lipidomics), and are gaining ground in other 

applications as well.(9)(10) 

 

2. Packed bed columns: 

2.1 Fully porous particles 

Although the advances in packed bed column stationary phases over the last five years are mainly 

focused on superficially porous particles or the novel particle formats discussed in the following 

sections, the introduction of narrow particle size distribution (PSD) fully porous particle column revived 

the discussion on the relevance of the PSD on column performance(11)(12)(13)(14)(15)(16). Whereas 

simulations of confined packings(17) and older studies where particles with large difference in size were 

mixed(18)(19) indicate a small effect of the PSD on separation performance, the low minimal plate height 

observed for the narrow PSD superficially porous particle columns suggested the opposite. Although 

lacking the presence of the solid cores to decrease longitudinal diffusion (B-term) and a reduction in 

stationary phase mass transfer resistance that contribute to the lower minimum plate heights of 

superficially porous particles, these fully porous particle columns with a narrow PSD (1.9 µm Titan-

C18) showed surprisingly low minimum reduced plate heights around hmin1.6-1.7 in RPLC(11)(12)(13)(14). 

The RSD of the PSD of the C18-Titan particles was found to be ~10%, which is intermediate between 

conventional fully porous particles (15–25%) and superficially porous particles (~5%).(14) 

Studies by Gritti and Guiochon found these low hmin-values were however obtained at much lower 

optimal reduced velocities (opt5) compared to other fully porous columns (opt10). They measured 

an exceptionally low intra-particle diffusivity that resulted in a lower B-term term contribution and 

minimum plate height, however at the cost of the lower optimal velocity and a much higher C-

term.(13)(14) Studies by Catani et al. and Ismail et al. on the other hand found that these columns did 

have an extremely small eddy dispersion, relative to other fully porous particle columns, which was 

even comparable to those of columns packed with core–shell particles.(11)(12) In the C-term, the van 

Deemter curves remain essentially flat(12) and the dramatic loss of performance reported in the other 

studies was not observed.(11) The measured B- and Cs-term contributions were found to be comparable 

to other fully porous particle column, hence also no significant difference in intra-particle diffusivity 

was observed. There was however a significant difference in the measured external porosity and 

permeability between the Titan columns used in these studies which might be the cause for these 

strongly deviating observations.(11) It thus seems that the question of the relevance of narrow PSD 

particles on column performance in HPLC is still an open and controversial question.(11) 

The Cheong research group synthesized fully porous silica monolith particles. The group investigated 

different packing techniques to achieve better column performance, optimized column dimensions, 

developed large pore size particles and reduced particle size distribution by sedimentation.(20)(21)(22) 

These partially sub-1µm porous silica particles are prepared by a delicately controlled sol-gel process, 

obtaining particles having an average pore size of 368 Å. Most recently, they successfully modified 

partially sub-1µm particles originating from a silica monolith into a polystyrene bound stationary 

phase.(20) Reduced minimum plate heights between 3.7 and 4.3 were obtained for low molecule weight 



aromatic compounds such as benzene and toluene. It should however be noted that, to minimize the 

viscous heating effects that are inevitable when using particles with such small particles, the particles 

where packed in a 1mm ID, 30cm long column. In general, these narrow bore column show a much 

higher minimum h than larger ID column formats.(23) In another study, 3µm sized particles were 

obtained which, when packed in 1mm ID, 15cm long columns, yielded plate heights as low as 4µm.(22) 

The authors linked this high efficiency to high surface roughness  of the particles, enabling good 

packing quality and stable bed structure.  

The Armstrong research group investigated geopolymers as a new class of high pH stable 

chromatographic supports, which were previously introduced in the field of chromatography by Alzeer 

et al.(24)(25)(26) These amorphous poly-condensed aluminosilicate ceramic solids have a high mechanical 

strength, chemical stability in basic conditions, and are water insoluble, making them a unique solid 

support material that can be turned into porous spherical particles with high surface area amenable 

for chromatographic purposes.(25) Their chromatographic selectivity shows a strong hydrophilic and 

electrostatic character, and in the HILIC mode a different selectivity than that in silica columns is found, 

with excellent peak shapes. The produced particles had an average particle size of 6.1 μm, a D90/D10 

of 2.9 and the RSD of the geopolymer PSD was 7.6%. The measured specific BET surface area was 385 

m²/g, comparable with a specific surface area of commercially available fully porous silica (200−450 

m²/g).(25) For a toluene probe in pure acetonitrile, a reduced plate height of 3.1 was obtained. An 

important advantage of this stationary phase is the high pH stability, showing negligible retention time 

drift even at pH 10 in the HILIC mode. 

Shure and Maier used high resolution fluid mechanics and Brownian dynamics simulations to 

theoretically study the possibilities of ellipsoidal particles in capillary columns and columns without 

wall effects.(27) In the latter case, a traditional packed bed column with spherical shows lower plate 

heights and pressure drops than ellipsoidal particles. However, when a confined case is considered 

(with capillary wall), ellipsoidal particle packed beds show smaller wall effects and radial variation in 

packing porosity. This is a result of the particles' tendency to align along the column axis without 

forming regular structures, which results in less velocity variations that otherwise increase axial 

dispersion. As a result, the confined packings of ellipsoidal particle packings yield lower minimum plate 

heights and separation impedance than spherical particles. At this point, however, no experimental 

evidence of this possible advantage of ellipsoidal particles exist, and it remains to be seen if the strong 

alignment of ellipsoidal particles is achieved at the wall in a real (and not simulated) packing process.(27) 

2.2 Superficially porous particles  

The reintroduction or revamp of superficially porous particles in LC in 2006 led to a veritable arms-race 

between the column manufacturers to introduce their own variety of these highly efficient particles. 

The following years, the initial particle format of 2.6-2.7µm was followed by both larger (4-5µm) and 

smaller (1.6-2µm) variants and even resulted in columns with the smallest commercially available 

particle size of 1.3µm(28)(29), although even smaller variants can be found in research papers.(30)(31) The 

success of this second generation of superficially porous (or core-shell, fused-core, porous shell or 

solid-core) particle columns is for a large part due to the much thicker shell compared to the first 

generation of these particles, resulting in a porous zone that occupies roughly 3/4th of the particle 

volume.(32) Whereas initially marketed as columns providing reduced mass transfer resistance in the 

thin shell, later studies found that the performance advantage of these columns for small molecule 



separations was mainly due to a reduced eddy dispersion (A-term) and longitudinal diffusion (B-

term).(33)(34) Over the past decade, many review papers have discussed the advantages, limitations and 

properties of these particles.(7)(8)(32)(33)(35)(36)(37) The interested reader is referred to the literature for 

more details on these older studies and reviews.  

Over the last five years, these highly efficient particles have been used to achieve ultra-fast 

separations, although the used very short columns required optimization of the chromatographic 

systems to minimize the contributions from extra-column band broadening and to ensure fast enough 

detection of the very narrow peaks.(38)(39)(40)(41)(42) For these highly efficient short columns, Lambert et 

al. and Zelenyánszkia et al. showed that the contributions for column end structure and frits contribute 

significantly to the overall dispersion(43)(44), limiting the advantages that could have been obtained with 

these superficially porous particles. In the following sections, different innovations and novel insights 

in the behavior of superficially porous particles in the last five years are discussed. 

2.2.1 Chiral separations 

One field in separation science where the development of these ultra-fast separations has been 

extensively pursued is that of chiral LC.(38)(41)(42)(45)(46)(47) Catani et al. discussed some of the reasons why 

there was a delay until 2011(48)(49) in the development of chiral stationary phases on superficially porous 

particles, such as the difficulty to adapt pre-existing methods for the functionalization to very small 

particles, particle agglomeration during synthesis and the non-uniform coating of chiral particles.(46)(47) 

In addition, the lack of a complete understanding of the complex mass transfer phenomena in chiral 

chromatography was and is a relevant limitation to the development of very efficient chiral columns 

as this contribution can significantly affect the overall performance at high flow rates.(46)(47) For 

example, Geibel et al. performed a study on zwitterionic chiral ion exchangers to study the effect of 

pore size and particle morphology on separation performance. In a similar study, Schmitt et al. 

investigated a tert-butylcarbamoylquinine (tBuCQN) based CSP. They both observed a lower Hmin for 

the superficially porous particles vs. the fully porous ones(50)(51) and found that a larger (200 Å) pore 

size column significantly outperformed the narrower (160 Å) pore size column in the C-term.(50) A 

detailed van Deemter analysis showed that the enhanced performance of the SPP particles was the 

result of reduced A-term, a slightly lower B-term, a 2.2-fold reduction in Cs-term as a result of the 

shorter diffusion paths and 3.2 times lower contribution from the adsorption-desorption kinetics.(50) It 

was also found that the surface coverage of the chiral selector significantly contributes to the column 

performance due to the slow adsorption-desorption that increase mass transfer resistance at higher 

loadings, with an additional minor role due to a decrease in longitudinal diffusion.(51) S. Pantsulaia et 

al. found that, for the specific case of the polysaccharide-based chiral selectors they investigated, the 

advantage of superficially porous particles vs. fully porous silica was only found for up to 2% (w/w) 

chiral selector content and disappeared completely at 5%. At higher contents, the advantages 

diminished and superficially porous particles only seemed interesting for the separation of 

enantiomers in the cases where chiral selector offered high thermodynamic selectivity or 

recognition.(52) Ismail et al. found that, for columns packed with a Whelk-01 stationary phase, fully 

porous 2.5µm particle columns outperformed 2.6µm superficially porous particle columns.(53) The 

authors noted that this in part depended on the faster mass-transfer adsorption-desorption kinetics 

for the FPP and, surprisingly, in part is also due to a lower eddy dispersion contribution for the FPP 

columns. It is assumed that slower mass-transfer kinetics on the SPP were due the larger surface 

density of the chiral selector on this stationary phase, which was 20% higher than on the FPP. Another 



important observation was that these polar stationary phases were much more difficult to pack than 

the hydrophobic ones (e.g.C18), despite extensive efforts to optimize the packing procedures, 

explaining the higher eddy dispersion contribution. From these examples, is thus seems very important 

that a deep understanding on how the surface density of chiral selector affects the kinetics of 

adsorption-desorption is required for further optimization of the separation performance of chiral 

superficially porous particle stationary phases, in addition to improved packing procedures.(47) Felletti 

et al. for example investigated adsorption isotherms of enantiomers on chiral stationary phases for the 

deep characterization of the adsorption properties of these phases.(54) This proof of concept study 

showed slower adsorption-desorption kinetics on superficially porous particle columns with higher 

selector loading and higher binding constants of enantiomers than for their fully porous counterparts. 

2.2.2 Thermal conductivity 

Another aspect of superficially porous particles that attracted attention over the last years is the 

observation that the negative effects of viscous heating on separation performance, which occur at 

high flow rates and pressure drops, are less pronounced.(55)(56) Since the silica core of these materials 

has a higher thermal conductivity than the porous shell which contains less conductive mobile phase 

and organic based surface modification (e.g. C18), it was even hypothesized that replacing these core 

by highly conductive materials such as copper or gold could eliminate these effects entirely.(55) The 

results found in literature were however not conclusive, as some investigation found smaller thermal 

gradients(55)(56) when using superficially porous particles compared to fully porous ones, while others 

observed no difference in thermal effects.(57) Numerical simulations of packed beds with a wide variety 

of solids core materials showed that the thermal conductivity of a silica core can only have a small 

effect on the bed conductivity and that even highly conductive gold cores can only be expected to 

increase the thermal conductivity of the bed by 70% relative to the case of fully porous particles.(57)(58) 

This is not surprising, since the highly conductive cores are surrounded by a low conductive shell that 

prevents any fast heat transfer from one particle to the next. On the other hand, if the thermal 

conductivity of the porous shell could be increased, significantly larger thermal bed conductivities can 

be expected. This in part can explain the sometimes observed higher thermal conductivity in columns 

with superficially porous particles, as their porous zones typically have a lower porosity than their fully 

porous counterparts. In a recent study, Lesko et al. investigated particles with non-porous carbon core 

and a thin (0.1µm) porous diamond shell that have a thermal conductivity around 85 W/(mK) when 

using typical RPLC mobile phases(59), compared to around 0.6 to 0.8 W/(mK) for traditional silica based 

fully porous and superficially porous particles respectively.(58)(59)(60) Using these Diamond FLARE 

columns under ultra-high pressure conditions, no radial thermal gradients were observed that 

deteriorated column performance at higher flow rates, regardless of the thermal control mode, in 

contrast to experiments on silica based fully and superficially porous particles with similar size and 

operated under the same conditions.(59) Unfortunately, the column performance of these FLARE 

columns was rather poor (hmin8.5). Further improvement in the packing procedures for these particles 

is hence required before they can outperform standard UHPLC columns, even under conditions of 

significant viscous heating effects. 

2.2.3 Radially oriented pores 

Commercially available superficially porous particles are manufactured in either a layer-by-layer 

process where silica nanoparticles are added to monodisperse solid cores or by a one-step 



coacervation process.(61) As a result, the pore size and tortuosity of the porous zone is determined by 

the size of these nanoparticles and the way they randomly aggregate respectively. Such a tortuous 

pore structure is typical for all totally porous particles used in HPLC today. In several research 

publications, it has been attempted to create ordered pore channels normal to the 

surface.(61)(62)(63)(64)(65)(66) These relatively thin porous layers typically have a high surface area and yield 

highly ordered, non-tortuous pore channels oriented normal to the particle surface, thus creating short 

non-tortuous diffusion paths for the analyte molecules.(61) Min et al. used a modified seed growth 

method to grow 0.18µm thick shells on 1.7µm cores with pore diameters of 10 to 15nm, yielding a 

plate height of around 5µm.(62) Qu et al. used a biphase method to synthesize 0.16µm thick fibrous 

shells on a 2.4µm silica core and obtained minimum reduced plate heights as low as 1.6 for 

naphthalene.(63) An example of these fibrous superficially porous particles is given in Fig. 2a.(66) Wei et 

al. created radially oriented pores on silica using a pseudo-morphic transformation, which is a form of 

micelle templating.(61) Their micelles have an ordered liquid crystal structure that result in radially-

oriented, highly-ordered and straight, unconnected pore channels with sizes >75Å in one step. A SEM 

image of the surface of these particles and a cross-section view of pore channels in given in Fig. 2b. 

The particles in addition had a narrow particle distribution and yielded extremely low reduced plate 

heights of only 1.02 for 5.1µm particles. In a theoretical simulation study of these radially oriented 

pore materials by Deridder et al., a similar reduction in minimal reduced plate height in the order of 

about 1 and 0.5 reduced plate height-units was found, thus confirming the experimental 

observations.(61)(67) The authors concluded that this reduction was the result of the strong reduction in 

longitudinal diffusion (B-term) which was two (Dpz/Dmol=0.1) to six (Dpz/Dmol=0.5) times lower 

depending on the ratio of porous zone diffusivity Dpz vs. molecular diffusion coefficient (Dmol). This 

lower B-term is the direct result of the unconnected nature of the pores in the porous particle shell, 

which additionally did not increase with increasing retention factor as is the case for particles with 

isotropic internal diffusion. This reduction in B-term was however not accompanied with an increase 

in mass transfer resistance (C-term). Another theoretical study by Gritti found that particles with 

unconnected radially-oriented pores can be expected to have a 70% lower B-term than their fully 

porous counterparts and 30% lower than traditional superficially porous particles with the same core-

to-particle diameter ratio.(68) Concerning the eddy dispersion (A-term), it is important to note the 

hindered diffusion in the unconnected pore channels slows down radial diffusion rates in the column. 

At low velocities, where the A-term contribution is rather low, this causes a disadvantage for these 

particles, although this effect is eliminated at higher flow rates, yielding a similar A-term as in columns 

packed with conventional particles.(68) 

Qu et al. used silica spheres with dendritic shells as the support to deposit a thin layer of metal-organic 

framework (MOF) stationary phase (ZIF-8).(69) These hybrid inorganic-organic microporous crystalline 

materials have ultrahigh surface areas, exceptional thermal stability, diverse structures and pore 

topologies, and tunable surface properties, making them attractive as stationary phase for 

chromatography separations. Since MOF's are hard to prepare in a spherical shape, this method 

allowed to obtain a ZIF-8 based stationary phase with core-shell structure, wide pore size, large BET 

surface area, and very high separation performance with a plate height around 5µm for 2.2µm 

particles. In another study, using a one-pot oil-water biphase method, Qu et al. prepared 

monodisperse core-shell silica spheres with fibrous shell structure, where the pore size could be tuned 

from 70 to 370 Å, which could be used for the separation of small molecules, peptides, small proteins, 



and large proteins with molecular weight up to 200 kDa.(70) The obtained plate heights were below 

4µm for fluorene for the 2.4µm particles. 

2.2.4 Wide-pore stationary phases 

The shorter diffusion distances in the shell of superficially porous particles is especially beneficial for 

the separation of large molecules since these have a low diffusivity.(71) As a result, a lot of attention 

has been aimed towards improving superficially porous particles for the analysis of this type of solutes. 

Where the initial second generation superficially porous particles launched in 2006 had pore sizes in 

the range of around 90-100Å, larger pore size materials (up to 200Å), often with even thinner shells, 

were introduced in the following years to better accommodate the separation of larger 

molecules.(72)(73)(74)(75) It was found that the optimal shell thickness for the analysis of these low 

diffusivity solutes is a trade-off between performance (higher for thinner shells) and sample 

loadability, as particles with a thicker shell allows higher mass loading before losing separation 

efficiency.(71)(74) An overview of the optimization of pore size and shell thickness of the wide pore 

materials was previously given in review paper by Bobály et al.(71) Nowadays, superficially porous 

particles with 0.2-0.4µm shells and 300-450Å pore sizes are widely available and have been applied to 

a large range of solutes such as proteins(74)(76), monoclonal antibodies(73)(78)(79) and immunoglobulin G2 

disulfide isoforms.(77) The separation performance of a special type of prototype superficially porous 

particles with a carbon core and a thin (0.1µm) nanodiamond polymer shell with pores size between 

120Å and 250Å was investigated by Fekete et al. for the analysis of therapeutic proteins.(80) High peak 

capacities were found for pore sizes above  180Å, while the kinetic performance achieved with the 

120˚A were systematically lower. The kinetic performance of the large pore materials was found to be 

equal or better than that obtained with commercially available RPLC stationary phases for protein 

analysis. 

Wagner et al. investigated particles with very large (1000Å) pores specifically developed for separating 

very large biomolecules and polymers.(81) Fig. 2c shows a SEM image of some of these particles and 

FIB-SEM of a cross section of a single particle. The 1000Å particles were able to separate 1000 base 

pair DNA (approximately 660,000 Da) with minimal effects of restricted diffusion. The separation of 

large biomolecules (myosin and SigmaMAb) and of polystyrene standards using 2.7 µm 1000Å SPPs 

and 1.7 µm 300Å FPPs showed a clear advantage of the larger pore materials. More recently, McCalley 

and Guillarme used a 1000Å pore diphenyl phase for the analysis of monoclonal antibodies, obtaining 

good results when using a gradient of 0.1% TFA in acetonitrile.(82) 

2.2.5 Sphere-on-sphere particles 

Fekete et al. tested prototype sphere-on-sphere (SOS) silica particles, designed by Zhang and co-

workers(83)(84)(85)(86), for the separation of large biomolecules.(87) These SOS particles, for which the 

thickness, porosity and chemical substituents of the shell can be controlled by using the appropriate 

reagents and conditions, are made using a one-pot synthesis method and are illustrated in Fig. 2d. Each 

particle is built up around a large solid inner core, with a significant number of small spheres of silica 

on its surface. The nanoparticles particles are microporous, unfortunately with a pore diameter of less 

than 20Å. However, the space between the nanosphere in the shell provide a superficial macroporosity 

which, in combination the thin shell thickness, can be advantageous for the separation or large 

molecules due to the shorter diffusion distances and greater access to the surface area of the material, 

yielding reasonable loading capacity and retention when mobile phase conditions are adjusted.(87) This 



led to good kinetic performance as the micropores are not accessible for the large analytes. 

Comparable or even slightly better performance was obtained with these SOS columns than with 

commercial columns with particles size between 1.7µm to 5µm specifically designed for proteins 

analysis.(87). 

Qu et al. produced similar particle structures by covering silica spheres covered with rods 

perpendicular to the particle surface in one-pot sol-gel process (rods-on-sphere).(88) It was possible to 

tune the coverage of the rods on the surface by changing the amount of water in the reaction yielding 

pore sizes between 24 and 26 Å. Since the presence of rods increased the surface roughness, this can 

potentially decrease the A-term of the final packed bed. In a 4.6mm x 25cm column packed with rod-

on-sphere particles with an average size of 6.5µm, a plate height of 15.7µm was obtained for 

dimethylnaphthalene. 

2.2.6 Flow-through particles 

The interest in perfusion or flow-through particles has remained vivid as well. Li et al. synthesized flow-

through poly(styrene-co-divinylbenzene) microspheres with binary pores. Owing to their hydrophobic 

nature, the micro-spheres allowed to use this reversed-phase stationary phase for the separation of 

proteins, achieving the separation of six proteins in ∼2 min.(89) Cingolani et al. produced micrometer 

sized clusters (100m) polymer core-shell nanoparticles (latex) via shear-induced reactive gelation.(90) 

The produced materials showed low pressure drops and velocity-independent HETP profiles when 

measured with tracers of sizes comparable to typical bio-macromolecules. Smits et al. made a generic 

study of the performance of flow-through particles using computational fluid dynamics.(91) The study 

confirmed the commonly accepted notion that the intra-particle flow generates a mass transfer 

enhancement leading to lower overall plate heights. However, it was also shown that, counter-

intuitively, columns packed with flow-through particles have a higher flow resistance than normally 

porous particles. This counters the advantage of the lower plate height such that the kinetic 

performance limit of flow-through particles does not significantly exceeds that of normal fully porous 

particles. 

 

3. Monolithic columns 

A concept breaking radically with the paradigm of the packed bed of spherical particles that has been 

heavily researched is that of the so-called monolithic columns. Seminal work on the production of 

monolithic columns for chromatography was carried out by Nakanishi and Tanaka (silica monoliths) 

and Stellan Hjertén and Fréchet and Svec (polymer monoliths).(92)(93)(94) 

Perhaps the most distinguishing feature of monolithic structures, at least in terms of their kinetic 

performance, is that they can be tuned to achieve a higher external porosity (up to 90%) than the 

=40% marking a random sphere packing. Since permeability increases very strongly with  (roughly 

increasing with  to the fourth power), monolithic columns have a significantly higher permeability, or, 

equivalently, a lower flow resistance  than packed sphere beds. According to Eq. (1), the lower  has 

a direct impact on the separation impedance and leads to a vertical downward shift (shorter analysis 

times) in the impedance kinetic plot. Unfortunately, as can be witnessed from Eq. (2), the lower  also 

has an adverse impact on Nopt, as it tends to lead the kinetically optimal working point away from the 

range of practically relevant plate number (the vast majority of practical applications is run with 



N<50,000). Next to a lower loadability, another drawback of the high external porosity (=low packing 

density) is the lower phase ratio, and hence the lower retention factor that will be experienced by the 

analytes under given mobile phase conditions. However, in many (yet not all) cases this can be 

countered by decreasing the fraction of organic modifier (if an RPLC separation). For small molecules 

(assuming the solvent strength parameter in the LSS model is given by S=8), a silica monolithic column 

with an external porosity of =60% would typically require using 10vol% less organic modifier 

compared to the packed bed case (assuming similar mesopore structure and C18 density), while 

moving to an =80%-structure would require using about 20vol% less organic to keep the same 

retention factor.  

A more fundamental drawback, of the higher porosity is that, for a given size of the solid material, the 

diffusional distances in the flow-through pores are in a high -material inevitably larger than in the 

packed bed of spheres. These distances adversely affect the mobile zone mass transfer plate height 

term (scaling ~ distance²) as well as the eddy-dispersion term (scaling ~ distance).  

Therefore, development work to further improve the structure of monolithic columns in recent years 

has mainly focused on finding ways to reduce the globule size (polymer monoliths) or the skeleton size 

(silica monoliths). To evade problems with excessive shrinking and poor wall attachment, which 

increase with increasing column diameter and hence especially plague monolithic columns situated in 

the analytical scale column range (ID =2 to 4.6mm), most research on monoliths in recent years focused 

on the capillary format. 

  

3.1 Polymer monoliths  

In the area of polymer monoliths, the Eeltink group(95) investigated the synthesis of high external-

porosity poly(styrene-co-divinylbenzene) monolithic support structures with macropore and globule 

sizes in the sub-micron range, aiming at the realization of high-speed and high-resolution gradient 

separations of intact proteins and peptides. Tuning the porogen to monomer ratio, the initiator 

content and the polymerization temperature they obtained polymer monolithic structures yielding a 

separation impedance as low as 976. They also demonstrated that the optimal monolithic macropore 

structure is characterized by a high external porosity (while maintaining ultra-high-pressure stability), 

a high structural homogeneity, polymer globule clusters in the submicron range, and macropores with 

a  diameter either tuned towards speed (diameter in the 100–500 nm range) or efficiency (macropores 

in the range of 500 nm–1μm).(96)  

The Urban group investigated the retention of small molecules in polymethacrylate monolithic 

capillary columns and very recently used a post-polymerization UV-initiated grafting reaction with 

bifunctional poly(ethylene glycol)dimethacrylate monomers to optimize the hydrodynamic and kinetic 

properties of these columns.(97)(98) They found that the use of shorter crosslinking monomer increased 

the formation of small pores and minimized mass transfer resistance. Both column efficiency and mass 

transfer resistance also improved when the amount of crosslinking monomer was reduced.  

To increase the order in polymer monolithic structures Arrua and Hilder investigated the use of 

directional freezing and photo-initiated cryopolymerisation.(99) The results obtained suggest that the 

freezing of the solvent crystals occurs in the direction of the temperature gradient from the surface of 



the reactor to its center rather than in the freezing direction. Lan et al. used in situ radical 

polymerization to produce a novel type of phenoxyacetate-based monolithic material with multi-sized 

pores.(100) The columns showed excellent selectivity for proteins due to its multiple interaction sites 

with proteins, such as π-π stacking interactions, hydrophobic interactions, and intermolecular 

interactions.  

Wouters et al. developed a protocol combining several complementary physical characterization 

techniques (AFM, SEM, gas adsorption and mercury intrusion) to better understand the effect meso-

and macroscopic morphology and its dependency on the polymer synthesis mixture.(101) They found 

that, although small-domain-size monoliths feature a relatively narrow macropore-size distribution, 

their homogeneity is compromised by the presence of a small number of large macropores, which 

induces a significant eddy-dispersion contribution to band broadening. 

Gasparini’s group developed an interesting procedure for the production of methacrylate-based 

monoliths using -ray polymerization, illustrated in Fig. 3c.(102) The new methacrylate-based monolithic 

capillary columns displayed excellent kinetic performance with efficiencies larger than 100,000 

theoretical plates/m for small molecules at optimum mobile phase linear velocity of about 0.5 mm/s 

combined with a very high permeability, leading to a separation impedance E0,min close to 1000 (see 

line 10 in Table 1) and also excellent mechanical stability and repeatability. The new methacrylate-

based monolithic capillary columns have been successfully employed for efficient reversed-phase 

separation of intact proteins and peptides 

Rather than studying the effect of the microscopic structure, Gupta et al. investigated the effect of the 

external column geometry on separation efficiency, using 3-D printed, 2-D serpentine, 3-D spiral, and 

3-D serpentine columns.(103) Under Gradient RPLC test conditions, the 3D serpentine column produced 

on average a 15% and 82% increase in peak capacity as compared to the 3D spiral and 2D serpentine 

columns, respectively. 

 

3.2 Silica monoliths  

In silica monoliths, new work has been done to further reduce the through-pore and skeleton size by 

varying the amount and the molecular weight (MW) of the polyethylene glycol used as the phase 

separating agent.(104) It was shown that switching PEG with a MW = 20,000 g/mol allowed to bring the 

average domain size in the sub-2µm range, while it was still at 2.2µm with the so-called 2nd generation 

silica monolith recipe developed in 2006.(105) Owing to the smaller domain and through-pore size, this 

new, 3rd generation recipe offers a considerable improvement in efficiency (20% more plates) 

compared to the 2nd generation. This is reflected in the reduction of the minimal plate height, now 

being at Hmin= 4µm for hexylbenzene in 20:80% (v/v) water:acetonitrile compared to Hmin= 4.8μm 

obtained with the 2nd generation recipe in 2006.(105) The 2nd generation in turn already offered a 

significant improvement over the 1st generation of capillary silica monoliths(106)(107) having a domain 

size around 3.9 μm ( = skeleton size of 1.7 μm + through-pore size of 2.2 μm) and producing minimal 

plate heights around Hmin=6.9 μm (column permeability at Kv0= 4.3 × 10−13m²).  

With the new, 3rd generation recipe, silica monoliths are now clearly outperforming commercial sub-

2µm packed bed capillaries for use in the nano-LC range, who typically have a lesser packing quality 



(reduced plate height h3) than the analytical flow rate packed bed columns with an ID between 2 and 

4.6mm.(108) In a head-to-head test under identical conditions, the silica monolith capillary produced a 

30–40% higher peak capacity np than the commercial packed bed capillaries in the same time (e.g., np 

= 180 versus np = 259 at tG = 30 min) for the gradient separation of a cytochrome C digest. 

Considering the E0,min and Nopt-values in lines 1-3 of Table 1, it can readily be noted that the consecutive 

steps in domain size reduction indeed brought the optimal kinetic working point (Nopt) of silica 

monolithic columns closer to the practically most relevant range of 10-100,000-plate. However, this 

progress came at the cost of an increased minimal separation impedance E0,min. Since E0,min is a good 

size-independent indicator for the overall packing quality(109)(110), this implies that, the smaller one tries 

to make the domain size, the worse the quality (=packing homogeneity) of the structure becomes. The 

occurrence of this problem was already predicted a decade ago in a theoretical study(6), where domain 

size-induced heterogeneity was shown to impose a fundamental limit on the performance of small-

domain monolithic columns. With a given, absolute variability on the size of through-pores and 

skeleton sizes, it is impossible to escape from an increasing relative variability on the characteristic 

sizes when these are shrunk. 

While the above performances were reported for 50 to 100µm capillaries, a similar reduction in plate 

heights has been pursued in analytical scale columns (2.1 mm to 4.6mm ID columns). While first 

generation silica monoliths (domain size order 3µm) at best produce minimal plate heights around 8 

µm, a reduction of the domain size in the 2nd generation reduced the minimal plate heights to around 

6 µm (domain size order 2µm).(111) And in a third generation, with a domain size on the order of 1.5µm, 

minimal plate heights are now down to about 4.5µm.(111) These values are for every generation higher 

than what can be achieved in the capillary column format. Next to the potential occurrence of 

channeling flow paths next to the column side-wall, wide-bore monolithic columns are plagued by an 

inherent radial inhomogeneity, in turn leading to an excessive eddy-dispersion that is not present in 

capillary columns.(107)(112) This problem originates from the inherent shrinkage which occurs during the 

polycondensation or polymerization, pulling away mass from the center towards the sides.  

Because of the aforementioned radial heterogeneity, monolithic columns can be expected to benefit 

maximally from the parallel segmented or curtain flow concept.(113) This was indeed confirmed in a 

study by Solliven et al., showing that the number of theoretical plates can be increased with as much 

as 130% in case of a first generation silica monolith, with almost Gaussian bands being obtained. 

Detection sensitivity even increased by as much as 250% under optimal detection conditions.(114)  

Given the advantage of small column ID’s for monolithic columns, this was taken to the extreme by 

Hara et al.(115), who synthesized TMOS-based silica monolithic skeletons in capillaries with an ID of 5 

and 10 µm (Fig. 3a), obtaining skeleton structures with very low capillary-to-domain size aspect-ratios, 

going from 20 domains per cross-section down to only 3 domains per cross-section. Domain-sized 

based reduced plate heights as low as hmin = 1.3−1.5 were obtained for retained coumarin dyes. 

Considering the over-all kinetic performance, it was found that the two best performing structures 

were those with the lowest number of domains, producing a minimal impedance value around E0,min = 

100 (cf. Table 1). 

The aforementioned trend to push to smaller domain sizes also leads to larger required inlet pressures. 

Eventually, this trend can be expected to lead to the production of monoliths that require the same 

level of inlet pressure levels as those currently reached for packed bed columns. While monolithic 



columns have often been promoted as low-pressure systems, there is no reason to expect silica 

skeletons would be especially fragile. To investigate this, a series of different generation monoliths 

were subjected to high pressures (gradually stepwise increased from 200 to 800 bar), with 

intermediate performance measurements to check the mechanical stability of the bed.(116) It was found 

that all the tested parameters remained unaffected up till the maximally available test pressure of 800 

bar. 

 

3.4 Applications of polymer and silica monolithic columns 

Despite the greatly improved performance of silica monoliths(108), the number of silica monolith 

applications is relatively low. Thirumalai et al.(117) used a commercial C18 silica monolith column 

(Chromolith RP-18e, 100 × 4.6 mm) for the separation of toxic heavy metal ions namely, Pb2+, Hg2+,and 

Cd2+. Demesmay and Dugas used a silica monolithic boronate affinity capillary column as a novel in-

line sample preparation method using a boronate affinity capillary column for the analysis of cis-diol-

containing nucleoside compounds.(118)  

Polymer monoliths are nowadays most frequently used in bioseparations, with a lot of recent interest 

in the separation of peptides, nucelotides and intact proteins where monolithic columns show 

remarkable performance and display an enhanced tolerance of sample dirtiness, a reduced sensitivity 

to carry-over and improved resolution compared to packed columns.(119)(120)(121)(122) Urban and Svec also 

demonstrated the versatility of polymer monoliths by producing columns with a longitudinal gradient 

of porosity. They found that columns with a shallow porosity gradient produced comparable size-

exclusion separation of polystyrene standards but had a higher permeability compared to a completely 

hyper-crosslinked column.(123) 

 

3.5 Other types of monolithic columns 

There is also a continuous interest in synthesis methods for hybrid organic-silica monolithic 

columns.(124) Peng et al. produced an organic-silica hybrid monolithic capillary column by crosslinking 

(3-aminopropyl)trimethoxysilane (APTMS) modified mesoporous carbon nanoparticles (AP-MCNs) 

withtetramethoxysilane (TMOS) and n-butyltrimethoxysilane (C4-TriMOS). They obtained efficiencies 

up to ca. 116,600 N/m for butylbenzene.(125) Weller et al. incorporated mesoporous MCM-41 or UVM-

7 silica particles in a polymer obtained from butyl methacrylate and ethylene glycol dimethacrylate as 

monomers, 1,4-butanediol and 1-propanol as porogen, and azobisisobutyronitrile as initiator. The 

chromatographic performance of these novel stationary phases was evaluated by using alkyl benzenes 

and benzoic acid derivatives, showing plate counts up to 140,000 plates/m.(126) Another interesting 

approach is the incorporation of boronic acid-fumed silica nanoparticles into hybrid monolithic 

stationary phase as proposed by Ardoğan.(127)(128) Good permeability stability and column efficiency 

were observed and column efficiencies for alkylbenzenes on the hybrid monolithic column reached to 

15,600–25,000 plates/m at the velocity of 1.2 mm/s in nano-liquid chromatography. 

An alternative type of polymer monolith was investigated by Khodabandeh et al.(129) They prepared 

Polymerized High Internal Phase Emulsions (PolyHIPEs) using emulsion-templating. Chromatographic 



results suggested the existence of a RP/HILIC mixed mode retention mechanism with promising 

performance for the separation of small molecules. Choudhury et al. demonstrated that this stationary 

phase can also be synthesized in 1mm ID column formats, as illustrated in Fig. 3b.(130) 

 

4. Micro-pillar array columns 

A radically different way to produce monolithic columns, resulting in perfectly ordered monolithic 

structures, is via silicon micromachining. This has been pioneered by Regnier et al in 1998 for 

electrically-driven separations(131) and has been further explored for use in pressure-driven 

chromatography from 2005 onwards by a number of groups.(132)(133)(134) Whereas the pillar array 

column concept is now available in a commercial format (Fig. 4a)(135)(136)(137), the past years have still 

witnessed some fundamental developments. One topic of research was related to the optimization of 

the turns between successive bed segments, since micro-pillar array columns are fabricated on silicon 

wafers and therefore face some length limitations which can be countered by joining several segments. 

Tsunoda’s group developed a “pillar-distribution-controlled” turn, designed as a constant-radius turn 

filled with octagonal pillars to control the linear velocity of the mobile phase in the radial direction.(138) 

Compared to a standard tapered turn, the pressure drop of the newly designed turn was reduced to 

only about 1/6th of that value. The Sepaniak group worked on the enhancement of the surface area 

and retention capacity of pillar arrays using room temperature plasma enhanced chemical vapor 

deposition (PECVD) of silicon oxide to create a thin, conformal porous silicon oxide layer.(139) 

Theoretical calculations indicate that a 50nm layer of PSO increases the surface area of a pillar nearly 

120-fold.  

Other work focused on the shape of the pillars. It was demonstrated both theoretically and 

experimentally that the use of radially elongated pillars (REPs, Fig. 4b) can produce separation 

impedances that approach that of the open-tubular column which, as indicated in Fig. 1, represents 

the theoretically ideal format.(140) Investigating pillar array columns with REPs having 4 different aspect 

ratios (AR = 9, 12, 15, 20) very low plate heights were obtained, ranging from Hmin= 0.42µm to Hmin= 

0.25µm for non-retained conditions and from H = 0.77µm to H = 0.57µm for a component with k = 1.0. 

As can be noted from Table 1, the corresponding separation impedances for the retained component 

lie around E0,min=40-50. This comes close to the analytical solution for OTLC in a flat-rectangular channel 

with side-walls, lying around E0,min=20.(141) 

The E0,min=40-50 of the REP column is considerably smaller than the E0,min-value that can be derived 

from the kinetic data measured in the recently introduced micro-pillar array column for capillary LC 

flows carrying cylindrical pillars.(142) With u0,opt=1.3 mm/s, Hmin=3.1µm and Kv0=6.5 10-14 m², the 

cylindrical pillar array produces a value of E=150, i.e., considerably higher than in the REP case. It 

should be noted that although both data sets relate to the same degree of retention there is a 

difference in stationary phase. For the REP column case this was a monolayer on the pillar outer 

surface, whereas in the cylindrical pillar case this is a coating on the surface of a mesoporous shell 

layer. Baca et al. made optimal use of the high permeability of pillar array columns (µPAC) by serially 

connecting four 2m-long columns to from a 8m long equivalent column producing, depending on the 

analyte’s retention coefficient, between 1.6 and 1 million theoretical plates.(143)  



µPAC columns have in recent years been used in a variety of metabolomics and proteomics 

studies.(137)(144)(135)(145)(146) Because of their monolithic structure, Toth et al. found an enhanced stability 

and reproducibility of retention times, and the prolonged lifetime of columns compared to 

conventionally packed nano-HPLC column. They also found a higher identification rates have been 

demonstrated through measurements of HeLa cell lysates under identical chromatographic conditions 

on the µPAC and packed-bed columns.(147)      

Stadlmann et al. used µPAC-columns in low-input proteomics, comparing the performance of a 

commercially available 50 cm micropillar array column to a widely used nanoflow HPLC column for the 

proteomics analysis of 10 ng of tryptic HeLa cell digest. They found that micropillar array cartridges 

provide excellent retention time stability and repeatedly yielded almost twice as many unique peptide 

and unique protein group identifications when compared to conventional nanoflow HPLC columns.(136) 

Nys et al. investigated the use of micro-pillar array columns in combination with ion mobility mass 

spectrometry (IM-MS). The µPAC proved to be superior to other nanoflow systems by producing higher 

peak capacities regardless of the gradient time. In combination with IM, 3 times more peaks could be 

separated without loss of analysis time.(148)  

 

5. Open tubular columns 

Despite the limited detection possibilities, open-tubular LC (OTLC) columns continue to draw a 

significant interest.(149) Pushing the OTLC technology to its limits, the Liu group demonstrated ultra-

high efficiencies, achieving a peak capacity of 2000 in 3 h using picoflow LC in 2-μm-ID open-tubular 

columns (narrow open-tubular (NOT) columns).(150) Applying this technology in ultrasensitive bottom-

up proteomics, they could reliably identify ∼1000 proteins using only 75 pg of tryptic peptides, 

representing a 10–100-fold sensitivity improvement compared with the state-of-the-art methods.(151) 

Next to high efficiency separations, they also demonstrated the potential of these NOT columns in 

ultra-high speed separations. Using a 2.7 cm narrow open tubular column, a baseline separation of 6 

amino acids was obtained in less than 700 ms.(152) 

The most critical drawback of open-tubular columns is their very low loadability, such that their use 

will probably remain limited to applications with extreme sample limitation. However, also these 

applications require a sufficient retention capacity and mass loadability. To increase the retention 

capacity, Liu et al. used a single-step in-situ biphasic reaction with a including CTAB/TEOS, urea and 

hydrophobic solvents such as iso-propanol or n-pentanol to produce homogeneous porous-layer 

modified surfaces with ∼240 nm thickness in a 50 µm-id capillary.(153) Hara et al. demonstrated that 

5μm ID capillaries can be coated with mesoporous silica layers up to 550 nm thickness (corresponding 

to a phase ratio of m=Vlayer/Vmobile zone=0.55), using in-column sol−gel synthesis with tetramethoxysilane, 

as illustrated in Fig. 3d, building upon earlier work from Foster and Altmaier.(154)(155) All the produced 

porous layer-open-tubular (PLOT-) columns displayed plate height curves that closely follow the Golay-

Aris theory. Efficiencies as high as N = 150,000 and N = 120,000 were obtained, respectively, for a 300 

and 550nm thick porous layer in 60cm long columns.(155) The ability to produce very long columns (up 

to 2.5 m) was demonstrated as well. Efficiencies up to N = 600,000 plates for a retained and around N 

= 1,000,000 plates for an unretained component were achieved. 



A much more fundamental approach to increase the loadability of OTLC consists obviously consists of 

combining multiple OTLC columns in parallel. This approach, pioneered by Zhdanov et al.(156), however 

suffers from a problem called the polydispersity effect, implying that even very minor variations (order 

of 0.5%) in capillary-to-capillary diameter already lead to a dramatic reduction of the total achievable 

plate number(6)(157) Recently, Parmentier proposed the concept of diffusional bridging to overcome this 

problem.(158) He showed theoretically that the system ultimately behaves like a particulate packing, 

however with the benefit of a pressure drop that is approximately one order of magnitude lower. 

Similar findings were obtained by Gritti and Tallarek.(159) 

 

6. 3D-printed columns 

Over the last decade, the possibilities of additive manufacturing, often called 3D printing, have 

attracted interest from almost every field of scientific research as it allows to use the full three-

dimensional design space to tune and fabricate any imaginable geometry.(160)(161)(162)(163)(164) Additive 

manufacturing in fact provides the additional 3rd dimensional freedom that is not available in silicon 

micromachining which is used to develop the pillar array columns discussed in one of the preceding 

sections. It allows to freely tune the external porosity and thus the flow resistance within the range of 

mechanically stable structures This technique can potentially allow to produce perfectly ordered 

structures, eliminating eddy-dispersion, as it does not depend on the packing of a slurry of particles in 

an ordered structure (packed bed columns) or is affected by the random nature of e.g. a polymerization 

reaction (monoliths). Sandron et al. (2014) and Gupta et al. (2016) printed coiled planar capillary 

columns that were slurry packed with various sized reversed-phase octadecylsilica particles, or filled 

with an in situ prepared methacrylate based monolith(165)(166) for use in LC and Lucklum et al. (2015) 

printed miniature 3D gas chromatography columns.(167) In a follow up study, Gupta et al. 3D printed in 

titanium liquid chromatographic columns, filled with a poly(BuMA-co-EDMA) monolith, in three 

different formats (2D serpentine, 3D spiral, and 3D serpentine).(103) The highest efficiency was found 

for the 3D serpentine column with higher aspect ratio turns. These examples however only use the 

additive manufacturing to construct what is in fact the stationary phase housing and not the separation 

medium itself. These applications of 3D printing, as well as the many applications of the technique for 

the development of microfluidic systems and devices, are outside the scope of this 

work.(161)(163)(168)(169)(170) However, if one day 3D printed columns could be combined with printed valves, 

micropumps, connectors and other microfluidic parts, it would become possible to developed a 

complete 3D printed chromatographic system.(162)(168) 

All additive manufacturing techniques currently still suffer for one of the two following limitations that 

do not allow to obtain competitive analytical separation columns, i.e. lack of resolution of excessive 

printing time/limited column volume. Whereas chromatographic media for analytical scale separations 

would require minimal feature sizes of a few micrometers or smaller (e.g. 500nm for the equivalent of 

2µm particle column), the current resolution is around 25-100µm for the most widespread 

technologies, such as extrusion based printing, stereolithography and powder-based printing.(168) An 

overview of other 3D printed devices and their applications in separation sciences can be found in 

Kalsoom et al.(163)  



On the other hand, two-photon polymerization printing (2PP) allows minimal feature sizes smaller than 

50nm(171), allowing to print stationary phases with high accuracy that have equivalent characteristic 

distances of the smallest particles columns currently available and beyond. This technique 

unfortunately suffers from the second drawback, that, in addition to its high cost, very high printing 

times are required and the maximum column volumes are thus limited. For example, a 1cm x 100µm 

x 10µm column with 1.5µm through pores and a porosity of 80% currently takes almost 1 day to 

print.(172) 

The first example of 3D printing of chromatographic media was shown by Fee et al., who not only 

printed the stationary phase, but also the column wall and flow distributors(173), as shown in Fig. 5a. 

Exploiting the possibilities of additive manufacturing, different shapes and configurations with 

characteristic distances between 100-200µm were printed. In follow-up papers, the authors printed a 

broad range of particle shapes (tetrahedral, octahedral, stellar octangular, triangular bipyramid and 

truncated icosahedra) in different arrangements (simple cubic, body-centered cubic and face-centered 

cubic), obtaining plate heights in the order of 1mm under non-retained conditions for structures with 

a characteristic dimension of 580µm.(174)(175) 

Besides resolution and printing time limitations, another important hurdle still needs to be overcome 

to successfully implement these 3D-printed devices as separation media, i.e. functionalization to 

obtain the appropriate surface chemistry and the modifications required to obtain mesopores in the 

material or to deposit a porous layer for a sufficiently high surface area. In addition, after modification, 

all interactions with the starting materials have to be eliminated. Furthermore, the materials need to 

be resistant to the most common solvents and additives, used pH- and temperature ranges.(172) In this 

context, a recent study by Simon and Dimartino showed 3D printed monolithic adsorbers with anion 

exchanger (AEC) behavior in a one-step process, i.e. without the need for post-functionalization to 

introduce the AEX ligands.(176) The authors used a commercial printer to copolymerize a bifunctional 

monomer with a positively charged quaternary amine and an acrylate group, with a biocompatible 

crosslinker (polyethylene glycol diacrylate). They were able to increase the available surface area in 

the material formulation by adding polyethyleneglycol as a pore forming agent and obtained materials 

with features as small as 200µm, as illustrated in Fig. 5b.(176) In another study, by 3D-printing cellulose 

chromatographic columns (see Fig. 5c) with a channel size of 300 μm that were functionalized with 

two different ligands (diethylaminoethyl (DEAE) and hydroxyapatite) Moleirinho et al. were able to 

purify oncolytic adenovirus and lentiviral vectors, with a recovery of 69% and 57% respectively.(177) 

In yet another application of 3D printing to obtain separation media, Fichou and Morlock described 

the modification of a low-cost open-source 3D printer into a 3D silica gel layer printer (see Fig. 5d).(178) 

Macdonald et al. also printed polymer thin layer chromatography plates that did not require any 

additional surface functionalization.(179) The plates were successfully applied to the separation of 

various dye and protein mixtures. 

Concluding remarks 

The quest for LC supports surpassing the kinetic performance limits of the traditional packed bed of 

spheres is still ongoing, driven by the large margin between the separation impedance of the packed 

bed and that of the open-tubular column format. The latter represents the ideal kinetic optimum, but 

is impractical to use in LC because of the extremely small required I.D.’s (order 0.3-1µm). 



Next to an optimization of the internal particle structure, where still surprisingly large gains are within 

grasp (cf. the reduction in minimal plate height from h=1.5 to h=1 that can be obtained by preparing 

core-shell particles with strictly radially-oriented mesopores instead of with a random mesoporous 

network), most of this research focuses on the production and use of monolithic bed columns. This 

concept intrinsically allows for much more open packing structures than the packed bed of spheres, 

thus offering the possibility to minimize the flow resistance. This kinetic performance parameter can 

be varied over a much larger range than the minimum reduced plate height, which is the other 

parameter determining the separation impedance of a given LC support structure.  

While the initial strategies to produce monolithic columns involved chemical synthesis (producing silica 

and polymer monoliths), attention has in the past years turned more and more towards the use of 

more “mechanical” methods (silicon micro-machining, 3D-printing). These furthermore intrinsically 

lead to perfectly ordered structures, thus overcoming the heterogeneity problem impeding the 

production of competitive silica and polymer monoliths. Although the demonstrated performances are 

impressive in terms of separation impedance (E0,min-values close to that of the ideal OTLC format have 

been demonstrated), the current weak spot of any of the proposed monolithic column manufacturing 

methods is that they produce feature sizes which are too large to be useful in the practically most 

relevant range of N=10,000 to N=100,000 theoretical plates (cf. the leftward shift of the data points 

with low E0,min-value in Fig. 1b). Future research efforts in the area of chemically synthesized or 

“mechanically” processed monolithic columns should hence maximally aim at reducing current feature 

sizes.  
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Table 1: Literature examples of characteristic performance numbers of alternative monolithic LC support structures (Nopt and t0/N2 calculated assuming 

Pmax=400bar in Eqs. 2-3). Line numbers correspond to data points in Fig. 1. 

Type H (m) u0 (mm/s) Kv0x1014 (m2) Nopt E0,min t0/N2 (ns) Reference 

1. Silica monolith capillary (1st gen) 6.90 1 43 2,492,754 111 2.77 (93) 

2. Silica monolith capillary (2nd gen) 4.80 2 4.7 195,833 490 12.3 (105) 

3. Silica monolith capillary (3rd gen) 4.00 2.6 2.4 92,308 667 16.7 (104,108) 

4. Silica monolith-normal bore (2nd gen) 6.50 2.2 1.9 53,147 2224 55.6 (106) 

5. Silica monolith-normal bore (2nd gen) 6.00 2 1.35 45,000 2667 66.7 (107) 

6. Low aspect ratio silica monolith 4.60 0.6 25 3,623,188 85 2.12 (115) 

7. Low aspect ratio silica monolith 4.40 0.6 20 3,030,303 97 2.42 (115) 

8. Polymer monolith  8.70 0.5 7.8 717,241 970 24.3 (95) 

9. Polymer monolith 16.00 0.3 1.9 158,333 13474 337 (98) 

10. Polymer monolith 9.80 0.5 7.03 573,878 1366 34.2 (102) 

11. Porous Layer Open Tubular 5.50 0.64 74.24 8,436,364 41 1.02 (155) 

12. Micro-pillar Array (radially elong. pillar) 0.77 0.077 1.56 10,524,540 38 0.95 (140) 

13. Micro-pillar Array (radially elong. pillar) 0.74 0.059 1.06 9,711,406 52 1.29 (140) 

14. Micro-pillar Array (radially elong. pillar) 0.56 0.047 0.628 9,544,073 50 1.25 (140) 
15. Micro-pillar Array (cylindrical pillar) 3.15 1.3 6.5 634,921 153 3.82 (142) 

 



Figure Captions: 

Figure 1. Comparison of the kinetic performance (full lines) and Knox and Saleem limits lines (dashed) 

for (black) packed bed LC (h=A+B/+C, with a = 0.8 m, b = 3, and c = 0.06) and (red) thin film open 

tubular columns (h= B/+C, with a = 0.8 m, b = 2, and c = 0.077), both with P=1500 bar, viscosity  

= 1·10-3 Pa.s and Dmol=10-9m²/s. (a) Plot of retention time tR (for k=9) vs. efficiency N; (b) plot of 

separation impedance E0 (see Eq. 3) vs. efficiency N. Dotted lines represent the Knox and Saleem-limit 

in the hypothetical case that a packed bed column could reach the same hmin  (black) or have the same 

flow resistance (red) as OTLC columns. The data point labels refer to the line numbers in Table 1. The 

position of the data-points was calculated assuming P=400bar.  

 

Figure 2. (a) TEM images of fibrous core–shell silica particles(66); (b) high-resolution SEM of PMT 

superficially porous particles with a cross-section view of the pore channels, with a red line illustrating 

the diffusion pathway in the straight, unconnected pore channels(61); (c) SEM (left) and FIB SEM (right) 

of 1000 Å superficially porous particles with a porous shell thickness of 0.5µm(81); (d) monodisperse 

sphere-on-sphere particles with inset showing a close-up look of a single particle(87). 

Fig. 2a reprinted by permission from Springer Nature, Chromatographia 81, Preparation and 

Chromatographic Features of Fibrous Core–Shell HPLC Packing Material, Wei Zhang, Shu‑ming Li, Jing 

Zhang, 1249–1256, Copyright (2018). Fig. 2b reprinted from J. Chromatogr. A, 1440, Ta-Chen Wei, Anne 

Mack, Wu Chen, Jia Liu, Monika Dittmann, Xiaoli Wang, William E. Barber, Synthesis, characterization, 

and evaluation of a superficially porousparticle with unique, elongated pore channels normal to the 

surface, 55–65, Copyright (2016), with permission from Elservier; Fig. 2c reprinted from J. Chromatogr. 

A, 1489, B.M. Wagner, S.A. Schuster, B.E. Boyes, T.J. Shields, W.L. Miles, M.J. Haynes, R.E. Moran, J.J. 

Kirkland, M.R. Schure, Superficially porous particles with 1000Å pores for large biomolecule high 

performance liquid chromatography and polymer size exclusion chromatography, 75–85, Copyright 

(2017), with permission from Elservier. Fig. 2d reprinted from J. Chromatogr. A, 1431, Szabolcs Fekete, 

Marta Rodriguez-Aller, Alessandra Cusumano, Richard Hayes, Haifei Zhang, Tony Edge, Jean-Luc 

Veuthey, Davy Guillarme, Prototype sphere-on-sphere silica particles for the separation of large 

biomolecules, 94–102, Copyright (2016), with permission from Elservier. 

 

Figure 3. SEM image of (a) low aspect ratio silica monolith(115); (b) PolyHIPE-based monolithic 

structure(130); (c) methacrylate-based monoliths using -ray polymerization(102); (d) porous layer open-

tubular capillary(155). 

Fig. 3a reprinted (adapted) with permission from Takeshi Hara, Shunta Futagami, Wim De Malsche, 

Sebastiaan Eeltink, Herman Terryn, Gino V. Baron, and Gert Desmet, Chromatographic Properties of 

Minimal Aspect Ratio Monolithic Silica Columns, Anal. Chem. 2017, 89, 2116−2122. Copyright (2017) 

American Chemical Society. Fig. 3b reprinted from Sidratul Choudhury,Laurence Fitzhenry,Blánaid 

White, Damian Connolly, Polystyrene-co-Divinylbenzene PolyHIPE Monoliths in 1.0 mm Column 

Formats for Liquid Chromatography, Materials 2016, 9, 212. Published under an open access Creative 

Common CC BY license. Fig. 3c reprinted from J. Chromatogr. A, 1498, Patrizia Simone, Giuseppe Pierri, 

Donatella Capitani, Alessia Ciogli, Giancarlo Angelini, Ornella Ursini, Gennaro Gentile, Alberto 

Cavazzini, Claudio Villani, Francesco Gasparrini, Capillary methacrylate-based monoliths by grafting 

from/to γ-ray polymerization on a tentacle-type reactive surface for the liquid chromatographic 

separations of small molecules and intact proteins, 46-55, Copyright (2017), with permission from 

Elservier; Fig. 3d reprinted (adapted) with permission from Takeshi Hara, Shunta Futagami, Sebastiaan 



Eeltink, Wim De Malsche, Gino V. Baron, Gert Desmet, Very High Efficiency Porous Silica Layer Open-

Tubular Capillary Columns Produced via in-Column Sol–Gel Processing, Anal. Chem. 2016, 88, 10158–

10166. Copyright (2016) American Chemical Society. 

 

Figure 4. SEM images of (a) a cylindrical and (b) a radially elongated micro-pillar array column. 

 

Figure 5. Examples of chromatographic columns and stationary phases produced using additive 

manufacturing techniques: (a) 3D-printed column and bed with a simple cubic configuration(173); (b) 

SEM images of a Schoen-gyroid (=50%, 500µm wall thickness) 3D-printed monolithic adsorber with 

anion exchanger(176); (c) cross section of the internal structure of Schoen-gyroid channels in a 3D-

printed cellulose column (left), with zoom in on the structure (right)(177); (d) (left-to-right) modified 

open-source 3D printer for TLC, CAD design and picture of a 3D-printed slurry doser(178). 

Fig. 5a reprinted from J. Chromatogr. A, 1333, Conan Fee, Suhas Nawada, Simone Dimartino, 3D printed 

porous media columns with fine control of column packing morphology, 18–24, Copyright (2014), with 

permission from Elservier; Fig. 5b reprinted from J. Chromatogr. A, 1587, Ursula Simon, Simone 

Dimartino, Direct 3D printing of monolithic ion exchange adsorbers, 119–128, Copyright (2019), with 

permission from Elservier; Fig. 5b reprinted from Sep. Purif. Technol., 254, Mafalda G. Moleirinho, Sean 

Feast, Ana S. Moreira, Ricardo J.S. Silva, Paula M. Alves, Manuel J.T. Carrondo, Tim Huber, Conan Fee, 

Cristina Peixoto, 3D-printed ordered bed structures for chromatographic purification of enveloped and 

non-enveloped viral particles, 117681, Copyright (2021), with permission from Elservier; Fig. 5c 

reprinted from Sep. Purif. Technol., 254, Mafalda G. Moleirinho, Sean Feast, Ana S. Moreira, Ricardo 

J.S. Silva, Paula M. Alves, Manuel J.T. Carrondo, Tim Huber, Conan Fee, Cristina Peixoto, 3D-printed 

ordered bed structures for chromatographic purification of enveloped and non-enveloped viral 

particles, 117681, Copyright (2021), with permission from Elservier; Fig. 5d reprinted (adapted) with 

permission from Dimitri Fichou, Gertrud E. Morlock, Open-Source-Based 3D Printing of Thin Silica Gel 

Layers in Planar Chromatography, Anal. Chem. 2017, 89, 2116−2122. Copyright (2017) American 

Chemical Society. 
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(10) Aydoğan, C.; Rigano, F.; Krčmová, L.K.; Chung, D.S.; Macka, M.; Mondello, L. Anal. Chem. 2020, 92, 

11485−11497. 

(11) Catani, M.; Ismail; O. H.; Cavazzini, A.; Ciogli, A.; Villani, C.; Pasti, L.; Bergantin, C.; Cabooter, D.; 

Desmet, G.; Gasparrini, F.; Bell, D. S. J. Chromatogr. A 2016, 1454, 78–85. 

(12) Ismail, O. H.; Catani, M.; Pasti, L.; Cavazzini, A.; Ciogli, A.; Villani, C.; Kotoni, D.; Gasparrini, F., Bell, 

D. S. J. Chromatogr. A 2016, 1454, 86–92. 

(13) Gritti, F.; Guiochon, G. J. Chromatogr. A 2014, 1355, 164–178. 

(14) Gritti, F.; Bell, D. S.; Guiochon, G., J. Chromatogr. A 2014, 1355, 179–192. 

(15) Felletti, S.; De Luca, G.; Lievore, G.; Pasti, L.; Chenet, T.; Mazzoccanti, J.; Gasparrini, F.; Cavazzini, 

A.; Catani, M. J. Sep. Sci. 2020, 43, 1737–1745. 

(16) James C. Heaton, McCalley, D. V.; J. Chromatogr. A 2014, 1371, 106–116. 

(17) Daneyko, A.; Höltzel, A.; Khirevich, S.; Tallarek, U. Anal. Chem. 2011, 83, 3903-3910. 

(18) Endele, R.; Halasz, I.; Unger, K. J. Chromatogr. 1974, 99, 377–393. 

(19) Dewaele, C.; Verzele, M. J. Chromatogr. 1983, 260, 13-21. 

(20) Alia, F.; Malik, A.R., Cheong, W.J., Najeeb-UR-Rehman J. Liq. Chromatogr. Rel. Techn. 2019, 42, 19-

20 

(21) Ali, A.; Ali, F.; Cheong, W.J. J. Chromatogr. A. 2017, 1525, 79–86. 

(22) Ali, A.; Sun, G.; Kim, J. S.; Cheong, W.J. J. Chromatogr. A. 2019, 1594, 72–81. 

(23) Gritti, F. J. Chromatogr. A 2018, 1540, 55–67. 



(24) Alzeer, M.; Keyzers, R.A.; MacKenzie,  K.J. Ceram. Int. 2014, 40, 3553-3560. 

(25) Wimalasinghe, R.M.; Weatherly, C.A.; Wahab, M.F.; Thakur, N.; Armstrong, D.W. Anal. Chem. 

2018, 90, 8139−8146. 

(26) Thakur, N.; Wahab, M.F.; Khanal, D.D.; Armstrong, D.W. Anal. Chim. Acta 2019, 1081, 209-217. 

(27) Schure, M.R.; Maier, R.S. J. Chromatogr. A 2018, 1580, 30–48. 

(28) Fekete, S.; Guillarme, D.; J. Chromatogr. A 2013, 1308, 104-113. 

(29) Sanchez, A.C.; Friedlander, G.; Fekete, S.; Anspach, J.; Guillarme, D.; Chitty, M.; Farkas, T. J. 

Chromatogr. A 2013, 1311, 90-97. 

(30) Blue, L. E.; Jorgenson, J. W. J. Chromatogr. A 2011, 1218, 7989–7995. 

(31) Blue, L. E.; Jorgenson, J. W. J. Chromatogr. A. 2015, 1380, 71–80. 

(32) Gonzalez-Ruiz, V; Olives, A.I.; Martín M. A. TrAC, Trends Anal. Chem. 2015, 64, 17–28. 

(33) Guiochon, G.; Gritti, F. J. Chromatogr. A. 2011, 1218, 1915–1938. 

(34) Gritti, F.; Cavazzini, A.; Marchetti, N.; Guiochon, G. J. Chromatogr. A. 2007, 1157, 289–303. 

(35) Hayes, R.; Ahmed, A.; Edge, T.; Zhang, H. J. Chromatogr. A. 2014, 1357, 36–52. 

(36) Ali, I.; AL-Othman, Z. A.; Nagae, N.; Gaitonde, V. D.; Dutta, K. K.; J. Sep. Sci. 2012, 35, 3235–3249. 

(37) Ahmed, A.; Skinley, K.; Herodotou, S.; Zhang, H. J Sep Sci. 2018, 41, 99–124. 

(38) Patel, D. C.; Breitbach, Z. S.; Wahab, M. F.; Chandan; Barhate, L.; Armstrong. D. W., Anal. Chem. 

2015, 87, 9137–9148 

(39) Wahab, M. F.; Wimalasinghe, R. M.; Wang, Y.; Barhate, C. L.; Patel, D. C.; Armstrong. D. W., Salient 

Sub-Second Separations, Anal. Chem. 2016, 88, 8821–8826 

(40) Patel, D. C.; Wahab, M. F.; O’Haver, T. C.; Armstrong. D. W. Anal. Chem. 2018, 90, 3349–3356. 

(41) Kharaishvili, Q.; Jibuti, G.; Farkas, T.; Chankvetadze, B. J. Chromatogr. A 2016, 1467, 163–168. 

(42) Bezhitashvili, L.; Bardavelidze, A.; Teona Ordjonikidze, T.; Chankvetadze, L.; Chity, M.; Farkas, T.; 

Chankvetadze, B. J. Chromatogr. A 2017, 1482, 32–38. 

(43) Zelenyánszkia, D.; Lambert, N.; Gritti, F.; A. Felinger, A. J. Chromatogr. A 2019, 1603, 412–416.  

(44) Lambert, N.; Miyazaki, S.; Ohira, M.; Tanaka, N.; Felinger, A. J. Chromatogr. A 2016, 1473, 99-108.  

(45) Bezhitashvili, L.; Bardavelidze, A.; Mskhiladze, A.; Gumustas, M.; Ozkan, S. A.; Volonterioe, A.; 

Farkas, T.; Chankvetadze, B. J. Chromatogr. A 2018, 1571, 132–139. 

(46) Catani, M.; Felletti, S.; Ismail, O. H.; Gasparrini, F.; Pasti, L.; Marchetti, N.; De Luca, C.; Costa, V.; 

Cavazzini, A. Anal. BioAnal. Chem. 2018, 410, 2457–2465. 



(47) Catani, M.; Ismail, O. H.; Gasparrini, F.; Antonelli, M.; Pasti, L.; Marchetti, N.; Felletti, S.; Cavazzini, 

A. Analyst 2017, 142, 555-566. 

(48) Reischl, R. J.; Hartmanova, L.; Carrozzo, M.; Huszar, M.; Fruhauf, P.; Lindner, W. J. Chromatogr. A. 

2011, 1218, 8379–87. 36. 

(49) Lai, X.; Tang W.; Ng, S.C. J. Chromatogr. A. 2011, 1218, 5597–601. 

(50) Geibel, C.; Dittrich, K.; Woiwode, U.; Kohout, M.; Zhang, T.; Lindner, W.; Lämmerhofer, M. J. 

Chromatogr. A 2019, 1603, 130–140. 

(51) Schmitt, K.; Woiwode, U.; Kohout, M.; Zhang, T.; Lindner, W.; Lämmerhofer, M. J. Chromatogr. A 

2018, 1569, 149–159. 

(52) Pantsulaia, S.; Targamadze, K.; Khundadze, N.; Kharaishvili, Q.; Volonterio, A.; Chitty, M.; Farkas, 

T.; Chankvetadze, B. J. Chromatogr. A 2020, 1625, 461297. 

(53) Ismail, O. H.; , Pasti, L.; Ciogli, A.; Villani, C.; Kocergin, J.; Anderson, S.; Gasparrini, F.; Cavazzini, A.; 

Catani, M. J. Chromatogr. A 2016, 1466, 96–104. 

(54) Felletti, S.; De Luca, C.; Ismail, O. H.; , Pasti, L.; Valentina Costa, Gasparrini, F.; Cavazzini, A.; Catani, 

M. J. Chromatogr. A 2018, 1579, 41–48. 

(55) Kostka, J.; Gritti, F.; Kaczmarski, K.; Guiochon, G. J. Chromatogr. A 2011, 1218, 5449–5455. 

(56) Grinias, J.P.; Keil, D.S.; Jorgenson, J.W. J. Chromatogr. A 2014, 1371, 261–264 

(57) Lambert, N.; Felinger, A. J. Chromatogr. A 2018, 1565, 89–95. 

(58) Deridder, S.; Smits, W.; Benkahla, H.; Broeckhoven, K.; Desmet, G. J. Chromatogr. A 2018, 1575, 

26–33. 

(59) Lesko, M.; Samuelsson, J.; Asberg, D.; Kaczmarski, K.; Fornstedt, T. J. Chromatogr. A  2020, 1625, 

461076. 

(60) Deridder, S.; Smits, W.; Broeckhoven, K.; Desmet, G. J. Chromatogr. A 2020, 1620, 461022. 

(61) Wei, T.-C.; Mack, A.; Chen, W.; Liu, J.; Dittmann, D.; Wang, X.; Barber, W.E. J. Chromatogr. A 2016, 

1440, 55–65. 

(62) Min, Y.; Jiang, B.; Wu, C.; Xia, S.; Zhang, X.; Liang, Z.; Zhang, L.; Zhang, Y. J. Chromatogr. A 2014, 

1356, 148–156. 

(63) Qu, Q.; Min, Y.;Zhang, L.; Xu, Q.; Yin, Y. Anal. Chem. 2015, 87, 9631−9638 

(64) Min, Y.; Yang, K.; Liang, Z.; Zhang, L.; Zhang, Y. RSC Adv., 2015, 5, 26269–26272. 

(65) Qu, Q.; Si, Y.; Xuan, H.; Zhang, K.; Chen, X.; Ding, Y.; Feng, S.; Yu, H.-Q.; Abdullah, M.A.; Alamry, 

K.A. J. Chromatogr. A 2018, 1540, 31–37. 

(66) Zhang, W.; Li, S.-M.; Zhang, J. Chromatographia 2018, 81, 1249–1256. 



(67) Deridder, S.; Catani, M.; Cavazzini, A.; Desmet, G. J. Chromatogr. A 2016, 1456, 137–144. 

(68) Gritti, F.; J. Chromatogr. A 2017, 1485, 70–81. 

(69) Qu, Q.; Xuan, H.; Zhang, K.; Chen, X.; Ding, Y.; Feng, S.; Xu, Q.; J. Chromatogr. A 2017, 1505, 63–

68. 

(70) Qu, Q.;, Yang Si, Xuan, H.; Zhang, K.; Chen, X.; Ding, Y.; Feng, S.; Yu, H.-Q.; Abdullah, M.A.; Alamry, 

K.A. J. Chromatogr. A 2018, 1540, 31–37. 

(71) Bobály, B.; Veuthey, J.-L.; Guillarme, D.; Fekete, S.  J. Pharm. Biomed. Anal. 2018, 158, 225–235. 

(72) Schuster, S.A.; Wagner, B.M.; Boyes, B.E.; Kirkland, J.J. J. Chromatogr. Sci. 2010, 48, 566–571. 

(73) Fekete, S.; Berky, R.; Fekete, J. ; Veuthey, J.L.; Guillarme, D.  J. Chromatogr. A 2012, 1236, 177–

188. 

(74) Schuster, S.A.; Wagner, B.M.; Boyes, B.E.; Kirkland, J.J. J. Chromatogr. A 2013, 1315, 118–126. 

(75) Wagner, B.M.; Schuster, S.A.; Boyes, B.E.; Kirkland, J.J. J. Chromatogr. A 2012, 1264, 22-30. 

(76) Fekete, S., Berky, R.; Fekete, J.; Veuthey, J.-L.; Guillarme, D. J. Chromatogr. A 2012, 1252, 90-103. 

(77) Wei, B.; Zhang, B.; Boyes, B.; Zhang, Y.T. J. Chromatogr. A 2017, 1526, 104–111. 

(78) Chen, W.; Jiang, K.; Mack, A.; Sachok, B.; Zhu, X.; Barber, W.E.; Wang, X. J. Chromatogr. A 2015, 

1414, 147–157. 

(79) Bobaly, B.; Lauber, M.; Beck, A.; Guillarme, D.; Fekete, S. J. Chromatogr. A 2018, 1549, 63–76. 

(80) Fekete, S., Jensen, D. S.; Zukowski, J.; Guillarme, D. J. Chromatogr. A 2015, 1414, 51–59. 

(81) Wagner, B.M.; Schuster, S.A.; Boyes, B.E.; Shields, T.J.; Miles, W.L.; Haynes, M.J.; Moran, R.E.; 

Kirkland, J.J.; Schure, M.R.  J. Chromatogr. A 2017, 1489, 75–85. 

(82) McCalley, D. V.; , Guillarme, D. J. Chromatogr. A 2020, 1610, 460562. 

(83) Ahmed,  A.; Myers, P.; Zhang H. Langmuir 2014, 30, 12190−12199. 

(84) Ahmed, A.; Ritchie, H.; Myers, P.; Zhang, H. Adv. Mater. 2012, 24, 6042−6048. 

(85) Ahmed, A.; Forster, M.; Clowes, R.; Bradshaw, D.; Myers, P.; Zhang, H. J. Mater. Chem. A, 2013, 1, 

3276–3286. 

(86) Hayes, R.; Myers, P.; Edge, T.; Zhang, H.  Analyst, 2014, 139, 5674–5677. 

(87) Fekete, S.; Rodriguez-Aller, M.; Cusumano, A.; Hayes, R.; Zhang, H.; Edge, T.; Veuthey, J.-L.; 

Guillarme, D. J. Chromatogr. A 2016, 1431, 94–102. 

(88) Qua, Q.; Xuan, H.; Zhang, K.; Chen, X.; Suna, S.; Dinga, Y.; Fenga, S.; Xu, Q. J. Chromatogr. A 2017, 

1497, 87–91. 

(89) Li, Q.-y.; Ma L.-Y.; Xu, L. J. Sep. Sci. 2019, 42, 2788–2795. 



(90) Cingolani, A.; Baur, D.; Caimi, S.; Storti, G.; Morbidelli, M. J. Chromatogr. A 2018, 1538, 25–33. 

(91) Smits, S.; Nakanishi, K.; Desmet, G. J. Chromatogr. A 2016, 1429, 166–174. 

(92) Hjertén, S.; Liao, J.-L. ; Zhang, R.  J. Chromatogr. A 1989, 473, 273-275. 

(93) Minakuchi, H.; Nakanishi, K.; Soga, N.; Ishizuka, N.; Tanaka, N. J. Chromatogr. A 1998, 797, 121-

131. 

(94) Peters, E.C.; Petro, M.; Svec, F.; Fréchet J.M.J. Anal. Chem. 1997, 69, 3646–3649. 

(95) Dores-Sousa, J.L.; Terryn, H.; Eeltink, S. Anal. Chim. Acta 2020, 1124, 176-183. 

(96) Dores-Sousa, J.L.; Fernández-Pumarega, A.; De Vos, J.; Lämmerhofer, M.; Desmet, G.; Eeltink, S.  J. 

Sep. Sci. 2019, 42, 522-533. 

(97) Chocholousková, M.; Komendová, M.; Urban, J. J. Chromatogr. A 2017, 1488, 85–92. 

(98) Komendová, M.; Svobodová, P.; Urban, J. J. Chromatogr. A 2020, 1631, 461558. 

(99) Arrua, R.D.; Hilder, E.F. RSC Adv., 2015, 5, 71131-71138. 

(100) Lan, D.; Bai, L.; Pang, X.; Liu, H.; Yan, H.; Guo, H. Talanta 2019, 194, 406–414. 

(101) Wouters, S.; Hauffman, T.; Mittelmeijer-Hazeleger, M. C.; Rothenberg, G.; Desmet, G.; Baron, G. 

V.; Eeltink, S. J. Sep. Sci. 2016, 39, 4492–4501. 

(102) Simone, P.; Pierri, G.; Capitani, D.; Cioglia, A.; Angelini, G.; Ursini, O.; Gentile, G.; Cavazzini, A.; 

Villani, C.; Gasparrini, F. J. Chromatogr. A 2017, 1498, 46–55. 

(103) Gupta, V.; Beirne, S.; Nesterenko, P.N.; Paull, B. Anal. Chem. 2018, 90, 1186–1194. 

(104) Hara, T. ; Desmet, G. ; Baron, G.V.; Minakuchi, H.; Eeltink, S. J. Chromatogr. A 2016, 1442, 42-52. 

(105) Hara, T.; Kobayashi, H.; Ikegami, T.; Nakanishi, K.; Tanaka, N. Anal. Chem. 2006, 78, 7632-7642. 

(106) Cabooter, D.; Broeckhoven, K.; Sterken, R.; Vanmessen, A.; Vandendael, I.; Nakanishi, K.; 

Deridder, S.; Desmet, G. J. Chromatogr. A 2014, 1325, 72–82. 

(107) Gritti, F.; Guiochon, G. J. Chromatogr. A 2012, 1227, 82–95. 

(108) Hara, T.; Izumi, Y.; Hata, K.; Baron, G.V.; Bamba, T.; Desmet, G. J. Chromatogr. A 2020, 1616, 

460804. 

(109) Desmet, G.; Clicq, D.; Gzil, P. Anal. Chem. 2005, 77, 4058–4070. 

(110) Blumberg, L. M.; Desmet, G. J. Chromatogr. A 2018, 1567, 26–36. 

(111) Ikegami, T.; Tanaka, N. Annu. Rev. Anal. Chem. 2016, 9, 317–342. 

(112) Hlushkou, D.;  Hormann, K.; Höltzel, A.;  Khirevich, S.;  Seidel-Morgenstern, A.; Tallarek, U. J. 

Chromatogr. A 2013, 1303, 28–38. 



(113) Soliven, A.; Pareja, L.; Shalliker, R.A.; Heinzen, H.; Pérez-Parada, A. Anal. Methods, 2020, 12, 239-

246. 

(114) Soliven, A.; Foley, D.; Pereira, L.; Dennis, G.R.; Shalliker, R.A.; Cabrera, K.; Ritchie, H.; Edge, T. J. 

Chromatogr. A 2014, 1351, 56–60. 

(115) Hara, T.; Futagami, S.; De Malsche, W.; Eeltink, S.; Terryn, H.; Baron, G.V.; Desmet, G. Anal. Chem. 

2017, 89, 10948-10956. 

(116) Hara, T.; Eeltink, S.; Desmet, G., J. Chromatogr. A 2016, 1446, 164–169. 

(117) Thirumalai, A.; Kumar, S.N.; Prabhakaran, D.; Sivaraman, N.; Maheswari, M.A. J. Chromatogr. A 

2018, 1569, 62–69. 

(118) Espina-Benitez, M.-B.;Randon, J.; Demesmay, C.; Dugas, V. J. Chromatogr. A 2019, 1597, 209–

213. 

(119) Premstaller, A.; Oberacher, H.; Huber, C.G. Anal. Chem. 2000, 72, 4386-4393. 

(120) Eeltink, S.; Wouters, S.; Dores-Sousa, J. L.; Svec, F. J. Chromatogr. A 2017, 1498, 8–21. 

(121) Lynch, K.B.; Ren, J.; Beckner, M.A.; He, C.; Liu, S. Anal. Chim. Acta 2019, 1046, 48-68. 

(122) Fernández-Pumarega, A.; Dores-Sousa, J.L.; Eeltink, S. J. Chromatogr. A 2020, 1609, 460462. 

(123) Urban, J.; Hájek, T.; Svec, F. J. Sep. Sci. 2017, 40, 1703–1709. 

(124) Ou, J.; Liu, Z.; Wang, H.; Lin, H.; Dong, J.; Zou, H. Electrophoresis 2015, 36, 62–75. 

(125) Liu, S.; Peng, J.; Zhang, H.; Li, X.; Liu, Z.; Kang, X.; Wu, M.; Wu, R. J. Chromatogr. A 2017, 1498, 

64–71. 

(126) Weller, A.; Carrasco-Correa, E.J.; Belenguer-Sapiña, C.; Mauri-Aucejo, A.d.l.R; Amorós, P.; 

Herrero-Martínez, J.M. Microchim. Acta 2017, 184, 3799–3808. 
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