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ABSTRACT 
 

Monoliths consist of a single piece of highly porous material with completely open 
pore structure. Because of porosity structure, liquid can flow through the pores 
transporting biological molecules, which on their way interact with specific chemical 
moieties present on the pore wall.  

As a consequence, molecules are differentially retained, depending on their physical 
properties, resulting in their separation. Since convection is dominant transporting 
mechanism, separation efficiency is independent on the flow velocity through the 
chromatographic monolith.  

The same is true for dynamic binding capacity meaning that amount of loaded 
molecules is constant regardless applied flow rate. By proper tailoring monolith pore size 
and surface chemistry monoliths can be used as a versatile tool for monitoring or 
processing of target biologic molecules. This is especially true for large biological 
macromolecules, such as proteins, deoxy ribose nucleic acid (DNA), viruses or even 
entire cells, because of several unique monolith features such as already mentioned 
convection based transport but also high porosity and surface accessibility. 

In this chapter, preparation of methacrylate monoliths, monolith properties and 
formats on different scales are presented. Several biotechnological examples of their 
application are described like monitoring of metal organic complexes, proteins, plasmid 
DNA, viruses, virus like particles and intact cells but also their purification, 
demonstrating versatility of their usage. 
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ABREVIATIONS 
 
Ad5  Adenovirus type 5  
AAV  Adeno Associated Virus 
CLC   Conjoint liquid chromatography  
CDI  Carbonyldiimidazole 
CHO  Chinese Hamster Ovary 
CIM  Convective Interaction Media 
DEAE  Diethylaminoethyl 
DNA  Deoxy ribose nucleic acid  
EDA  Ethylenediamine 
EDTA  Ethylenediaminetetraacetic acid 
ELISA  Enzyme-linked immunosorbent assay 
FDA  Food and drug administration 
gDNA  genomic DNA 
GMP  Good manufacturing practice 
HCP  Host Cell Proteins 
HPLC  High pressure liquid chromatography 
HTS  High throughput screening 
ICP-MS  Inductively coupled plasma – mass spectrometry 
IDA  Iminodiacetic acid 
IgG   Immunoglobulin G 
IgM  Immunoglobulin M 
LOD  Limit of detection 
LPS  Lipopolysaccharides 
MS   Mass Spectrometry 
PAT  Process Analytical Technology 
pDNA  Plasmid DNA 
PEG  Polyethylene glycol 
QA   Quaternary amine 
RP   Reverse phase 
RNA   Ribonucleic acid  
RSD  Relative standard deviation 
ScFv  Single chain variable fragment 
TCID50  Tissue Culture Infectious Dose 
TNF  Tumor necrosis factor 
ToMV  Tomato mosaic virus 
TRIS–HCl  Tris(hydroxymethyl)aminomethane-hydrochloride 
VLP  Virus like particles 
 
 

1. INTRODUCTION 
 
In recent years there was a substantial requirement for acceleration of purification 

processes as well as to perform analysis in a very short time. Since chromatography being an 
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analytical technique is frequently used for both purposes and it requires the development of 
new stationary phases to fulfill this demand. As an outcome, completely new type of 
chromatographic stationary phases has been developed, named chromatographic monoliths. 
The term »chromatographic monolith« (or shorter monolith as it will be used further in the 
text) covers a wide range of stationary phases consisting of a single piece of a highly porous 
material. They are defined as “chromatography sorbents cast as a homogenous phase into 
chromatography columns as a single, continuous piece” [1]. Monoliths can be prepared in 
different chemistries and via various procedures [2-5].  

One particular group is methacrylate monoliths, being the most used for purification and 
analysis of biological macromolecules as described in many applications in the following 
sections. Large number of different applications is related to specific monolith properties, 
which are a direct consequence of the monolithic structure. It is, therefore, important to 
understand, how this structure is formed and what is the effect of the preparation process on 
the final monolith features. 

 
 

2. METHACRYLATE MONOLITH FORMATION 
 
Methacrylate monoliths are in most of the cases prepared by free radical polymerization 

of a mixture of glycidyl methacrylate (functional monomer), ethylene dimethacrylate (cross-
linker) and porogenic solvents such as cyclohexanol and dodecanol. To start polymerization, 
an initiator like 2,2’-azobisisobutyronitrile or benzoyl peroxide is added, but many others can 
be used as well. Of course the same is true for different combinations of monomers and 
porogens, depending on particular application for which the resulting monolith is supposed to 
be used therefore plethora of different combinations has been described [6, 7] and some 
monomers are shown in Figure 1. 

Porous monoliths are formed through so-called ‘bulk’ polymerization and their formation 
and kinetics were extensively studied [2, 8-13]. Once the initiator is added to the mixture of 
monomers and porogens its degradation starts, initiated in most of the cases by temperature 
increase or UV irradiation, depending on the nature of initiator. During initiator 
decomposition, free radicals are formed that initiate formation of oligomers. By oligomer 
growth, their solubility in the reaction mixture decreases and once they reach certain size, 
they start to precipitate forming nuclei. The monomers are thermodynamically better 
solvating agents for the formed precipitated nuclei than the porogens. Consequently, the 
precipitated nuclei are swollen with the monomers. Because of that the monomer 
concentration around the nuclei is higher in comparison to the rest of solution, therefore the 
polymerization in the nuclei is kinetically preferred. In the absence of mixing as a 
consequence of higher density they slowly start to sediment. Initially, they form a very loose 
structure, which is highly porous. As polymerization proceeds the nuclei continue to grow 
and crosslink until the final structure is formed. During this process substantial heat due to 
chemical bond formation is released determined to be around 190 J/g [12]. Since it is a bulk 
polymerization, generated heat cannot be dissipated fast enough and an increase of the 
temperature inside the polymerization mixture during the polymerization occurs. At the 
maximal polymerization rate the increase can be as high as 80C [14] forming significant 
temperature gradients insight the forming monolith that might affect its performance.  
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Reproduced with permission from Merhar, M. et al. J. Sep. Sci. 2003, 26, 322–330. Copyright © 2003, 

Wiley. 

Figure 1. Different monomers used in the preparation of methacrylate monoliths. Glycidyl methacrylate 
(1), ethyl methacrylate (2), butyl methacrylate (3), 2-ethylhexyl methacrylate (4), dodecyl methacrylate 
(5), stearyl methacrylate (6), hydroxypropyl methacrylate (7), 2-diethylaminoethyl methacrylate (8) and 
2-dimethylaminoethyl methacrylate (9) [6].  

To understand better this process Mihelič and co-workers developed mathematical model 
based on heat balances in the following form [13]: 
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where T is temperature, t is time, (x) is thermal diffusivity, r cylindrical coordinate, cp (x) is 
specific heat capacity, Hr is heat of reaction, A is pre-exponential factor, Ea,app is apparent 
activation energy and R is gas constant. 

The model fitted nicely experimental data and on its bases it was possible to predict 
temperature increase during polymerization as shown in Figure 2 and use it for design of 
monoliths having different volume and geometry.  

Once polymerization is completed and monolith formed it consists of two phases: 
polymeric skeleton and non reacted porogens being entrapped inside the skeleton. Porogens 
can be washed out by means of e.g. ethanol and final porous structure is obtained. Because of 
the formation process, pores are open and highly interconnected forming a network of 
channels as seen in Figure 3. 

Porosity of formed monolith is dependent on the amount of added porogens and it is 
typically in the range of 60%. Another very important parameter of the obtained porous 
structure is size of the formed pores. Pores play crucial role in performance of the monolith 
since they determine, together with its porosity, monolith permeability. In addition they 
determine monolith specific surface area, which is crucial for adsorption capacity of various 
molecules [6]. From this prospective the pores should be as small as possible to provide high 
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surface area. Unfortunately, if the pores are not large enough, they can be blocked if complex 
samples are applied to the monolith [15]. Furthermore, small pores also substantially 
contribute to high pressure drop on the monolith as seen from Eq. 2. Being therefore one of 
the key parameters of the monolithic structure, the pore size should be carefully controlled. 
Probably one of the most practical and elegant parameters to control pore size is temperature 
at which polymerization proceeds. The reason is that the temperature defines a degradation 
rate of the initiator and, therefore, also the number of nuclei formed in a given time. Since the 
total amount of the monomers is limited, lower number of nuclei that form at lower 
temperatures within a defined volume results in their larger size, thus, also to larger pores 
between the clusters of growing nuclei [10, 11]. 

 

 
Reproduced with permission from Mihelič, I. et al. J. Appl. Poly. Sci. 2003, 87, 2326-2334. Copyright 

© 2003, Wiley. 

Figure 2. Comparison between experimentally measured temperature profiles and the mathematical 
model. Experimental conditions: cylindrical mould of 50 mm diameter, water bath temperature 580C. 
Model parameters: cp,0 = 2.1 J/gK, cp,f = 1.74 J/gK, 0 = 2.5 10-7 m2/s, f = 0.7 10-7 m2/s, Hr = 190 J/g, 
T0 = 58 0C, T = 58 0C, r = 0.5 mm, t = 0.5 s. Radial positions of thermocouples are given in the 
legend [13].  

 

Figure 3. Microscopic structure of methacrylate monolith. 
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Reproduced with permission from Štrancar, A. et al. In: Advances in Biochemical 

Engineering/Biotechnology; Modern Advances Chromatography; Freitag, R.; Ed.; Springer-
Verlag:Heidelberg, DE, 2002;. Copyright © 2002, Springer. 

Figure 4. Effect of the polymerization temperature on the pore size distribution. At the highest 
temperature (T+8) the pore radius is 200 nm while at the lowest temperature (T) the pores are much 
larger – having the pore radius of 850 nm [14].  

In contrast, at higher polymerization temperatures, where the initiator decomposition is 
much faster, the number of growing nuclei is larger, resulting in their smaller size and smaller 
pores. Effect of temperature is extremely pronounced, since even a change of temperature for 
a few degrees shifts pore size for almost an order of magnitude [14] (Figure 4).  

Polymerization temperature is therefore a powerful tool for the control of pore size and 
consequently tailoring monolith properties. Once methacrylate monolith with desired 
structurally properties is formed it inherently contains epoxy groups. They can be used as 
such for immobilization of various biologic ligands like e.g. receptors or it can be chemically 
modified into chemical groups being able to interact with sample molecules through different 
interaction mechanism like electrostatic, hydrophobic, hydrophilic and affinity interactions as 
well as others. Some of these functionalities are shown in Figure 5. Thus, monoliths became a 
powerful tool for isolation of various molecules especially taking into account some 
beneficial properties related to monolithic structure described in the following section. 

 
 

3. MONOLITH PROPERTIES 
 
As already mentioned, there are several monolith properties tightly related to the 

monolithic structure. In general, they can be classified in two categories: 
 
 properties related to the preparation of monoliths 
 properties related to the implementation of monoliths. 
 
Preparation of monoliths is rather different from preparation of particulate 

chromatographic supports.  
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Reproduced with permission from Vlakh, E. and Tennikova, T.B. J. Sep. Sci. 2007, 30, 2801–2813 

Copyright © 2007, Wiley. 

Figure 5. Chemical conversion of epoxy groups by means of various reagents. I. Amination; II. 
alkylation; III. sulfonation; IV. hydrolysis; V. carboxymethylation; VI. modification with p-
hydroxyphenylboronic acid [7]. 

As one can deduce from above described preparation procedure, monoliths can be 
prepared in-situ, meaning that the solution of monomers and porogens is filled into 
appropriate mould and it is left to polymerize. This is especially advantageous for preparation 
of various microformats as described in following sections. The reason is monolith capability 
to form covalent bonding with the mould wall during its formation, avoiding in this way any 
bypassing of the mobile phase between the monolith and the wall. Moulds can be of various 
sizes and shapes such as microchannel, capillaries and other as described later. This feature 
represents a significant advantage over packing of these microstructures with spherical beads, 
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where reproducibility and packing quality represent serious challenge. On the other hand, 
monolithic structure, being an outcome of thermodynamically driven process, inherently 
provides uniformity even on the microscale level. 

However, more important for monolith implementation in several areas are some unique 
features affecting their performance when used for isolation or bioconversion of molecules. 
They can be summarized in the following points: 

 
 mass transport based on convection [16]  
 low buffer consumption for short separation times with preserved resolution [17] 
 very high porosity [18] 
 high binding capacity for extremely large molecules [19]  
 low dispersion for macromolecules adsorbed on the matrix via many binding sites 

[20] 
 
Convective transport has important impact on separation of large molecules having very 

low diffusivity like proteins, polynucleotides or viruses. It is a direct consequence of an open 
pore structure, which enables easy liquid flows through the pores for transporting sample 
molecules. Because of that all molecules travel at the same velocity that results in a 
practically flow unaffected resolution and dynamic binding capacity [21] giving significant 
robustness to the isolation process. In addition, chromatographic analysis can be completed 
even within a few seconds [22, 23] that enables to increase number of analysis, but equally 
important, shortening significantly time between sample collection and information about its 
composition. Last but not least, flow unaffected properties result in high purification 
productivity since dynamic binding and product purity are preserved with the change of the 
flow rate, which is not the case for porous particulate supports. Convective mass transport 
also affects buffer consumption when constant resolution at high productivity is required. 
Yamamoto and Kita [17] demonstrated that consumption is preserved when analysis is 
shortened that it is not the case for particulate support. This feature is especially important for 
large scale purification when substantial volumes of mobile phase are used and even small 
relative reduction results in substantial economic benefit. 

Important consequence of the monolithic structure is also high porosity, which 
substantially affects pressure drop. The pressure drop on a porous bed can be described by 
equation (Blake Kozeny): 

 

 (2) 
 

where Δp is pressure drop, μ is viscosity, v is linear velocity, L is bed length, ks is structural 
constant, ds is particle diameter and ε is porosity. 

From equation it can be concluded that key structural parameters affecting pressure drop 
are pore diameter and porosity. Pore size has to be a tradeoff between low presure drop 
provided by large pores and high binding capacity that requires small pores. On the other 
hand, porosity can be as high as possible as long as provides high enough mechanical stability 
to the monolith. While the porosity in packed bed consisting of the particles can reach values 
up to 40%, monolith being a single piece of porous material, can exhibit external porosity up 
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to 90% or more [18, 24, 25]. An increase of porosity from 0.4 to 0.6 results in a pressure drop 
decrease of 7.6-fold, while the increase to porosity from 0.4 to 0.9 decreases pressure drop 
410-folds! This is especially important for large scale purification when high flow rates have 
to be applied. In such case membrane pumps are preferred due to safe operation and simple 
maintenance of sterility; however, they can operate at pressure difference of only up to 7 bar. 

Another advantageous property of the monoliths is their high binding capacity for 
extremely large molecules, which is again a consequence of open monolith structure resulting 
in high surface accessibility. It was demonstrated that for a given freely accessible surface, 
binding capacity calculated in mass of molecules per volume of support is higher for larger 
molecules as shown on Figure 6 [19, 26]. This can be explained by a simple fact, that larger 
molecules occupy more volume and since a density of biomolecules is comparable, this 
results in higher mass loading.  

Molecule dispersion is another important factor, since it determines overall column 
efficiency. Because of that it is very important that monolith exhibits low dispersion. This 
was verified by Mihelič by injecting tracer into the chromatographic system with and without 
monolith [27]. Measured peaks were mathematically deconvoluted to derive dispersion of the 
monolith alone, as shown in Figure 7. from where it is clear that the distribution is highly 
symmetrical (Gaussian dispersion) and narrow, illustrating high efficiency of the 
methacrylate monolithic structure. This can be attributed to uniformly high pore connectivity 
(see Figure 3) resulting in plug flow throughout the monolith. There is another interesting 
finding related to the very large molecules. Recently, Yamamoto et al. [20] investigated band 
spreading for differently sized oligonucleotides on ion-exchange monoliths. Interestingly, 
they found that longer oligonucleotides, interacting with the matrix with higher number of 
binding sites [28] exhibited narrower elution peaks. As a consequence, very high resolution 
for molecules interacting with multiple sites is expected and was also experimentally 
confirmed [29]. For supports where diffusive transport becomes dominating, the effect of this 
phenomenon is eliminated due to diffusive effects [30]. 

 

 
Reproduced with permission from Etzel, M.R. In Monolithic materials: preparation, properties, and 

applications; Švec, F.; Tennikova, T.B; Deyl, Z.; Eds.; Elsevier: Amsterdam, NL, 2003; Copyright 
© 2003, Elsevier. 

Figure 6. Effect of the molecule size (d) on the binding capacity (C). Ahex represents the area of the 
molecule on the matrix surface in a face-centered-cubic array,  is the molecule density, Mw is the 
molecule molecular weight and N is Avogadro’s constant [19].  
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Reproduced with permission from Mihelič, I. PhD Thesis, University of Ljubljana: Ljubljana, SL, 

2002; pp. 1-162. Copyright © 2002, University of Ljubljana). 

Figure 7. Dispersion caused by methacrylate monolith derived by numerical deconvolution of measured 
dispersion. Obtained peak is highly symmetrical [27].  

It is therefore clear that monolithic structure favors analytics and purification of large 
molecules what is especially interesting for isolation of biologic macromolecules. Therefore it 
is not surprising that there are plethora of publications describing monolith preparation, 
characterization and applications [2, 5, 31-58] and it is out of the scope of this chapter to 
provide a comprehensive overview. Instead in the following sections only selected recent 
applications in the field of biochromatography will be described. 

 
 

4. MINIATURIZATION, HIGH THROUGHPUT SCREENING  
(HTS) AND PLANAR CHROMATOGRAPHY 

 
Since their introduction, monoliths penetrated into various fields and substantially 

contributed to their further development. One of such fields, probably the fastest growing, is 
miniaturization of various techniques, especially for pre-treatment and analysis of biological 
samples.  

There are thousands of publications describing implementation of monolithic materials 
and, consequently there are different technical solutions in which monoliths were prepared in 
various formats. It is far beyond the scope of this review to give a comprehensive description 
of this field but we will limit only to a short description of different monolithic formats. Most 
of the miniature monoliths have been prepared in three distinct geometries: 

 
 microfluidic devices 
 capillaries 
 microarrays 
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4.1. Microfluidic Devices 
 
Microfluidic separation devices take normally planar format geometry mainly due to 

commonly employed machining methods used for fabrication of channels. Produced channels 
are frequently filled with stationary phase among which the monoliths, that can be produced 
in-situ and spontaneously covalently attached to the surface, seem to be an ideal option. This 
is also the reason why there are so many reports to implement monolithic stationary phases 
for microfluidic devices (Figure 8). Main advantage of microfluidic devices in separation is of 
extremely low injection volumes down to femtoliters together with a flexibility to implement 
several orthogonal separation modes (including enzymatic cleavage), parallel processing and 
connection to highly sensitive detectors like MS/MS. As such, they are perfectly suited for 
various operations in biotechnology or their combinations, like extraction, preconcentration, 
proteomics, nucleic acids separations and amplification, protein cleavage, biotransformation, 
etc. There are many publications dealing with different aspects of microfluidic devices and 
interested readers are referred to several excellent reviews published recently [59-80]. 

 
 

4.2. Capillaries 
 
Another very common format of miniature monoliths are capillaries (Figure 9) having 

diameter of several 10 to several 100 micrometers but can be very long. As a consequence 
their separation efficiency is very high. Besides conventional pressure driven 
chromatography, electrochromatography is also frequently applied. Again, monolith is 
preferred matrix of choice due to the straightforward in situ preparation and covalent 
attachment to the capillary wall, overcoming in this way a problem of matrix packing and 
stabilization. Because of their high resolution power they are used in almost all fields of 
separation science.  

 

 
Reproduced with permission from Moschou, E.A. et al. Anal. Bioanal. Chem. 2006, 385, 596-605. 

Copyright © 2006, Springer. 

Figure 8. (A) Photograph of the microfluidic network including sample chamber (S), column chamber 
(C), waste chamber (W), main microchannel (m), side microchannel connected to column chamber for 
loading polymerization solution (n), fractionation chamber (f), isolation and detection chamber (D). (B) 
Photograph of the monolith prepared in situ in the column chamber [61].  
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Reproduced with permission from Švec, F. J. Chromatogr. A 2012, 1228, 250-262. Copyright © 2012, 

Elsevier. 

Figure 9. Scanning electron micrographs showing difference in morphology of monolithic capillary 
columns prepared from silica (left) and poly(butyl methacrylate-co-ethylene dimethacrylate) (right) 
[99].  

Again, there are plethora of publications dealing with different aspects of monolith 
capillary preparation, characterization and application and interested reader is referred to 
many excellent review papers for details [81-99]. 

 
 

4.3. Microarrays 
 
In contrast to microfluidic devices where combination of several connected channels is 

constructed to perform analysis, monolithic microarrays consist of non-connected dots on the 
planar surface. Because of that microarrays enable parallel processing of several samples. 
Inside this dots monolith is synthesized. Despite small dimension of the dots, monolith still 
fills some volume over the surface and thus can accommodate more active groups in 
comparison to the flat surface. As a consequence, monolithic microarrays provide higher 
sensitivity and lower detection limit. There are several reports of preparation of monolithic 
microarrays for detection of proteins, DNA and viruses, most of them are based on 
methacrylate monoliths [100-106]. Typical outlook of such microarray is shown in Figure 10. 

 

 
Reproduced with permission from Sinitsyna, E.S. et al. Polymer 2011, 52, 2132-2140. Copyright © 

2011, Elsevier. 

Figure 10. Image of a fragment of microarray surface (3 × 5 mm) after analytical procedure. 
Conditions: concentration of ligand was ranged from 0.2 to 1 mg/ml, each solution of mouse IgG was 
spotted on a monolith surface in 10 replicates; printing buffer – PBS, pH 7.5; immobilization 
temperature 37 °C; concentration of goat anti-mouse IgG – 200 ng/ml [101].  
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4.4. High Throughput Screening (HTS) 
 
Monoliths penetrated also in the field of parallel processing commonly referred as high 

throughput screening (HTS). While speed is an inherent property of the monoliths, parallel 
processing was approached by preparing monoliths in 96-well formats [107] or tips [108]. 
Because of monolith flow-unaffected properties such screening can be more robust in terms 
of throughput since no diffusion limitations, possibly affecting binding and resolution, are 
presents. As such, monolithic microtiter plates were used for proteomics [107] but also for 
monitoring of bioprocesses (Figure 11) [109].  

 
 

4.5. Planar Chromatography 
 
In contrast to previously described monolith formats, for planar chromatography or, more 

precisely, thin layer chromatography, monolithic sheets are used. They are commonly several 
centimeters wide but have thickness of only several 10 micrometers. The fact of being so thin 
contributes to their resolution power and are therefore attractive matrix for separation of 
various molecules, which can be further detected with e.g. mass spectrometry (MS). One such 
example is shown in Figure 12, but more can be found elsewhere [110-117]. 

 
 

5. BIOPROCESS ANALYTICS 
 
Bioprocess analytics is one of the key instruments to get an insight to the process state 

and dynamics. Although it was always crucial for efficient monitoring and regulation it is 
currently even more highlighted by new food and drug administration (FDA) initiative named 
Process Analytical Technology (PAT). Getting on-line information about the bioprocess 
enables better monitoring but especially control of the bioprocesses during upstream and 
downstream processing. Although there are many analytical techniques available nowadays, 
real-time monitoring of large biological molecules still represents a challenge and monoliths 
are analytical method of choice as demonstrated with few recent examples dealing with 
macromolecules produced in bioreactor with bacterial or cell cultures. 

 

 
Reproduced with permission from Galaev, I.Y. et al. J. Chromatogr. A 2005, 1065, 169-175. Copyright 

© 2005, Elsevier. 

Figure 11. Photo of the 96-well metal mold (A) used for the production of cryogel monoliths; (B) 
cryogel monolith removed from the mold and (C) 96-well microtiter plate [109]. 
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Reproduced with permission from Bakry, R. et al. Anal. Chem. 2007, 79, 486-493. Copyright © 2007, 

American Chemical Society. 

Figure 12. TLC separation of a mixture of peptides labeled with fluorescamine on 50-μm-thick 
poly(butyl acrylate-co-ethylene dimethacrylate) monolithic layer attached to a glass plate using 0.1 vol 
% TFA in 45 vol % aqueous acetonitrile as the mobile phase (A). Sample volume: 0.5 μL. MALDI-
TOF MS spectra of fluorescently labeled [Sar1,Ile8]-angiotensin II (B), angiotensin II (C), and 
neurotensin (D) obtained from monolithic plate [110].  

When bacterial cells are overexpressing proteins that are not excreted, proteins are 
commonly accumulated in inclusion bodies having size up to 500 nm. To get information 
about the amount of formed protein, one can monitor amount of inclusion bodies during 
bacterial cultivation. Having this in mind, Ahlqvist and co-workers developed minicolumn 
chromatographic method to monitor the production of inclusion bodies during fermentation 
and an enzyme-linked immunosorbent assay (ELISA) system allowing direct analysis of the 
particles with surface-displayed antigens [118]. The basic principle was that after lyses 
appropriate antibody was added to the solution, which passed through the column containing 
cryogel protein A monolith. The analysis time was around 15 min. Binding degree of 
inclusion bodies from lysed fermentation broth increased with an increase in their 
concentration during fermentation, therefore enabled their monitoring as shown in Figure 13.  

Another important topic is bacteriophages, a possible substitute for antibiotics. When 
lytic bacteriophages are cultivated, cell parts including host cell proteins (HCP) and genomic 
DNA (gDNA) are released. This fact was implemented by Smrekar and co-workers to 
develop a method for indirect monitoring of bacteriophage concentration using an anion 
exchange methacrylate monoliths [119], based on determination on released bacterial 
genomic DNA. By comparing gDNA concentration with phage titer (determined by plaque 
assay) it was found that there is a very high correlation between these two parameters (see 
Figure 14). While plaque assay lasts several hours or even days, the high pressure liquid 
chromatography (HPLC) analysis is completed in 5 minutes, only.  
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Reproduced with permission from Ahlqvist, J. et al. Anal. Biochem. 2006, 354, 229-237. Copyright © 

2006, Elsevier. 

Figure 13. Monitoring of fermentation process by chromatographic analysis of binding of inclusion 
bodies to protein A–cryogel minicolumn plate. The lysed fermentation broth was mixed with either 
solution of anti-A15 IgG or solution of anti-B17 IgG before loading to the cryogel minicolumns, giving 
two separate monitoring systems. Inset A displays the amount of dry cell weight per liter fermentation 
broth. Inset B displays the amount of target protein in the fermentation broth (grams/liter) determined 
by high pressure liquid chromatography (HPLC) [118].  

 
Reproduced with permission from Smrekar, F. et al. J. Sep.Sci. 2011, 34, 2152-2158. Copyright © 

2011, Wiley. 

Figure 14. Phage T4 titer (Δ) and gDNA peak area (●) profiles. Inset shows correlation between both 
variables [119].  

There are also several recent applications of monoliths for monitoring of cell cultures. 
Tscheliessnig and Jungbauer [120] used the affinity (protein A) disk monolithic column for 
the development of a high-performance monolith affinity chromatography for fast 
quantitation of immunoglobulin G from crude supernatant from Chinese hamster ovary 
(CHO) cells as well as purified samples. Interferences of CHO host cell proteins with the 
quantitation of immunoglobin G (IgG) from CHO supernatant were eliminated by a careful 
choice of the equilibration buffer. The chromatographic method for IgG quantitation took 
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only 5 minutes. Developed method was successfully validated by measuring the low limit of 
detection and quantification, inter- and intra-day precision and selectivity. The linear 
concentration range was between 23-250 μg/ml, but could have been extended from 4-1000 
μg/ml by adjusting the injection volume. 

Work of the same group was further extended to the monitoring of immunoglobin M 
(IgM) [121]. They designed an affinity peptide obtained by epitope mapping using solid 
phase peptide synthesis for specific binding of monoclonal IgM directed toward embryonic 
stem cells. Using affinity methacrylate based monolith, they were able to quantify IgM 
(purified and present in mammalian cell culture supernatant). Calibration curves had high 
correlation coefficients and inter/intra-assay variability experiments proved sufficient 
precision of the method. A limit of quantification of 51.69 μg/ml for purified IgM and 
48.40 μg/ml for IgM in cell culture supernatant could be calculated. The binding capacity was 
consistent within the period of the study which included more than 200 cycles. The analysis 
time was less than 2 min. 

Monitoring of IgM from cell supernatant using commercially available strong anion-
exchange monolithic, analytical column was developed by Gagnon and co-workers [122]. By 
applying simple linear gradient they were able to obtain a baseline separation of IgM from 
other proteins and DNA contaminants within 11 minutes. The spiking experiments with pure 
IgM and a 2-fold dilution series were performed to demonstrate high the linearity of the 
assay.  

Besides antibodies, vaccines are also extensively studied and there are many viral 
products under development, including retrovirus, adenovirus, adeno-associated virus (AAV), 
herpes virus, pox virus, lentivirus, and many others. Since very high purity for their 
application to humans is required, several purification steps are employed during which virus 
concentration should be monitored. Conventional virus monitoring methods are either based 
on the infectivity of the virus, like the tissue culture infectious dose (TCID50), or applicable 
for determining virus particles like the haemagglutination or single radial immunodiffusion 
assay in case of the influenza virus. Both methods are time-consuming. As an alternative, 
chromatography based on monoliths was developed. One such example is purification of 
adenoviral vectors being evaluated for clinical applications such as suicide gene therapy, 
gene-based immunotherapy, gene replacement strategies and vaccine platforms. Whitfield 
and co-workers developed an anion-exchange high performance liquid chromatography 
method for the analysis of adenovirus type 5 (Ad5) using a quaternary amine monolithic 
column (Bio-Monolith) [123]. The developed method separating intact Ad5 from 
contaminating proteins and DNA, consisted of a two step gradient and was completed within 
10 minutes. They applied it throughout different purification steps to monitor virus and 
impurity profiles as seen in Figure 15. 

Another example of the in-process analysis of nanoparticles is the application of the 
strong anion-exchange analytical monolithic column for the determination of virus like 
particles (VLP). Urbas and co-workers [124] developed a process for purification of Ad3 
virus-like dodecahedric particles expressed in the baculovirus expression system. They used 
an analytical column for process design and optimization as well as to evaluate impurity 
profile of final VLP product purified using two different isolation procedures – only 
chromatography based or applying ultracentrifugation, followed by anion-exchange 
chromatography. Results shown in Figure 16 enabled development of optimal purification 
procedure. 
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Reproduced with permission from Whitfield, R.J. et al. J. Chromatogr. A 2009, 1216, 2725-2729. 

Copyright © 2009, Elsevier). 

Figure 15. Ad5 purification process monitoring on CIMac QA column. For all material, a 25 μl sample 
was injected onto the column. A two-step gradient with a 22 CVs hold at 20% Buffer B (0.42M NaCl) 
and a second 22 CVs hold at 57% Buffer B (1.2M NaCl) was applied at a flow-rate of 1 ml/min. The 
solid black line shows the absorbance at 260 nm and the grey line depicts absorbance at 280 nm. (a) 
Post-Benzonase/filtration. (b) Post-primary chromatography. (c) Post-polishing chromatography. (d) 
Final formulation buffer [123].  

 
Reproduced with permission from Urbas, L. et al. J. Chromatogr. A 2011, 1218, 2451-2459. Copyright 

© 2011, Elsevier. 

Figure 16. Comparison of the profile of Ad3 VLP after sucrose density gradient (pre-purified sample) 
and the fraction from the lysate sample purified with the CIMac QA column using a stepwise gradient 
(bold line). Conditions: injection volume: 200 μl of sample, five times diluted with mobile phase A; 
method: gradient from 0 to 100% mobile phase B in 8min; flow rate: 1ml/min [124].  
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An alternative to monitor intact viruses is to monitor only particular capside protein. This 
approach was realized on monoliths by Urbas and co-workers for influenza virus [125]. Virus 
was firstly degraded and quantified through haemagglutinin. Using a reversed phase 
monolithic analytical column based on styrene-divinylbenzene they determined a linear 
working range of the method to be between 1.60x1010 virus particles/ml and 1.64x1011 virus 
particles/ml.  

The limit of detection was found to be 2.56x109 virus particles/ml and the limit of 
quantitation was 5.12x109 virus particles/ml. 

 
 

6. METAL SPECIATION 
 
In investigations of bioavailability of trace metals to plants and their leachability to 

ground water, it is necessary to know not only the total metal concentration, but also the 
chemical forms of the metals present in soil solutions. Besides, some chemical forms of the 
metals are serious pollutants and can also be very toxic to humans. Typically examples are 
Zn, Cd, Pb, Cr and others. Speciation determination is not limited to the environmental 
samples but equally important to be determined in human serum. Since limit of detection and 
speed of analysis are very important, monoliths can be a method of choice in this area [48, 
126]. 

First report about usage of monoliths for metal speciation, more precisely Zn, dates in 
2001 [127]. Zn in soil solutions may be present as different chemical species, e.g., hydrated 
divalent cations, inorganic complexes and organic complexes. Authors developed an 
analytical procedures based on convective interaction media (CIM) monolithic 
chromatography combined with flame atomic absorption spectrometry and electrospray MS-
MS detection. By careful optimization of buffers and pH value they were able to separate 
hydrated Zn2+ species and Zn complexes with citrate, oxalate and ethylenediaminetetraacetic 
acid (EDTA) (Figure 17). This method has an advantage over commonly used analytical 
techniques for the speciation of Zn which were only able to distinguish between labile and 
strong Zn complexes. Good repeatability of the measurements (RSD 2–4%), tested for six 
parallel determinations (2 μg/ml Zn) of Zn–EDTA, Zn–citrate and Zn–oxalate was found at a 
pH of 6.4 on a CIM DEAE (diethylaminoethyl) disc. The limit of detection (3s) for the 
separated Zn species was 10 ng/ml. The developed analytical procedure was applied to the 
speciation of Zn in aqueous soil extracts and industrial waste water from a lead and zinc 
mining area. 

Weak anion-exchange CIM diethylamine (DEAE) monolithic disks were also applied to 
speciation of chromium for the determination of airborne Cr(VI) at a plasma cutting 
workplace using electrothermal atomic absorption spectrometric as a detection system [128]. 
Good repeatability of measurement (±3.0%) of the alkaline extracts was obtained for Cr(VI). 
The limit of detection (LOD) (3s) was found to be 0.30 mg/ml for Cr(VI). The validation of 
the procedure was performed by spiking filters with Cr(VI) and by the analysis of the 
standard reference material in welding dust loaded on a filter. Good recoveries for spiked 
samples (101–102%) and good agreement between Cr(VI) found and the reported certified 
value for CRM 545 were obtained. The main advantage of developed procedure lies in the 
speed of the chromatographic separation (chromatographic run completed in 15 min). 
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Reproduced with permission from Svete, P. et al. Analyst 2001, 126, 1346–1354. Copyright © 2001, 

Royal Society of Chemistry. 

Figure 17. Distribution of Zn2+, (Zn(NO3)2·4H2O), Zn–citrate, Zn–oxalate and Zn–EDTA at various 
pHs, employing weak anion-exchange CIM-DEAE with FAAS detection. Sample volume was 0.5 ml, 
aqueous 0.4 M NH4NO3 linear gradient elution was applied at flow rate 2.0 ml/min [127].  

Another extremely important field is speciation of the metals in human serum. Murko and 
coworkers developed new analytical method for determination of aluminum, which is 
neurotoxic when accumulated in brains and bones [129]. After separation of low molecular 
mass Al species from high molecular mass Al species via size exclusion chromatography, 
proteins were separated on a weak anion-exchange CIM diethylamine (DEAE) monolithic 
disk. Linear gradient elution started with buffer A being 0.05 M tris(hydroxymethyl) 
aminomethane-hydrochloride (TRIS–HCl) + 0.03M NaHCO3 and gradually changing to 
buffer A containing also 1 M NH4Cl. Separated Al species were detected on-line by 
inductively coupled plasma-mass spectrometry (ICP-MS) demonstrating that 90% of Al was 
eluted under the transferrin peak. The proposed speciation procedure enables determination of 
the concentration and composition of Al bound to proteins down to 5 ng/ml. However, 
limiting detectable concentration was still above values typically encountered in human 
serum. To overcome this problem same group further developed a method using 8ml CIM 
monolithic column and proper cleaning procedure to avoid Al contamination [130]. The 
repeatability of measurement tested for six consecutive separations of unspiked serum was 
below 10% while the limits of detection and quantification (based on 3 and 10 s of the blank) 
were 0.15 and 0.49 ng/ml of Al bound to transferrin, respectively. By achieving so low limits 
they were able for the first time to determine quantitatively and reliably speciation of Al in 
human serum at normal concentration levels (see Figure 18). 

Recently, platinum (Pt) in human serum was investigated since it is frequently contained 
in chemotherapeutics e.g. cisplatin [131]. Authors studied Pt distribution in spiked human 
serum and serum of cancer patients using liquid chromatography with UV and ICP-MS 
detection. Monolithic CIM DEAE-1 column was used in speciation analysis of CDDP. 
Complementary to monolithic chromatography, Pt speciation was also performed by 
chromatography on a strong anion-exchange Mono Q particle packed column. Both 
procedures gave statistically comparable results. In spiked serum samples about 83 to 87% of 
Pt was eluted with albumin, 3 to 4.5% with transferrin and the remaining 8.5 to 14%, which 
represents unbound CDDP, with a solvent front.  



Aleš Podgornik and Nika Lendero Krajnc 162 

 
Reproduced with permission from Murko, S.et al. Anal. Chem. 2009, 81, 4929–4936. Copyright © 

2009, American Chemical Society. 

Figure 18. Al elution profiles for the separation of unspiked serum and the blank sample. The peak of 
Al in the unspiked serum sample corresponds to 1.04 ng/ml Al [130].  

The developed CIM-DEAE-1 monolithic chromatography procedure was applied to Pt 
speciation in serum of cancer patients receiving CDDP based chemotherapy. In these samples 
Pt was found to be bound 87 to 93% to albumin, 2.6 to 6.4% to transferrin and 4.2 to 6.6% as 
unbound CDDP species. 

 
 

7. DETERMINATION OF THE THICKNESS OF ADSORBED  
MOLECULES LAYER 

 
The convective based matrix monoliths were recently used for development of the 

method for estimation of adsorbed layer thickness. As discussed in introduction section, 
pressure drop on the monolith depends on its porosity but also on the structure and pore size 
of the monolith [132]. Since all pores are connected and open, forming a network of channels, 
adsorption of the molecules on the surface decreases pore diameter and also porosity. Mobile 
phase has therefore less space to flow through and, as a consequence, pressure drop increases 
during adsorption of the molecules. Assuming that the mobile phase is not able to flow 
between the adsorbed molecules but the liquid within the adsorbed layer is stagnant, 
Frankovič and co-workers derived mathematical equation correlating thickness of adsorbed 
layer with a pressure drop difference between clean monolith and the monolith with attached 
molecules, when the same mobile phase and flow rate is used [133]. While this concept was 
initially applied for estimation of grafted layer thickness of synthesized chains, it was recently 
also implemented for the estimation of the thickness of adsorbed plasmid DNA and 
bacteriophages. 

Lendero Krajnc and coworkers studied adsorption of plasmids of different sizes on the 
ion-exchange monolithic columns [134]. By measuring pressure drop they estimated 
thickness of adsorbed plasmid DNA (pDNA) layer. Interestingly, they found that estimation 
of the thickness corresponds to the estimation of hydrodynamic radius in a free solution as 
shown in Figure 19. They were also able to estimate effect of the flow rate and mobile phase 
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composition on the adsorbed layer thickness. An important finding was that plasmid of same 
size being adsorbed at different conditions, resulted in 6-fold difference in amount of 
adsorbed plasmid, but exhibited same adsorbed layer thickness. This is an indirect proof that 
there is no flow of the mobile phase within the layer of adsorbed plasmids. 

 

 
Reproduced with permission from Lendero Krajnc, N. et al. J. Chromatogr. A 2011, 1218, 2413–2424. 

Copyright © 2011, Elsevier. 

Figure 19. Estimated adsorbed plasmid layer thickness in comparison with calculated radius of gyration 
() in free solution for adsorbed 39.4 kbp large plasmid on () high, (- -●- -) medium and 
(···▼···) low DEAE ligand density monoliths at various NaCl concentrations in binding buffer [134].  

 
Reproduced with permission from Smrekar, F. et al. J. Chromatogr. A 2011, 1218, 2438-2444. 

Copyright © 2011, Elsevier. 

Figure 20. Adsorbed layer thickness as function of DBC for T7 and M13 bacteriophage. Conditions: 
Stationary phase: 0.034 ml CIM QA disk monolithic column with different ligand densities; Mobile 
phase: Loading buffer: 20 mM Tris, various NaCl concentrations, pH 7.5. Elution buffer: 20 mM Tris, 
1.0 M NaCl, pH 7.5; Flow rate: 1 ml/min; Detection: UV at 280 nm. Capacities were determined at 
10% of breakthrough [135].  
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Measurement of adsorbed layer thickness was further extended to the bacteriophages 
having different shape and size, namely bacteriophages T7, lambda and M13 [135]. T7 is 
bacteriophage consisting of icosahedric capside with an extremely short tail resembling to a 
sphere. Lambda bacteriophage consists of the capside of the same size as T7 of around 50-60 
nm and a tail of 120 nm while M13 is a hair-like bacteriophage having diameter of only 6 nm 
but length of around 900 nm. They were adsorbed on ion-exchange methacrylate monolith 
under different mobile phase compositions, resulting in different dynamic binding capacities. 
Based on a pressure drop measurements, authors were able to estimate thickness of adsorbed 
bacteriophage layer. Interestingly, for bacteriophages T7 and lambda, estimated thickness of 
adsorbed bacteriophage layer matches with the size of the capside when maximal dynamic 
binding capacity is achieved. For loading conditions when saturation capacity is lower of the 
maximal one, estimated adsorbed layer thickness is lower too, indicating that there is flow of 
the mobile phase between the adsorbed bacteriophages (see Figure 20). Authors have also 
demonstrated that it is possible to estimate orientation of bacteriophage adsorption. The 
adsorbed layer thickness for M13 bacteriophage was found to be around 80 nm at its maximal 
dynamic binding capacity which indicated that the bacteriophage was oriented along the pore. 
Monoliths therefore seem to be promising matrix for study of adsorption phenomena. 

 
 

8. MONOLITHS IN PURIFICATION 
 

8.1. Protein Purification 
 
As already discussed, monolith structure offers most of the benefits when very large 

molecules with low diffusivity are analyzed and isolated. To enable convective mass transport 
over entire monolith porosity, pores has to be open, limiting in this way total monolith 
specific surface area and consequently binding capacity. Being optimized for isolation of very 
large molecules or nanoparticles, capacity of methacrylate monoliths surpasses capacity of 
other particulate and convective supports for molecules larger than monoclonal antibodies. 
Therefore, it is not surprising that most of the applications are described for such molecules. 

One of the most important sources of natural proteins is blood since it contains many 
therapeutic proteins in a wide range of concentrations and monoliths were frequently used for 
their purifications. One typical example is clotting factors. There were different clotting 
factors purified with the monoliths but by far the most extensive work was performed on 
purification of factor IX [136]. Main reason of using the monoliths was to test possibility to 
separate vitronectin and factor IX from DEAE-sephadex eluate, since their separation was not 
achieved on previously tested chromatographic resins. Authors compared weak and strong 
anion-exchange methacrylate CIM monolithic columns with regard to dynamic binding 
capacity, regeneration procedure with 1 M NaCl and 0.5 M NaOH. They developed baseline 
separation on CIM DEAE disk monolithic columns and scaled up the method to CIM tube 
monolithic column with the volume of 8 ml and finally purification method was scaled up to 
CIM tube monolithic column with the bed volume of 80 ml and 500 ml [137]. Besides 
efficient separation of vitronectin from factor IX, the time required for separation was 
significantly reduced and specific activity of factor IX was increased for almost one order of 
magnitude. 
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Another example of protein isolation from human plasma is purification of inter-alpha 
inhibitor proteins [138]. Monoliths were used in two steps. In first step a monoclonal 
antibody against human inter-alpha inhibitor proteins was immobilized on the monolithic disk 
and used for rapid affinity isolation of inter-alpha proteins. In the second step monolith was 
used for immobilization of elastase, which cleaves inter-alpha inhibitor protein complex into 
small fragments. The immobilized enzyme was stable and still active after repeated runs. A 
partial or complete digestion was achieved by varying the flow rate.  

Prasanna and Vijayalakshmi used monoliths for isolation of human immunoglobulin G 
(IgG) from plasma using metal-chelate functionality [139]. Optimization of metal ion along 
with the mobile phase composition was performed, resulting in dynamic binding capacity of 
iminodiacetic acid (IDA) Cu2+ monolith in the range of 14–16 mg/ml for pure human IgG. 
Chromatographic runs with human serum and mouse ascites fluid were also carried out 
demonstrating potential of this technique for isolation of polyclonal human IgG and 
monoclonal IgG from complex biological samples. 

The ability of monoliths to separate IgM from other abundant proteins in human plasma 
like IgG and albumin was demonstrated by Brne and co-workers [140]. Authors tested 
different anion exchange monolithic columns and ethylene diamine (EDA) was found to give 
the highest resolution. The entire separation step was completed within 3 minutes including 
equilibration, loading and elution, while separation itself lasted only about 1.5 minutes. When 
only the removal of IgM from IgG is required, quarterny amine (QA) is optimal giving the 
highest binding capacity of around 20 mg/ml. Method robustness was tested for IgM removal 
from human plasma of different volunteers and very reproducible results were achieved. Due 
to displacement however, the loading capacity was substantially lower being only of around 
2.5 mg/ml, but it was found independent of flow rate.  

More conventional source of IgM is cell supernatant. Gagnon and coworkers developed a 
three -step process based on hydroxyapatite as a capturing step, followed by a two step 
polishing performed on anion-exchange and cation-exchange short monolithic columns [141, 
142]. Since IgM displays considerable structural and biochemical heterogeneity, the sequence 
of chromatographic steps can be exchanged dependent on the nature of individual IgM to be 
purified. Due to flow-unaffected binding capacity, exceeding IgM 30 mg/ml for tested, 
monolith productivity was very high. Authors calculated that the productivity of 8 L 
monolithic column would be 3 kg of IgM per day. Methacrylate monoliths were also found 
useful for dissociation of IgM:DNA complexes that affect IgM purity [143]. Authors 
postulated that higher complex-dissociative efficiency on anion exchange monoliths 
compared to other methods suggests that a high charge density characteristics for monoliths 
outcompetes IgM from complexed DNA (Figure 21). Monolithic columns were also used for 
purification of blood group antigens from cell culture supernatant [144]. More specifically, 
monoclonal antibody directed against labeled blood group antigens, was immobilized on a 
CIM® disk with epoxy chemistry and subsequently used in immuno-affinity chromatography. 
Developed technology was up-scaled to CIM® monolithic tubes. Also in this case, high flow 
rates were applied resulting in high productivity. 

There are also reports of monolith implementation for purification of proteins from 
different sources. Albreht and Vovk isolated major whey proteins using diethylaminoethyl 
(DEAE) methacrylate monolithic column as well as reverse phase (RP) monolithic column 
[145]. They demonstrated scalability of the process with comparable efficiency to particulate 
supports but with higher throughput when using monoliths.  
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Reproduced with permission from Gagnon, P. et al. J. Chromatogr. A 2011, 1218, 2405-2412. 

Copyright © 2011, Elsevier. 

Figure 21. Comparative anion exchange dissociation of IgM:DNA complexes on Fractogel TMAE 
HiCap, CIM QA, and CIM EDA. All experiments were performed on 1 ml beds at flow rate 1 ml/min. 
The solid black line marks UV absorbance at 280 nm, the fine dashed line marks UV absorbance at 254 
nm and the course dashed line marks conductivity [143].  

Another interesting target group to be purified is various protein conjugates. Pegylated 
proteins are probably the most representative example, since pegylation is widely used 
technology for modification of therapeutic and FDA approved proteins but it is also 
implemented on other type of molecules like e.g. peptides or oligonucleotides. Extensive 
study of pegylated protein separation was performed by Abe and co-workers [146]. They’ve 
demonstrated that applying very shallow gradient and high throughput even proteins having 
attached same number of polyethylene glycol (PEG) molecules but at different positions can 
be separated. Hall et al. implemented short monolithic columns for separation of mono-
pegylated form of myelopoietin from native myelopoietin [147]. They compared four 
different stationary phases, two monolithic (QA and SO3 CIM monolithic columns) and two 
beaded (Q-sepharose HP and SP-sepharose HP HiTrap) for analysis as well as for purification 
of mono-pegylated myelopoietin. Due to flow unaffected properties of monoliths, they were 
able to achieve five times faster separation combined with sharper, more symmetrical peaks 
and better recovery on preparative scale and tenfold shorter analysis time obtaining similar 
resolution as on a sepharose column. 

In the food industry, protein–polysaccharide conjugates were considered useful because 
of improved heat and pH stability, solubility, emulsification, and gelation properties. They 
also offer lower astringency and allergenicity compared to unmodified proteins. Etzel and 
Bund used 8 ml SO3 monolith for purification of a food-grade whey protein–dextran 
conjugate from a feed solution also containing un-reacted protein and dextran [148]. In 
parallel, purification was performed on column packed with 800 ml of a beaded support that 
was specifically designed for purification of conjugated proteins. The monolith gave similar 
dynamic binding capacity as the beaded support (4–6 g/L), at a 42-fold greater mass 
productivity, and 48-fold higher flow rate, albeit at somewhat lower conjugate purity. 
Performance of the monolith did not depend on flow rate. 

Very recently monoliths were also applied for matrix-assisted refolding of inclusion 
bodies [149]. Authors overexpressed recombinant single chain variable fragment (ScFv) 
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specific to TNF-α in E.coli that was accumulated inside inclusion bodies. After solubilisation 
of inclusion bodies using either guanidine hydrochloride or urea solution containing 6 M 
guanidine hydrochloride, protein sample was loaded on metal chelate monolith bearing CIM-
IDA-Ni (II) functionality and collected ScFv was demonstrated to be biologically active. 

 
 

8.2. Purification of Viruses 
 
Viruses are currently very important in biotech industry especially as vaccines and as 

virus vectors. They are nanoparticles ranging in size from twenty to several hundred 
nanometers and composed of nucleic acids encapsulated in a protein shell called capside. 
Some viruses are additionally surrounded by lipid envelope. Due to their large size in 
comparison the most biological macromolecules, their purification using chromatography is 
challenging since most of the chromatographic supports available on the market were 
optimized for purification of molecules such as proteins or even smaller. Because of their 
size, they also exhibit extremely low diffusivity, prolonging significantly purification process 
on conventional chromatographic resins. To overcome this limitation, convective based 
supports seem to be an attractive possibility [150]. Methacrylate monoliths were optimized 
for purification of this type of nanoparticles providing proper channel size enabling high 
dynamic binding capacity while convective mass transport results in flow independent 
properties accumulating in high process productivity. Since the capside of viruses consist of 
proteins, or, in the case of enveloped viruses, proteins spike through the lipid membrane, 
viruses are charged. Because of that, ion-exchange chromatography is the most frequently 
used chromatographic mode for their purification. Therefore it is not surprising that different 
types of viruses were purified using ion-exchange methacrylate monoliths. 

First example is application of methacrylate monoliths for purification of ToMV from 
clarified plant homogenate [151]. The methacrylate monolith based purification method was 
compared to ultracentrifugation. It was shown that introducing CIM monolithic support into 
the purification scheme shortened the purification protocol from several days to just a few 
hours while achieving the same purity but increased recovery up to 90%. Infectivity tests, 
performed by infecting test plants with CIM purified virus, also demonstrated that virus 
maintained its infectivity throughout the purification process. In addition, dynamic binding 
capacity of 12 mg ToMV/ml on strong anion exchange monolith, corresponding to 1.4×1014 
virus particles/ml of support, was demonstrated [151]. 

Besides plant viruses there were several efforts for production of human viruses. One 
example is lentivirus being promising vector for gene therapy since it can transduce in 
dividing and non-dividing cells. Being sensitive to different environmental factors such as 
temperature, pH values and shear forces, downstream processing should be carefully 
designed. Having this in mind, Lesch and co-workers developed a process using CIM DEAE-
8 weak anion exchanger and were able to separate baculovirus from lentivirus, produced in 
baculovirus system, with the recovery of 65% and host cell DNA removal of 95% [152].  

With the increase of pandemic threat, there was a lot of improvement in research of 
vaccine production, especially for preparation of influenca vaccines. One of approaches was 
to implement strong anion exchange monoliths for purification of influenza A and influenza 
B viruses [153]. Developed process enabled 10-fold concentration of influenza viruses and, at 
the same time, more that 80% of contaminating HCP and host cell DNA were removed. Due 
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to its efficiency and achieved purity of the product, the process was used for the production of 
clinical grade influenza vaccine intended for clinical trials [154].  

Recently, methacrylate monoliths were used also for purification of rubella virus intended 
as attenuated rubella virus vaccine for human treatment against rubella and congenital rubella 
syndrome. Authors used strong anion exchange CIM monolith and demonstrated that virus 
preserved its infectivity while recovery was almost 100%. In addition, viral preparation was 
successfully depleted from HCP and DNA [155].  

A possible alternative to infective and attenuated vaccines is virus like particles (VLPs) 
which consist of the viral capside without containing genetic material. As such they can 
activate immune system but without risk of infection. Recently methacrylate monoliths were 
used for purification of VLPs. Urbas and coworkers used baculovirus expression system for 
production of adenovirus-like dodecahedric particles [124]. Developed chromatographic 
method was compared to purification using sucrose density gradient ultracentrifugation and 
the Q-sepharose ion-exchange column. The recovery of the adenovirus like particles using 
monoliths was more than 50% and the purified fraction was almost completely depleted of 
DNA to less than 1%. The purification protocol was shortened from five days to one day. 

CIM monoliths were also used for purification of hepatitis B surface antigen virus-like 
particles (VLPs) expressed in Saccharomyces cerevisiae [156]. In this case hydrophobic 
interaction based separation using monolith bearing hydroxyl groups exhibited the best 
performance. In comparison to beaded resin, monolith dynamic binding capacity was shown 
to be three-fold higher providing 90% recovery. One of the key challenges during purification 
represented lipids in the crude feed material containing VLPs and because of that confocal 
microscopy studies were performed to understand fouling mechanism and lipid removal. This 
increased monolith dynamic binding capacity from 0.11 mg/ml column to 0.25 mg/ml column 
being equal to 4.3x1013 VLPs/ml. 

Bacteriophages are very interesting type of viruses. They recently gain importance as a 
possible alternative to antibiotics for treatment of resistant bacteria strains. Being natural 
bacteria enemies the therapy is based on bacteriophage capability to specifically infect and 
destroy the bacterial cell. For treatment of humans, highly purified bacteriophage product is 
required and monolith chromatography becomes again a method of choice. 

Smrekar et al. characterized methacrylate monoliths for purification of different 
Escherichia coli bacteriophages [135,157].The dynamic binding capacity for bacteriophages 
lambda and T7 was 1x1013 pfu/ml while the binding capacity for M13 was 4.5x1013 pfu/ml on 
strong anion exchange monolith.  

Recoveries of all three bacteriophages were close to 100%. Strong anion exchange 
monolithic chromatographic column was also successfully used for the purification of 
bacteriophage T4 from bacterial cell lysate [157]. Authors described a single, reproducible 
phage purification step where most of the proteins and DNA were removed with an 
approximately 70% recovery of infective bacteriophages. Another important and highly 
investigated target for bacteriophage therapy is Staphylococcus aureus, bacteria causing a 
range of illnesses from minor infections to life-threatening diseases. Kramberger et al. 
screened different buffer systems and compared weak and strong anion exchange 
methacrylate monoliths for purification of S. aureus bacteriophage named VDX-10 [158]. 
High bacteriophage recoveries being close to 100% were obtained with both ligands. They 
optimized purification on strong anion exchange monolith CIM QA disk with bed volume of 
0.34 ml and scaled up the purification method to CIM QA column with the bed volume of 8 
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ml. On both scales they significantly concentrated the VDX-10 and they were able to remove 
90% of host cell proteins and more than 99.9% of host cell DNA [158].  

In all described examples monoliths exhibited high binding capacity, crucial for high 
purification productivity.  

 
 

8.3. Plasmid DNA Purification 
 
Cell therapy, gene therapy and DNA vaccination demand large quantities of pure plasmid 

DNA (pDNA) and therefore efficient production processes. Plasmid DNA is produced in E. 
coli and critical contaminants [ribonucleic acid (RNA), genomic DNA, endotoxins] which 
also have negative charge, similar size, and hydrophobicity, has to be removed. To achieve 
required purity, chromatography has to be applied and still multiple steps are needed to purify 
pDNA to the level required for human treatment. Among many different chromatographic 
stationary phases, monoliths, with their flow unaffected properties, are an attractive option. 
For evaluation of their productivity, monolith capacity has to be determined and especially 
methacrylate monoliths were extensively studied. 

Benčina and coworkers estimated methacrylate monolith dynamic binding capacity for 
plasmid and genomic DNA to be in the range between 9 and 14 mg/ml [159]. Similar 
capacity was found by Zöchling and coworkers demonstrating also that there was no 
significant mass transfer limitation during pDNA purification, but they observed a slight 
decrease in the dynamic binding capacity of pDNA with a CIM weak anion exchange 
(DEAE) at higher linear velocities (over 200 cm/h) [160]. On the other hand, flow-unaffected 
values of around 12 mg/ml were found for very large plasmids [161]. Since high capacity 
combined with high throughput results in high productivity, several studies were directed to 
evaluate performance of various chemical moieties on binding capacity, contaminant removal 
as well as ability to separate supercoiled pDNA (sc) isoform from an open circular (oc) and 
linear one. 

Ongkudon and Danquah evaluated two anion exchange ligands, namely diethylamine and 
triethylamine bound to the monolith having conical shape [162]. After extensive optimization 
of mobile phase conditions the optimal performance was found with triethylamine 
functionality resulting in plasmid yield of 3 mg/ml, plasmid recovery of over 90%, protein 
concentration of 0.01 mg/L, lipopolysaccharides (LPS) concentration of 0.12 EU/mg and no 
detectable gDNA and RNA were obtained at a low NaCl concentration of 0.25 M. Plasmid 
DNA was successfully purified also using methacrylate monolith bearing metal affinity 
functionality [163]. The main advantage was that monolith enabled endotoxin and RNA 
removal. Further intensively studied functionality was carbonyldiimidazole (CDI), commonly 
used for ligand immobilization [164,165]. Interestingly it was found that under optimal 
mobile phase conditions, CDI groups selectively bind sc isoform without flow rate 
dependence. Additionally, the binding capacity has been found to be significantly higher for 
sc isoform, probably because of its compact structure. This was the case for all tested 
plasmids of sizes 2.7, 6.05 and 7.4 kbp. Process yield of pDNA purification step using the 
CDI monolith was of 89%, providing also high degree of impurities removal (endotoxins and 
gDNA). 

Despite many interesting results with various chemical groups, DEAE functionality is 
still the most implemented one for purification of pDNA. Experimentally measured high 
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dynamic binding capacity found even at high flow rates results in high productivity, a 
prerequisite for the purification of pharmaceutical grade pDNA on a large scale. Methacrylate 
monoliths were initially introduced in a pDNA purification process as an intermediate step in 
combination with particle based hydrophobic capture step and a particle based size exclusion 
polishing step [166]. Due to consistency of the monolith structure at various scales, 
chromatographic method developed on an 8 ml CIM monolithic column was easily 
transferred to production using a cGMP CIM DEAE-800 ml. This allowed to increase 
productivity by 15-fold. 

Applicability of the DEAE monoliths to a broad range of plasmids was further tested by 
Lendero and coworkers purifying plasmids of different sizes: 21, 39.4, 62.1, and 93.9 kbp 
[134]. They demonstrated that although mechanically very sensitive, these large molecules 
can be purified on methacrylate monoliths without significantly influencing sc isoform yield. 
They also investigated effect of ionic strength on dynamic binding capacity and realized that 
ionic strength when optimal capacity occurs depends on plasmid size [134]. Based on this 
data one can design purification process for plasmids of various sizes required in large 
quantities. 

Although DEAE monoliths remove most of the impurities, they are not able to separate 
sc isoform from oc isoform and genomic DNA. To improve this separation a novel 
hydrophobic methacrylate monolith was developed and introduced in pDNA downstream 
process [167] (Figure 22). The resulting process yields a product of a high quality with 
removal of all major contaminants (RNA, gDNA, HCP, endotoxins, and oc isoform). Due to 
flow unaffected monolith properties this process is characterized by high productivity.  

Further optimization in pDNA down-stream processing is to combine several purification 
steps into a single one. Interesting approach in this direction was performed by Peterka and 
coworkers who combined hydrophobicity and ion-exchange purification into a single column 
– so called conjoint liquid chromatography (CLC) [168]. Hydroxyl and DEAE monoliths 
were placed into a single housing, alkaline lysate was adjusted to 3 M ammonium sulphate 
and cleared lysate solution was loaded onto a column. Plasmid DNA was separated from the 
impurities and finally eluted in a NaCl gradient. The outcome was higher purity and shorter 
purification time. 

 

 
Reproduced with permission from Smrekar, F. et al. Vaccine, 2010, 28, 2039-2045. Copyright © 2010, 

Elsevier. 

Figure 22. Separation of different pDNA isoforms and gDNA with hydrophobic CIM monolithic 
column (C4 HLD) and corresponding agarose gel electrophoresis (A) [167].  
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To further improve process productivity, dynamic binding capacity should be increased. 
This was realized by Frankovič and co-workers who developed grafted DEAE methacrylate 
monolith exhibiting 2-fold higher capacity being 17 mg/ml [133]. Recovery was comparable 
to the non-grafted one and no degradation of the sc isoform was detected. In addition, the 
baseline separation of pDNA from RNA and other impurities was achieved from a bacterial 
lysate sample. 

While methacrylate monoliths are by far the most studied monoliths for purification of 
pDNA, several other monoliths were implemented too. Tiainen and coworkers developed 
composite monolith comprising of bead-shaped, macroporous and easily compressible 
cellulose-based anion-exchange material intended for cultivation of anchor-dependent animal 
cells and reticulated vitreous carbon, a strong, non-compressible, high porosity (97%) matrix 
material that can be cut to desired geometrical shapes [169]. This monolith enabled very high 
flow rates without compression of the bed (>25 column volumes/min; 4000 cm/h) exhibiting 
high yield when purifying plasmid from a cleared alkaline lysate. The concept of using a 
composite prepared from a mechanically weak, high-binding material and a strong scaffold 
material may be applied to other systems as well. 

To purify pDNA from a non-clarified lysate, monolith with even larger pores has to be 
applied. A possible option is cryogel, a poly(acrylamide)-based supermacroporous monolith 
produced by radical co-polymerization of monomers in aqueous solution frozen inside a 
column (cryo-polymerization). After thawing, the column contains a monolithic matrix (so-
called cryogel) with the interconnected pores of up to 100 micrometers. To achieve 
reasonable binding capacity, being rather low due to low specific surface area of cryogels, 
grafting with polycations like poly(N,N-dimethylaminoethyl methacrylate), (2-
(methacryloyloxy)ethyl)-trimethyl ammonium chloride and partially quaternized poly(N,N-
dimethylaminoethyl methacrylate) was performed [170]. The polycation-grafted monolithic 
columns were able to capture pDNA directly from alkaline lysate of E. coli cells without 
blocking the column. The captured pDNA was eluted with 1 M NaCl as particulate-free 
preparation with significantly reduced content of HCP and RNA as compared to the applied 
lysate. This represents therefore an interesting option for capture step but this matrix is even 
more attractive for purification of even larger particles like inclusion bodies or even for entire 
cells as described in next section. 

 
 

8.4. Purification of Cells 
 
In recent years there is an increasing focus on new generation of human therapies based 

on cells with regenerative potential, especially stem cells. This field is currently intensively 
studied for various applications and few therapies have already implemented in current 
clinical practice. Due to extreme complexity and diversity of stem cells however, many of the 
studies are still in preclinical or early clinical stage and many new discoveries and potential 
applications can still be expected. This increased also interest in development of techniques 
for cell separation and isolation. Most of the methods for cell isolation are currently based on 
immunoseparation and are mainly applicable on a laboratory scale only. Typically, target 
antibodies are attached to magnetic particles of a diameter from 20 and 150 nm and 
separation occurs via application of external magnetic field. 
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An alternative to this approach would be affinity purification by passing cells through 
suitable convective matrix. Intensively investigated matrix of choice for this purpose is 
monoliths, especially cryogels with interconnected pores of 10–100 μm in size. Already in 
2003 Kumar and co-workers have succeeded to fractionate lymphocytes from human 
peripheral blood using this type of monoliths bearing protein A as an affinity ligand [171]. 
Before separation, goat anti-human IgG(H+L) was added to the sample and reacted 
selectively with IgG-positive B-lymphocytes. When sample was passing through the monolith 
protein A specifically retained IgG-bearing B-lymphocytes through the Fc region, while non-
bound T-lymphocytes passed through the column. More than 90% of the B-lymphocytes were 
bound to the column while the cells in the breakthrough fraction were enriched in T-
lymphocytes (81%). The viability of the T-lymphocytes was greater than 90%. 

This elegant approach can be extended to the purification of any specific type of cells as 
long as recovery of bound cells is high. In comparison to proteins or viruses exhibiting 
several 10-100 binding sites, stem cells can posses up to 50000 binding sites resulting in 
extremely strong binding with the matrix. As a consequence, detachment of the cells 
represents a serious challenge and the overall purification yield is very low. An original 
approach to overcome this problem was introduced by Dainiak and co-workers [172]. They 
realized that affinity-bound cells can be detached from the macroporous cryogel, when the 
cryogel undergoes elastic deformation. Cell detachment upon elastic deformation was 
explained by breaking many of the multipoint attachments between the cells and the affinity 
matrix that results in a change in the distance between affinity ligands when the matrix is 
deformed. Interestingly, no release of affinity-bound proteins occurred upon elastic 
deformation demonstrating importance of the size. This approach enabled to achieve high 
recovery of captured cells under mild conditions, with high retained viability. This 
methodology was implemented for separation of CD34+ stem cells (Figure 23). The bound 
CD34+ cells were released at 50% compression, followed by 10 ml of buffer wash, to elute 
loosely bound CD34+ cells [173].  

 

 
Reproduced with permission from Kumar, A. and Srivastava, A. Nature Protocols 2010, 5, 1737-1747. 

Copyright © 2010, Nature Publishing Group). 

Figure 23. Human blood is passed through a cryogel column showing the convective movement of 
large particles such as mammalian cells [173].  
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The fluorescence-activated cell sorting analysis showed > 95% cell recovery of bound 
cells. An alternative method is to elute cells with solution of secondary antibody having 
higher affinity. Also in this case very high cell recovery was achieved. Capacity of cryogel, 
based on recovered cells was estimated to be 7 × 105 cells per ml of cryogel column. 

Because of the flexibility of their structure, cryogels were found to be suitable also for 
separation of various microbial cells. Arvidsson and coworkers functionalized cryogels with 
anion-exchange ligands [2-(dimethylamino)ethyl group] and immobilized metal affinity 
(IMA) ligands (Cu2+-loaded iminodiacetic acid) and used both monoliths for binding bacterial 
E. coli cells [174]. E. coli cells bound to an ion-exchange column at low ionic strength were 
eluted with 70–80% recovery at NaCl concentrations of 0.35–0.40 M, while cells bound to an 
IMA-column were eluted with around 80% recovery using either 10 mM imidazole or 20 mM 
EDTA solutions, respectively. The cells maintained their viability after the binding/elution 
procedure. To facilitate screening for chromatographic method optimization, Dainiak and 
coworkers prepared cryogels bearing concanavalin A in 96 well plates [175]. Developed 
method was implemented for separation of a mixture of S. cerevisiae and E. coli cells. E. coli 
passed through the column with nearly 100% purity while S. cerevisiae cells were 
quantitatively retained. Bound S. cerevisiae cells were released by flow-induced detachment 
and by compression of the adsorbent in the presence of 0.3 M methyl α-D-manno-pyranoside 
which resulted in 95% purity.  

Recently a novel type of monoliths was used for capturing of E.coli cells [176]. This 
monolith is produced by self-polymerization of polyglycerol-3-glycidyl ether in organic 
solvents as porogens at room temperature within 1h. Resulting monolith had a very high 
porosity of 79% with pores diameter of 22 μm. Epoxy groups were used for immobilization 
of affinity ligand polymyxin B, which allow binding of gram-negative bacteria. Bacterial cells 
were concentrated on the column at pH 4 and eluted with a recovery of around 97% by 
changing the pH value without impairing viability of bacteria. The dynamic capacity for the 
monolithic column was found to be independent at the flow rate of 4 × 1010 cells/ml. Because 
of very low pressure drop, being below 1 bar, flow rate up to 10 ml/min was used. 

Same type of monolith was also implemented for immunofiltration of Staphylococcus 
aureus immobilizing appropriate antibodies [177]. Different kinds of geometries of 
monolithic columns, flow rates and elution buffers were tested with the goal to get high 
recoveries in the shortest enrichment time as possible. An effective capture of S. aureus was 
achieved at a flow rate of 7.0 ml/min with low backpressure enabling a volumetric enrichment 
of 1000-fold within 145 min. The bacteria were quantified by flow citometry using a double-
labeling approach and due to concentration sensitivity significantly increased, pushing a 
detection limit down to only 42 S. aureus cells/ml. 

 
 

CONCLUSION 
 
Chromatographic monoliths become the most investigated and implemented 

chromatographic supports in many fields of separation sciences in particular in 
biotechnology. This is especially true for large biomolecules, nanoparticles or cells for which 
their beneficial features are most pronounced. Because of that it is expected that in the near 
future novel monolith formats will be developed and new areas of application such as 



Aleš Podgornik and Nika Lendero Krajnc 174 

thermoresponsive monoliths or high capacity monoliths for cell separations are to be 
expected. 
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