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a b s t r a c t 

To find the best performing column for the analysis of protein-based biopharmaceuticals is a signifi- 

cant challenge as meanwhile numerous modern columns with distinct stationary phase morphologies 

are available for reversed-phase liquid chromatography. Especially when besides morphology also several 

other column factors are different, it is hard to decide about the best performing column a priori . To cope 

with this problem, in the present work 13 different reversed-phase columns dedicated for protein sepa- 

rations were systematically tested by the gradient kinetic plot method. A comprehensive comparison of 

columns with different morphologies (monolithic, fully porous and superficially porous particle columns), 

particle sizes and pore diameters as well as column length was performed. Specific consideration was also 

given to various monolithic columns which recently shifted a bit out of the prime focus in the scientific 

literature. The test proteins ranged from small proteins starting from 12 kDa, to medium sized proteins 

(antibody subunits obtained after IdeS-digestion and disulphide reduction) and an intact antibody. The 

small proteins cytochrome c, lysozyme and β-lactoglobulin could be analysed with similar performance 

by the best columns of all three column morphologies while for the antibody fragments specific fully 

porous and superficially porous particle columns were superior. A 450 Å 3,5 μm superficially porous par- 

ticle column showed the best performance for the intact antibody while a 1.7 μm fully porous particle 

column with 300 Å showed equivalent performance to the best superficially porous column with thin 

shell and 400 Å pore size for proteins between 12 and 25 kDa. While the majority of the columns had 

C4 bonding chemistry, the silica monolith with C18 bonding and 300 Å mesopore size approximated the 

best performing particle columns and outperformed a C4 300 Å wide-pore monolith. The current work 

can support the preferred choice for the most suitable reversed-phase column for protein separations. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Biopharmaceuticals are playing an increasingly important role 

n the pharmaceutical market. In the period from January 2015 to 

uly 2018 there were 53 new drug approvals by the US FDA, 20 

ere from biological origin which makes around 38% [1] . Thereby, 

onoclonal antibodies (mAbs) account for 53% of all biopharma- 

euticals [2] . Monoclonal antibodies are more challenging to anal- 

se due to their higher molecular mass and molecular heterogene- 

ty consisting of glycoforms, high and low molecular weight vari- 

nts and post-translational modifications including charge variants 

3] . Reversed-phase liquid chromatography (RP-LC) is one of the 
Abbreviations: UHPLC, Ultra-high performance liquid chromatography; SPP, Superficiall
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ost important techniques for the analytical characterization of in- 

act proteins and separates variants based on their hydrophobic- 

ty. RP-LC is inherently compatible with mass spectrometric (MS) 

etection which makes RP-LC-MS a powerful analytical platform. 

nfortunately, RP-LC is a denaturing technique thus the proteins 

ose their native structure, yet this may be associated with im- 

roved chromatographic efficiencies. Depending on the kind of or- 

anic modifier, different selectivity can be obtained [4] . The re- 

overy of the proteins can be increased strongly by using elevated 

emperature because this reduces the secondary interactions with 

he stationary phase [ 5 , 6 ]. Mobile phase additives affect the peak 

hape (tailing), peak width but also the ion suppression of MS 
y porous particle; FPP, Fully porous particle; KPL, kinetic performance limit. 
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etection [ 5 , 7 ]. While trifluoroacetic acid is a strong ion-pairing 

gent and provides sharp peaks, formic acid is better suitable for 

S detection due to its lower ion-suppression effects. RP-LC for 

roteins has an on-off like retention behaviour (due to steep ad- 

orption isotherms) as at low elution strength the protein is com- 

letely retained while above a certain percentage of organic mod- 

fier the protein is not retained any more at all [ 8 , 9 ]. This is the

eason why RP-LC for proteins is only done in gradient elution 

ode. However, this makes the comparison of different columns 

ore challenging. 

Special attention should be paid to the selection of a suitable 

ore size which is large enough to enable unhindered diffusion 

nd avoid partial or total pore exclusion [10] . On the other hand, 

s the pore size increases, the specific surface area decreases, re- 

ulting in a decrease in retention and sample capacity. Pore sizes 

rom 300 to 10 0 0 Å are typically recommended for protein sepa- 

ations [ 11 , 12 ]. C4 alkyl and phenyl phases are usually used as sta-

ionary phases, since C18 phases were thought to bear the risk of 

rreversible binding of proteins to the column surface due to their 

trong hydrophobicity. Newer publications state that the recovery 

s mostly affected by ligand density, surface coverage, flexibility of 

he ligand, carbon load, relative hydrophobicity and the degree of 

xposure of the surface silanols [13] . Secondary interactions with 

he stationary phase can have a strong, negative effect on the sep- 

ration and should be minimized with end-capping of free silanol 

roups (silica-based columns) and the use of higher temperatures 

r adding ancillary solvents like 1-butanol [ 5 , 6 ]. 

The column technology plays a key role for protein separations 

specially considering the mass transfer kinetics [14] . Non-porous 

articles are the most favourable in terms of the intra-particle 

ass transfer resistance but have the lowest surface area and are 

sually not used for RP-LC but for ion-exchange chromatography. 

ully porous particles (FPPs) show the highest intra particle mass 

ransfer resistance as the entire particle is accessible for diffusion. 

uperficially porous particles (SPPs) consist of a solid core covered 

y a porous shell. Therefore, the diffusion paths are significantly 

educed and so is the mass transfer resistance [12] . Monolithic 

olumns do not consist of individual particles but of a continuous 

hromatographic bed. They have large macropores which enable a 

ow back pressure even at high flow rates and they have smaller 

esopores for the actual solute interaction [ 15 , 16 ]. The support 

ype of protein columns can be either silica-based or based on or- 

anic polymers. One advantage of the organic polymer-based sup- 

orts is the better stability at higher pH-values and high tempera- 

ures. 

A convenient method to evaluate the performance of columns 

ith different lengths, diameters, and stationary phase morpholo- 

ies are kinetic plots [17–19] . They are well known for isocratic 

C, but rarely employed for gradient elution which is the common 

ituation in protein separations, as mentioned above. The evalua- 

ion of the column performance in gradient RP using the gradi- 

nt kinetic plots was introduced by Broeckhoven et al. [20] and 

he concept was already applied to RP-LC of proteins by Fekete 

t al. [21] . The performance of some SPP and FPP columns for pro-

eins has been compared by Wagner et al. and Bobály et al. [ 10 , 22 ].

ekete et al. recently published on the usage of ultra-short columns 

or protein separations and investigated new stationary phases for 

idepore columns [ 4 , 8 ]. 

The current work extends on these prior reports and is devised 

s a comprehensive, systematic column comparison study apply- 

ng the gradient kinetic plot concept for many popular protein RP 

olumns for the first time. Different column technologies differ- 

ng in the stationary phase morphology were evaluated for a to- 

al of 13 columns, including three monolithic, six SPP and four 

PP columns. Three different sample mixtures were used for the 

valuation consisting of (i) a protein mixture with small proteins 
2

cytochrome c, β-lactoglobulin and lysozyme), (ii) antibody frag- 

ents obtained after IdeS-digestion and disulphide reduction and 

iii) an intact antibody to cover a wide range of molecular mass. 

fter some initial screening runs, conditions for an appropriate 

omparison based on the gradient kinetic plot were evaluated and 

ater used for the column comparison. To the best of our knowl- 

dge, there was no such comprehensive study on the performance 

f protein columns from different column technologies and sup- 

liers reported until now, and in particular specific focus is paid 

o monolithic columns for which the recent literature is relatively 

ean. The groups of Teutenberg and Eeltink also applied gradient 

inetic plots and compared packed bed and monolithic columns 

n capillary or microbore column format [23–25] . The influence of 

he column technology, particle size and pore size is thoroughly 

iscussed. 

. Experimental 

.1. Materials 

Chromolith WP300 RP-4 (4.6 × 50 mm, C4-modified mono- 

ithic silica column), Chromolith WP300 RP-18 (2.0 × 100 mm), 

hromolith HR RP-18e (2.0 × 100 mm, high resolution research 

ample, C18-modified), BIOshell 400 Å Protein C4 (2.1 × 50 mm, 

.4 μm), BIOshell IgG 10 0 0 Å C4 (2.1 × 20 mm & 2.1 × 50 mm,

.7 μm) columns were generously provided by Merck (Darmstadt, 

ermany). Aeris Widepore C4 200 Å (2.1 × 50 mm, 3.6 μm) 

as supplied by Phenomenex (Aschaffenbur g, Germany). The Ad- 

anceBio RP-mAb C4 (2.1 × 50 mm, 3.5 μm) column was pur- 

hased from Agilent (Waldbronn, Germany). The BioResolve RP 

Ab (2.1 × 50 mm, 2.7 μm) and the Acquity UPLC protein BEH 

4 (2.1 × 50 mm, 1.7 μm) columns were purchased from Waters 

Eschborn, Germany) and the MAbPac RP column (4.0 × 50 mm, 

 μm) from Thermo Scientific (Waltham, Ma, USA). The So- 

as C4 400 Å and 10 0 0 Å (both 2.1 × 50 mm, 1.7 μm) were

btained from Glantreo (Cork, Ireland). The properties of the 

olumns are summarized in Tables 1 –3 . NIST monoclonal an- 

ibody (NISTmAb) reference material (RM) 8671, a humanized 

gG1 κ monoclonal antibody formulated in histidine buffer, was 

urchased from the National Institute of Standards and Technolo- 

ies (NIST, Gaithersburg, MD, USA). Acetic acid ( ≥ 99.8%) and 

odium dihydrogen phosphate monohydrate were from Merck. 

ris(2-carboxyethyl)phosphine (TCEP), sodium chloride, potassium 

hloride, and sodium hydroxide, lysozyme from chicken egg white, 

ytochrome c from equine heart, β-lactoglobulin B from bovine 

ilk ( ≥90%) and bovine serum albumin (BSA), Protein LoBind 

ubes 1.5 mL from Eppendorf were purchased from Sigma-Aldrich 

Merck, Taufkirchen, Germany). Di-sodium hydrogen phosphate an- 

ydrous and thiourea were purchased from Applichem (Darmstadt, 

ermany). FragIT (immobilized IdeS enzyme) was supplied by Gen- 

vis (Luden, Sweden). Ultrapure water was obtained from a Pure- 

ab Ultra purification system from Elga LabWater (Celle, Germany). 

.2. Instrumentation and software 

The LC-instrument was from Agilent Technologies (Waldbronn, 

ermany). Agilent 1290 Infinity UHPLC system consisting of bi- 

ary pump (G4220A), autosampler (G4226A), sample thermostat 

G1130B), thermostated column compartment (G1316C) and diode 

rray detector (DAD, G4212A). The instrument was equipped with 

n ultra-low dispersion kit and the extra-column volume and dwell 

olume was determined as 11.7 μL and 175 μL, respectively. Instru- 

ent control and data analysis were performed using OpenLab CDS 

.5.0. 

Microsoft Excel 2019 (Redmond, WA, USA) and OriginPro 2021b 

OriginLab, Northapton, MA, USA) were used for data processing. 
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Table 1 

Properties of superficially porous particle (SPP) columns. d p : particle diameter, L × I.D.: column length and internal diameter, d( core): diameter of the SPP, shell: shell 

thickness of the SPP, �P max : maximum pressure limit of the column, T max : maximum column temperature, C [%]: carbon load, K v : column permeability, �: flow resistance. 

Column d p [μm] 

L × I.D. 

[mm] 

pore 

size [ ̊A] 

d (core) 

[μm] 

shell 

[μm] 

�P max 

[bar] sup-port 

station-ary 

phase 

pH 

range 

T max . 

[ °C] C [%] K v [m ²] �[/] 

AdvanceBio RP-mAb C4 3.5 50 × 2.1 450 3 0.25 600 silica C4 1 to 8 90 n/a 1.12 ∗10 −14 1.10 ∗10 3 

Aeris Widepore C4 3.6 50 × 2.1 200 3.2 0.2 600 silica C4 1.5 to 9 90 n/a 9.14 ∗10 −15 1.42 ∗10 3 

BioResolve RP mAb 2.7 50 × 2.1 450 1.9 0.4 689 silica Phenyl 2 to 7.5 90 5.48 8.08 ∗10 −15 9.03 ∗10 2 

BIOshell A400 Protein C4 3.4 50 × 2.1 400 3 0.2 600 silica C4 2 to 9 60 0.4 7.82 ∗10 −15 1.48 ∗10 3 

BIOshell IgG 1000A C4 2.7 50 × 2.1 1000 1.7 0.5 1000 silica C4 2 to 9 60 0.6 7.25 ∗10 −15 1.01 ∗10 3 

BIOshell IgG 1000A C4 2.7 20 × 2.1 1000 1.7 0.5 1000 silica C4 2 to 9 60 0.6 5.85 ∗10 −15 1.25 ∗10 3 

Table 2 

Properties of fully porous particle columns. d p : particle diameter, L × I.D.: column length and internal diameter, �P max : maximum pressure limit of the column, T max : 

maximum column temperature, C [%]: carbon load, K v : column permeability, �: flow resistance. 

Column d p [μm] 

L × I.D. 

[mm] 

pore size 

[ ̊A] 

�P max 

[bar] 

stationary 

phase support pH range T max . [ °C] C [%] K v [m ²] �[/] 

Acquity UPLC Protein BEH C4 1.7 50 × 2.1 300 1000 C4 ethylene 

silica hybrid 

1 to 12 90 7.95 3.31 ∗10 −15 8.74 ∗10 2 

MAbPac RP 4 50 × 2.1 1500 275 Phenyl DVB 0 to 14 110 n/a 5.81 ∗10 −15 2.75 ∗10 3 

Solas C4 1000A 1.7 50 × 2.1 1000 700 C4 silica 2 to 9 90 0.33 2.48 ∗10 −15 1.16 ∗10 3 

Solas, C4 400A 1.7 50 × 2.1 400 700 C4 silica 2 to 9 90 0.69 2.29 ∗10 −15 1.26 ∗10 3 

Table 3 

Properties of monolithic columns. L × I.D.: column length and internal diameter, �P max : maximum pressure limit of the column, T max : maximum column temperature, C [%]: 

carbon load. 

Column L × I.D. [mm] 

Macropore 

size [μm] a 

Meso-pore 

size [ ̊A] porosity �P max [bar] pH range T max [ °C] Support 

Stationary 

phase C [%] 

Chromolith WP300 RP-4 50 × 4.6 2 300 > 80% 200 1.5 to 7.5 60 silica C4 3.5 

Chromolith WP300 RP-18 100 × 2 2.0 300 > 80% 200 1.5 to 7.5 60 silica C18 9 

Chromolith HR RP-18e 100 × 2 1.15 150 > 80% 200 2.0 to 7.5 50 silica C18 15 

a Values taken from Chromolith column brochure at https://www.sigmaaldrich.com/ 
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ryLab 4.3.5 (Molnár-Institute, Berlin, Germany) as design of ex- 

eriment software. 

.3. Sample preparation 

A stock solution of the protein samples cytochrome c, β- 

actoglobulin, lysozyme and BSA with a concentration of 5 mg/mL 

as been prepared with water. The stock solutions were diluted 

:5 with 10 mM ammonium acetate (pH 6) to get the final con- 

entration of the pure proteins (c = 1 mg/mL). A mixture of the 

our proteins with a concentration of 1 mg/mL for each protein 

as prepared by mixing the four stock solutions and dilution by 

0 mM ammonium acetate. NIST mAb was diluted from a concen- 

ration of 10 mg/mL to 1 mg/mL with 10 mM ammonium acetate. 

IdeS digestion was performed with FragIT MicroSpin columns 

ollowing the manufacturer’s instructions with a cleavage buffer 

omposed of 10 mM Na 2 HPO 4 , 140 mM NaCl and 2.7 mM KCl.

0 μL of the antibody solution (c = 10 mg/mL) was diluted with 

0 μL cleavage buffer. For digestion this reaction mixture was in- 

ubated for 30 min at 37 °C and 250 rpm. For further reduction, 

0 μL of a 50 mM TCEP solution was added and incubated for 

0 min at 60 °C and 250 rpm. Subsequently, the buffer was ex- 

hanged three times with a Vivaspin 500 spin column (MWCO 

0,0 0 0) with 10 mM ammonium acetate buffer pH 6.0 at 12 0 0 0 g

or 5 min. 

.4. Gradient kinetic plot method 

The gradient kinetic plots concept has been described by 

roeckhoven et al. [20] and the same methodology was used 

erein with some minor adjustments. In pre-experiments the col- 

mn dead times and the system back pressure were measured iso- 

ratically by injection of thiourea as dead time marker with the 
3 
obile phase composition with the highest viscosity during the 

radient which is for an acetonitrile/water mixture at 25% for the 

radient ranges from 25–50% ACN [26] . The back pressure was 

easured with the column installed ( �P total ) and with a zero- 

ead volume union installed instead of the column ( �P ec ). Thus, 

he corrected column back pressure ( �P column ) could be calculated 

y �P column = �P total - �P ec . The maximum flow rate was deter- 

ined according to the maximum allowed column pressure given 

y the manufacturer. Eight data points representing eight different 

ow rates were considered as sufficient for creation of the gradi- 

nt kinetic plots. The highest flow rate was dictated by the max- 

mum allowed column pressure �P column, max thus the remaining 

even flow rates were selected considering the lowest flow rate 

ith sufficient flow accuracy specified by the instrument manufac- 

urer (0.1 mL/min) and the remaining six flow rates were in equal 

ntervals in between. DryLab screening runs were performed for 

ach column to check for appropriate conditions considering the 

olumn temperature and the gradient design (start and end con- 

ition of acetonitrile and gradient time). Three different gradient 

imes (10, 20 and 30 min) were used at two different tempera- 

ures (30 and 60 °C) at a flow rate of 0.5 mL/min for the screening

nd determination of log k w 

and S -values, thus in total six gradi- 

nt runs were performed. For the DryLab model only the 10 and 

0 min runs were used as input and the 20 min gradient time was 

sed to determine the method and sample dependent S -value ac- 

ording to a method described by Zhang et al. [27] with some ad- 

ustments explained in the supplementary chapter 1. Based on the 

inear solvent strength theory the log k w 

and S -values can be cal- 

ulated as intercept and slope, respectively, of log k vs. ϕ plots ( ϕ: 

odifier content). 

For each column the lowest possible gradient time was used 

o get still a separation of all peaks with a minimal resolution of 

.5. As the intact NISTmAb samples has only one peak the low- 

https://www.sigmaaldrich.com/
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st possible gradient time was used and the retention time of the 

ISTmAb peak was set to 2/3 of the gradient time. 

One important prerequisite for the gradient kinetic plots is that 

or each flow rate the sample experienced the same mobile phase 

istory [20] . Therefore, β·t 0 must be constant, where β is the gra- 

ient steepness and t 0 is the column dead time. 

The gradient steepness β can be expressed as [20] ( Eq. (1 )) 

= 

ϕ end − ϕ 0 

t end − t start 
= 

�ϕ 

t G 
(1) 

here t end and t start are the gradient end and start time and ϕend 

nd ϕ0 are the final and initial organic modifier percentage, re- 

pectively. 

In the current study, columns with different stationary phases 

ere used why it might not be enough to keep β·t 0 constant. 

hang et al. suggested to consider the S -value and keep S ·β·t 0 con-

tant. 

The comparison of the chromatographic performance of the dif- 

erent columns in gradient separations was performed using the 

eak capacity ( n p ). The peak capacity represents the maximum 

umber of peaks that can be fitted into the chromatographic win- 

ow between the first and the last eluting peak. Herein, n p was 

alculated assuming Rs = 1 using a simplified equation [28] : 

 p = 1 + 

t G − t 0 
W 4 σ

= 1 + 

t G − t 0 
1 . 7 · W 50% 

(2) 

ith t 0 being the elution time of a non-retained compound (dead 

ime) and t G being the gradient (run) time. w 4 σ is the peak width 

t 4 σ and w 50% is the peak width at half height. w 50% was used

ecause it can be determined more accurately by the software and 

s less prone to errors. 

The maximum column performance limit is reached at its ki- 

etic performance limit (KPL) which is at the maximum pressure 

imit ( �P max ) either of the column or the system, whichever is the 

ower. Therefore, the column length rescaling factor λ was used to 

alculate the peak capacity at the KPL [20] . 

= 

�P max 

�P exp 
(3) 

here �P exp is the experimental pressure drop caused by the col- 

mn. 

The peak capacity at the KPL can be calculated as follows based 

n the experimentally obtained peak capacity n p,exp : 

 p,KPL = 1 + 

√ 

λ · ( n p,exp − 1 ) (4) 

The retention time at the KPL limit can be calculated as follows: 

 R,KPL = λ · t R,exp = t 0 , KPL ( 1 + k ) (5) 

In the final KPL methods the gradient range was from 25 – 55% 

CN and a column temperature of 60 °C was used for all columns. 

. Results and discussion 

.1. Validation of the gradient kinetic plot concept for proteins 

First, the validity of the gradient kinetic plot model for pro- 

eins as solutes was investigated using two columns which only 

iffered in their column length viz. BIOshell 10 0 0 Å 50 mm and

0 mm length. For this reason, the KPL curves of the two columns 

hould overlap proving the validity of the model [20] . The sample 

et consisted of proteins covering a molecular weight range from 

2.4 to 148.2 kDa, isoelectric points ( pI ) ranging from 4.7 to 11.35

nd different hydrophobicities (Table S 1). Three sample mixtures 

ere used: A standard protein mixture consisting of cytochrome c, 

ysozyme and β-lactoglobulin covers the molecular weight range 

rom 12.4 to 18.3 kDa representing small proteins (note, BSA was 
4 
lso present and hence appears in the chromatograms; however, 

ue to molecular dispersity and uncommonly broad peaks it was 

mitted from the study of KPL curves). Antibody fragments ob- 

ained after IdeS-digestion and disulphide reduction resulting in 

ight chain (LC), Fc/2- and Fd-fragments are frequently analysed 

n middle-up approaches and represent intermediate-sized pro- 

eins with a molecular weight of approximately 25 kDa. The in- 

act NISTmAb sample was the protein with the highest molecular 

eight in the study sample set. 

Based on the DryLab screening runs similar conditions for the 

radient range and the start and end percentage of acetonitrile (25 

55%) as well as a temperature of 60 °C were found to be appro- 

riate for all columns. The use of higher temperatures than 60 °C 

or columns with a higher maximum temperature limit will cer- 

ainly have an influence on the column performance as it is affect- 

ng the selectivity, S-value of the solutes, on-column protein sta- 

ility, the mobile phase viscosity and consequently the back pres- 

ure and therefore the maximum possible flow rate. Due to the 

ultiple parallel effects of the temperature on the separation, it 

ould be difficult to deconvolute the stationary phase effects re- 

ponsible for the differences in column performance. Therefore, a 

xed temperature of 60 °C was used for all columns as a com- 

romise. Two different conditions have been tested for an over- 

ap. First β·t 0 was kept constant and a value of 0.02 was selected 

ased on the screening runs. This approach is the original method 

rom Broeckhoven et al. testing columns with the same stationary 

hase. Second S ·β·t 0 was set constant as suggested by Zhang et al. 

27] which takes the different retention behaviour of varying sta- 

ionary phases for the same analyte into account. S ·β·t 0 = 2 was 

ound to be considerable based on the DryLab screening runs. For 

he first case with β·t 0 = 0.02, a very good overlap could be ob- 

erved for lysozyme ( Fig. 1 a), the antibody fragments ( Fig. 1 c) and

he intact NISTmAb ( Fig. 1 e). Minor deviations were found for cy- 

ochrome c and β-lactogobulin ( Fig. 1 a). The overlap for the second 

ondition S ·β·t 0 = 2 was perfect for all sample proteins ( Fig. 1 b, d)

ith exception for the intact NISTmAb ( Fig. 1 f) which showed a 

inor deviation. Both tested conditions showed acceptable results 

ut in total the condition S ·β·t 0 = 2 seemed to be superior because 

nly the NISTmAb showed a minor deviation and this might result 

rom inaccurate determination of the S -value of the antibody. 

.2. Evaluation of superficially porous particle columns 

The current study included six superficially porous particle 

SPP) columns which differed mainly in shell thickness and pore 

ize, while they had nearly the same particle diameter (2.7—

.5 μm) ( Table 1 ). Example chromatograms for SPP columns (Ad- 

anceBio RP mAb C4 and BIOshell 400 Å, respectively) are given 

n Fig. 2 a-c and Fig. S 1 in the supplementary material for the in-

act NISTmAb, the NIST-IdeS-TCEP sample and the protein mixture. 

ll main peaks of the NISTmAb fragments ( Fig. 2 b) as well as the

rotein mix samples ( Fig. 2 c) were baseline separated from each 

ther. 

The interpretation of the KPL curves is straightforward. From 

 practical viewpoint KPL plots of distinct columns can be con- 

eniently used to select the system which can provide a certain 

fficiency (i.e. peak capacity n p ) in the shortest possible time t R 
hen they are operated at their pressure maximum �P max (see 

able 1 ). Vice versa, it allows to select the system that gives the 

ighest peak capacity with a certain pre-selected speed t R . For ex- 

mple, when looking at the KPL curves of different SPP columns 

or cytochrome c ( Fig. 3 a), n p = 100 can be achieved in the short-

st possible time with the BIOshell 400 Å column ( t R = 55.9 s,

ther columns: BIOshell 10 0 0 Å 20 mm: 67.8 s; BioResolve RP 

Ab: 78.5 s; BIOshell 10 0 0 Å 50 mm: 84.7 s; Advance Bio 89.6 s;

eris Widepore C4: 94.3 s). The shortest analysis time for n p = 250, 
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Fig. 1. Gradient kinetic plot method validation for protein samples using columns of different lengths. Protein mix sample (a-b) contained cytochrome c, lysozyme and 

β-lactoglobulin, (c-d) NISTmAb subunits comprised of Fc/2-, Fd-fragments and light chain (LC), and (e-f) intact NISTmAb. Columns: BIOshell 10 0 0 Å 2.1 mm I.D., 50 and 

20 mm length, respectively; column temperature = 60 °C; 8 flow rates from 0.1 to 1.5 in 0.2 mL/min steps; mobile phase A: 0.1% (v/v) TFA in water, B: 0.1% (v/v) TFA in 

ACN, gradient: 25–55% B; gradient time set to keep β ·t 0 = 0.02 (a, c, e) or S ·β ·t 0 = 2 (b, d, f) constant. 
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owever, was observed for the BIOshell 10 0 0 Å 50 mm column 

 t R = 565.2 s). In general, the BIOshell 400 Å column showed 

uperior performance especially for the fast method regime (low 

etention times; slant horizontal asymptote; C-term region) com- 

ared to the other SPP columns for the small proteins cytochrome 

, lysozyme and β-lactoglobulin ( Fig. 3 a-c). At low flow rates 

nd slow method regime (i.e. under conditions corresponding to 

he vertical asymptote; B-term region) the highest peak capacities 

ere reached with the BIOshell 10 0 0 Å columns. A similar trend 

as found for the lysozyme and β-lactoglobulin samples ( Fig. 3 b- 

). These data suggest that the benefit of enhanced pore diffu- 

ion with 10 0 0 Å material cannot be realized under conditions 

f high flow rates (fast separation regime; C-term region) due to 

he longer diffusion paths (0.5 μm shell thickness) of the BIOshell 

0 0 0 Å compared to BIOshell 400 Å (0.2 μm). Even for small pro-

eins shorter diffusion paths (thin shell) bring more benefits at 

igh flow rates than wider pores, the advantage in terms of unhin- 

ered pore diffusion can only be exploited at low flow rates if the 

iffusion paths are relatively long like for thick-shell SPP columns 

such as BIOshell 10 0 0 Å). 

For intermediate-sized proteins, such as NISTmAb fragments, 

he BIOshell 400 Å column had the best performance amongst the 

ested SPP columns over the entire flow rate/column length range 

 Fig. 3 d-f). Again, the outstanding performance of the BIOshell 

00 Å column was most likely mainly due to the thinner porous 
5

hell (0.2 μm) with its shorter diffusion paths and enhanced mass 

ransfer also for intermediate-size proteins. The larger the protein, 

he smaller is the diffusion coefficient and the higher is the mass 

ransfer contribution to the band broadening. Thus, a better perfor- 

ance of the BIOshell 10 0 0 Å was expected but was not realized,

robably due to a more favourable striking effect from shorter dif- 

usion paths of the BIOshell 400 Å material ( Fig. 3 d-f). The Aeris 

idepore C4 column has the same shell thickness, but a much 

maller pore size of 200 Å which seems to be too narrow and can 

ead to hindered pore diffusion. Therefore, it is not a surprise that 

t showed the worst performance of all SPP columns tested. 

While the BIOshell 400 Å column was the best choice for pro- 

eins with a molecular weight from 12.4 to about 25 kDa, the Ad- 

anceBio RP mAb C4 was superior to the other SPP columns for 

he intact NIST mAb ( Fig. 3 g). Without more in-depth characteriza- 

ions and investigations of individual peak dispersion contributions 

t is hard to explain why it was superior to the BIOshell 400 Å col-

mn as they largely resemble each other in shell thickness (0.25 vs. 

.2 μm), particle size (3.5 vs. 3.4 μm) and pore size (450 vs. 400 Å).

he permeability of the BIOshell 400 Å is 30 % lower while the 

ow resistance is 35 % higher compared to the AdvanceBio col- 

mn which may indicate some significant differences in the mor- 

hology (see supplementary chapter 2.3 and Fig. S 2–3). Possible 

xplanations for the shifted KPL curve of AdvanceBio RP mAb C4 

n relation to the BIOshell 400 Å are differences in surface chem- 
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Fig. 2. Chromatograms of the best performing columns for each column technology. Superficially porous particle (SPP) columns (a, d, g); fully porous particle (FPP) columns 

(b, e, h); monolithic columns (c, f, i) Samples: intact NISTmAb (a-c), NISTmAb fragments (NIST-IdeS-TCEP: d-f) and protein mixture (g-i). Column temperature = 60 °C, flow 

rate = 0.5 mL/min, mobile phase A: 0.1% (v/v) TFA in water, B: 0.1% (v/v) TFA in ACN, gradient 25–55% B. Gradient time was set for each column and sample mixture to keep 

S ·β ·t0 = 2. 
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stry including bonding density, endcapping and secondary inter- 

ctions of the stationary phase, pore structure, pore and particle 

iameter distributions, and so forth. The suitability of the BIOshell 

olumns for ultra-fast protein separations ( < 1.5 min) has been re- 

ently demonstrated by their application for full comprehensive 

D-LC analysis [29] . 

For comparison of the KPL curves of different proteins on the 

ame SPP column, the interested reader is referred to the supple- 

entary material (Fig. S 4). To conclude, the relative order of ki- 

etic performance of the tested SPP columns is mainly driven by 

he shell thickness, unless the pore diameter is too small like for 

he 200 Å material. A significant gain in the kinetic performance 

ith 10 0 0 Å pore size can only be materialized in the slow method

egime (due to thicker shell). To investigate the influence of the 

ressure limit on the performance comparison, a KPL plot with a 

onstant maximum pressure (600 bar) limit was created (see sup- 

lementary Fig. S 5) but still the same trends were observed with- 

ut any significant changes. The current work confirms that the 

00 Å materials with thin 0.2 μm shell are a good compromise re- 

arding kinetic performance. 

.3. Evaluation of fully porous particle columns 

Four different fully porous particle (FPP) columns have been in- 

estigated in the current study differing in particle size (1.7 and 

 μm), pore size (300 to 1500 Å) and backbone chemistry (silica, 

thylene bridged silica hybrid, polystyrene materials) ( Table 2 ). In 

he direct column-to-column comparison the Acquity UHPLC BEH 

4 (1.7 μm, 300 Å) column outperformed clearly all other FPP 
6 
olumns among all the examined proteins and the entire tested 

ow rate range ( Fig. 4 ). The difference in performance between 

he Acquity and the Solas columns could be partially explained by 

he lower maximum pressure limit of the Solas columns (700 bar 

s. 10 0 0 bar). As a consequence, the Solas columns allowed the 

se of lower maximum flow rates up to 0.8 mL/min only, while 

he Acquity column could be run at up to 1.5 mL/min. Therefore, 

aster protein analysis can be realized with the Acquity column. 

he Solas columns possess also a low carbon content ( Table 2 ). One

ould further speculate that due to low ligand coverage residual 

ilanols are accessible to protein interactions at the surface leading 

o reduced efficiencies. On the other hand, the wide-pore (1500 Å) 

 μm MAbPac RP column was performing worst for the small pro- 

eins in terms of speed-efficiency compromise and kinetic perfor- 

ance limits, respectively, under the selected conditions (60 °C) 

ost likely owing to its larger particle size that is associated with 

arger Eddy diffusion terms and increased mass transfer resistance 

 Fig. 4 ). Here it should be mentioned that MAbPac RP is usually 

sed at higher temperatures at which it shows significantly better 

erformance. As the size of the proteins increased, the MAbPac RP 

olumn gained in KPL performance and indeed its best KPL-curves 

mongst the tested proteins were obtained for the intact NISTmAb 

nd its fragments (Fig. S 6a). This observation can be explained by 

he large pore size of 1500 Å which is specifically appropriate for 

ery large proteins. For the Acquity UPLC BEH C4 column the KPL 

urves show less variance between the distinct proteins but again 

he NISTmAb sample and the Fd-fragment exhibited the best KPL- 

urves (Fig. S 6b). One further advantage of the Acquity column 

ay be the broader pH range from pH 1 to 12 due to the bridged
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Fig. 3. Gradient kinetic plots for the same protein and different superficially porous particle columns. (a) Cytochrome c, (b) lysozyme, (c) β-lactoglobulin, (d) light chain, (e) 

Fd-fragment, (f) Fc/2-fragment, (g) NIST mAb. Column temperature = 60 °C, mobile phase A: 0.1% (v/v) TFA in water, B: 0.1% (v/v) TFA in ACN; gradient: 25–55% B; 8 flow 

rates were used according to the columns maximum pressure limit and the gradient time adjusted to keep S ·β ·t 0 = 2 constant. The figure legend provides the column brand 

name, pore size, total particle diameter, in brackets the shell thickness and the label L2 and L5 represent the column length of 20 and 50 mm, respectively. 
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thylene hybrid (BEH) technology. Usually proteins are analysed 

t low pH-values but there might be some special applications 

here a high pH-value could provide some orthogonal selectiv- 

ty or might be more beneficial for proteins with low isoelectric 

oint. For the latter higher pH-value could enable the use of nega- 

ive ionisation mode in ESI-MS-analysis [ 30 , 31 ]. Further, to column 

tability is expected to be better and it offers the possibility to use 

igh pH for column regeneration. All tested FPP columns can be 

sed at elevated temperatures up to 90 °C while the MAbPac col- 

mn tolerates even 110 °C. This is beneficial in terms of better re- 

overy, lower back pressure due to reduced mobile phase viscosity 

hifting the KPL curves to increased efficiencies and higher peak 

apacities, respectively. One particular disadvantage of the MAbPac 

olumn is its limited maximal pressure (275 bar) that is a result 

f the wide pores with limited pressure stability. It could therefore 

nly be used at lower maximum flow rates (0.5 vs. 1.5 mL/min for 

ost of the other tested columns) and had consequently higher 
7 
etention times. Moreover, the rescaling factor λ at lower flow 

ates was smaller than for columns with higher pressure limits. On 

he other hand, the MAbPac column offers the broadest pH range 

from 1 to 14) of all columns because of its polymeric support. 

onsequently, it can provide different selectivities because the sta- 

ionary phase is based on pendant phenyl groups (divinylbenzene 

opolymer). The two Solas columns, however, showed their best 

erformance for cytochrome c and lysozyme amongst the different 

roteins (Fig. S 6c-d). Compared to the other FPP columns, they 

xhibited reasonable kinetic performance for these small proteins. 

or the larger proteins (NISTmAb and fragments) the 400 Å Solas 

olumn is not competitive in terms of kinetic performance with 

he Acquity UPLC BEH C4 column, for the NISTmAb the same is 

een for the 10 0 0 Å Solas column unexpectedly. At this point it 

hould be mentioned that both Solas columns are specified with 

 column maximal pressure of 700 bar, but especially the column 

ith the 10 0 0 Å wide pores may have limited column longevity 
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Fig. 4. Gradient kinetic plots for the same protein and different fully porous particle columns. (a) Cytochrome c, (b) lysozyme, (c) β-lactoglobulin, (d) light chain, (e) Fd- 

fragment, (f) Fc/2-fragment, (g) NIST mAb. Other conditions are the same as in Fig. 3 . The figure legend provides the column brand name, pore size and total particle 

diameter. 
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f it is operated for prolonged period at this maximal pressure. 

he same trends are observed when a constant pressure limit of 

00 bar is used instead of the individual column pressure limits 

see supplementary Fig. S 7). Overall, the Acquity UPLC BEH C4 

olumn showed the best kinetic performance within this class of 

olumns regardless of protein size. 

.4. Evaluation of monolithic columns 

Three monolithic columns, which differed in macropore size 

and hence in domain size as well i.e. the combined length scale 

f mean macropore and silica skeleton diameters), mesopore size 

f the silica skeleton (300 and 150 Å), column dimension (4.6 and 
8 
 mm I.D.) and alkyl-bonding (C18 vs C4), were investigated in the 

urrent study ( Table 3 ). Of those monoliths, only the Chromolith 

P300 RP-4 is dedicated for protein separations, while the Chro- 

olith WP300 RP-18 has its application scope for larger peptides. 

he Chromolith HR RP-18e has its primary scope of application for 

mall molecules and small peptides. In spite of that all three Chro- 

oliths were investigated here for protein separations due to lack 

f alternatives of its kind and to illustrate performance differences 

hat are associated with their altered morphologies, i.e. pore size, 

acropore and skeleton diameter that are correlated (narrower 

acropores are associated with thinner skeletons and smaller do- 

ain size). Hormann et al. determined macropore diameters of 

.98 ± 0.76 vs 1.33 ± 0.48 μm, skeleton diameters of 1.17 ± 0.32 vs 
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Fig. 5. Chromatogram comparison of the monolithic columns. (a-c) NISTmAb (1), (d-f) NIST-IdeS-TCEP with (2) Fc/2-, (3) light chain- and (4) Fd-fragment and protmix (g-i) 

containing (5) cytochrome c, (6) lysozyme, (7) BSA and (8) β-lactoglobulin. (a, d, g) Chromolith WP300 RP-4, (b, e, h) Chromolith WP 300 RP-18 and (c, f, i) Chromolith HR 

RP-18e columns. Column temperature = 60 °C, flow rate = 0.5 mL/min, mobile phase A: 0.1% (v/v) TFA in water, B: 0.1% (v/v) TFA in ACN, gradient 25–55% B. Gradient time 

was set for each column and sample mixture to keep S ·β ·t 0 = 2. 
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.90 ± 0.29 μm and domain size of 3.15 vs 2.23 μm for 1st and 2nd

HR) generation of 4.6 mm I.D. Chromolith columns [32] . These di- 

ensions are slightly downscaled for the 2 mm I.D. Chromolith 

olumns ( Table 3 ). 

All three columns showed a good performance and could sepa- 

ate the two test mixtures with three sample constituents with the 

ame elution order and similar selectivities ( Fig. 5 ). The Chromolith 

P300 RP-18 had the best performing KPL-curves for the small 

tandard proteins cytochrome c, lysozyme and β-lactoglobulin 

 Fig. 6 a-c). For the separation of the NISTmAb light chain and the 

d-fragment, the best kinetic performance at high flow rates (i.e. at 

he fast separation regime with low t R ) exhibited the Chromolith 

P300 RP-18, while the Chromolith HR RP-18e performed bet- 

er at lower flow rates (high peak capacity regime corresponding 

o the slow separation speeds see Fig. 6 d-e). The Chromolith HR 

P-18e is not tailored for large size proteins, but small molecule 

eparations. Its better kinetic performance in the slow separation 

egime may originate from a thinner skeleton size and smaller do- 

ain size, respectively, compared to the two wide-pore monoliths, 

hich results in lower mass transfer resistance. In the fast separa- 

ion regime this advantage gets lost and the wide pore monoliths 
9 
ehave better and are certainly advantageous. The two C18 mono- 

iths had a very similar performance for the Fc/2-fragment as so- 

ute ( Fig. 6 f). 

The findings from the KPL curves for the intact NISTmAb sam- 

le were unexpected, challenging to interpret and might be easily 

isleading. The KPL curves shown in Fig. 6 g pretend the best ki- 

etic performance for the Chromolith HR RP-18e, especially in the 

low separation speed regime. However, a low recovery was ob- 

erved for this monolith which is not surprising and might be re- 

ated to the hydrophobic C18 alkyl chemistry and problems in dif- 

usional mass transfer in the narrow mesopores or even pore ex- 

lusion and blockage accompanied by analyte loss. With a hydro- 

ynamic diameter of about 9 nm for the NISTmAb and 15 nm pore 

iameter, yielding a ratio λm 

∼ 0.6, effective diffusion is estimated 

o be significantly less than 10 % of unhindered diffusion in free 

olution which may partly explain the recovery loss [10] . A simi- 

ar problem, however, was also found for the Chromolith WP300 

P-18 which may indicate that also the C18 surface chemistry and 

ossibly residual silanols contribute to this poor recovery as well. 

he recovery was becoming worse with an increase in flow rate es- 

ecially for the intact NISTmAb and the two C18 monoliths while 



S. Jaag, C. Wen, B. Peters et al. Journal of Chromatography A 1676 (2022) 463251 

Fig. 6. Gradient kinetic plots for the same protein and different monolithic columns. (a) Cytochrome c, (b) lysozyme, (c) β-lactoglobulin, (d) light chain, (e) Fd-fragment, (f) 

Fc/2-fragment, (g) NIST mAb. Other conditions are the same as in Fig. 3 . The figure legend provides the column brand name, stationary phase chemistry and pore size. 
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he C4 monolith was less affected (Fig. S 8). The recovery issue was 

uch less problematic for the antibody fragments and the small 

tandard proteins (Fig. S 9–10). Hence, the 300 Å wide-pore, C4 

onolith column is the preferred choice, in particular for larger 

roteins. All protein samples had a similar KPL-curve for the Chro- 

olith WP300 RP-4 column (Fig S 11). 

.5. Comparison of column technologies 

KPL curves have the advantage that they enable a reasonable di- 

ect comparison of columns with different dimensions and station- 

ry phase morphologies. Hence, such kinetic plots are a good ap- 

roach to figure out which column provides the best performance 

cross distinct morphologies for a given application. For this pur- 
10 
ose, a comparison of the columns from all designs was finally 

arried out. The chromatograms of the best performing column 

rom each column technology at the same flow rate are depicted in 

ig. 2 . The KPL-curves from the best and least performing column 

f each column technology are shown in ( Fig. 7 a-g). A detailed dis- 

ussion focused on the pore size influence of a representative pair 

f columns from each column morphology is furthermore provided 

n the supplementary information (chapter 2.7 and Fig. S 12). 

The best columns for SPP, FPP and monolith technology were 

he BIOshell 400 Å, Acquity UHPLC protein BEH C4 and Chromolith 

P300 RP-18 columns, respectively. Across all protein sizes, ex- 

ept for NISTmAb the BIOshell 400 Å column showed the best ki- 

etic performance. It was outperformed, though, by the Acquity 

HPLC protein BEH C4 and Chromolith WP300 RP-18 columns in 
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Fig. 7. Gradient kinetic plot comparison of best and worst column for each column technology and a certain protein. Other conditions are the same as in Fig. 3 . The figure 

legend provides the column brand name, pore size, total particle diameter, in brackets the shell thickness and the label L2 and L5 represent the column length of 20 and 

50 mm, respectively. 
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he low speed region for the small proteins. The Acquity UHPLC 

rotein BEH C4 column showed comparable performance for the 

mall proteins but fell short, compared to BIOshell 400 Å, for the 

arger protein sizes. Even the SPP with the lowest performance, 

he Aeris Widepore C4 column, showed only a little worse perfor- 

ance and was still a good candidate for the separation of small 

roteins. The MAbPac RP column was clearly less favourable in 

erms of kinetic performance, yet since the 1500 Å pores are fully 

ccessible even for larger proteins it may offer favourable inter- 

ctive surface and selectivity depending on the protein mixture. 

he KPL-curves for the intact NISTmAb were considerably differ- 
11
nt compared to all smaller protein samples ( Fig. 7 g). The SPP Ad- 

anceBIO RP mAb C4 had clearly the best performance, followed 

y the BIOshell 400 Å. The KPL-curve of the Aeris Widepore C4 

200 Å) largely matched the one of FPP Acquity UHPLC BEH pro- 

ein C4 (300 Å). The shorter diffusion paths of the former might 

ompensate for the favourable wider pores of the latter. As ex- 

ected, the pore size of the Chromolith HR RP-18e is too small 

or protein separations resulting in recovery problems (vide supra). 

n the other hand, the Chromolith WP300 RP-18 was quite com- 

etitive to the best performing columns Acquity UHPLC BEH C4 

FPP) and BIOshell 400 Å (SPP) for the small proteins. For large 
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[

roteins like mAbs the Chromolith WP300 RP-4 is the preferred 

hoice and its KPL approximate the SPP (Aeris Widepore C4) and 

PP columns (Acquity UHPLC BEH protein C4) with similar pore 

ize. Major limitations of the monoliths were their low maximum 

ressure drop (originating mostly due to the fragile PEEK cladding) 

nd the large total porosity. The maximum pressure limit for the 

hromolith columns was at only 200 bar which was the lowest for 

ll the 13 columns and effected the KPL curves through the rescal- 

ng factor λ. In spite of the low pressure limit, it was still possi-

le to use a high flow rate of 1.5 mL/min due to the low column

ack pressure. Overall the SPP columns (BIOshell 400 Å and Ad- 

anceBIO RP mAb C4) showed the best performance and the FPP 

cquity UHPLC BEH C4 also an excellent performance for the small 

roteins and antibody fragments. 

. Conclusions 

Gradient kinetic plots are a powerful tool for the evaluation 

f the column performance and can be conveniently applied even 

hen they have distinct stationary phase morphologies. The cur- 

ent work provides an extended performance evaluation of new 

nd relatively established modern columns for the separation of 

roteins. For that purpose, a set of proteins was used to cover a 

olecular weight range from 12.4 to 148 kDa and consisted of 

tandard proteins (cytochrome c, lysozyme and β-lactoglobulin), 

n intact monoclonal antibody (NISTmAb) and its fragments after 

deS-digestion and disulphide reduction. Superficially porous par- 

icle (SPP) columns, in particular with thin shell, showed overall 

he best performance among all the tested columns due to their 

utstanding mass transfer kinetics in combination with the pos- 

ibility to be used at ultra-high pressure. This enables their us- 

ge for ultra-fast separations what is a continuous demand from 

he (pharmaceutical) industry and important for full comprehen- 

ive two-dimensional liquid chromatography. In the fast separa- 

ion regime, a thinner porous shell was outperforming wider pore 

ize. A sub-2 μm fully porous particle (FPP) column and monolithic 

olumns could compete with the superficially porous columns for 

mall sized proteins but were clearly outperformed by the SPP 

olumn with thin shell for the analysis of the antibody and its 

ragments. Mass transfer resistance has the biggest contribution to 

and broadening especially at high flow rates, therefore, the diffu- 

ion path lengths must be reduced by using thin porous shell for 

PP columns and reducing the particle size for FPPs. The pore size 

as a critical influence on the mass transfer kinetics and a value 

f around 400 Å seems to be optimal for a broad range of protein

izes but larger pore can be more beneficial if the diffusion path is 

onger. Monolithic columns benefit from a low column back pres- 

ure but due to their lower pressure stability they can be damaged 

ore easily by ultra-high pressure systems. However, the selection 

f columns for protein separations should not solely be based on 

he kinetic performance but should also consider factors like pro- 

ein recovery (adsorption), selectivity, silanol activity and temper- 

ture stability to mention a few. Overall, the current study may 

uide column selection for specific protein sizes. 
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