Journal of Chromatography A 1752 (2025) 465976

ELSEVIER

Contents lists available at ScienceDirect
Journal of Chromatography A

journal homepage: www.elsevier.com/locate/chroma

JOURNAL OF CHROMATOGRAPHY A

Effect of stationary phase surface chemistry and particle architecture

in proteomics

Jan Valasek, Lukas Hekerle, Martina Nechvatalova, Antonin Bednarik, Jan Preisler,

Jit{ Urban "

Department of Chemistry, Faculty of Science, Masaryk University, Kamenice 5, 625 00 Brno, Czech Republic

ARTICLE INFO ABSTRACT

Keywords:

Gradient elution

Column characterization
Reversed-phase retention
Bottom-up

Proteomics

Peptide

The kinetic properties of four columns packed with fully porous particles and three with superficially porous
particles were characterized for possible application in proteomic bottom-up analyses. All columns provided an
attachment of hydrophobic C18 chains at the surface of the stationary phase. However, they differed in the
additional attachment of polar groups and/or endcapping procedure. We have used the retention modeling
protocol to explore the separation efficiency and maximal achievable peak capacity on tested columns. Almost all
columns provided comparable maximal peak capacity in the range of 500 — 700 for the eight-hour gradient run.
This confirms that the family of the stationary phases used in the bottom-up proteomics can be extended. In the
case of fully porous particles, we found that the higher the column peak capacity, the higher the number of
identified peptides in the simple proteomic sample, with approximately one identified peptide per peak capacity
unit. On the contrary, in the case of the superficially porous particles, the number of identified peptides in the
sample decreased with the higher column peak capacity. This trend can be overturned only when the lower
amount of the sample is injected. Hence, when bottom-up proteomics is considered, the lower loadability of the
superficially porous particles still needs to be addressed. Most stationary phases tested can be successfully used in
the bottom-up analyses. However, the stationary phases with incorporated polar functional groups reduced the
undesirable contribution of free silanol groups to peptide peak tailing and increased the information provided by
LC-MS analysis.

1. Introduction

particulate stationary phases, with fully porous particles being almost
exclusively used (96 %). Interestingly, nearly half of all analyses studied

In the most widespread bottom-up proteomics analysis, the proteins
are first digested into particular peptides, which are then separated and
identified by liquid chromatography coupled to the mass spectrometry
(LC-MS) [1]. This protocol is, without any doubt, the method of choice
in current attempts to explore the functions of proteins in countless
different samples and living systems [2]. Although mass spectrometry
instruments are experiencing steep development growth and providing
comprehensive knowledge and information, liquid chromatography
remains a less explored part of the protocol. To address this issue, Lenco
et al. [3] provided a comprehensive overview of many attributes of
reversed-phase (RP) liquid chromatography that, if properly optimized,
offer full utilization of highly sophisticated MS instruments.

When focusing on the types of columns applied in the separation,
their literature survey revealed that >98 % of work was performed on

were performed on Acclaim PepMap columns (Thermo Scientific, Wal-
tham, MA, USA) [3]. This is probably because fully porous particles are
readily commercially available, optimized to provide desired separa-
tion, and easily packed into narrow capillaries, providing highly sensi-
tive separation of peptides [4,5].

Although superficially porous particles formed by the thin stationary
phase on the impervious core were introduced several decades ago [6],
they are only minimally used in bottom-up proteomics [3]. Even though
they provide 10 — 25 % better kinetic performance, the fully porous
particles are still preferred to deal with the broad dynamic concentration
range in proteomic samples [7,8].

The main advantage of superficially porous particles is that they offer
similar separation as sub 2 pm particles but at a maximal pressure of 40
MPa [9]. These particles provide a better quality of column packing
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when compared to the columns packed with fully porous particles [10,
11]. The reduced accessible volume for analyte diffusion due to the
presence of the impervious core can be advantageous for separating
peptides but is essential for analyzing large proteins [12,13]. Although
the lower sample loadability was attributed to the superficially porous
particles, small differences in the loading behavior of superficially and
fully porous particles have been shown [14,15]. This might be attributed
to the fact that the layer of the superficial stationary phase still occupies
a significant volume of the total particle volume. For example, the 0.23
pm thick porous layer at a spherical particle with a diameter of 1.7 pm
occupies over 60 % of its total volume [3]. Nevertheless, due to their
seldom use in bottom-up proteomics, the information on the peptide
concentration effect on the separation properties is rather limited.

The surface area of stationary phases used in bottom-up proteomics
ranges between 100 and 400 m2/g, with corresponding pore sizes of 100
~ 130 A. It is not recommended to use particles with pore sizes smaller
than 100 A, especially if separating larger peptides is necessary [3].
Silica-based particles with C18 alkyl chains are almost exclusively used
in the RP separation of peptides, while protein separations are usually
performed by columns packed with C4-modified silica particles [3,16].
However, not all Si-OH functional groups are modified by hydrophobic
alkyl chains. The residual silanol groups dissociate in the presence of the
mobile phase and provide ionic interactions with protonated peptides.
These secondary interactions with the slow kinetics then result in peak
broadening. One of the most recent strategies for suppressing unwanted
silanol activity is attaching positive charges at the particle surface. For
this purpose, end-capping of residual silanols by polar functionalities or
embedding polar groups directly to bonded ligand was developed [17,
18]. Still, although introduced more than two decades ago [19], these
particles are rarely used for proteomic analysis [3].

In this work, we aim to test the effect of surface chemistry and par-
ticle architecture of reversed-phase columns on the separation quality in
bottom-up proteomics analysis. We used a retention modeling approach
to compare the kinetic properties of four columns with fully porous
particles and three with superficially porous particles. We studied the
effect of gradient time on achievable peak capacity, which is the main
separation efficiency criterion in gradient elution. To show the practical
applicability of tested columns in proteomics analysis, we studied the
effect of column peak capacity on the maximal number of identified
peptides for both the simple proteomic sample and the highly complex
cell-line digest sample.

2. Experimental part
2.1. Chemicals

Trifluoroacetic acid (TFA), formic acid (FA), dithiothreitol (DTT),
iodacetamide (IAA), urea, ammonium bicarbonate, trypsin from bovine
pancreas, glycyl-l-phenylalanine (Gly-Phe, M, = 222.24), l-phenyl-
alanyl-l-phenylalanine (Phe-Phe, M, = 312.36), [D-Trp6]-luteinizing
hormone-releasing hormone (Lut, M, = 1311.45), angiotensin II (Ang
I, M, = 1046.18), substance P (Sub P, M, = 1347.63), renin (Renin, M, =
1759.01), insulin chain B oxidized (Insulin, M, = 3495.89) were pur-
chased from Merck (St. Louis, MO, USA). Acetonitrile for gradient HPLC,
acetonitrile LC/MS grade (Merck, St. Louis, MO, USA), and redistilled
deionized water were used to prepare samples and the mobile phase.
Proteins a-casein and fB-casein from bovine milk, catalase from bovine
livers, myoglobin from equine skeletal muscle, thyroglobulin from
bovine thyroid, ovalbumin and bovine serum albumin (Merck, St. Louis,
MO, USA) were used to prepare simple tryptic digest sample. Pierce
HeLa Protein Digest Standard was purchased from Thermo Fischer Sci-
entific (Waltham, MA, USA)

2.2. Sample preparation

Model peptide mixture. Gly-Phe, Phe-Phe, Lut, and Ang II stock

Journal of Chromatography A 1752 (2025) 465976

solutions were prepared in 400 pg/mL concentrations. Sub P and Insulin
solutions were prepared in 200 pg/mL concentrations. A stock solution
of renin was prepared at 100 pg/mL. Peptides were dissolved in 1 %
Acetonitrile + 0.1 % TFA (all v/v). The final sample was prepared by
mixing the stock solutions to the resulting peptide concentrations of 20
pg/mL Gly-Phe, Phe-Phe, Lut, An II, 30 ug/mL of Sub P and renin, and 50
pg/mL of insulin. The injected sample volume was 5 uL.

Tryptic digest of proteins. Stock protein solutions were prepared at 10
mg/mL concentrations in 8 M urea and 50 mM ammonium bicarbonate
buffer [20]. The stock solutions were then mixed in equal proportions to
give a final mixture with a concentration of 10 mg of protein per ml of
solution. From this mixture, 5 mL was taken, to which 125 pL of 2 M DTT
was added to disrupt the disulfide bridges. The sample was tempered in
a water bath at 37 °C for one hour. Subsequently, 1 mL of 0.5 M IAA was
added to alkylate the sulfide residues, and the sample was left for 30 min
at laboratory temperature in the dark. Then 125 pL of 2 M DTT was
added to prevent excessive alkylation, and the sample was left in the
dark at laboratory temperature for additional 30 min. An aliquot of the 1
ml sample was diluted five times with 50 mM ammonium bicarbonate
and then subjected to enzymatic cleavage, which was achieved by
adding 100 pL of 1 mg/mL trypsin solution. The sample was incubated in
a water bath at 37 °C for 24 h. Proteolytic cleavage was subsequently
terminated by adding 50 pL of FA. The sample was stored at —20 °C.
Before analysis, the sample was diluted 100 times with 50 mM ammo-
nium bicarbonate buffer. The injected sample volume was 25 L, cor-
responding to approximately 4 ug of digested proteins. When the effect
of sample concentration on the kinetic properties of superficially porous
particles was studied, 5 pL of the diluted sample was injected, providing
800, 400, and 200 ng of peptides originating from the protein sample.

HeLa Protein Digest Standard. The HeLa peptide sample was prepared
by dissolving 20 pg Pierce HeLa Protein Digest Standard in 100 uL 0.1 %
FA (v/v). The injected sample volume was 20 pL, corresponding to 4 ug
of peptides.

2.3. Columns and instrumentation

The following columns were included in the study: Acquity UHPLC
BEH C18 1.7 pm (Waters, Milford, MA, USA), Arion Plus C18 UHPLC
column 1.7 pm (Chromservis, Prague, Czech Republic), Kinetex EVO
C18, 1.7 pm; Kinetex Polar C18, 2.6 pm; Kinetex XB-C18, 1.7 pm; Luna
Omega Polar C18, 1.6 pm; Luna Omega PS C18, 1.6 pm (all Phenom-
enex, Torrance, CA, USA). The dimensions of all columns tested were
150 x 2.1 mm (L x ID). Table 1 summarizes the surface chemistry and
hydrodynamic properties of characterized columns with fully and su-
perficially porous particles.

All experiments were performed on an UltiMate 3000 RS System
(ThermoFisher, Waltham, MA, USA) equipped with a binary high-
pressure pump, autosampler, temperature-controlled column compart-
ment, and variable wavelength detector set at 214 nm. The experimental
gradient delay volume of the ThermoFisher UltiMate 3000 RS system
(Vp = 0.164 mL) was determined as suggested by Lenco [3]. The
experimental method in software has not compensated for the gradient
delay volume.

For the LC-MS/MS analysis, the UltiMate 3000 RS System was
combined with a Q Exactive Plus mass spectrometer (ThermoFisher,
Waltham, MA, USA) using the original IonMax ionization source and
HESI II probe. Capillary temperature was held at 250 °C. The spray
voltage was 4.1 kV, and the S-lens radio frequency level was 50. The gas
flow rate values for sheath, auxiliary, and sweep gas were 25, 6, and 0,
respectively. Signals were acquired in positive mode. The top 10 pre-
cursors were selected for data-dependent acquisition (DDA) of MS/MS
spectra. For full MS, mass resolution was 70,000, Automatic Gain Con-
trol (AGC) target 5 - 10% and maximum injection time 50 ms. The
detection range was 350 to 2000 m/z. For MS/MS, mass resolution was
17,500, AGC target 5 - 10* and maximum injection time 145 ms.
Nominal collision energy value was 30.
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Table 1
The surface chemistry and hydrodynamic properties of characterized columns.
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Name — Characterized columns. See Section 2.3 for brand names and manufacturers of the columns. d,, pm — particle size. er — column total porosity determined by
elution volume of uracil in 1 % acetonitrile + 0.1 % formic acid at 40 °C (Eq. (2)). Ky, m? — column permeability calculated by Eq. (1). Pore size, A — pores size. Carbon
load, % - carbon load in the stationary phase. Surface area, m?/g — the surface area of the stationary phase. Layer thickness, pm — thickness of the porous layer on
superficially porous particles. The dimensions of all columns tested were 150 x 2.1 mm (L x ID). n.a. — not available.

Column Name dp, pm er Kg, m? Pore size, A Carbon load, % Surface area, m?/ g Layer thickness, pm
1 Acquity 1.7 0.73 1.95.1071° 130 18 185 -

2 Arion 1.7 0.73 1.70-107"° 100 n.a. 420 -

3 Kinetex Evo 1.7 0.59 2.28.10°%° 100 11 200 0.23

4 Kinetex Polar 2.6 0.63 2.89-1071° 100 9 200 0.23

5 Kinetex XB 1.7 0.63 2.22:10715 100 10 200 0.23

6 Luna Polar 1.6 0.72 2.00-10°%° 100 11 260 -

7 Luna PS 1.6 0.73 1.98.1071° 100 11 260 -

MaxQuant 2.6.6.0 software [21] analyzed the raw LC-MS files with
carbamidomethyl fixed modification and oxidation and acetylation as
variable modifications. Trypsin/P was selected as the digestion enzyme.
FASTA files for individual proteins and human proteome were down-
loaded from the UniProt database (https://www.uniprot.org/). The
number of peptides determined in each raw file was extracted from the
Evidence table after removing peptides marked as Potential
contaminants.

2.4. Columns characterization & calculations

The column permeability, Kr (Eq. (1)), and total porosity, er (Eq.
(2)), characterized the hydrodynamic properties of tested columns.

FyL
= 1
Ke Ap-m-r? )
Vo
= 2
er Ve (2)

In Egs. (1) and (2), F is the mobile-phase flow rate (m3/s), n is the
mobile-phase viscosity (Pa-s), Ap is the pressure drop across the column
(Pa), L is the column length (m), r is the column inner radius (m), Vy is
the column hold-up volume (mL), and V¢ is a geometrical volume of the
empty cylindrical column (mL).

To explore the retention behavior of peptides on tested columns, we
have used a retention modeling approach utilizing the linear solvent
strength theory introduced by Snyder [22] and extended to a general
form by Jandera [23]. Retention times, tg, and baseline peak widths, w,
of seven peptides were determined in several scouting runs differing in
the gradient slope, By, characterizing the linear increase in the initial
acetonitrile concentration, ¢, to final concentration, ¢, in the frame of
preselected gradient time, tg, as shows Eq. (3).
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The gradient times were varied to provide gradient slopes, Bg, in the
0.008 — 0.049 min"! range. However, to ensure that all analytes undergo
a similar gradient history during the elution [24], we varied the mobile
phase flow rate to keep the volumetric gradient slope constant at 0.08
mL.

The experimental retention times, together with the initial gradient
concentration, @o, gradient slope, B,, column hold-up time, ty, and in-
strument dwell time, tp, were fitted to Eq. (4) to extract the retention
characteristics of individual peptides, i.e., parameters a and S. While the
parameter a is the logarithm of retention factor of analyte in the fully
aqueous mobile phase, the parameter S depends on the analyte size and
type of the mobile and stationary phase [25]. Knowledge of these pa-
rameters then allows us to predict the retention behavior of tested
peptides in any gradient profile [23]:

1
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The important parameter in column characterization is its separation
efficiency, which is described by the number of theoretical plates, N,
calculated from the retention time of the analyte, tg, and baseline peak
width, w, by equation Eq. (5), where L is the column length (m) and
HETP is the height equivalent to a theoretical plate (m).

v-o(l)

L
= HETP )
To calculate the number of theoretical plates in the gradient elution,
Ng (Eq. (6)), we utilized experimental baseline peak widths, w, and
retention factor at the time of elution from the column, k. (Eq. (7)), of
Substance P (M, = 1348) as a peptide with the average molecular mass
within the tested peptides.

2
N, = 16 {M} 6)
w

ko — 1
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)

To confirm the validity of this approach, we then used the number of
theoretical plates determined for Substance P to calculate theoretical
baseline peak widths (Eq. (8)) of tested peptides in scouting gradients
used.

_ 4't0
=N,
In the next step, we explored the effect of the linear velocity of the
mobile phase, u (mm/s), on separation efficiency expressed as height

equivalent to a theoretical plate, HETP (um), which is described by van
Deemter equation (Eq. (9)) [26].

-(1+k) (8

2
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In Eq. (9), 4 is the packed bed structural uniformity factor, X is the
obstruction factor, c is related to mass transfer resistance, and Dy, is the
Substance P diffusion coefficient calculated from the Young equation
[27]. Volumetric flow rates of the mobile phase, F, were transformed to
the linear velocity of the mobile phase by Eq. (10), where &7 is the total
porosity of the column, and r is the column radius.

F
u=——
ernr?

(10)

Although there are several different protocols for determining peak
capacity in liquid chromatography [28,29], one of the most straight-
forward approaches is the calculation of "sample peak capacity", intro-
duced by Snyder [30], considering only a fraction of the separation
window is utilized by the sample. Sample peak capacity was calculated
by Eq. (11), where tg 1 and tg , are retention times of the first and the last
eluted peak, respectively, and wg,, is the average peak baseline width
within the gradient run. Sample peak capacity is used throughout this
manuscript to characterize the separation quality on tested columns.
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n = trn — tr1 an
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As the achievable peak capacity depends on several experimental
variables, such as gradient time, mobile phase flow rate, column tem-
perature, and final acetonitrile concentration [31], optimizing these
variables for each gradient time is also necessary. For that, we have
adopted a graphical method of peak capacity optimization introduced
by Wang et al. [32], where for a fixed gradient time, ¢, the mobile phase
flow rate, F, and final acetonitrile gradient concentration, ¢p, were
simultaneously varied to maximize the calculated peak capacity, n.. The
calculated peak capacity is then plotted versus the gradient time to
construct the final kinetic plot [33].

3. Results and discussion
3.1. Hydrodynamic properties of the columns

In this work, we studied the effect of surface chemistry and particle
architecture on the kinetic properties of four fully porous and three
superficially porous reversed-phase particles, focusing on the separation
quality in bottom-up proteomics.

Table 1 lists the basic properties of characterized columns. All col-
umns tested possess the C18 functionality attached to the stationary
phase, while they differ in the additional surface modification. The
hydrophobic chains at the Arion stationary phase are endcapped in a
multistep reaction. Trifunctionally bonded ethylene bridged hybrid
(BEH) particles of the Acquity column improve the pH stability of the
column. In contrast, di-isobutyl side chains in the Kinetex XB stationary
phase improve peak shape and increase retention of acidic compounds.
An organo-silica grafting process incorporates stabilizing ethane cross-
linking to the surface of the Kinetex EVO column, providing resistance
to high pH. The polar functional groups modify the surface of the
Kinetex Polar and Luna Polar stationary phases, providing enhanced
polar retention and aqueous stability. The Luna PS column contains a
positive charge, helping retain acidic compounds and providing a better
peak shape for bases through ionic interactions.

Unsurprisingly, columns packed with fully porous particles provided
higher values of column total porosity, er (Table 1). The porosity of
superficially porous particles is smaller by approximately 10 %, corre-
sponding to the impervious core volume inside these particles. The
reduction in the total pore volume also reflects the values of columns’
permeability, which is higher for columns packed with superficially
porous particles. Almost all columns provided a pore size of 100 A (the
pore size of the Acquity column is 130 A), which is in the ideal range
suitable for the analysis of peptides [3,34]. Indeed, the hydrodynamic
size of the largest peptide from the model mixture (Insulin B oxidized
chain, M, = 3496) is 30.7 A [34], suggesting that no steric limitations
occur during the analysis on tested columns.

Overall, all columns provided similar hydrodynamic properties
differing only based on the architecture of the particles.

3.2. Retention modeling

Table SI-1 summarizes the extracted values of retention parameters
for the peptide model mixture on the characterized columns at 40, 50,
and 60 °C column temperatures. High values of correlation coefficients,
R, and low values of overall root mean square error (RMSE) confirm the
validity of the linear solvent strength model in the retention behavior
description of peptides on all reversed-phase columns. Both parameters,
a and S, increase with the size of the analyte, slightly decrease with
higher column temperature, and, to some extent, vary between indi-
vidual columns.

The parameter S is the slope of the function logarithm of the reten-
tion factor, k, versus the volume fraction of the acetonitrile in the mobile
phase, ¢ [23,35]. These linear curves are usually shallow for the small
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molecules, and the S parameter values can be determined from isocratic
data. However, in the case of larger analytes, such as peptides or pro-
teins, the possibilities of isocratic elution are minimal, as the practically
useful range of acetonitrile concentrations is too narrow. Hence, for
peptides, parameter S can be either extracted from gradient scouting
runs (Table SI-1), calculated based on some theoretical assumptions [3,
26], or predicted from the sequence of the peptides [36].

We compared parameter S determined from experimental data to
those predicted by Gilar [26]. In Eq. (12), the M, is the molecular mass of
the peptide, and literature data are p = 0.6915 and q = 1.49.

InS = p-InM, — q 12)

Determined values of intercepts and slopes of Eq. (12) for tested
columns agree well with those suggested by Gilar, as demonstrated in
Table SI-2. The values of parameter S calculated for a hypothetical
peptide with M = 2000 are 25.3 to 33.0, with most columns closer to the
higher value. These results correspond well with the assumption that
peptide parameter S values are between 29 and 38 [3,36,37]. There is no
significant effect of particle architecture on the values of parameter S.
This might be, at least partially, explained by the fact that parameter S is
related mainly to the molecular mass of the analyte. Also, the differences
in the stabilization of the C18 alkyl chains at the surface of the particles
from different manufacturers are not reflected in the values of parameter
S, as all experimental characterization involved a reversed-phase
retention mechanism with an aqueous acetonitrile mobile phase and
hydrophobic surface with C18 alkyl chains.

It should be pointed out that we also tested the effect of temperature
on the parameters p and q in Eq. (12). However, the impact of molecular
mass on parameter S was significantly smaller on all columns at elevated
temperatures, leading to the lower values of slopes p with an average
value of p = 0.028 and 0.069 at 50 and 60 °C, respectively. As column
temperature seems to be one of the overlooked optimization parameters
in proteomic separations [37], we plan to explore the low sensitivity of
parameter S on analyte molecular mass at higher column temperatures
in our laboratory further in the future.

3.3. Separation efficiency

Unlike in isocratic elution, where separation efficiency is determined
directly from the retention data (Eq. (5)), this is impossible in gradient
elution. Several protocols, including the application of the plate number
determined under isocratic conditions in mobile phases of analyte
elution or "median" plate number, are usually utilized in the first
approximation [35]. Recently, we confirmed that gradient elution data
can be used to obtain separation efficiency. The van Deemter curves
constructed from gradient data agreed well with those determined in the
isocratic mobile phase [33]. Hence, in this work, we used the gradient
elution data to construct van Deemter curves and compare the separa-
tion efficiency of the tested columns.

Table SI-3 compares the experimental and calculated average
baseline peptide peak widths (Eq. (8)) of all gradients at individual
columns. The calculated average baseline peak widths agree well with
those experimental ones, further confirmed by high values of correlation
coefficients and low values of root mean square errors.

In the next step, the values of height equivalent to the theoretical
plate, HETP, calculated for Substance P from the gradient column effi-
ciencies, Ng, determined at three to four mobile phase linear velocities,
u, were fitted by Eq. (9). Table SI-4 summarizes the best-fit parameters
(4, X, ¢), regression coefficients and root mean square error values. In
most cases, the packed bed structural uniformity factor, 1, showed
minimal values, suggesting that all tested columns were packed well and
had minimal packing irregularities. With two exceptions (Kinetex XB at
40 °C and Arion at 50 °C), the obstruction factor X shows higher values
for superficially porous particles when compared to columns packed
with fully porous particles. The reason might be that the pore size dis-
tribution of superficially porous particles is narrower when compared to
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that of fully porous particles. Surprisingly, parameter ¢, which is related
to the mass transfer resistance factor, increased with the higher values of
column temperature. The highest contribution to mass transfer resis-
tance showed columns Arion and Luna PS, with the lowest values of
parameter ¢ showing the column Kinetex Polar, followed by column
Kinetex XB and Acquity. Although particle architecture generally has no
significant effect, superficially porous particles provide slightly lower
mass transfer resistance parameter values, especially at lower column
temperatures.

Fig. 1 compares the effect of mobile phase linear velocity on the
separation efficiency (expressed as HETP, pm) at three different column
temperatures. The most efficient columns are Acquity and Luna Polar,
followed by columns with superficially porous particles (Kinetex XB,
Kinetex Polar, and Kinetex EVO). The least efficient columns are Luna PS
and Arion (except for 60 °C, where Arion switched the place with the
Kinetex Polar column).

3.4. Peak capacity optimization

Peak capacity is the main criterion describing the separation quality
in gradient elution chromatography. It represents the theoretical num-
ber of peaks that fit the separation space with a resolution R =1 [24,38,
39].

The sample peak capacity calculated for optimal mobile phase flow
rate, and the final acetonitrile concentration was plotted against various
gradient times to construct kinetic plots (Section 2.4) [32]. Fig. 2 de-
scribes the effect of gradient time on achievable peak capacity for in-
dividual columns at column temperatures of (A) 40 °C, (B) 50 °C, and (C)
60 °C. As expected, the achievable peak capacity is higher at higher
column temperatures.

In terms of gradient elution separation efficiency, expressed by the
achievable sample peak capacity, the most efficient are column Luna
Polar (at 40 and 50 °C) and columns Luna PS and Acquity (at 60 °C). On
the other hand, Arion and Kinetex Polar columns provided the lowest
gradient elution separation efficiency at all column temperatures.
However, it should have been pointed out that, in general, most columns
tested provided comparable values of maximal sample peak capacity,
varying 5 — 10 % when compared to the maximal calculated value. The
exceptions are columns Kinetex Polar and Arion, which provide 15 and
25 % lower maximal peak capacity, respectively (compared to the
maximal value at a particular column temperature).

3.5. Analysis of proteomic samples

So far, the columns were characterized by maximal peak capacity
determined by the retention modeling approach. In the next step, we
explored the effect of column hydrodynamic properties (Table 1) on the
number of peptides identified within a one-hour gradient running at 50
°C. The number of peptides identified in the simple proteomic sample
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correlates well with the column permeability. The higher the perme-
ability, the more peptides were identified, as demonstrated in Figure SI-
1. This result suggests that permeability might be another column
parameter allowing optimization of the information the proteomic
analysis provides.

To explore the practical utilization of tested columns in proteomics
analyses, we have compared the peak capacity calculated for a one-hour
gradient running at 50 °C with the number of peptides determined at the
same experimental conditions for the tryptic digest of seven proteins.

Fig. 3 shows the correlation between the number of identified pep-
tides and the calculated peak capacity. As expected, the number of
identified peptides increases for columns with higher peak capacity.
However, a closer examination reveals that this observation is valid only
for columns with fully porous particles. At the same time, there is a
decrease in the number of extracted peptides with higher peak capacity
for columns packed with superficially porous particles.

The results presented in Fig. 3 propose a negative link between the
number of determined peptides and achievable peak capacity for col-
umns with superficially porous particles. Hence, we have tested the ef-
fect of sample load on three columns with superficially porous particles
(Fig. 4). With the decrease in the injected amount of peptides from 4 pg
(circles) to 0.8 pg (triangles), 0.4 pg (stars), and 0.2 pg (hexagons),
respectively, the negative trend between the number of identified pep-
tides and determined peak capacity became flatter confirming the strong
effect of analyte concentration on the kinetic properties of superficially
porous particles. Although it has been shown that the loadability of
superficially porous particles is comparable with that of fully porous
particles when small molecules are used as the characterization markers
[14,15], our results suggest that this is not the case for peptides, and a
decrease in the analyte concentration is necessary to fully utilize the
separation potential of columns packed with superficially porous par-
ticles. On the other hand, results derived from Fig. 4 suggest that the
superficially porous particles might find their application in the case of
low amounts of injected proteomic samples, such as single-cell analysis
[40].

Finally, to further test the applicability of the tested columns in
proteomics, we have selected four columns combining the highest and
lowest achievable peak capacity and examined their separation power in
the analysis of complex HeLa cell digest samples. Fig. 5 compares a
number of identified peptides to the achievable peak capacity for an
optimized one-hour gradient run at a column temperature of 50 °C.
Again, the columns with higher separation efficiency (i.e., peak capac-
ity) described the sample better. On the other hand, regarding the
number of determined peptides, the difference between one column
with superficially porous particles and two Luna columns with fully
porous particles is minimal, suggesting that all of them can be success-
fully applied in proteomics analyses.
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Fig. 1. Van Deemter curves calculated from gradient elution data for Substance P at (A) 40, (B) 50, and (C) 60 °C. Plate height, pm - height equivalent to theoretical
plate; Linear velocity, mm/s — mobile phase linear velocity. Columns as in Table 1.
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Fig. 3. Effect of column peak capacity on the number of peptides identified in a
tryptic digest of seven proteins. Peak capacity — peak capacity of individual
columns calculated by Eq. (11) for gradient time 1 h at a column temperature of
50 °C. Number of identified peptides — the number of peptides determined in
the sample during the experimental gradient running for 1 h at a column
temperature of 50 °C. Squares — columns with fully porous particles. Circles —
columns with superficially porous particles. The amount of injected peptides 4
pg. Columns as in Table 1.

4. Conclusions

In this work, we explored the effect of particle architecture and
stationary phase surface chemistry on the quality of the separation in
bottom-up proteomics. Four columns with fully porous particles and
three with superficially porous particles were compared. The retention
modeling approach was successfully applied to characterize the col-
umns’ kinetic properties. All columns tested provided agreement be-
tween their retention behavior and the gradient elution reversed-phase
liquid chromatography theory. The separation efficiency of gradient
elution, expressed as the sample peak capacity, improved with the col-
umn temperature. The higher achievable peak capacity columns pro-
vided more peptides identified within the simple protein digest sample.
However, for columns packed with superficially porous particles, these
findings were valid only at the reduced amount of the injected sample,
suggesting that sample concentration still plays a significant role in their
chromatographic behavior. We have also compared the provided peak
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Fig. 4. Effect of sample loading on column peak capacity of columns with
superficially porous particles and the number of peptides identified in a tryptic
digest of seven proteins. Peak capacity — peak capacity of individual columns
calculated by Eq. (11) for gradient time 1 h at a column temperature of 50 °C.
Number of identified peptides — the number of peptides determined in the
sample during the experimental gradient running for 1 h at a column temper-
ature of 50 °C. Circles — the amount of injected peptides 4 pg. Triangles — the
amount of injected peptides 0.8 ug. Stars — the amount of injected peptides 0.4
pg. Hexagons — the amount of injected peptides 0.2 pg. Columns as in Table 1.
Trendlines are added to guide eyes.

capacity to a number of identified peptides in complex cell line digest.
Again, the number of identified peptides increased with higher gradient
separation efficiency, although the overall differences were not so dra-
matic. Although the variations in the kinetic properties for most tested
columns were minimal, the columns possessing the polar groups at their
surface performed better.

The presented results suggest that broadening the family of station-
ary phases used in bottom-up proteomics is advantageous. Although the
differences between stationary phases might seem subtle, properly
selected particle architecture and surface chemistry improve the quality
of information provided by particular proteomic applications. While the
superficially porous particles might find their application in low-input
proteomic analyses, incorporating polar groups into the surface of the
stationary phases reduces the undesirable contribution of free silanol
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Fig. 5. Effect of column peak capacity on the number of peptides identified in
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temperature of 50 °C. Number of identified peptides — the number of peptides
determined in the sample during the experimental gradient running for 1 hata
column temperature of 50 °C. Columns as in Table 1.

groups to peptide peak tailing and considerably increases the informa-
tion provided by LC-MS analysis.
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