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t-effective hybrid stationary phase
for the separation of peptides, proteins and
benzene derivatives through liquid
chromatography

Faiz Ali, *a Sana Begum,a Muhammad Ilyas,a Zeid A. ALOthman b

and Won Jo Cheongc

A very simple and cost-effective silica-based hybrid stationary phase was synthesized for the separation of

five synthetic peptides, five proteins, and benzene derivatives. Silica monolith was synthesized via sol–gel

process. Particles obtained through the grinding of silica monolith were suspended in methanol and

sedimented under gravity to obtain sub-2 mm particles. A hybrid LC stationary phase was obtained by

coating an ethylene glycol dimethacrylate co-polymer onto the particles via RAFT polymerization. The

resultant stationary phase was characterized using SEM, FTIR, BET, and EDX analysis. A stainless steel

column (200 mm long × 0.2 mm ID) was packed with the resultant stationary phase via pressure

tapering protocol using a slurry packing machine. The column resulted in the average number of

theoretical plates/meter (287 500 for synthetic peptides, 276 800 for proteins, and 226 100 for benzene

derivatives) under the elution conditions of acetonitrile/50 mM ammonium format (68/32 v/v%) with

a flow rate of 0.785 mL min−1. Since the column resulted in the separation of synthetic peptides, proteins,

and benzene derivatives with very good chromatographic performance, it could possibly separate any

complex mixture of peptides and proteins with better chromatographic performance.
Introduction

Peptides and proteins are considered gene coded translational
products in nature,1 and they are essential building blocks that
regulate various biological activities.2 These essential blocks
play a vital role in biological processes, including cell signaling,
proliferation, immune response, and metabolic processes.3,4

Proteins are made of amino acids, which are essential to the
human health.5 Peptides and proteins are oen applied as
reagents in biopharmaceutical industries.6 Therefore, purica-
tion is necessary to achieve peptides of required purity.7

Various parameters are considered in the descriptive study of
diseases, including the identication of proteins that help in
establishing a relationship between genes and their variants.8

Such relationships play a signicant role in the diagnosis of
certain diseases through the identication of different
biomarkers.9 The sensitivity and selectivity of analytical tech-
nique has a signicant impact on biomarker discovery. For
studying peptides and proteins in terms of their activities,
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expression, interaction, and behavioral changes linked to protein
alterations, a simplied proteomic analytical technique is
important.10 Peptidome methods and processes are an effective
way to determine novel peptide biomarkers for diagnostic and
therapeutic applications.11 This process can be divided into the
following steps: (1) discovery and identication of potential
biomarker applicants, (2) conrmation of their expression in the
targeted disease state, and (3) assessment of their specicity for
the targeted disease in comparison to other conditions.12

However, peptide and protein separation is a challenging task
owing to the complex physiochemical properties and presence of
many detectable species in a single sample.13

Various laboratory-based chromatographic techniques are
available for peptide and protein purication, including
reverse-phase liquid chromatography (RPLC),14 affinity chro-
matography,15 size-exclusion chromatography (SEC),16 ion-
exchange chromatography (IEC),17 hydrophilic interaction
liquid chromatography (HILIC),18 and hydrophobic interaction
chromatography (HIC).19 RPLC, IEC, and HIC are considered
better chromatographic modes for the separation of peptides
and proteins.20 However, RPLC stationary packing materials do
not provide satisfactory results in the separation of peptides,
proteins, and their derivatives.21

Organic/inorganic hybrid stationary phases synthesized by
chemical binding of an initiator to the porous and non-porous
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the EGDMA-bound silica monolith stationary phase with previously reported stationary phases for the separation of
peptides, proteins, and benzene derivatives

Stationary phase Analytes
Separation efficiency
(plates per meter) References

Poly(styrene-methacrylic acid-N-phenylacrylamide) stationary
phase

Peptides and proteins 351 000 36

N-Phenylmaleimide embedded polystyrene (PMP) stationary
phases

Peptides and proteins 200 000 27

Chlorodimethyl octadecyl silane (C18) modied silica
monolith

Peptides and proteins 400 000 37

TSPU/C18 phase Peptides 174 000 38
Proteins 11 800

C18-modied silica monolith Benzene derivatives 157 000–195 000 25
Polystyrene-immobilized silica monolith stationary phase Benzene derivatives 197 000 39
Polystyrene-modied sub-1 mm particles originating from the
silica monolith stationary phase

Benzene derivatives 256 200 40

Polystyrene-bound stationary phase Benzene derivatives 165 000 41
EGDMA-embedded silica Peptides 288 000 Current study

Proteins 277 500
Benzene derivatives 227 500
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View Article Online
surfaces have been documented in many research publica-
tions22 for various applications. Hydroxyapatite, graphite, silica,
and metal oxides are widely used as the inorganic packing
materials in various chromatographic research areas.23 Owing
to its characteristic features, silica monolith particles have been
used as the packing media in separation science.24 The particles
obtained by crushing the silica monolith are calcined to elimi-
nate the organic contents, and chemicals were modied with
different organic ligands for a variety of chromatographic
applications.25,26

Hybrid stationary phases are considered as one of the
attractive packing materials to achieve the enhanced separation
selectivity of complex biological analytes, such as peptides,
proteins, and their derivatives. Hybrid packing materials
provide multimodal interactions of analytes with the stationary
phase and mobile phases.27 Hence, different single-mode
conventional columns can be replaced by a single hybrid
column with enhanced chromatographic characteristics.28,29 A
hybrid chromatography column combines several retention/
separation mechanisms in a single column for the analysis of
complex samples.30 To prevent the irreversible adsorption of
peptides/proteins, a polymer-based stationary bed is more
biocompatible.31 Nevertheless, a silica-based stationary bed
provides high column efficiency for the separation of peptides
and proteins compared to polymer-based stationary beds.28 A
total of N∼ 224 000 plates per m has been reported in a recently
published article for a mixture of Trp-Gly, Thr-Tyr-Ser, angio-
tensin I, isotocin, and bradykinin,32 where the packing is
somewhat similar to mixed/multimodal packing modes. The
authors of another article33 reported on the separation efficiency
of 110 000 plates per m for the targeted vasopressin. Some of the
research articles reported N-values from chromatograms under
isocratic elution mode, which are inferior to those of the
previous studies.34 Separation efficiency under gradient elution
mode can be considered for comparison purposes. N-values of
197,000 m−1, 14,000 m−1, and 111,000 m−1, were reported for
© 2024 The Author(s). Published by the Royal Society of Chemistry
lysozyme, bovine insulin, and metenkephalin, respectively.35 A
comparison of the EGDMA polymer-bound silica monolith
stationary phase with other silica-based mixed mode packing
materials is summarized in Table 1. The modication of silica
particles with the polymer using EGDMA as the monomer, their
packing in the column, and their evaluation for the separation
of peptides, proteins and benzene derivatives, has never been
reported prior to this study.

Monolith silica particles were synthesized and modied with
EGDMA, resulting in the polymer-bound silica monolith hybrid
stationary phase. Aer packing the stationary phase in a stainless
steel column (20 cm long × 0.2 mm ID), very good chromato-
graphic performances were achieved for the separation of
synthetic peptides, proteins, and benzene derivatives in liquid
chromatography. The synthesis steps of the EGDMA polymer-
bound silica monolith particles are very easy and cost-effective
with very good yield of the nal product. The chromatographic
performance of the newly designed stationary phase in terms of
separation efficiency is very good, i.e., N-value of 288 000, 277 500,
and 227 500 plates per m were obtained for the mixture of
synthetic peptides, proteins, and benzene derivatives, respectively.
Materials and methods
Chemicals and materials

Glacial acetic acid, urea, polyethylene glycol (PEG 1500) of
molecular weight in the range of 1350–1650 g mol−1, trime-
thylorthosilicate (TMOS), 3-aminopropyl triethoxysilane,
ethylene glycol dimethylacrylate (EGDMA), and sodium dieth-
yldithiocarbamate were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Analytical grade ammonia was supplied by
Scharlau (Barcelona, Spain). Toluene and anhydrous THF were
obtained from Guangfu Co., Ltd (Tianjin, China). Anhydrous
DMF was purchased fromHeowns Biochemical Technology Co.,
LTD. (Tianjin, China). HPLC-grade ethanol, acetone and
distilled water were obtained from Mallinckrodt Baker
RSC Adv., 2024, 14, 34486–34497 | 34487
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(Phillipsburg, NJ, USA). Glass-lined stainless steel tubing (20 cm
long × 0.2 mm) and a silica capillary column of 50 mm ID, 365
mm OD were obtained from Grace (Deereld, IL, USA). Screen
frits (diameter 1.6 mm, thickness 0.08 mm, and pore size 0.5
mm) were bought from Valco (Houston, TX, USA).

Instrumentations

Setup of the HPLC. A liquid chromatography system con-
sisting of a pressure pump, a detector, injector, and a computer
installed with data processing soware, as reported in ref. 40
and 41, was used for checking the separation performance of
the hybrid packed column. A Shimadzu LC-10AD pump (Japan),
UV-2075 capillary window detector (Jasco, Japan), C14W.05
injector with a 50 nL injection loop from Valco (Houston, TX,
USA), and Shimadzu DGU-14A membrane degasser were con-
nected to construct the mLC system. The Lab solution (Shi-
madzu, Japan) soware was installed for processing the
chromatographic data. The resultant chromatographic data
were analyzed by Origin Pro8 (Northampton, MA, USA).

In the current study, SEM (JSM 5910, JEOL Japan) was used
for analyzing the surface morphology, and FTIR (PerkinElmer,
spectrum version 10.5.1) was used for the investigation of the
surface functionalities. Furthermore, a particle size analyzer
(Micromeritics, USA) and an EDX (JSM-6390LV) for elemental
composition were used. A digital balance (Shimadzu ATY 224),
Lc oven (Model 3511) at 40 °C, and GC oven (model 6850B) at
120 °C were used for heating purposes. Furthermore, a muffle
furnace (Model TMF-4-13, Shanghai, China) was used for
calcination, a shaker (Taiwan) was used to agitate the samples,
and a magnetic stirrer (Irmico, Germany) was used for stirring
purposes. A Mettler-Toledo EL20 (Mettler-Toledo, Switzerland)
was used for pH measurement.

Synthesis of silica particles obtained by the crushing of silica
monolith

Silica monolith was synthesized by adopting some modica-
tions in the basic sol–gel process. The monolithic body was
crushed into silica particles of small dimensions, followed by
calcination.42,43 The production scale was improved by using
increased amounts of the reacting species. Thus, 3.3 gram PEG
and 3.375 gram urea were dissolved in 15 mL, 0.01 M acetic acid
solution. The reacting species were taken in a Teon vial. The
solution was magnetically stirred for 15 min under ice cold
conditions. During the stirring process, 15 mL TMOS was slowly
added to the reaction mixture, and the solution was continu-
ously stirred for 40 min. The Teon vial containing the reaction
mixture was placed at 40 °C in an oven for 48 h (gel formation
process). The aging process of the gel was carried out at 120 °C
for 48 h. The residual water was dried at 55 °C for 20 h under
vacuum conditions. The solid monolithic body was ground with
a mortar and pestle. The scheme of the reaction is given in
Fig. 1.

Chemical reaction of the initiator with silica particles

The silica monolith-originated particles (0.9 g) were dried at 80 °
C for 2 h in a vacuum-LC oven and suspended in 60 mL
34488 | RSC Adv., 2024, 14, 34486–34497
anhydrous toluene with continuous stirring in a 3-neck round
bottom ask of 500 mL capacity. 3-Aminopropyl triethoxysilane
(3 mL) dissolved in anhydrous 10 toluene was added dropwise
to the reaction mixture under reux conditions at 104 °C for
10 h under vigorous stirring and a nitrogen-saturated environ-
ment. The product was kept undisturbed for 10 min. The upper
portion containing ne suspended particles was decanted off.
The ligand-bound particles present in the lower portion of the
ask were washed with toluene and acetone, ltered and
vacuum-dried at 50 °C for 1–2 h, and shied to a 3-neck round-
bottom ask of 100 mL capacity. A volume of 25 mL DMF was
added to the ask, and 0.5 g sodium dithiocarbamate dissolved
in 5 mL DMF was added dropwise using the dropping funnel.
The reaction mixture was heat-treated under a nitrogen envi-
ronment at 100 °C overnight with vigorous shaking. The resul-
tant initiator-bound silica particles were washed with DMF,
toluene and acetone. The product was vacuum-dried in
a desiccator at room temperature overnight.

Polymer coating on silica particle surface

A solution of 2 mL EGDMA and 30 mL anhydrous toluene was
sonicated for 10 min. Then, 2.2 g initiator-bound silica particles
were dispersed in the solution. RAFT polymerization was
carried out under reux conditions for the immobilization of
the polymer coating at the particle surface. The EGDMA solu-
tion was added dropwise to the reacting mixture under vigorous
stirring and nitrogen purging for 20 h. The EGDMA polymer-
bound silica particles were ltered, washed using 2-propanol,
toluene, and acetone. The polymer-bound silica particles were
dried under vacuum conditions. Fig. 1 illustrates the reaction
scheme for the synthesis of the polymer-bound silica particles.

Characterization

The BET/BJH nitrogen adsorption/desorption analysis of silica
particles before and aer modication with polymer were
carried out using BEL-Japan (Osaka, Japan) BELSORP-Max. A
stable pressure of less than 10−3 Torr was obtained by degassing
the sample at 393 K for 10 h. The pore volume was determined
using adsorbed N2 at a relative pressure of P/P0 = 0.99. SEM SU
8010 (Hitachi High Technologies, Tokyo, Japan) was used to
examine the morphological appearance of the bare and
polymer-bound silica particles. The dried samples (modied
and bare silica particles) were placed on aluminum stubs using
carbon tape. To create a thin coating, the particles were evenly
distributed across the carbon tape. Elemental analysis was
performed using a Thermo Electron (Waltham, MA, USA) Flash
EA1112 elemental analyzer. Particle size distribution was
carried out using a Mastersizer 2000 particle size analyzer
(Malvern, Worcestershire, UK).

Column packing

A home-assembled stainless-steel column (20 cm long ×

0.2 mm ID) was packed by the pressure tapering procedure
using a slurry packing setup in accordance with the procedure
reported in ref. 44. The reservoir of the slurry packing machine
was fed with a stationary phase slurry. The column with an
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reaction scheme for EGDMA-embedded silica particles, and images of silica (A), EGDMA (B) and EGDMA-bound silica particles (C).
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outlet union containing a 1 mm screen frit (Alltech Deereld, IL,
USA) was connected to the reservoir of the slurry packer. The
slurry was prepared by suspending the polymer-bound silica
particles in methanol. 800 mg of the EGDMA polymer-bound
silica particles were suspended in 10 mL methanol. The
quality of packing was improved by vigorously vibrating the
reservoir and column during packing. Nitrogen gas was used at
a pressure of 20 000 psi for 3 min, at 15 000 psi for 15 min, and
then the column was le in position until the pressure was
down to zero, which took about 1 h. Two vibrators (Alltech,
Deereld, IL, USA) provided mechanical agitation to ensure the
homogenous packing of the column. The capillaries of the UV-
detector and outlet union of the column were connected via
© 2024 The Author(s). Published by the Royal Society of Chemistry
Teon tubing. Peptides, proteins, and benzene derivatives were
chosen for evaluating the separation performance of the
column. The stock sample solution was stored below 4 °C.
Column evaluation

Peptides (Trp-Gly, Thr-Tyr-Ser, angiotensin-I, isotocin, bradyki-
nin), proteins (cytochrome c, lysozyme, myoglobin, ovalbumin,
and BSA), and benzene derivatives (acetophenone, phenol, 4-
methyl-2-nitroaniline, toluene) were analyzed under isocratic
elusion mode using the newly developed column. The results of
the column from the current study were compared with those of
the previously reported columns. Numbers of theoretical plates
(N) were calculated by the following equation:
RSC Adv., 2024, 14, 34486–34497 | 34489
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N ¼ 5:54
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where tR is the retention time and w1/2 is the bandwidth at half
height.
Results and discussion
Morphological appearance of the stationary phase

Morphology of the cross-linked EGDMA polymer-bound
monolith silica particles is visualized in the form of SEM
images given in Fig. 2. The modied silica particles are smooth
enough due to the EGDMA polymer immobilization. The
monolithic architecture was developed by packing the irregular-
shaped silica particles inside the stainless-steel column, which
offers ow through channels, leading to enhanced permeability
of the column. The irregular shape and nature of the particles
can be seen in the gure. The microscopic image of the EGDMA
polymer-bound silica particles given in Fig. 2 suggests that the
particles are well spread with no agglomeration. Good dis-
persity of the stationary phase particles is crucial for achieving
a good packing bed inside the column.
FT-IR studies

Surface functionalities of the unmodied and EGDMA-modied
silica particles were observed via FTIR scanning in the range of
4000–500 cm−1 (Fig. 3). The peaks observed at 1113 cm−1,
875 cm−1, and 451 cm−1 are the peaks due to Si–OH, C–C, and
hydrogen bonding, corresponding to the unmodied silica
particles (Fig. 3A). The peak at 1713 cm−1 corresponds to the
stretching vibration of C]O present in EGDMA, while the peaks
at 1648 cm−1, 1377 cm−1, and 790 cm−1 are due to the presence
of C]C, –CH3, and –CH2 groups in EGDMA, respectively. The
Fig. 2 SEM images (A: wide view, B: close view) and microscopic image

34490 | RSC Adv., 2024, 14, 34486–34497
band around 1534 cm−1 of the EGDMA-modied silica belongs
to the stretching vibration of the C–N groups, and indicates the
presence of dithiocarbamate in the product.

Elemental analysis by EDX

Energy dispersive X-ray analysis of the new hybrid stationary
phase was carried out before and aer modication with
EGDMA (Fig. 4). The EDX plot of the silica monolith contains C
– 31.13%, O – 41.99%, and Si – 14.99%, and that of the EGDMA-
modied silica was C – 36.61%, O – 48.30%, Si – 16.10%, and S –
6%, respectively. The increase in the percentage composition of
carbon and oxygen, and the presence of sulfur in the modied
silica monolith particles provide clues of EGDMA polymeriza-
tion at the surface of the silica monolith particles.

Particle size of the silica particles

The particle size distribution data and plots for the bare and
modied silica particles originating from silica monolith are
given in Fig. 5. The silica particle size distribution data of the
current and previous studies are comparatively summarized in
Table 2. The number-based particle size of the monolithic silica
was in the range of 1.4 mm. Aer modication with the EGDMA
copolymer, the number-based particle size has been increased
to 1.5 mm. The increasing particle size with EGDMA modica-
tion is in accordance with ref. 41.

Nitrogen adsorption desorption analysis

The BJH adsorption-based pore size of the bare silica and
EGDMA-modied silica particles can be seen in the plots given
in Fig. 6. The average pore size of the bare silica particle is 337 Å,
while that of the EGDMA-bound silica particle is 241 Å. The
polymer formation at the pore surface has resulted in a dimin-
ished pore size and corresponding pore volume. The extent of
the decrease in the pore size is roughly comparable to those of
of the EGDMA-modified silica particles (C).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra: (A) unmodified silica and (B) EGDMA polymer-
modified silica particles.
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the previous studies summarized in Table 2. The average pore
volume of monolithic silica is 0.996 cm3 g−1, while that of the
EGDMA-bound silica is 1.204 cm3 g−1. The BET specic surface
Fig. 4 EDX plots of the silica monolith particles before (A) and after (B)

© 2024 The Author(s). Published by the Royal Society of Chemistry
area of the silica monolith particles is 118 m2 g−1, while that of
the EGDMA-bound silica is 157 m2 g−1. The changes in the pore
size, pore volume, and surface area of the current study are
comparable to those of the previous study.46
Optimization of the elution conditions for better separation of
peptides and proteins

The effects of the salt ionic strength and pH value on the
separation of analytes with complex properties, such as
peptides and proteins, were critically studied. When a dual-
retention mechanism is in action in any chromatographic set
up, then parameters (such as pH, ionic strength of the mobile
phase, etc.) affect the overall separation of complex analytes,
such as peptides and proteins. The retention time of the polar
analytes increases by increasing the salt concentration. A
greater cohesive energy density of the mobile phase was
observed at elevated ionic strength. The polar analytes were
more readily driven by the mobile phase of the higher salt
content. Peptides possess complex physicochemical character-
istics, causing various trends of retention times at different salt
concentrations. In the current study, the optimized elution
conditions were found to be 62/38 acetonitrile/30 mM, ammo-
nium formate buffer (adjusted at pH 6.4) for better separation of
the synthetic peptides and proteins. The same elution condition
was used for the separation of small organic molecules such as
benzene derivatives, which resulted in a very good chromato-
graphic performance.
Retention mechanism of peptides/proteins

The magnitude of hydrogen bonding is different for different
peptides,45 resulting in different retention times of individual
peptides. Peptides/proteins are retained by the hydrophilic and
(to a lesser extent) hydrophobic interactions between the ana-
lytes and hybrid packings.38 A thin layer of water is formed at the
surface of silica hybrid stationary phases having polar
modification with EGDMA.

RSC Adv., 2024, 14, 34486–34497 | 34491
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Fig. 5 Number-based particle size distribution plots of silica particles before (A) and after (B) modification.

Table 2 The BET/BJH analysis data of silica monolith particles and EGDMA-bound silica monolith particles

Parameters

Bare silica monolithic particles
Polystyrene-bound
silica particles

C18-bound silica
particles

EGDMA-bound silica
particles

Previous studies

Current study

Previous studies

Current study41 45 42 37 41 45 42 37

Pore size (Å) 343 212 298 310 337 252 146 204 241 241
Pore volume (cm3 g−1) 1.06 0.83 0.61 0.67 0.99 0.84 0.53 0.49 0.58 0.58
Surface area (m2 g−1) 1.36 283 122 116 381 131 161 105 105 405

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
2/

20
24

 1
1:

20
:3

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
moieties.47 Thus, the liquid–liquid partitioning effect is estab-
lished between the water layer at the stationary bed and the
mobile phase, whereby peptides and proteins are separated
under HILIC mode.48 The separation/retention of peptides,
proteins, and benzene derivatives on polar silica-based
stationary phases is a complicated process, in which the
quadruple interactions among analytes, mobile phase, and
silica particles may not be excluded.45 For the separation of
polar species such as peptides and proteins, the HILIC mode
might be very effective.49 The chromatograms for the separation
of selected analytes are shown in Fig. 7. Because of their
reduced mass transfer kinetics, proteins have poorer separation
efficiency than peptides. The less retained myoglobin is close to
34492 | RSC Adv., 2024, 14, 34486–34497
neutral, exhibiting less interaction with the polar stationary
phase in comparison to albumin and insulin, which are more
polar (slightly charged). Beyond the preview of this work, there
may be geometry–selective interactions of certain analytes with
the stationary phase, regulating their retentions. In the current
project, the advantageous effects of the RPLC and HILIC modes
have been successfully availed in the form of hybrid stationary
phases.
Permeability of column

The permeability of the packed hybrid column was calculated
using the following equation:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Pore size distribution plots of silicamonolith particles (A), EGDMA-bound silica particles (B), and isotherm linear plots of the silicamonolith
(C) and EGDMA polymer-immobilized stationary phase (D).
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K ¼ uhL

DP

where “h” is the viscosity of the mobile phase, “DP” is the back-
pressure of the column, “L” is the length of the column, and “u”
is the mobile phase linear velocity. The permeability of the
column was computed as 1.024 × 10−14 m2 at 0.785 mL min−1

using a 60/40 v/v% ACN/water. The phase permeability of the
current study is comparable to those of the monolith stationary
phases reported in the literature.41

Van Deemter plot

Fig. 8 shows the Van Deemter plots for the synthetic peptides,
proteins, and benzene derivatives. The reduced plate height is
calculated by dividing the height equivalent to the theoretical
plate (HETP) by the particle size of the stationary phase (dp),
where dp is the average particle size of the stationary phase that
is computed from the particle size distribution data. A lower
value of the reduced plate height higher will be the separation
efficiency of the column. The reduced plate height values (h =

HETP/dp) used in the construction of the Van Deemter plot are
the average values of the reduced plate heights for peptides,
© 2024 The Author(s). Published by the Royal Society of Chemistry
proteins, and test analytes of benzene derivatives. The lowest
values of the reduced plate height (h=HETP/dp) corresponding
to the highest separation efficiency calculated under optimized
elution conditions for synthetic peptides, proteins, and benzene
derivatives are 1.74, 1.80, and 2.21, respectively, as can be seen
in the plot (Fig. 8). The optimized ow rate of the mobile phase
(60/40 v/v% ACN/water) is 0.785 mL min−1, corresponding to
a linear velocity of 0.45 mm s−1.27,41,50

The retention time of the unretained analytes on the column
from the current study (Rt) is 8 min. The following calculations
were used to determine the ow rate and linear velocity of the
column. When the units of the column length and radius
(column internal diameter/2) are taken in millimeter, the unit
of volume will be in mL.

Volume of the column = column length × pr2

= 200 mm × 3.14 (0.2/2)2 = 6.28 mL

Volumetric flow rate = Volume of the column/Retention time of

the unretained analyte
RSC Adv., 2024, 14, 34486–34497 | 34493
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Fig. 7 Separation of (A): synthetic peptides (Thr-Tyr-Ser, angiotensin I, bradykinin, isotocin, Trp-Gly), (B) proteins (myoglobin, ovalbumin,
cytochrome c, lysozyme, and BSA), and (C) benzene derivatives (phenol, acetophenone, 4-methyl-2-nitroaniline, benzene and toluene). Mobile
phase: acetonitrile/30 mM ammonium formate (62/38 v/v %) at pH 6.4, flow rate = 0.785 mL min−1, column dimensions= 20 cm long × 0.2 mm
ID.

Fig. 8 Van Deemter plots in terms of the reduced plate height vs.
linear velocity for the synthetic peptides, proteins, and small molecules
of benzene derivatives. The reduced plate heights are the average
values calculated for each class.

34494 | RSC Adv., 2024, 14, 34486–34497
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Volumetric flow rate = 6.28 mL/8 min = 0.785 mL min−1.

Linear velocity = volume flow rate/column cross-section area =

0.785 mL/3.14 × (0.1 mm)2 = 25 mL mm−2 min−1,

Since 1 mL = 1 mm3, so

Linear velocity = 25 mm min−1, = 25/60 = 0.417 mm s.−1

The linear velocity was conrmed using the alternate
method of calculation. The average linear velocity of the mobile
phase is given by the length of the column divided by the
retention time of the mobile phase or the dead/void time.

V (linear velocity) = L (column length in mm)/t0 (Retention time

of unretained analyte in sec)

The dead volume of the column equivalent to the unretained
analyte in the unit of time is 8 min.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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= 200/8 × 60 = 0.45 mm s−1.

The separation efficiency of the hybrid column developed in
the current study is better than those of the commercially
available columns. The monolith pattern can be observed in the
Van Deemter plot obtained in the current study, which is in
agreement with previous studies.25
Column separation performance

Separation efficiency. The hybrid column developed in the
current study was checked for the separation of synthetic
peptides, proteins and benzene derivatives as the test analytes.
The chromatograms are given in Fig. 7. The earlier eluting
peaks are sharper than the later eluting peaks under isocratic
elution mode due to the peak tailing phenomena. In contrast,
some of the earlier eluting peaks are less sharp than the later
eluting peaks in the chromatograms. The overlap of several
peptide peaks with similar retention times to each other may
not be excluded when dealing with protein samples, which
results in wider peaks. The separation performance of the
hybrid column was evaluated by analyzing a mixture of
peptides/proteins and benzene derivatives. Synthetic peptides,
proteins, and benzene derivatives are separated well with an
average number of theoretical plates at 287 500 m−1, 276 800
m−1, and 226 100 m−1, respectively, corresponding to their
respective chromatograms (Fig. 7). For high separation effi-
ciency, the connement of particles to a narrow size range,
a proper packing protocol, and a packing setup to get the best
packed bed inside the column are very important. The separa-
tion efficiency in terms of the plate number/reduced plate
height, along with reproducibility in the stationary phase, batch
analysis, and column packing are summarized in Table 3. The
Table 3 Separation efficiency and column-to-column reproducibility in
three different batches of the stationary phase synthesized using the sam

Name
Average
N-value/meter

Synthetic peptides Thr-Tyr-Ser 289 000
Angiotensin I 284 500
Bradykinin 290 000
Isotocin 287 500
Trp-Gly 286 500

Proteins Cytochrome C 279 500
Lysozyme 276 500
Myoglobin 276 000
Ovalbumin 277 000
BSA 275 000

Benzene derivatives Phenol 229 000
Acetophenone 228 500
4-Methyl-2-
nitroaniline

225 500

Benzene 224 500
Toluene 223 000

a Elution conditions: acetonitrile/30 mM ammonium formate (62/38 v/v%)
× 0.2 mm ID.

© 2024 The Author(s). Published by the Royal Society of Chemistry
%RSD values computed in the separation efficiency and reten-
tion times for three different columns developed by the same
protocol are within the permissible limit of analytical chem-
istry. The %RSD in the plate count is less than 2%, while the %
RSD in the retention time is less than 4%. For evaluating the
reproducibility in the synthesis of the stationary phase and
packing procedure, three different batches of the same
stationary phase were synthesized and packed in three different
columns of the same dimensions using the same protocol. The
reproducibility was evaluated in terms of checking the columns
by injecting the same sample for a single run. The day-to-day
repeatability of one of the three columns was checked by
injecting the sample for more than 15 runs through the same
column on different days, where the average %RSD values were
found to be less than 1.5% for different samples under study.
Similarly, the intraday repeatability of that column was checked
by injecting the same sample within different times of the same
day for ten times, where the %RSD was found to be less than
1%. The behavior of the analyte was purely sorption type
without any clear evidence of adsorption.
Comparative analysis of the column of current study

The literature reports on efficient and rapid HPLC separation
analysis consist of very tiny porous particles,51 core–shell
particles,52 and shell-type, sub-2 mm fully porous, and monolith
stationary phases.53 A detailed comparative study of the mass-
transfer kinetics for the stationary phases comprising a core–
shell type, sub-2 mm fully porous, and monolith has been re-
ported in ref. 53. The core–shell type phases were found to be
dominant, followed by the fully porous phases, and the mono-
lithic phase in order of minimum HETP and reduced mass-
transfer resistance.54 Particularly, compared to completely
porous particles of the same size, the core–shell type particles
terms of %RSD in the plate count, and the retention time computed for
e protocola

Reduced plate
height

%RSD in
plate count

Retention
time

%RSD
in retention time

1.73 2.1 11.7 3.2
1.75 1.9 13.2 3.8
1.72 1.9 13.4 3.9
1.74 1.3 15.1 4.1
1.74 1.1 16.8 3.5
1.79 2.6 11.7 3.4
1.80 2.2 13.1 3.9
1.81 2.9 13.2 4.0
1.80 2.8 14.8 3.8
1.81 3.1 16.2 3.6
2.18 1.5 10.7 4.0
2.19 2.1 12 3.9
2.22 1.8 12.4 4.0

2.23 1.6 13.4 3.6
2.24 1.4 14.9 3.5

at pH 6.4, ow rate= 0.785 mL min−1, column dimensions= 20 cm long

RSC Adv., 2024, 14, 34486–34497 | 34495
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with a 1.7 mm size demonstrated superior separation efficiency.
Monolithic columns have a higher separation efficiency that
gradually drops with an increase in ow rate, and are known to
be very permeable. Thus, they are particularly helpful in many
LC applications.41,53 The efficiency of the column from the
current study for proteins ∼ 276 800 m−1, peptides ∼ 287 500
m−1, and benzene derivatives∼ 226 100 m−1 are either better or
comparable to the N-value reported in the literature37 for the
same biomolecules. Despite the relatively narrow column ID
(0.2 mm) and broad range of particle size dispersion, the effi-
ciency of the column in the current study is greater than those
of previously reported columns. A signicant portion of the
particles in the phase of the current study is in the sub-1 mm
range, which might disturb the packing quality inside the
column, so we removed that portion by simple sedimentation
process as reported in the articles published from our labora-
tory. A low back-pressure due to the monolithic architecture of
the column from the current study is one of the advantageous
features of the current project. Monolith ow through the
channels results in high mass transfer kinetics. So, the current
project has made room for the development of highly efficient,
low cost, and disposable silica-based HPLC columns for the
separation of biomolecules in research laboratories and phar-
maceutical companies.
Concluding remarks

The current project aimed to synthesize silica-based hybrid
stationary phases for the separation of ve synthetic peptides
(Trp-Gly, Thr-Tyr-Ser, angiotensin I, isotocin, bradykinin and
acetone), proteins (cytochrome c, lysozyme, myoglobin, oval-
bumin, and BSA), and benzene derivatives (acetophenone,
phenol, 4-methyl-2-nitroaniline, benzene and toluene). The
modied sol–gel strategy, along with the sedimentation
process, was used to synthesize the conned sized silica parti-
cles, and the EGDMA polymer layer was subsequently chemi-
cally bound onto the silica particle surface by RAFT
polymerization. The Alltech slurry packer was used to pack the
hybrid stationary phase in a stainless steel column (20 cm long
× 0.2 mm). The separation efficiency of the column is very
attractive, where the Navg values for proteins is 276 800 m−1,
peptides is 287 500m−1, and benzene derivatives is 226 100m−1

when checked for protein samples and a test mixture of benzene
derivatives using a mobile phase of acetonitrile/30 mM
ammonium formate (62/38 v/v%) at pH 6.4, and a ow rate of
0.785 mL min−1.
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