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a  b  s  t  r  a  c  t

The  challenges  in  HPLC  are  fast and  efficient  separation  for a wide  range  of  samples.  Fast  separation  often
results  in  very  high  operating  pressure,  which  places  a huge  burden  on  HPLC  instrumentation.  In  recent
years,  core–shell  silica  microspheres  (with  a solid  core  and  a porous  shell,  also  known  as  fused-core  or
superficially  porous  microspheres)  have  been  widely  investigated  and  used  for  highly efficient  and  fast
separation  with  reasonably  low  pressure  for  separation  of  small  molecules,  large  molecules  and  complex
samples.  In this  review,  we firstly  show  the  types  of  core–shell  particles  and how  they  are  generally
prepared,  focusing  on  the  methods  used  to produce  core–shell  silica  particles  for chromatographic  appli-
cations.  The  fundamentals  are  discussed  on  why  core–shell  particles  can  perform  better  with  low  back
reparation methods
PLC
ast separation

pressure, in  terms  of van Deemter  equation  and  kinetic  plots.  The  core–shell  particles  are  compared  with
totally  porous  silica  particles  and  also  monolithic  columns.  The  use  of columns  packed  with  core–shell
particles  in  different  types  of liquid  chromatography  is  then  discussed,  followed  by illustrating  example
applications  of  such  columns  for  separation  of  various  types  of samples.  The  review  is  completed  with
conclusion  and a brief  perspective  on  future  development  of  core–shell  particles  in  chromatography.

© 2014  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license

(http://creativecommons.org/licenses/by/3.0/).
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. Introduction

Among different types of chromatography, high performance
iquid chromatography (HPLC) has been most widely used as
n essential analysis tool for research, manufacturing, clinical
ests, and diagnostics. This is due to its universal applicability
nd remarkable assay precision [1]. Two types of columns, i.e.,
acked column and monolithic column, have been used as station-
ry phases for routine HPLC. Silica microspheres are the mostly
sed packing materials for packed columns. While for monolithic
olumns, both porous silica and crosslinked polymers are fre-
uently used. The challenges in HPLC are highly efficient and fast
eparation with high resolution and ideally low back pressure for
arious types of samples, e.g., in pharmaceuticals, food, life science,
nvironmental and also the daily analysis in research labs [2].

Porous monoliths containing highly interconnected pores are
idely used as monolithic columns for fast separation with low

ack pressure [3,4]. The large pores are in the category of macro-
ores (>50 nm,  around 1 �m for polymer monolith). For silica
onoliths, in addition to the macropores, mesopores (2–50 nm)  are

resent in the silica wall. The highly interconnected porosity results
nto high permeability and hence low back pressure even at high
ow rates. Satisfying performance has been achieved particularly

or large biomolecules [5,6]. The main obstacles for the wider use of
onolithic columns are the reproducibility of the pore structures

nd the delicate cladding procedure to fit the monolith into a col-
mn. As a result, the analysis performance of monolithic columns
ay  vary from batch to batch. Furthermore, the mechanical stabil-

ty is generally weak for monolithic columns. There is an additional
ssue with polymer monoliths, i.e., the potential swelling problems
n the presence of solvents.

Packed columns with silica microspheres are still dominating
he market and most widely used. Although various polymer and
eramic microspheres have been used as packing materials, sil-
ca microspheres are the mostly investigated and used materials.
oth nonporous and porous silica microspheres have been used.
or small nonporous particles, the separation occurs on the parti-
le surface and band-broadening is alleviated because of the short
iffusion path, thus allowing faster mass transfer [7]. However, due
o the low surface area, retention, selectivity and therefore resolu-
ion are limited. The loading capacity is also a critical issue. For
orous silica microspheres, in addition to the particle surface, the
ore surface provides more sites to interact with analytes. For liq-
id phase separation, the pore sizes are required to be greater than
7 nm to allow sufficient mass transport. For separation of large
iomolecules, large pores up to 100 nm may  be required for efficient
eparation [4].

The size of silica particles and the packing quality can signifi-
antly affect the performance of the packed columns. Monodisperse
ilica particles with smaller diameters are employed to achieve
igh performance separation. However, coming with the use of
maller particles is the considerably increased back pressure [8].

alf of the particle size may  double the separation performance

in terms of theoretical plate numbers) but can also quadruple the
ack pressure at the same time (�P ∝ 1/d2) [4]. Sub-2 �m micro-
pheres are currently the state-of-art on the market for porous silica
microspheres. To achieve fast separation on silica microspheres
of certain size, a straightforward approach is to increase the flow
rate and therefore the pressure drop across the column. Ultrahigh
pressure liquid chromatography is thus developed and used. This
technique places much stricter requirement on the pumping sys-
tem and the whole flow system due to the very high operation
pressure.

In recent years, core–shell silica particles (solid core and porous
shell or superficially porous) have been increasingly used for highly
efficient separation with fast flow rate and relatively low back pres-
sure [9]. The solid core plus the porous shell gives a larger particle
and thus low operating back pressure while the porous shell and
small solid core can provide higher surface area for the separa-
tion to occur. For example, the 2.7 �m fused-core silica particles
(1.7 �m core and 0.5 �m thick porous shell) could yield efficiency
close to the sub-2 �m particles but with operation pressure close
to 3 �m particles [10]. The advantage with the core–shell particles
as packing materials is that the smaller pore volume reduces the
volume present for broadening from longitudinal diffusion (B term
in the van Deemter equation). The short diffusion path length can
reduce the contribution of the C term due to the fast mass trans-
fer [8,11]. Particle characteristics such as particle size and porous
shell thickness can significantly influence separation parameters
[12]. As the thickness of the porous shell decreases, the faster
mass transfer can lead to improved column efficiency and fast elu-
tion time [13,14]. For chromatographic applications, the core–shell
silica particles are also widely known as fused-core,  solid core or
superficially porous particles. There are a number of core–shell
particles commercially available, the main ones being Poroshell
(Agilent), Halo (Advanced Materials Technology), Cortecs (Waters),
Kinetex (Phenomenex) and Accucore (Thermo Fisher Scientific).
The columns packed with core–shell particles have been employed
in a wide range of applications for analysis and quality control. In
this review, we will firstly discuss the types and the general prepa-
ration methods for core–shell particles, focusing on the particles
used in chromatography. We  will then discuss the fundamentals of
core–shell particles in HPLC and how it is compared with totally
porous particles and monoliths in terms of fast separation with
relatively low back pressure. The use of core–shell particles in dif-
ferent chromatography techniques is then described, followed by
examples of the applications in different areas. The review is com-
pleted with conclusion and outlook for future development in this
area.

2. Preparation methods for core–shell particles

By its name, core–shell particles are a class of particles which
contain a core and a shell. The core and the shell can be different
materials or the same materials with different structures. Fig. 1
shows the schematic representation of different types of core/shell
particles. The core and the shell are expressed in different colors.

The core may  be a single sphere (Fig. 1A) or aggregation of several
small spheres (Fig. 1B). It is possible to have a hollow shell with
a small sphere inside, a rattle-like or yolk-shell structure (Fig. 1C)
[15]. The shell structure can be a continuous layer (Fig. 1A–C) or
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Fig. 1. Schematic representation o
mage (I) is adapted from Ref. [12] with permission.

ttachment of smaller spheres onto a big core sphere (Fig. 1D and
) or aggregated core spheres (Fig. 1F) [16]. Complex core–shell
tructures may  also be made via incorporation of smaller spheres
nto the shell (Fig. 1G) [17] or with multiple shells (Fig. 1H) [18–20].
oth the core and the shell can be nonporous solid or have desirable
orous structures. The core–shell particles used in chromatography
re usually made of the same material, silica, but with a solid core
nd a porous shell (Fig. 1I). The size of the core particle, the shell
hickness and the porosity in the shell are tuned to suit different
ypes of chromatographic applications.

Core–shell particles are usually synthesized by a two-step or
ultiple-step process. The core particles are synthesized first and

he shell is then formed on the core particle via different meth-
ds, depending on the type of core and shell materials and their
orphologies [21]. Core–shell nanoparticles have been mostly

nvestigated, compared to core–shell microspheres. The drive in
he preparation of core–shell particles is to combine the desired
roperties of different materials and structures in order to offer
ynergistic effect, to stabilize the active particles, or to provide
iocompatible properties. For example, Pt3Co intermetallic cores
ith a 2–3 atomic-layer-thick Pt shell nanoparticles could enhance

heir activity and stability as oxygen reduction electrocatalysts [22].
anoparticles are coated with a layer of silica to improve the sta-
ility in the water medium and biocompatibility for biomedical
pplications [23,24].

For the core–shell microspheres, many of the examples have
een the use of polymer microspheres such as polystyrene (PS) and
oly(methyl methacrylate) (PMMA) and silica microspheres as core
pheres. The shells are commonly comprised of metal nanoparticles
r oxide nanoparticles. A coating of silica layer is often formed on
he polymer microspheres. After heat treatment or dissolution to
emove the core, hollow spheres can be produced [25]. A rattle-

ike core–shell structure may  be prepared this way when small
pheres are present in the core spheres, provided that the small
pheres cannot be removed/decomposed when the core spheres
re removed [26]. The advantage of core–shell microspheres,
rent types of core–shell particles.

compared to the nanospheres, is that they can be easily recovered
by simple filtration or centrifugation.

The core–shell microspheres have been used for chromatogra-
phy as packing materials because the use of nanospheres would
cause extremely high operating pressure. Different preparation
methods are employed to prepare core–shell microspheres. The
mostly used core spheres are monodispersed silica microspheres
prepared by the Stöber method [27]. In this section, we  describe
the methods which have been used to produce core–shell micro-
spheres, particularly for use in liquid chromatography.

2.1. Early attempts

The concept of pellicular particles (a type of core–shell parti-
cles often with glass beads or polymer particles as the cores) was
initially suggested about 50 years ago [28]. Early generation of pel-
licular particles and Zipax particles were covered in the review
by Guiochon et al. [9]. Kirkland et al. reported the preparation of
superficially porous particles (“Poroshell” particles) which were
composed of an ultra-pure solid silica core with a thin porous shell.
A co-spraying method was  initially used, but with the disadvan-
tage of forming some totally porous microspheres that could not
be effectively separated from the rest Poroshell particles [29]. A
coacervate approach was  then employed to improve the quality
of Poroshell particles, where the dense silica cores were coated
with a urea-formaldehyde/silica sol coacervate film. The resulting
particles were sintered to increase particle strength and elimi-
nate unwanted micropores [30]. Rapid separations of polypeptides,
proteins, and DNA fragments were performed under gradient con-
ditions with this Poroshell column.

A dry blending method was used to fix small particles onto
large particles when the ratio of the diameter of the large par-

ticle to that of the small particle is larger than 10:1. The binary
mixture particles were mixed in a high-speed air stream caused
by the rotation of the rotor and hit repeatedly by the striking
pins on the rotor in a hybridizer. The small particles were fixed
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ig. 2. The schematic representation of forming core–shell silica particles by the Lb
olymer and oppositely charged nanospheres are in turn deposited onto the micr
pplied  to form the shell with different thickness.

o the surface of the larger particles as a result of mechanical
ctions [31]. For example, core–shell composite microspheres of
onporous silica nanospheres on polyethylene beads were pre-
ared by this approach [31,32]. The diameters of the polyethylene
eads were 5, 10, and 20 �m,  respectively. Separation of 3 proteins
ithin 10 min  was demonstrated by the column packed with such

ore–shell microspheres [31]. Similarly, a double-coating layer of
ilica and titania nanospheres on polyethylene beads was gener-
ted. When employed as a complex stationary phase for HPLC, the
urface double layer caused a change in the surface acidity of the
xides, rather than just a mixture of two stationary phases. The
eparation of acidic and basic drugs was performed via a multiple
etention mechanism [33].

.2. Layer-by-layer approach via electrostatic interaction

A large percentage of core–shell silica particles for chromatog-
aphy are now prepared by a layer-by-layer (LbL) approach,
articularly for the core–shell particles available on the mar-
et [9]. This approach utilizes the electrostatic interaction (and
lso hydrogen bonding, covalent bonding, van der Waals inter-
ctions, etc.) between the positively charged (cationic) and
egatively charged (anionic) species to assemble multiple lay-
rs together. This technique has been widely used to prepare
omposites and microcapsules for biomedical applications [34].
icroparticles with suitable surface charges are used as the core

nd alternative layers (of oppositely charged species, for example,
egatively surface-charged silica nanospheres and cationic poly-
er  poly(diallydimethylammonium chloride)) are built up onto

he core particles. The removal of the core particles can produce
ollow capsules. It is obvious that the core particles should be pre-
ared first and used. The LbL approach via electrostatic interaction
as been employed to produce core–shell silica particles, as illus-
rated in Fig. 2. The core silica particles are firstly bound with a
olyelectrolyte (e.g., negatively charged silica particles bound with

 cationic polymer). Excess polyelectrolyte is removed by rins-
ng. The coated core particles are then immersed in a dispersion
f nanoparticles with charges opposite from those of the organic
olyelectrolyte. This process is repeated by alternating immersions
etween the polyelectrolyte solution and the nanoparticle suspen-
ion until the desired shell thickness achieved [35]. The resulting
articles can then be treated thermally to remove the organic poly-
lectrolyte and produce solid-core porous-shell particles. Fig. 3
hows the scanning electronic microscopic (SEM) and transmis-
ion electronic microscopic (TEM) images of one type of core–shell
articles, Halo 2.7 �m particles [36]. The solid core and the porous
hell can be clearly seen. Similar structures may  be observed for
ther types of core–shell particles, varied in particle size, shell
hickness, and pore size. These particle characteristics may  be

sed to explain the difference in chromatographic performances
f the Halo and the Kinetex columns. Core–shell particles with
he sizes of 1.6 �m,  1.7 �m,  2.5 �m,  2.6 �m,  2.7 �m,  3.6 �m and

 �m are available from different manufacturers. These particles
oach. The preparation starts with a surface charged solid microsphere. The charged
re surface to produce the core shell particles. Different deposition cycles may  be

are frequently evaluated as core–shell particle columns for HPLC
separation. The recently developed 1.3 �m core–shell particles
showed excellent performance (column efficiency Hmin = 1.95 �m
and separation impedance Emin = 2000) and also some limitations
(upper pressure limit and extra-column band broadening) [37].
These particles consisted of non-porous cores about 0.9 �m and
porous shell < 0.2 �m in thickness. The column packed with 1.3 �m
particles gave peak capacity values that were 20–40% higher than
the reference column packed with 1.7 �m fully porous particles
for the same analysis time [38]. 1.1 �m superficially porous parti-
cles with a 0.1 �m porous shell were also synthesized. Non-porous
silica spheres (diameter 1 �m)  were heated at 1000 ◦C to produce
0.9 �m particles which were then re-hydroxylated for the LbL coat-
ing of different sources of silica nanospheres. The 1.1 �m particles
had a surface area of 52 m2/g and pore diameter of 7.1 nm [13].

More complicatedly, chiral core–shell silica microspheres with
trans-(1R,2R)-diaminocyclohexane moiety bridged in the meso-
porous shell were synthesized. The chiral nanospheres were firstly
formed and then attached onto the non-porous silica core by the
LbL method. Rapid enantioseparations (3–12 min) of binaphthol,
bromosubstituted binaphthol and biphenathrol were performed by
HPLC [39].

Core–shell particles with different ranges of pore sizes in the
shell are available to suit different analytes. Particles with shell
pore sizes in the range of 8–10 nm are adequate for separating small
molecules [12]. Larger molecules require larger pores for efficient
separation, e.g., particles with pores 16 nm used for separating pep-
tides and small proteins (Mw  of <15 kDa) [40]. Larger superficially
porous particles with a pore size of 40 nm allow large molecules
(<500 kDa) unrestricted access to the bonded phase and are opti-
mized for protein separations [41].

The productivity of manufacturing core–shell silica particles is
low. This is due to the numerous centrifugation steps that are
needed to remove extra and loosely bound species in each coat-
ing cycle to avoid particle aggregation. A multilayer (ML, film of
more than one layer)-by-multilayer (ML) approach was devel-
oped to speed the process [42,43]. The silica shells created by
the ML-b-ML method had a higher level of porosity than those
obtained by the traditional LBL process. The multilayer adsorp-
tion phenomenon was attributed to the formation of nanoparticle
aggregates, reduced repulsive force between nanoparticles and
increased non-electrostatic attraction between nanoparticles and
polyelectrolytes [43].

Core–shell silica particles may  be further coated with a layer
of carbon because carbon is chemically inert and highly stable for
a range of test mixtures. 2.7 �m core–shell silica particles were
coated with carbon by firstly treated with Al (III). Chemical vapour
deposition of carbon onto the silica particles was  then conducted
at 700 ◦C for 6 h using hexane as a carbon source. These carbon clad

particles gave high efficiency and good peak shapes for fast LC×LC
analysis [44]. Coating of core–shell silica particles (2.6 �m)  with a
chiral selector cellulose tris(4-chloro-3-methylphenylcarbamate)
was performed by sonication in tetrahydrofuran and then
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ig. 3. The morphology and pore structure of Halo 2.7 �m particles. SEM images of
C)  shows the solid core and porous shell structure while a high resolution TEM im

dapted from Ref. [36] with permission.

vaporation at reduced pressure. Better chiral separation was
bserved particularly at high flow rates, compared to the coated
otally porous silica particles [45].

.3. Shell synthesis on pre-formed cores

Different from the LbL approach, a shell can be formed on a core
article by different synthetic methods. Silica microspheres, poly-
er  microspheres and other particles have been used as the cores

o prepare a wide range of core shell particles, for example, silica-
olymer core shell particles by silica-supported polymerization
46], core–shell hybrid particles and hollow structures by pre-
ipitation polymerization [47], silica–metal–organic frameworks
MOFs) core–shell microspheres [48,49], shaped nanoparticle-shell
anospheres [50]. Hollow shell structures or capsules can be pro-
uced when the core polymer particles are removed by thermal
reatment or washing [25]. Silica spheres are employed to prepare
arious inorganic/composite core–shell structures although silica
an also be removed by acid etching or alkaline washing to produce
ollow structures. Silica is the main source for the core–shell par-
icles used in chromatography. The Stöber method is often used to
repare uniform nonporous silica microspheres and nanospheres,
here a base catalyst such as ammonia is used in a system that

ncludes water, alcohol and tetraalkoxysilane [27]. Indeed most of
he nonporous core particles in the core–shell particles for HPLC are

ynthesized by this method. The Stöber method can be modified
o produce mesoporous silica microspheres via the introduction
f surfactants (cetyltrimethylammonium bromide, CTAB, or non-
onic surfactants Pluronic P123 and F127) into the reactions under
 B) show the core–shell microsphere and the surface pore structure. TEM image of
 (D) gives the pore structure in the shell.

suitable conditions as surfactant templates [51,52]. The Stöber
approach has also been frequently used to form a silica coating
on different shapes and types of colloidal particles [53,54]. In an
early example, the sol–gel process of tetraethoxysilane (TEOS) and
n-octadecyltrimethoxysilane was  used to form a coating on silica
core spheres in an alkaline solution. The resulting particles were
calcined at 550 ◦C to remove the porogen and produce the solid-
core porous-shell particles with a surface area up to 348 m2/g [55].
Fe3O4 nanoparticles were coated with a thin layer of silica, which
were further used as the cores to grow another silica layer with per-
pendicularly aligned mesopores. CTAB was  employed as template
to generate the mesopores [56]. The monodisperse poly(styrene-
co-acrylic acid) spheres were prepared by surfactant-free emulsion
polymerization and then used as core particles to form Ag nanopar-
ticles shell by in situ interfacial reduction of AgNO3. A silica layer
was further formed on the top via a sol–gel process. These com-
posite core–shell microspheres were used as high performance
surface-enhanced Raman spectroscopy substrate and molecular
barcode label [57].

Complex core–shell microspheres have been prepared for sep-
aration or enrichment of target molecules although not directly
for chromatographic applications. Fe3O4@SiO2@layered double
hydroxide was  synthesized with a SiO2-coated Fe3O4 magnetite
core and a layered double hydroxide nanoplatelet shell via an
in situ growth method. The composite microspheres showed

highly selective adsorption of a histidine-tagged green fluorescent
protein [58]. Similarly, magnetic core shell composite micro-
spheres Fe3O4@SiO2-Au@mesoporous SiO2 were prepared and
used as reagentless immunosensor [59]. Fe3O4@SiO2@poly(methyl
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Fig. 4. The SEM images show the structure evolution of silica p
dapted from Ref. [63]. Copyright 2012 Wiley.

ethacrylate) core–shell–shell magnetic microspheres were syn-
hesized for efficient enrichment of peptides and proteins for

ALDI-ToF MS  analysis. The silica-coated spheres were modified
ith 3-methacryloxypropyltrimethoxysilane to facilitate the next

tage surface polymerization [60]. The wider use of magnetic cores
s due to the magnetic properties of the resulting particles, which
llow facile separation or recovery of the core–shell particles by
agnetic force.

.4. One-pot synthesis and spheres-on-sphere (SOS) silica
articles

For the HPLC applications, the core–shell silica particles are
sually prepared by the time-consuming LbL approach. A one-pot
ynthesis of core–shell particles would be highly advantageous,
ffering potential benefits on reaction time, easier quality control,
aterials costs, and process simplicity for facile scale-up. It was

eported that one-pot synthesis of uniform core–shell nanospheres
around 50 nm)  with an Ag nanoparticle core and a thick meso-
orous silica shell could be produced by subsequent addition of
gNO3 and TEOS with NaOH as a basic catalyst [61]. One-step syn-

hesis was performed to prepare silica@ resorcinol-formaldehyde
RF) resin nanospheres (around 220 nm)  under the Stöber con-
itions. The reaction utilized the fast reaction rate of forming
ilica spheres and slow rate of forming RF spheres [62]. However,
here have been very limited reports on the one-pot synthesis of
ore–shell silica microspheres which are suitable for HPLC.

Ahmed et al. reported one-pot synthesis of core–shell silica
icrospheres with the spheres-on-sphere (SOS) morphology from

ne single precursor 3-mercaptopropyltrimethoxysilane (MPTMS)
63]. Typically, an aqueous solution of poly(vinyl alcohol) (PVA)
nd CTAB was firstly prepared. Methanol, ammonia solution, and

PTMS  were added to the aqueous solution in turn while stir-

ing. The reaction was stirred for 24 h at room temperature and
he SOS silica particles were produced and collected. The SOS parti-
les contained a solid microsphere core (about 5.5 �m)  with coated
s at different reaction times until the SOS particles are formed.

nanospheres of 200 nm.  In this one-pot synthesis, however, the SOS
particles were formed in two stages (Fig. 4). Silica nanoparticles
were formed initially and then grew to microspheres. At the reac-
tion time of 30 min, new silica nanospheres started to form on the
microsphere surface. At the reaction time of 180 min, the SOS par-
ticles were already formed. The SOS morphology did not change
significantly for longer reaction time. The column packed with the
SOS particles showed fast separation of protein mixtures at low
back pressure. The preparation conditions, such as base catalyst
concentration, precursor composition, stirring rate, solvent type,
could be varied to tune the microsphere size and the nanosphere
size and the density of the nanospheres on the surface of micro-
spheres. Remarkably, a much shorter reaction time (5 min) was
sufficient to produce the SOS particles by microwave heating at
40 ◦C [64].

The SOS particles were further used as support to form addi-
tional layer of metal–organic framework (MOF) nanocrystals [49].
MOFs are a type of crystalline porous materials via the linkage of
metal ions and organic ligands [65]. Most MOFs exhibit micropo-
res of varied morphologies although great effort (e.g., by ligand
extension, combining the synthesis with surfactant templating)
has been made to prepare mesoporous MOFs. The pore size, pore
shape, and pore surface functionality are well defined in MOFs,
which are suitable for highly selective separation of gas molecule
or small molecule liquids [65,66]. MOFs have been packed into
columns for liquid phase separation [67]. However, low separa-
tion efficiency and low column stability are often observed for such
columns. This is because MOFs are normally prepared as irregularly
shaped microparticles. Packing such particles is very difficult, often
leading to low column efficiency, high back pressure and hence
crushed particles. To address this problem, MOF  nanocrystals could
be formed on silica microspheres as a new type of packing mate-

rial. HKUST-1, a thermally stable cubic MOF  with a channel pore size
of 1 nm formed by the ligand 1,3,5-benzenetricarboxylic acid and
Cu2(OAc)4 paddlewheel-type secondary building units, was  used as
a model MOF  in the study [49]. HKUST-1 nanocrystals were formed
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Fig. 5. The core–shell silica-MOF particles. The MOF  here is the HKUST-1 nanocrystals. The core–shell particles (A) and the surface morphology of the core–shell particle (B)
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re  shown by SEM imaging at different magnification. The N2 sorption data (C) sho

dapted from Ref. [49]. Copyright 2013 The Royal Society of Chemistry.

n the SOS microspheres with surface COOH groups. The silica
ore was non-porous. The presence of microporous HKUST-1 was
onfirmed by N2 sorption analysis (Fig. 5). Compared to the packed
KUST-1 particles, the composite core–shell column showed a fast

eparation of xylene isomers. Similarly, another type of MOF  (ZIF-
) shell consisting of nanocrystals was formed on the commercially
vailable silica microspheres (3 �m)  with carboxylic modification.
he packed columns showed high column efficiency for the separa-
ion of endocrine-disrupting chemicals and pesticides within 7 min
68].

.5. Droplet-based microfluidic approach

Microfluidics is a highly interdisciplinary research area which
nvolves physics, chemistry, engineering, materials science, and
iology. The technology concerns small volumes (from 10−9 to
0−8 l) of fluids, using channels with dimensions from tens to
undreds of micrometers. It has been widely used to prepare
xtremely monodisperse emulsions/double emulsions and micro-
pheres with complex morphology and compositions [69–71]. Since
onodispersed microspheres are known to significantly improve

hromatographic performance, the microfluidic method can be
ery important in developing novel and high performance packing
aterials for chromatography.
Conventional emulsification methods (e.g., by stirring, homog-
nization, sonication) produce polydisperse emulsion droplets
hat can be transformed into spherical microparticles through
hemical or physical consolidation. The monodisperse emul-
ions produced by microfluidics can be used to yield highly

ig. 6. The scheme represents the preparation of silica-titania core–shell particles by the
ith  Span 80 (surfactant) and oleic acid.

dapted from Ref. [75]. Copyright 2011 American Chemical Society.
icroporous material with the pore size distribution around 1 nm.

uniform microspheres. Functionalized microspheres with complex
morphologies including core–shell structures have been real-
ized through shaping, compartmentalizing, and microstructuring
[72].

Pickering emulsions (where the droplets are stabilized by
small particles) are widely used to produce core–shell par-
ticles or capsules. An “inside-out” microfluidic approach was
developed to produce monodisperse particle-stabilized emulsions
and nanoparticles-decorated microspheres. The nanoparticles are
inducted in the droplet phase thus minimizing the waste of
nanoparticles [73]. However, a double emulsion approach is
probably more used in producing core–shell particles via the
microfluidic approach. After forming a double emulsion, the dou-
ble emulsion droplets can be crosslinked/condensed to form dry
core–shell particles. For example, poly(lactide-co-glycolide) (PLG)-
dichloromethane solution was  injected through an inner capillary
into a flow of aqueous alginate solution. The resulting oil-in-water
emulsion droplets were then dispersed in a flow of toluene. The
crosslinking of alginate and removal of solvent dichloromethane
produced PLG-alginate core–shell particles [74]. A single emul-
sion method could also be used to prepare core–shell particle.
As shown in Fig. 6, a silica sol prepared from TEOS was injected
into an oil continuous phase containing tetrabutyl titanate (TBT).
As soon as the droplet was  formed, due to water diffusion, the
hydrolysis of TBT occurred at the interface to form a thin gel

around the droplet. The full hydrolysis was  completed in a solidifi-
cation bath containing the continuous fluid. This method produced
the silica-titania core–shell particles [75]. A simple T-junction
microfluidic device was used to produce hierarchical raspberry-like

 microfluidics approach. The oil phase is tetrabutyl titanate (TBT) in liquid paraffin
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ilica particles [76]. The silica sol formed from TEOS in ethanol
nd HCl solution was pumped via the inner flow focusing inlet
hile NaHCO3 solution was pumped through the outer inlet. Hex-

decane with a surfactant was used as the continuous phase.
he raspberry-like morphology was produced due to the reaction
etween HCl and NaHCO3 and the formation and escape of CO2
ubble.

. The fundamentals of core–shell particles for HPLC

The underlying reasons for the advantages in performance ben-
fits associated with solid-core porous-shell materials has been the
ubject of much debate and also a high degree of marketing from
arious manufacturers. Initially the advantages were associated
ith the better particle size distribution and also the reduction in

he resistance to mass transfer terms [2,7]. These initial claims were
ot quite accurate. There is an improvement on the performance of
hese types of columns due to these physical parameters, but the
bserved beneficiary effect due to better particle size distribution
nd reduced resistance to mass transfer is not as significant as for
ther contributing factors. In order to better understand how the
orphology of solid core particles improves the chromatographic

erformance, it is necessary to investigate the individual terms of
he van Deemter equation [11], written below in modern terminol-
gy to determine the effect of the dispersion of the solute molecules
ithin a packed bed environment.

 = B

v
+ A + Cv (1)

here h is the reduced plate height, v the reduced velocity, A, B, and
 numerical coefficients related to the parameters of the column.
onolithic columns can also offer fast HPLC separation with low

ack pressure, particularly for large biomolecules. It is important
herefore, to also consider the fundamentals of core–shell particles
n comparison with monolithic columns.

.1. A term

The eddy dispersion term of the van Deemter equation has been
he interest of many researchers and the mechanistic interpreta-
ion of this parameter has improved substantially, although there is
till a degree of retrospective fitting of experimental data to allow
or optimization of the postulated theory. Specifically the use of
he Knox equation [77] which relates an inverse cubic depend-
ncy of the linear velocity to the band broadening has proved very
uccessful in modeling of experimentally derived data. The disper-
ion associated with this term can be rationalized as coming from
oth the size of the particles and also the quality of the packing. It
as been shown that the packing density within a column varies
adially as a result of the wall effect, which results in increased
and broadening. Thus there are two very distinct components to
he ‘A’ term, one which relates to the short range packing effects
ssociated with a regular packing structure of spheres, and the
ther one being a longer range effect which occurs due to radial
nhomogeneity across the column.

In the initial marketing literature that was associated with the
aunch of a range of solid core materials, it was suggested that some
f the benefits arose because of the tighter particle size distribution
hich resulted in better packing of the particles. This is an easy con-

ept to visualize, however in practice the variation of the particle
ize distribution that is quoted for fully porous materials and for
olid core materials is simply not large enough to cause an adverse

ffect, and thus the concept is simply not applicable to the observed
igh efficiencies associated with solid core materials. A typical solid
ore particle will be quoted as having a d90/10 of 1.1 compared to a
ully porous material which has a d90/10 of 1.7. It has been shown
. A 1357 (2014) 36–52 43

that this is not a significant enough change to allow for deterio-
ration in the column performance [78]. Indeed the data presented
by Gritti et al. [78] suggested that the performance of any form of
sub 3 �m particles could be improved by the addition of small vol-
ume  fraction of larger particles in the range 3–5 �m. In this study,
3 �m and 5 �m particles were mixed to give a bi-modal distribu-
tion that probably behaved differently compared to a mono-modal
distribution of different variances.

However, it is very evident from a wealth of experimental data
that solid core materials do provide a benefit in terms of the ‘A’ term.
Since this parameter is dependent primarily on the particle size and
the packing efficiency, the logical conclusion is that the packing is
better with solid core materials than with fully porous materials.
Solid core materials intrinsically have a rougher surface than fully
porous media. As a consequence, there is considerably more shear
stress applied to the particles when they are packed. Once the col-
umn  is packed, it then undergoes a period of consolidation where
the pressure is slowly released and the frits and other end fittings
are attached. Although it is harder to pack the material, once the
material is packed the amount of shear stress required to over-
come the frictional forces associated with the roughened surfaces
is so great that bed expansion is virtually eliminated, whereas the
situation with fully porous materials is very different. Fully porous
materials have a much smoother topography resulting in particles
that are easier to pack than compared to solid core materials. How-
ever, on consolidation of the bed, the lack of a roughened surface
means that these particles slide over each other with relative ease
compared to the solid core materials, which results in the creation
of bed heterogeneity.

3.2. B term

One of the biggest advantages to the use of solid core materials
is the reduction in the dead volume of the column. A fully porous
material packed into a column will only occupy about one-third of
the column volume whereas the amount of space occupied by the
solid core material is dramatically increased by about 20–30% [79].
This reduction in the accessible volume of the column results in less
longitudinal diffusion occurring within the column. To effectively
model the diffusion, it is necessary to consider the various zones
within the column media that exist, since diffusion within these
zones will be different. On a macroscopic level, there is an effective
diffusion coefficient that can be measured. It will be an average
of the diffusion occurring within the bulk media and the diffu-
sion occurring within the porous media. Development of a suitable
model will allow for the effective diffusion rate to be calculated
and will also allow for the effect that the porous layer has on the
effective diffusion, and consequently the B term to be determined.
There are a variety of models [80–82] that exist that explain dis-
persion within a multiple zoned bed. However, the most effective
one applied to this physical process has been shown to be a model
developed by Torquato et al. [81,82] following on from the work of
Garnett et al. [80].

Using the same formulas derived by Gritti et al. [83], based on
the Garnett–Torquato model:

B = 2[1 + 2(1 + εe)  ̌ − 2εe�2ˇ2]
εe[1 − (1 − εe)  ̌ − 2εe�2ˇ2]

(2)

where

 ̌ = (1 − �3)/(1 + �3/2)  ̋ − 1
(1 − �3)/(1 + �3/2)  ̋ + 2

(3)
and � is the ratio of the solid core to the whole diameter of the
particle (1 is a solid particle, 0 is a fully porous particle), �2 a three-
point parameter for random dispersion of spherical inclusion, εe

the external column porosity and assumed as 0.4,  ̋ the ratio of
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Fig. 8. The plot shows the relationship of B + C terms of the van Deemter equation
with reduced velocity. For large molecules where there is reduced diffusion, the
C  term has a significant effect as the solid core diameter is reduced. Large � – 0.9,
ig. 7. The minimal value for longitudinal diffusion, the B term, is obtained when
ither there is limited retention or when the particle does not have any porosity.

he effective diffusivity in the porous layer of the particle compared
o that in the bulk, effectively giving an indication of the retention
f a compound, with higher values being more applicable to more
etentive compounds.

A  plot can be made which shows the variation of the B term
ith respect to the retention of the analyte and also the internal
orosity of the particle, which can be varied by altering the depth
f the porous shell.

The minimal value for longitudinal diffusion, the B term, is
btained when there is limited retention or when the particle does
ot have any porosity. The diagram in Fig. 7 clearly demonstrates
he advantages that reducing the volume of the column by increas-
ng the solid core diameter (increasing �) has on the longitudinal
iffusion within the column. It can be seen that there is a reduction
y 500% as B decreases from 7.7, when  ̋ is 2, and � is 0, to 1.4 when

 is 0, and � is 1. Although this is an extreme example, there is still
n appreciable change in the longitudinal diffusion when taking a
ore realistic value for  ̋ of 0.14 [79]. It should be mentioned that

he improvement in B term is important only in the low flow rage
anges. Generally around and beyond the optimal linear velocity,
ts impact is almost negligible.

.3. C term

The final term to consider is the C term or resistance to mass
ransfer. As with the other terms of the van Deemter model, this has
een reviewed and modified since the original publication [11,84].
odifications to the original publication include the inclusion of
ass transfer effect due to different flow velocities within the
obile phase and not just within the stagnant regions of the pore

tructure.
Initial literature about the launch of the solid core material asso-

iated much of the benefits of the technology with the reduced
ass transfer effects. However, it was shown by Gritti that for

mall molecules this is not the case [85]. The major contribution to
he reduction in band broadening is associated with the reduction
n the B and A dispersion processes. Gritti proposed the following

odified equation to determine the contribution of the C term for

he band broadening process [85].

Long = B

�
= 2(�e + (1 − εe)/εe(1 − �3)/(1 + �3/2))

�

Small � – 0.1, Dm – 1.63e−3 (small molecule), Dm – 1.63e−5 (large molecule),  ̋ (small
molecule) – 1,  ̋ (large molecule) – 0.1, dp – 2.7 �m, k – 3, �e – 0.62, εe – 0.37, Rc –
4.6.

hLiquid–Solid = C� = 1
15

1 − �3

1 + (�3/2)

(
k1

1 + k1

)2

×
[

1 + 2� + 3�2 − �3 − 5�4

(1 + � + �2)2

]
1

B − 2�e
� (4)

Using this model it is possible to simulate the large and small
molecules and to determine the effect that altering the solid core
ratio to porous layer will have on the overall chromatographic effi-
ciency. Fig. 8 clearly demonstrates that the porous layer has little
effect on the overall H value for small molecules whereas for larger
molecules there is a more increased effect.

The contribution of the B term is inversely proportional to the
linear velocity and so does not contribute significantly to the over-
all band broadening at higher linear velocities, which is a focus of
Fig. 8. It can be seen from Fig. 8 that although there is a difference in
terms of the C term for the small molecule when there are different
porous shell thicknesses employed (in this case two  extremes were
chosen of � = 0.1 and � = 0.9). However, the actual value of this num-
ber is quite small and as a consequence will have minimal effect on
the overall dispersion. Of greater interest though is the data shown
in Fig. 8 which highlights the difference between the dispersion
observed due to mass transfer effects for larger molecules where
the diffusion coefficient is much lower. It is evident that the differ-
ence in the C terms in this scenario is contributing significantly to
a difference in the overall dispersion seen with a very thin porous
layer compared to a virtually fully porous material. Thus it can be
concluded that for large molecules such as proteins, or oligonu-
cleotides, a very thin porous layer should be employed to reduce
dispersion effects.

So far the dispersion associated with the use of monolithic
columns has not been discussed, primarily because the disper-
sion models that are applicable to the treatment of packed bed
columns are not directly transferable to monolithic structures. Sil-
ica monolithic columns consist of a continuous, porous rod that
has a bimodal porosity [86]. These columns are made of a network
of through pores separated by a thin, porous silica or polymeric
skeleton. The larger size pores, estimated to be 1.7 �m, measured

using mercury intrusion porosimetry [87], allow for movement of
the mobile phase, whereas the smaller size pores, measured by
nitrogen adsorption was  14 nm [88], generate a large surface area
that allows for a sufficient retention of the analytes. The larger



R. Hayes et al. / J. Chromatogr. A 1357 (2014) 36–52 45

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

0.0 2.0 4.0 6.0 8.0 10 .0

H

u (mm /s)

Monoli thic

3  m

<2  m

2.6  m Soli d 
Core

F
c
m

i
a
i
m
w
t
r
t
a

•

•

•

l
I
c
[
t
u
t
i
c

b
I
r
b

t
t
m

0

200

400

600

800

1000

0 20 0 40 0 60 0 80 0 100 0

P
re

s
s

u
re

 (
b

a
r)

Flow rate (uL /min)

Press ure ve rsus Flow Rate

1st Generation   Monoli th

3 μm

Soli d Core 2.6 μm

<2 μm

Fig. 10. Comparison of column pressure for Accucore 2.6 �m core–shell micro-
spheres and fully porous 5 and 3 and sub-2 �m microspheres (100 mm × 2.1 mm
ig. 9. Efficiency comparison using the van Deemter plots for Accucore 2.6 �m
ore–shell microspheres, monolithic column, and fully porous 3 �m and sub-2 �m
icrospheres. All the data were experimentally obtained.

nterconnected pores in the monolithic columns accounts for their
dvantages over traditional packed columns [86–89], since there
s substantially less pressure required to obtain the optimal chro-

atographic efficiency. Due to the reduced pore depths associated
ith monolithic structures, there is also a reduction in the resis-

ance to mass transfer term, which allows for use at elevated flow
ates without the loss of performance. However, the first genera-
ion monoliths suffer from a lack of radial homogeneity, caused by

 few factors, including:

The synthesis of a monolithic column involves an exothermic
condensation reaction, with the heat generated being evacu-
ated radially through the monolith, generating a temperature
gradient. Because the polycondensation reaction is temperature
dependent, it will proceed faster in the column center than at the
walls, which might affect the distribution of the local external
porosity.
As part of the manufacturing, the monolithic rod has to be encap-
sulated by a heat-shrinking PEEK tube around the rod [90,91]. The
encapsulation compresses the bed radially and may  also cause
radial stress and strain.
It is also feasible that during the polymerization process the
monolith is initially attached to the column wall. However, some
elastic deformation may  occur as the monolith shrinks and breaks
away from the column wall.

The radial heterogeneity does affect radial distribution of ana-
ytes and also affects the chromatographic efficiency of a column.
ndeed, some authors have demonstrated that the column effi-
iency can be improved by up to 100% by removing this effect
88,92]. The second generation commercial monoliths have a
ighter radial pore distribution [93,94], but at the expense of col-
mn  head pressure. Other approaches can be employed to alleviate
he radial heterogeneity [95–98]. This suggests a way of allow-
ng monolithic columns to compete effectively against packed bed
olumn.

The general rate model shows success in explaining the band
roadening process occurring within a monolithic column [29–32].
t is feasible to produce a value for HETP (height equivalent theo-
etical plate), which does allow for some comparisons with packed
ed columns.
Fig. 9 is an overlay of H vs. the linear velocity. It can be seen that
he overall performance of the solid core material is better than
he other columns under evaluation. The worst performed was the

onolithic column, with a plate height of double that obtained for
columns, mobile phase: water/acetonitrile (1:1), temperature 30 ◦C).

Adapted from Ref. [85]. Copyright© 2012 Chromatography Today.

the solid core column. However, it should be stressed that this data
does not incorporate the amount of pressure required to drive such
a separation. It should also be noted that the van Deemter plot for
the monolithic column is flatter than the solid core and fully porous
materials.

3.4. Kinetic plots

Another area that needs further investigation is the concept that
solid core particles give lower back pressure than conventional
columns. This is not correct since the resistive forces exhibited
by a bed packed with spherical beads are inversely proportional
to the square of the particle diameter, in accordance to the
Kozeny–Carmen model [99].

�P

L
= A�(1 − ε0)2	0

ε3
0d2

p

(5)

where A is a constant dependent on the topography of the column,
�P the pressure drop across column, L the length of column, �
the fluid viscosity, ε0 the porosity of the packed column, 	0 the
superficial velocity, and dp the particle diameter.

It is not feasible to have a pressure-driven flow through the
pores in the porous beads as the diameter of the pores are too
small, relative to the interstitial spaces and as a consequence of
the lack of a pressure driven flow through the particles, the resis-
tive forces that are present are virtually the same whether the bead
is porous or non-porous. Fig. 10 demonstrates this point with the
pressure obtained using a 3 �m particle compared to the pressure
drop obtained when using a solid core particle have an average
diameter of 2.6 �m.  The pressure drop observed with a monolithic
column and also a sub-2 �m column are also incorporated into the
plot [85].

A more discernable measure of the performance of the column
does however put the solid core materials in a better light. The
use of Poppe or Kinetic plots [100–102] and specifically the use
of impedance as devised by Knox and Bristow [103] demonstrate
the performance of a column accounting for the flow resistance or
the permeability of the column. The mathematics underlying the
kinetic plot method is very simple and is based on three ‘classical’
chromatographic equations.

L = NH (6)

t0 = L
(7)
	

	 = �PKv

�L
(8)
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ig. 11. Performance comparison of Accucore 2.6 �m core–shell microspheres, fully
orous 3 and sub-2 �m microspheres, and monolithic columns using kinetic plots.

here L – column length, N – number of plates, H – HETP, 	 –
inear velocity of mobile phase, t0 – dead time of the column, �P  –
ressure drop, Kv – column permeability, � – mobile phase viscosity

 = �Pt

�N2
(9)

here E is impedance and t is elution time of the test compound.
Kinetic plots are ideally suited to compare the performance

f differently shaped or sized liquid chromatography supports,
ncluding monolithic supports which are traditionally difficult to
ompare against spherical particles.

Fig. 11 demonstrates that the fully porous materials have higher
mpedance, which implies it requires more pressure to get an equiv-
lent separation compared to the monolithic and also the solid core
olumns. It is interesting to note that with the data presented in
ig. 11, the solid core column would appear to give the best sep-
ration per unit measure of pressure where a high efficiency is
equired, however where a lower efficiency is required then the
onolithic column outperforms the other three columns.
The data presented in this section illustrate solid-core chro-

atographic supports exhibit less band broadening through eddy
iffusion and resistance to mass transfer than fully porous chro-
atographic supports, and also monolithic columns. Models have

een presented which demonstrate how the variation of the porous
hell can affect the overall chromatographic performance of the
olumn, and in particular the importance of selecting the correct
epth of porous layer to optimize the separation for small and large
olecules. Models were also presented which have been applied

o the physical understanding of the dispersion processes within
 monolithic column, and it was stated that one of the limita-
ions of the early designs of monolithic stationary phases was due
o the radial heterogeneity of the pore structure caused by the

anufacturing process. Direct comparisons of the performance of
onolithic columns and packed bed columns can only be achieved

f a common scaling factor is used and the introduction of the
mpedance term allows this to occur [103].

. Use of core–shell silica microspheres in liquid
hromatography

.1. Reversed-phase HPLC

Reversed-phase analysis is the mostly used mode of HPLC. Com-
arative studies are performed to investigate the relation between
ifferent types of core–shell particles and the column performance.

olumns packed with core–shell particles provided high efficien-
ies with reduced plate height in the range of 1.7–1.5, depending on
he test mixtures [104,105]. Destefano et al. reported fast and high
esolution separation of naphthalene, virginiamycin, pesticides,
. A 1357 (2014) 36–52

and explosives on Halo C18 and C8 columns [104]. The reduced
plate height plots for virginiamycin obtained from both columns
was significantly lower than 3 �m totally porous particles due to
increased mass transfer. Guiochon et al. and others worked with
the same type of columns, showing improved separation of large
molecules such as proteins, moderate molecular weight peptides,
and proteins digests of insulin, lysozyme, myoglobin, and bovine
serum albumin [106–109]. Comparing the efficiency of Kinetex
C18 with Halo C18, it was reported that Kinetex C18 resulted in
better performance with no loss in peak capacity with increas-
ing velocity [110]. It was believed that C term in the HETP plot
for the Halo particles was  significantly larger, which contradicted
with the reduced diffusion distance when using reduced veloci-
ties in excess of 10–12. Another study indicated that this increase
in performance could be a result of the difference in particles size
between the Kinetex (2.6 �m)  and Halo (2.7 �m)  [109]. The result
confirmed the very flat HETP curve, the very low C term of the
Kinetex column and its ability to successfully operate at high flow
rates while experiencing less efficiency loss than other columns
[109]. A systematic evaluation was  carried out by Oláh et al. to
compare the kinetic performance on Kinetex and Ascentis Express
(Sigma–Aldrich) columns by constructing the van Deemter, Knox
and Kinetic plots using test mixture of estradiol, levonorgestrel,
bicalutamide, and ivermectin [111]. These results indicated that
the Kinetex column offered faster mass transfer with a flatter C
term. It was suggested that this difference in performance was
due to the Ascentis Express column has lower loading capacity
and retention factor than even totally porous particles. The rela-
tion between the shell pore size and thickness was  investigated to
establish restricted diffusion of molecules [14,112]. The pore size
was found to be the major contributor toward restricted diffusion
of large protein molecules at 400 kDa, which was  comparable to
previous studies on the effect of pore size on molecules diffusion
in totally porous particles [112]. The study involved the use of Halo
C18 particles with pore sizes of 9, 16 and 40 nm for the separation
of proteins such as myosin, ferritin, and �-amylase. Mass transfer
kinetic could also be influenced by the shell thickness, thus the sep-
aration time almost halved by reducing shell thickness from 350 to
150 nm [14].

4.2. Narrow bore and capillary HPLC

In recent years, column miniaturization has been investigated
and tested in order to achieve highly sensitive chromatography.
The miniaturized columns are better for handling minute and/or
dilute samples, especially in area such as forensic science and sport
drug trails. The idea of miniaturization is to provide higher sensi-
tivity and peak capacity than standard columns with minimal dead
volume for small sample amounts [113]. Narrow bore columns of
1–2 mm internal diameter (i.d.) can be used on a conventional HPLC
system, but the instrument requires modification to reduce dead
volume. This becomes more difficult when dealing with capillary
columns as the pump needs to be adapted to accommodate low
mobile phase flow valves. On-capillary sample injector and detec-
tion can be used to reduce dead volume [114]. Systematic studies
on the efficiency between narrow bore and analytical type columns
showed the same column performance, due to the packing and wall
effect [115,116]. Thus different packing methods have been applied
such as dry packing [117], high-pressure slurry packing [118], and
centripetal force packing [119] to overcome some of the issues.
The majority of studies have been done using conventional 3–5 �m
silica microspheres. Improved chromatographic performance was

obtained by reducing particle size to 1.7 �m,  but resulting in an
increased backpressure [4]. In this regard, core–shell particles can
improve separation efficiencies and speed without having to use
very small particles.
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Comparative studies have been performed to determine the
fficiency of narrow bore core–shell columns (2.1 mm i.d.) with
otally porous and monolithic columns [120]. The core–shell par-
icle seemed to give better efficiency and peak asymmetry factors
ompared to monolithic columns. However, monolithic columns
an still offer higher permeability and even lower backpressures
t higher linear velocities (up to 8.5 mm/s). This was  the case
hen Kinetex vs. Chromolith columns were tested for isocratic

eparations of diastereoisomeric flavonoid compounds (silybin and
cetylsilybin diastereoisomers). In another study, it was  found that
he performance of the porous shell particles was  significantly
egated by the extra-column band broadening especially in narrow
ore columns (2.1 mm  i.d.) [121]. Gritt et al. carried out systematic
tudies using different type of core–shell particles and investigated
he effect of internal diameter of the column on efficiency [122].
t was shown that depending on the type of silica investigated,
he 2.1 and 4.6 i.d. columns gave comparable efficiencies. How-
ver, the effect on column efficiency became more dominating with
ecreasing particle sizes from 4.6 to 1.3 �m (reduced plate height

ncrease slightly from 1.6 to 1.9, respectively) [122].
Currently there are fewer studies published on the application

f core–shell particles in capillary columns. Most of those involve
apillary electrochromatography. Fanali et al. used 100 �m i.d. cap-
llary packed with 2.6 �m core–shell Kinetex C18 particles for the
nalysis of different brands of green and black tea constituents
123]. Sharper peaks in the chromatogram and shorter analysis time
ere observed, compared to sub-2 �m C18 particles. Accurate mass
etection of the tea constituents was determined by coupling with
he mass spectrometer (MS). Due to the use of capillary column
here was no need to split flow prior to the MS interface, hence
esulted in better signal and sensitivity. In another study, phenyl-
exyl core–shell Phenomenex particles were packed into capillary
olumns with 25, 50, 75, 100 and 150 �m i.d. to be used to sep-
rate five aromatic hydrocarbons [124]. Higher plate number per
eter was obtained with decreasing capillary diameter without

ignificant decrease of efficiency, with the highest plate number
bserved for 25 �m capillary. These results indicated that the extra
and broadening observed with narrow bore columns were almost
xcluded in capillary columns.

.3. HILIC separation

Unbonded silica phase is used to increase retention of polar
ompounds such as carbohydrates, peptides and nucleic acid com-
onents. The separation can be carried out under hydrophilic

nteraction liquid chromatography (HILIC) condition [125,126]. A
alo Penta-HILIC column demonstrated the ability for fast sepa-

ation of a mixture of nucleosides and bases with excellent peak
hapes and efficiency in less than 9 min  [127]. It was  also success-
ully used for the analysis of abuse and metabolites drugs such as
ocain, meperidine and methamphetamine. A comparative study
ith porous sub-2 �m and porous shell 2.7 �m was  carried out
nder HILIC conditions. The fused-core column offered d a faster
eparation time and a backpressure two times lower, but generated
0% lower efficiency than predicted [128].

The core–shell particles can be also used in supercritical fluid
hromatography mode as it offers faster mass transfer and is envi-
onmentally friendly. A Kinetex HILIC column showed almost 50%
ncrease in efficiency and halved the time of separation when com-
ared with totally porous particles using gaseous CO2 as the mobile
hase [129].
.4. Chiral separation

Another area of chromatography is chiral separation, which
ccounts for analysis of over one-third of marketed drugs. A few
. A 1357 (2014) 36–52 47

chiral phases are commercially available such as polysaccharides
[130,131], cylodextrines [132], and others [133]. A recent study
reported the coating of Kinetex particles with polysaccharide chiral
selectors [45]. Higher selectivity was  observed for the separation of
enantiomers of trans-stilbene oxide, benzoin and 2,2′-dihydroxyl-
6,6′-dimethylbiphenyl. But the performance was relatively similar
to totally porous particles. Wu  et al. reported the bridging of chi-
ral ligand in the porous shell with a diaminocyclohexane moiety
[39]. Rapid chiral separation was demonstrated. The column packed
with the chiral core–shell particles exhibited better performance
than the column packed with the functionalized periodic meso-
porous organosilicas.

4.5. Capillary electrochromatography separation

Capillary electrochromatography (CEC) is a separation tech-
nique in which the mobile phase is driven by an electro-osmotic
flow rather than pressure in HPLC. CEC combines the separation and
selectivity of HPLC and the high efficiency of capillary electrophore-
sis (CE) [134]. The role of stationary phase has been investigated
for improved separation. Variety of stationary phases has been
tested such as silica and polymeric materials with different bonding
phases [134–136]. Core–shell particles have shown a great success
in conventional liquid chromatography. However, the use of these
particles in CEC is very limited so far. An interesting study by Fanali
et al. compared the performance of capillary columns packed with
totally porous and core–shell silica particles for chiral separation
in CEC mode [137]. The particles were coated with cellulose tris(4-
chloro-3-methylphenylcarbanate), which is a polymer-based chiral
selector. The capillary column packed with the core–shell 2.8 �m
particles showed baseline separation of warfarin and temazpam
with excellent peak shapes compared to 3 �m totally porous parti-
cles. This study has shown that porous shell particles can perform
in CEC mode without any loss of resolution or efficiency [137]. It
would be interesting if these particles can be expanded into sepa-
ration of other mixtures.

4.6. Two dimensional liquid chromatography

Two  dimensional liquid chromatography (2D-LC) is a technique
where the injected sample is analyzed by the use of two separa-
tion stages. This is accomplished by injecting the eluent from the
first column onto a second column. While applications exist which
utilize a pair of identical phases, the two  phases do not necessar-
ily need to be the same. With an alternate phase in the second
column (or the second dimension), it becomes possible to sepa-
rate analytes that are poorly resolved by the first column or to use
the first dimension as a clean-up step. The main advantage of this
method over conventional one dimensional chromatography is the
potential for a large increase in peak capacity. This can be achieved
without requiring particularly efficient separations from either col-
umn  as, under ideal conditions, it is possible to obtain a total peak
capacity equal to the product of the first and second separations
[138]. The major disadvantage is the long timescale involved in
comprehensive 2D-LC. Run times can exceed several hours, how-
ever theoretical peak capacities in the thousands can be achieved
if a longer analysis time is acceptable [139,140].

Examples of the use of fused core particles in 2D-LC include
pharmaceutical and food analysis. In one study, the increased
resolving power when using the reversed phase dual fused-core
secondary columns confirmed the presence of minor components
from the degradation of a drug compound. Very fast gradient sep-

arations were achieved at ambient temperature without excessive
backpressure and without compromising optimal 1st dimension
sampling rates [141]. In the analysis of pesticides in food, a
totally porous HILIC column provided fast on-line clean-up of the
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Fig. 12. Effect of pore size. Columns: 100 mm × 4.6 mm;  particles: 2.7 �m;  mobile
phase – A: 10% acetonitrile/90% of 0.1% TFA; B: 70% acetonitrile/30% of 0.1% TFA;
gradient: 0–50% B in 15 min; flow rate: 1.5 mL/min; temperature: 30 ◦C; injection:
5  �L; instrument: Agilent 1100; detection: 220 nm; peak identities: (1) Gly-Tyr –
238 g/mol, (2) Val-Tyr-Val – 380 g/mol, (3) methionine enkephalin – 574 g/mol, (4)
angiotensin II – 1046 g/mol, (5) leucine enkephalin – 556 g/mol, (6) ribonuclease A

C18 core–shell and C18 sub-2 �m columns showed comparable
results for all in terms of resolution and peak capacity. The over-
laid chromatograms are shown in Fig. 13. All columns were able to

Fig. 13. Chromatograms of (A) Arg-vasopressine (25 �g/mL), (B) peptide 1
(20  �g/mL), (C) peptide 2 (10 �g/mL), (D) insulin (30 �g/mL), (E) peptide 3
(25 �g/mL), (F) peptide 4 (50 �g/mL) separated on three fused-core columns: Halo
C18, 50 mm × 2.1 mm,  2.7 �m; Poroshell 120 EC-C18, 50 mm × 2.1 mm,  2.7 �m;
8 R. Hayes et al. / J. Chrom

amples in the first dimension, followed by analysis using a C18 core
hell column. The method was shown to be capable of analysing
ver 300 compounds with good sensitivity and robustness [142]. A
ayer of carbon could be deposited on 2.7 �m superficially porous
ilica microspheres without causing pore blockage. The use of these
arbon clad core–shell silica as a new packing material in fast 2D-LC
s the second dimension improved the peak capacity [44].

. Applications of core–shell particles columns

In the above section, when discussing the types of liquid
hromatography employing core–shell particles columns, some
pplications have been covered. In this section, by giving some
ore but not exhaustive example applications, we  intend to show

hat the core–shell particles columns can be used for analyzing a
arge variety of samples in different fields.

.1. Proteins, peptides and biomacromolecules

Kirkland et al. recently published an overview describing fam-
lies of fused-core particles and their optimization in separating
articular groups of compounds based on their size and proper-
ies [127]. The original fused-core particles developed by Advanced

aterials Technology aimed at separation of small molecules were
.7 �m in diameter with a 0.5 �m shell, 9 nm pores and a sur-
ace area of 135 m2/g. Due to the poor diffusion by larger analytes
nto the pore system, fused-core particles with 16 nm pores were
ntroduced which were more suitable for the separation of pep-
ides and small proteins up to around 15 kDa [143]. A test mixture
f small proteins was analyzed on both 9 and 16 nm fused-core sil-
ca particles, with the latter providing far superior peak shapes.

ost recently, fused-core particles with even wider pores were
ntroduced for the analysis of very large proteins and biomacro-

olecules [144]. Analytes up to around 400 kDa were efficiently
eparated using this material without observing any restrictive
iffusion that would hinder the chromatographic performance.
hen compared with fully porous particles, the column packed
ith fused-core particles provided better chromatographic perfor-
ance. The van Deemter plot showed that the efficiency was  higher

or the fused-core column at the minimum plate height and showed
 far smaller increase in plate height as the mobile phase velocity
as increased – a result of the superior mass transfer allowed by

he thin porous shell [12].
Wagner et al. systematically investigated the effects of parti-

le size, pore size, shell thickness and bonded phase effects on the
nalysis of biomacromolecules [112]. By altering the physical prop-
rties of the particles they were able to optimize these parameters
o produce particles capable of delivering fast, efficient separation
f specific molecular sizes. Two types of particles were used in this
tudy, a 2.7 �m overall diameter with 0.35 �m shell thickness and
.4 �m particles with a 0.2 �m shell, both of which had a wide
ore size of 40 nm.  A comparison between the stationary phases
ith differing pore size in Fig. 12 shows restricted diffusion for

arger molecules such as ribonuclease A and insulin on the 9 nm C18
hase, and that increasing the pore size to 16 and 40 nm improves
he peak shape and selectivity. Unusual results were obtained when
an Deemter plots were produced for the proteins studied, where
he larger diameter particle showed a smaller plate height, espe-
ially at higher mobile phase velocity which could be attributed
o the reduced shell thickness (smaller C term). When compared
ith 3 �m totally porous particles, the superior mass transfer of
he fused-core particles resulted in faster protein separation and
mproved resolution.

Staub et al. made comparisons between fully porous sub-2 �m
nd sub-3 �m core–shell particles for the analysis of peptides,
–  13,700 g/mol, (7) insulin – 5800 g/mol; peak widths in minutes measured at 50%
height for ribonuclease A and insulin.

Adapted from Ref. [112].

proteins and protein digests [145]. Chromatographic performance
was found to be similar between the two types of silica. Analy-
sis of a test mixture containing six peptides using a selection of
Kinetex C18, 50 mm × 2.1 mm,  2.6 �m and one UHPLC column: Acquity C18 BEH 120,
50  mm × 2.1 mm,  1.7 �m.  Mobile phase: A: water/0.1% TFA; B: acetonitrile/0.1% TFA;
gradient: 5–50% B in 4 min; flow rate: 1000 �L/min; temperature: 50 ◦C; injection:
2  �L; detection: 214 nm.

Adapted from Ref. [145].
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ully separate the mixture within 3.5 min. However, the fused-core
olumns generated little more than half the backpressure com-
ared with the sub-2 �m column. Each column was also tested
sing a tryptic digest of four proteins, equivalent to approximately
60 peptides, with a goal of improving peak capacity and resolu-
ion. Again, the results were comparable between the four columns
nd all yielded close to the target number of peaks, demonstrating
he potential use in analysing protein digests.

Ruta et al. evaluated the performance of core–shell particles on
 range of pharmaceutically relevant compounds [146]. A test mix-
ure of 13 analytes including basic drugs and acidic compounds
as investigated using columns packed with a variety of core–shell

nd sub-2 �m particles. The same elution order was  seen on four
ifferent columns under acidic conditions as any residual silanols
n the surface of the stationary phase were neutral at pH 2.7 and

 reversed phase mechanism should govern the retention. There
ere some changes observed in selectivity between columns, but
ith some small adjustments it should be possible to transfer a
ethod developed for the sub-2 �m column to a core–shell col-

mn. Under neutral conditions, silanols were mostly deprotonated
nd thus changes in retention and selectivity were observed due
o different silanol activity between columns. The peaks found to
e tailing under acidic conditions showed improved width and
symmtery at pH 6.85. Selectivity between columns was similar,
hough there were certain peaks where one type of particle pro-
ided superior resolving power than the other, highlighting the
otential for method transfer.

Fekete and Guillarme described the use of 1.3 �m core–shell
articles for separation of small molecules and peptides [147].
ooking at the kinetic properties of these small particles, the van
eemter plot was extremely flat over the entire range of mobile
hase velocity. In isocratic mode, the new core–shell 1.3 �m parti-
les provided excellent efficiency for peptides as the column could
e run at the optimal flow rate thus minimizing longitudinal dif-
usion. When analysing peptides in the gradient elution mode, the
.3 �m particles offered the fastest separation up to around a peak
apacity of 700.

.2. Food analysis

As the use of fused-core particles is a comparatively recent trend
n chromatography, their use in fields such as food analysis is still
merging. Some examples include the determination of toltrazuril
nd its metabolites [148], corticosteroids [149], chloramphenicol
150], and flavonoids [151] in foodstuffs and the detection of neon-
cotinoids in beeswax [152]. The latter described a new method
o detect a total of 7 neonicotinoids in beeswax using liquid chro-

atography coupled to electrospray ionization mass spectrometry
ESI-MS) [152]. Initial stock solutions were tested to develop the

ethod before samples taken from 30 apiaries located close to
ruit orchards were analyzed. In total 11 samples were found to
how neonicotinoid residues at low levels (11–153 �g/kg). In the
evelopment, strong ion suppression was observed and it was  nec-
ssary to construct matrix calibration curves, however the method
emonstrated consistent and reliable results and optimization of
he preparation method allowed for good recoveries at different
oncentrations.

Another use of fused-core columns is in the detection of con-
aminents originating from food packaging, such as the migration
f compounds [153]. One application is concerned with detecting
isphenol compounds in soft drinks and canned foods using a liquid
hromatography–tandem mass spectrometry method (LC–MS/MS)

154]. Epoxy-based laquers are commonly used as a coating on
he inside of food containers to reduce food spoilage and pre-
ent degradation of the container itself. Some coatings are based
n polymerization of bisphenol A-diglycicyl ether (BADGE) or
Fig. 14. LC–MS/MS chromatogram in SRM acquisition mode for the analysis of
BADGEs in asparagus.

Adapted from Ref. [154].

bisphenol F-diglycidyl ether (BFDGE) which can release these
compounds and derivatives into the packed foods. As well as
this, hydrolysed and chlorinated derivatives such as BADGE·H2O,
BADGE·2H2O, BFDGE·H2O, BFDGE·2H2O, BADGE·HCl, BADGE·2HCl
and BADGE·HCl·H2O can also be produced when the coating is
thermally treated or comes into contact with acidic and aqueous
contents.

Current LC–MS/MS methods of analysis use conventional
3–5 �m particles, leading to long analysis times when detecting
both BADGE and BFDGEs in the same run. The aim was  to develop a
faster method using LC–MS/MS. In this study a fused core material
was chosen over a sub-2 �m column as the lower back pressure
generated enabled a longer column length to be utilized [154].
Efficient separation of BADGEs in asparagus was achieved using
the fused-core particles, with a run time of under 5 min. Fig. 14
shows the chromatograms in which BADGE·H2O,  BADGE·2H2O,
BADGE·HCl, BADGE·2HCl and BADGE·HCl·H2O were detected.

Another investigation by the same group was  concerned with
analysis of bisphenols in canned soft drinks [155]. Bisphenol A (BPA)
is widely used in the production of the resin coating of cans and
therefore foodstuffs may be expected to contain traces of BPA. As
there is an abundance of toxicity data for BPA, limits are in place
on migrations limits from coating to food as well as tolerable daily
intake. Due to these restrictions, other bisphenol compounds (BPs)
are being considered for use in place of BPA, however there is sig-
nificantly less published data on these alternatives and for most, no
limits have yet been proposed.

An online solid phase extraction (SPE) LC–MS/MS method was
developed on the same fused core material as in the previous exam-
ple. The SPE LC–MS/MS method was  then used for the analysis of
bisphenols in eleven canned soft drinks. BPA was  detected in most
samples and bisphenol F found in only two. The rest of the BPs were
not indentified. The use of a SPE clean up step allowed the analysis
of BPs at concentrations lower than 100 ng/L and the method was
shown to be robust and sensitive enough for routine analysis of BPs.

5.3. Environmental
Fused-core technology has also found its way into the analy-
sis of water samples, including drinking water, surface water and
sewage. Various techniques are used for the detection of antibi-
otics [156], drugs of abuse [157–159], oestrogens [160], bisphenols
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161], pharmaceuticals [162], herbicides, and pesticides. Pesticides
re widely used in agriculture to protect crops from threats such
s weeds, disease and insects, however they can also cause envi-
onmental pollution in water and wildlife as well as serious health
ffects on human beings. As such maximum contamination values
n drinking water for a number of pesticides have been established
y several legislative bodies.

As pesticides are usually detected at low concentrations, highly
ensitive techniques are required to analyze them. Off-line SPE
ollowed by gas or liquid chromatography coupled to mass spec-
rometry (GC–MS or LC–MS) is the most common approach. The
ownside is that off-line SPE methods are time consuming and
ypically require high sample volumes. Hurtado-Sánchez et al.
eveloped a fast, sensitive method utilizing on-line SPE coupled
ith HPLC and tandem mass spectrometry (SPE–LC–MS/MS) [163].

he method was initially optimized and validated by spiking water
amples with a known concentration of a number of pesticides to
ssess the precision and linearity of the method, as well as estab-
ish detection limits. Matrix effects were also studied and for most
ompounds were found to be diminished by dilution of samples
ith pure water.

Surface water samples were then collected and analyzed for
olar pesticides using this method. A column (50 mm × 4.6 mm)
acked with Poroshell 120 EC-C18 particles (2.7 �m)  was used.
mong the samples tested, the highest number of pesticides were
etected in irrigation waters from agricultural sources. Six com-
ounds were found at trace levels above the detection limit. In the
alidation of the method, three compounds that were found not to
e retained with off-line SPE were also sucessfully analyzed. Over-
ll the method was shown to be highly effective and suitable for
se in routine analysis.

Another study by Zhang et al. presented an alternative SPE and
PLC–MS/MS method to analyze a range of herbicides in environ-
ental water [164]. The method was validated by addition of target

erbicides into water samples at two concentrations. The recov-
ries of 31 compounds were monitored, the majority of which
chieved acceptable values of recovery and repeatability. Again,
atrix effects were studied which found that the majority of herbi-

ides exhibited ion suppression of ≤20%. The method was  then
pplied to the analysis of stormwater samples. 24 of the 31 moni-
ored herbicides were detected in a wide range of concentrations.
omparison of the fused-core HPLC column (Kinetex C18 100 Å,
0 mm × 2.1 mm,  2.6 �m)  to a conventional 5 �m material showed
n improvement in efficiency and the run time was  halved.

Chocholouš et al. looked at the advantages of fused-core tech-
ology in the determination of phenolic acids using a sequential

njection chromatography (SIC) method [165]. These compounds
re hydroxylated derivatives of benzoic or cinnamic acid and are
ommonly found in plants. Phenolic acids have attracted consider-
ble interest in the past few years because of their potential health
enefits. They are powerful antioxidants which show antibacterial,
ntiviral, anti-carcinogenic, anti-inflammatory and vasodilatory
ction.

Typical stationary phases used in SIC are monolithic sorbents
ith C18 or surfactant functionalization. By contrast, core–shell
articles are available with many different chemistries. The use
f alternative phases allows for extended selectivity by increasing
he number of interactions between the analytes and the stationary
hase. Separation conditions were optimized for three core–shell
olumns with different functionalization and their ability to sepa-
ate a total of seven phenolic acids was compared.

Using a reversed phase amide column provided the highest

hromatographic resolution and allowed for complete baseline
eparation of protocatechuic, syringic, vanillic, ferulic, sinapinic,
-coumaric and o-coumaric acids. Phenyl-Hexyl and C18 columns
ere unable to completely separate the tested mixture, with some
. A 1357 (2014) 36–52

co-elution observed. The work demonstrated fast chromatographic
separation as well as a simple, fast and low-cost analysis.

Vinci et al. developed a liquid chromatography method to deter-
mine polycyclic aromatic hydrocarbons (PAHs) in rainwater [166].
Many PAHs are considered as carcinogens, benzo[a]pyrene for
example has been described as a human carcinogen since 1987.
In general PAHs are not detected individually, but in mixtures. 16
have been monitored by the United States Environmental Protec-
tion Agency (EPA) and listed as priority organic pollutants due to
their environmental effects.

The method was optimized by testing a standard mixture
containing all 16 EPA-PAHs which gave fast separation of all com-
pounds with good resolution and sensitivity. Chromatographic
performance can be compared to columns packed with a 1.8 �m
totally porous material in terms of elution time and solvent con-
sumption, but with the advantage of far lower operating pressure
[167]. When applied to the analysis of rainwater samples, PAHs
were detected in each that were analyzed and the method was
shown to be viable for trace analysis of environmental water sam-
ples.

6. Conclusions and outlook

Core–shell particles can have different structures and mor-
phologies. Core–shell particles particularly nanospheres have been
widely investigated in materials science and are exploited for a
very wide range of applications. However, for chromatography,
core–shell microspheres are utilized. In this review, the types
of core–shell particles and the relevant preparation methods are
explained. We  have focused on the methods that can be used
to produce core–shell microspheres for use in chromatography.
Core–shell (or fused-core) silica microspheres are mostly used
as the packing materials for HPLC columns. The LbL approach is
the main method for the preparation of such particles. Monodis-
persed microspheres are always preferred as packing materials. The
microfluidic approach is very effective in producing monodispersed
particles and therefore may  have potential for use in chromatogra-
phy. However, the versatility and low productivity of this approach
have limited its application for production of HPLC packing materi-
als. To address the time-consuming procedures in the LbL approach,
a one-pot synthesis method has been developed to form a type of
core–shell particles, namely, SOS silica microspheres, which have
shown equivalent or better performance in separation of certain
mixtures, compared to the conventional core–shell silica particles.
New core–shell particles (e.g., silica-MOF microspheres) have also
been developed to improve the separation of difficult mixtures.

With the excellent performance and low back pressure from
core–shell particles columns, some argue that this may be down to
the extremely monodispersed core–shell particles. This is unlikely
to be the single reason. We  have discussed, evidenced with test
data, how the core–shell particles perform by means of A, B, C
terms in the van Deemter equation and kinetic plots. The perfor-
mance of core–shell particles has been compared to totally porous
silica microspheres (especially sub-2 �m)  and monolithic columns.
For investigation and applications, core–shell particle columns are
mostly used in the reversed phase HPLC. Due to their proven per-
formance, core–shell particles have also been employed in HILIC,
narrow bore/capillary columns, chiral separations and CEC. The
applications of core–shell particles columns are described and
explained, demonstrating the increasingly wide use of core–shell
particles in HPLC.
There is no doubt that core–shell particles will be continu-
ously evaluated and investigated for highly efficient separation of
new and complex mixtures. The challenges lie in the separation of
isomers or molecules with very similar structures/properties and
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omplex samples from biological and life sciences. Chiral separa-
ion is also extremely important and challenging. Researchers and

anufacturers will need to carefully adjust particle size, shell thick-
ess and pore sizes/porosity, and the surface functionalities in the
ores, to address various separation needs. It is also important to

mprove the packing methods and instrumentation to allow the
eparations to be performed under optimal conditions. Since the
eparations occur on the stationary phase or the packing material,
he most critical point may  be the fabrication of new functional

aterials in order to significantly improve the separation perfor-
ance. New methods/procedures will be developed to design and

roduce novel functional core–shell particles and other types of
acking materials. In doing so, materials science and chemical func-
ionalization will play a crucial role.
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