











Separate yourstinee from the status quo.

Solve your toughest analytical challenges with confidence.

Whether you are conducting cutting-edge research to discover the next breakthrough, or ensuring
your product’s safety and efficacy, you need uncompromised chromatography solutions with no
trade-offs in performance, robustness or ease-of-use. Discover how the latest HPLC innovations
and solutions in instrumentation, data management, lab equipment and columns can help you
achieve your separation goals to make the world a healthier, cleaner and safer place.

Attending HPLC 20177 Visit us at Booth #P2

Learn more atthermo sher.com/hplc2017
ThermoFisher

0 LYTV-RQY :JPURJIWI (SSRO[ZNZLY]LK (SS NKLT HYRZM. [OL WYWLY[
VM ;QYTV- QY :JPURI HUKRZ 2\IZ KPRPIZ \US.ZZV[OLY ZL ZW.JIRLK AD72393-EN 0517S SCIENTIFIC



Guillarme et al.

suggest obsolete, time-consuming
conventional HPLC separations—or
even thin layer chromatographic
(TLC) methods. Here, this article
illustrates the renewal of such

a pharmacopeia method using
state-of-the-art retention modelling
and ultrahigh-pressure liquid
chromatography (UHPLC) technology.

An old-fashioned method for
terazosin has been recently reviewed
and optimized to reduce the analysis
time from 90 min (2 X 45 min) to 5 min
(8). The European Pharmacopoeia (Ph.
Eur.) method determines the specified
impurities separately using two different
methods. The reason for using two
methods is that the retention of two
impurities is not sufficient in common
reversed phase conditions, even with
100% water as the mobile phase.
Therefore ion-pair chromatography
is suggested. In addition, two
impurities absorb at low ultraviolet
(UV)-wavelength and have therefore to
be acquired at a different wavelength.
This way, the Ph. Eur. method becomes
unnecessarily complicated and
time-consuming.

By working at high mobile phase
pH, the retention of the poorly retained
terazosin impurities can be sufficiently
enhanced. High pH separations can
now be performed on hybrid stationary
phases, which were probably not
available when the Ph. Eur. method
was developed. In addition to high pH
separation, an appropriate detection
wavelength can also be selected for all
terazosin impurities.

After a pH screening study, it was
shown that pH > 10 provided sufficient
retention for all terazosin impurities. The
use of 0.1% v/ NH,OH-solution was
found to be optimal to avoid additive
precipitation in organic modifiers.
Since the type of organic modifier
had a significant effect on selectivity
and resolution between impurities, a
gradient-time—temperature—ternary
composition (ig X T X tc) model was
built on the basis of 12 initial runs.

The impact of gradient steepness was
studied at two levels ({4 = 3 min,

igo = 9 min), temperature was set to

T, =20°C and T, = 40 °C, while the
organic modifier in mobile phase B was
changed as tcy: 100% acetonitrile, tc,:
50% acetonitrile + 50% methanol, and
tcs: 100% methanol. The 50 X 2.1 mm
C18 column was operated at 0.5 mL/
min. Figure 1 shows the developed

Figure 1: 3D-critical resolution cubes with different organic modifiers, (a) tcs:
100% acetonitrile, (b) tco: (B1:B2) 50:50 (v/v) acetonitrile—methanol, (c) tca:

100% methanol. Red colours correspond to R ot > 1.5 (baseline resolution of
the critical peak pair), blue colours indicate coelution (Rg i = 0) of the closest
(“critical”) peak pair. Adapted with permission from reference 8.

(b)

Figure 2: Terazosin impurity profiling: (a) predicted and (b) experimental
chromatograms. Conditions: 50 X 2.1 mm, 1.7-um Acquity CSH C18 column, mobile
phase A: 0.1% v/ ammonium hydroxide, mobile phase B: 0.1% v/ ammonium
hydroxide in methanol, flow rate: 0.5 mL/min, gradient: 10-90% B in 6 min,
temperature: 30 °C, detection was performed at 220 nm (UV) and at 15 V cone
voltage in positive mode (QDa MS). Peaks: Impurity-N (1), -L (2), -O (3), -B (4), -M (5),
-C (8), -A (7), terazosin (8), -K (9), -J (10), -E (11). Adapted with permission from

reference 8.
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resolution cube (design space) and
critical resolution planes corresponding
to (a) 100% acetonitrile, (b) 50%
acetonitrile in methanol, and (c) 100%
methanol as strong mobile phase.

As shown in Figure 1, the protic
solvent (methanol) provided
higher resolution and more robust
separation than acetonitrile. Figure 2
shows (a) the predicted and (b) the
experimentally verified chromatograms
when performing the separation
at the selected working point (WP,
see Figure 1[c]). The predicted and
observed retention times, as well as
resolution values, were in excellent

agreement. The average deviation of
the predicted retention times was less
than 1 s compared to the measured
ones, and the critical resolution (Rg i)
was 1.82 in both cases.

Finally, the original 90-min long
analysis could be cut down to only
5 min by using a 50 X 2.1 mm UHPLC
column instead of a conventional HPLC
column. The total method development
time was no longer than three days as a
result of the small column dimensions.

Simulated Robustness Testing
A fundamental criteria of quality in
HPLC separations is robustness.
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Figure 3: Modelled robustness testing of terazosin’s impurity profiling: frequency

distribution plots and success rate for various methanol contents of the ternary

mobile phase.
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Guidelines define the robustness of an
analytical procedure as “a measure
of its capacity to remain unaffected
by small, but deliberate variations in
method parameters...” providing “...an

testing was performed as the final step
of a method development process,
during the validation stage, which
often led to unexpected observations.
However, because a method

considered as non-robust should
be redeveloped and revalidated,

indication of its reliability during normal
usage” (9). Historically, robustness

robustness should be verified earlier
in the method lifetime, that is, at the
method development stage or at the
beginning of the validation procedure
(10,11). Generally, two approaches
are used for robustness testing,
according to the ICH definition in
pharmaceutical analytical practice.
Either a one-factor-at-a-time (OFAT)
procedure or an experimental design
(DoE) procedure could be applied.
Both approaches require additional
experiments and can sometimes be
time-consuming.

A useful feature of current
modelling software is the possibility
to perform an in-depth “modelled”
robustness testing, without the need
for additional experiments. From
the design space, as defined in a
resolution map or cube, it is possible
to get robustness information for the
measured parameters ({g, T, tc, or pH).
In addition, the influence of additional
factors, such as flowrate or initial and
final mobile phase composition of a
gradient, on resolution can also be
estimated. Consequently, the impact of
changes in any of the six parameters on
the resolution can be assessed using a
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simulated 26 or 36 type factorial design
(12). The possible deviations from the
nominal values have to be defined
(input in the software) and then the
software simulates 64 or 729 conditions
(depending on the type of factorial
design). At the end, a “frequency
distribution graph” can be obtained
that shows the probability of fulfilling

a given resolution criteria under any
combination of possible parameters.
On the other hand, “regression
coefficients” can also be obtained to
show the effect of each parameter
(and their combinations), related to the
selected deviation from the nominal
value, for the critical resolution. The
reliability of such a virtual robustness
test has been studied and compared
to real experiments based on DoE
robustness tests (12). It appeared that
the retention time relative errors were
maximally 4% (lower than 1% for the
average relative error). On the other
hand, the predicted critical resolution
errors were between 6.9 and 17.2%.
This accuracy of virtual robustness test
is more than acceptable and enables
robustness studies to be developed

at the very beginning of the method
development.

To illustrate the usefulness of
simulated robustness tests, the
previous example of terazosin
impurity profiling was considered
(section 2). Since the ternary mobile
phase composition seemed to be a
critical factor, it is worth performing
robustness studies at different ternary
compositions to prove that the most
robust working point (100% methanol
as organic modifier) was selected. For
this illustration, the following mobile
phase compositions were considered
close to the working point: tcy: 90%, tc,:
92%, tcs: 94%, and tc,: 99% methanol
in mobile phase B. The required
resolution was Ry = 1.5. Besides the
three model variables ({g, T, and tc),
the flow rate—as well as initial and final
composition of the mobile phase—was
also included in the built up 3 design.
Then, the 729 experiments were
simulated. Figure 3 shows the obtained
frequency distributions for the different
methanol fractions and the success
rate of robustness test as a function of
methanol. On the frequency distribution
plots, the red bars correspond to the
experiments that did not fulfil the R;>1.5
criteria. It can clearly be seen that the
higher the methanol content in mobile

Figure 4: Modelled method transfer between optimized UHPLC (top) and

non-optimized UHPLC (bottom) systems.
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Figure 5: A resolution cube and corresponding chromatogram of reduced ADC
(cysteine-linked IgG1). A 150 X 2.1 mm, 3.5-pm column (superficially porous
particles) was operated at 0.3 mL/min. Peaks: unconjugated light-chain (LO),
conjugated light-chain (L1), unconjugated heavy-chain (HO), and conjugated
heavy-chain species (H1, H2, H3 with 1, 2, and 3 conjugated drugs, respectively).
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phase B, the higher the success rate of
the robustness testing is. This suggests
that 100% methanol as organic modifier
was a good choice because it provides
a robust working point.

Method Transfer
To increase sample throughput, a
conventional HPLC analysis can be
transferred to UHPLC. Alternatively, to
decrease method development time, a
separation can be developed in UHPLC
conditions and then transferred to
conventional HPLC for routine analysis.
In both cases, when transferring an
analysis from conventional HPLC to
UHPLC—or vice-versa—comparable
method parameters must be used to
maintain equivalent separations.

To have a method compatible with
any column dimensions and HPLC
or UHPLC instruments, the optimized
methods can virtually be transferred
to other columns of different lengths,
inner diameters, and particle sizes,
and for various system gradient delays
and extra-column volumes. By utilizing

HPLC modelling software, it is possible
to automatically calculate and predict
the impact of column parameters
(length, diameter, particle size), system
dwell volume, and extra-column
volume on the resolution. Moreover,
experimentally observed column
porosity can also be considered for
making the transfer more accurate
(porosity of HPLC and UHPLC columns
is often slightly different). For such a
simulated method transfer, the initial
data acquired on a given column and
system have to be changed virtually
and the geometrical method transfer
rules have to be considered (13). The
accuracy of UHPLC to HPLC method
transfer was found to be excellent in
previous studies (13).

This article illustrates the transfer
between different LC systems when
using very efficient 50 X 2.1 mm
columns. Often when a UHPLC
method is developed in a research
laboratory and then transferred
to the QC laboratory the UHPLC
system is different (different provider,
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different extra-column volume, binary
or quaternary pumps). Again, the Figure 6: Modelling of a multi-linear pH gradient for complex digested mAb
terazosin separation was taken as sample in CEX. The retention model was based on two initial gradients performed
an example. The method mentioned at different gradient steepness (linear pH gradient between pH = 5.6 and 10.2).

earlier was developed on an optimized Adapted with permission from reference 1.

UHPLC system, possessing a 100-ulL
gradient delay (dwell) volume (binary
pumping system) and around 10-pL 26
extra-column volume (0.065 mm i.d.
connectgr tgbes). The goal of this study Fabvariants

was to highlight what happens when -
using this method on a non-optimized . ) y g PH
UHPLC system possessing a 350-pL Fevariants |/ ___,,—--f""" 76
gradient delay volume (quaternary [ | s
pumping system) and a 40-puL 1 o
extra-column volume (0.125-mm i.d. ' | 4T 6.6
connector tubes). Figure 4 shows
the simulated separations on the two o : i o
different UHPLC systems. As expected, 5 1
there is a systematic shift in the Himajinsls)

retention times in proportion with the

difference in gradient delay volumes. In  Analysis of Therapeutic Proteins  and then move through the column

8.6

addition—because of the differences in In contrast to small molecules, large without any further interaction; (ii)
extra-column volumes—the apparent molecules such as proteins show precipitation-redissolution, that is,
efficiency of the separation performed different retention mechanisms in separation based on solubility instead
on the non-optimized system several modes of chromatography of interaction with the stationary phase;
decreased drastically. By performing such as: (i) an on—off mechanism and (iii) multipoint attachment to the
such a virtual system transfer, surprises retaining the macromolecules at surface of the stationary phase (1).
during method transfer between the column inlet until at some point While these mechanisms are
different laboratories can be avoided. in the gradient they are desorbed fundamentally different from those
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observed with small molecules, the
gradient separation of macromolecules
can still be predicted from the linear
solvent strength (LSS) theory or from a
slightly modified model. The reason is
that, in most cases, a relatively limited
range of the method variables has to
be studied because sufficient retention,
recovery, and peak shape can only be
obtained in a limited design space. As
an example, for monoclonal antibodies
(mAbs) in reversed-phase mode, the
temperature has to be kept between
70 °C and 90 °C to get acceptable
recovery and peak shape. Therefore,
performing measurements at lower
temperatures makes no sense. It is
known that mAbs show deviations
from the common linear Van't Hoff type
behaviour (temperature dependency
of the retention) in a wide temperature
range, as a result of possible
conformational changes. It was also
shown that in a narrow temperature
range (for example, AT = 20 °C),

a linear retention model provides
excellent prediction accuracy (14).

The situation is similar with organic
modifier, ion-pairing reagent, and pH
because only a limited range has to be
studied because of the on—off retention
mechanism of proteins. In such a
narrow range of method variables,
simple linear models (or polynomial
ones) can be used.

With large molecules—in most
cases—generic conditions can be
applied for different protein classes (for
example, cytokines, mAbs, antibody—
drug conjugates [ADCs]). Indeed, the
structure of the different proteins within
a class is very similar. The amino acid
sequence is very close and the global
conformation is similar. It is also clear
that the variants, which have to be
separated from the native protein and
from each other, possess relatively
small differences compared to the
native protein (such as the oxidation
of some amino acids, deamidation,
reduction of a disulfide bond). In
a whole protein structure, those
modifications are minor compared to
the native amino acid sequence (for
example, modifications of 2-5 amino
acids from the total few hundred or
thousand amino acids in the protein
backbone).

To conclude on proteins HPLC
method development, generic
conditions can be used for the
optimization in most cases and the

impact of method variables on the
separation has to be studied only in a
narrow range.

Reversed-Phase Liquid
Chromatography: Reversed phase
chromatography is a denaturating
mode and offers very efficient
separations for large proteins. It

is historically used to separate
hydrophobic variants of a given protein
in harsh conditions (low pH, organic
modifier, elevated temperature).

The most useful retention models
can be based on (i) gradient
steepness—-temperature ({5 X T), or on
(ii) gradient steepness—-temperature—
ternary mobile phase composition
(ig X T X tc) models.

In the following example, a fractional
design, consisting of 2 X 2 X 3
experiments, was applied for a
reduced cysteine-linked 1IgG1 ADC.
The conventional, small-molecule
linear relationship was used to
model the gradient steepness
and temperature, while the ternary
composition was modelled using a
quadratic relationship. For each of
the three experimental sets (ternary
composition), two-dimensional
resolution maps (gradient time
against temperature) were generated.
They were used to create a
three-dimensional resolution cube to
visualize the combined influence of
the optimization parameters. Figure 5
represents a resolution cube, based
on three method variables, and the
chromatogram at the working point.
The part of the "design space” where
Rs > 1is shown in red.

The accuracy of retention time
and resolution predictions in
reversed-phase LC mode were
excellent for large proteins (digested
mAbs, reduced mAbs, ADCs, reduced
ADCs), as reported elsewhere (1,14,15).
lon Exchange Chromatography
(IEX): IEX is an historical and
non-denaturing chromatographic mode
considered as a reference technique
for the qualitative and quantitative
evaluation of charge heterogeneity
of therapeutic proteins. Among the
different IEX modes, cation-exchange
chromatography (CEX) is the most
widely used for protein characterization
because most biopharmaceuticals
(mAbs) possess a high isoelectric point
(pl). CEX is considered as the gold
standard for charge variants analysis,
but method parameters, such as

column type, mobile phase pH, and
salt concentration gradient, often need
to be optimized.

In classical IEX, a linear salt-gradient
is applied for the elution and a
constant mobile phase pH is
maintained. Recently, however, pH
gradient mode has regained interest,
since generic, multiproduct methods
can be developed.

The most efficient design space
in IEX can be based on (i) gradient
steepness—pH (ig X pH) model in
salt gradient mode or on (ii) gradient
steepness—-temperature (fg X T) model
in pH gradient mode.

Computer-assisted method
development was successfully
applied for the separation of Fab
(fragment antigen binding) and
Fc (fragment crystallisable region)
variants of cetuximab in both salt-
and pH- gradient modes (16,17,18).
In salt gradient mode, 10 min and
30-min gradients were performed on
a 100-mm long standard bore column
at pH = 5.6, 6.0, and 6.4 to build up
the models. In the pH gradient mode,
the experiments were performed
with 10-min and 30-min gradients
at temperatures of 25 °C and 55 °C.
Finally, similar separation quality was
achieved in the two modes and the
analysis times were comparable.

There are also some additional
benefits of using modelling software,
such as the possibility to simulate
multilinear gradients. Multilinear
gradients often improve the selectivity
and can reduce analysis time. Figure 6
shows a calculated multilinear gradient
separation for a complex papain
digested mAb sample analyzed in pH
gradient mode.
Hydrophobic Interaction
Chromatography: Hydrophobic
interaction chromatography (HIC)
is able to separate protein species
based on their hydrophobicity,
under nondenaturing conditions.
Currently, HIC is mostly applied for the
characterization of mAbs, ADCs, and
bispecific antibodies (bsAbs) (1). One
of its most important applications is
the separation of different populations
of ADC molecules that differ in
their number of drugs per antibody,
which are often known as DAR
(drug-to-antibody ratio) species.

In HIC, the separation of proteins
is based on a negative salt gradient
performed on a slightly hydrophobic

Recent Developments in HPLC and UHPLC June 2017



stationary phase, using physiological
mobile phase pH conditions. The
retention mechanism in HIC is often
misunderstood and none of the
proposed theories have received
general acceptance. Retention in

HIC mostly depends on the ligand
type, ligand chain length, and ligand
density. It has been shown that the
salt type can have different effects

on the retention, depending on the
hydrophobicity of the protein to be
separated. The influence of salts in
HIC follows the lyotropic (Hoffmeister)
series for the precipitation of proteins
from aqueous solutions. In practice,
sodium or ammonium sulfate effectively
promote stationary phase—protein
interactions and have a stabilizing
effect on protein structure. Besides
the salt type, salt concentration also
influences retention in HIC. Depending
on the lyotropic strength of the
various salts, different concentrations
are required to maintain the same
salting-out effect.

The most efficient method
development in HIC is based on either
(i) gradient steepness—temperature
(tg X T) or on (ii) gradient steepness—
organic modifier (g X Corganic) models.
The addition of organic modifier to
the mobile phase can improve the
recovery of the most hydrophobic
species (for example, high DARs
of ADCs) and can also impact their
retention. Therefore, organic modifier
content can also be a useful method
variable when highly hydrophobic
proteins have to be analyzed in HIC.
Both protic and aprotic solvents can
be used (for example, isopropanal,
acetonitrile) since they affect the
salting-out process in different ways
through their different solvation.
Recently, a linear HIC retention model
has been derived for organic modifier
content, and therefore the impact of
organic modifier can be easily studied
using only two levels (for example, 5
and 15%).

Custom-made retention models
have been successfully applied for the
separation of intact mAbs and ADC
species for both “gradient steepness—
temperature” and “gradient steepness—
organic modifier” modes (19). For
ADC species, a multilinear gradient
(steeper at the beginning and flatter at
the end) or logarithmic gradient gives
better selectivity than linear gradients,
probably because ADC species

www.chromatographyonline.com

consist in a homologous series of
linkers and cytotoxic drugs (20).

Conclusion

This work illustrates the possibilities
offered by HPLC modelling software
for the method development

of small molecules as well as
biopharmaceuticals. Such software
can be used to effectively develop
methods by the virtual screening of
several analytical conditions (that is,
gradient time and composition, pH,
temperature, ternary mobile phase
composition), based on a limited
number of initial experimental runs.
This allows the analyst to rapidly and
efficiently develop a chromatographic
method. Besides method development,
robustness testing and method
transfer between different instruments
and column dimensions can also

be virtually evaluated using HPLC
modelling software.
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Mixed-mode high performance liquid chromatography (MM-HPLC) involves the combined use of two (or
more) retention mechanisms in a single chromatographic system. Many original stationary phases have
been proposed in recent years with promising possibilities, while applications have only started to appear
in the literature. In this review, the authors discuss mixed-mode chromatography stationary phases.

An overview of applications using mixed-mode chromatography is described, as well as the increased

interest in mixed-mode systems for two-dimensional chromatography.

Among the numerous available
separation modes, reversed-phase

liquid chromatography (LC) is the
favourite high performance liquid
chromatography (HPLC) mode (1,2). In
reversed-phase LC, C18 columns are
most frequently utilized. With this kind of
phase, one type of interaction dominates:
the dispersion (London) interactions,

also called hydrophobic interactions,
between stationary phase and analytes.
Secondary “parasite” hydrophilic
interactions can appear between residual
silanol groups and analytes, mainly when
the phase is non-endcapped, which can
lead to peak shape deformation and

loss of efficiency. Reversed-phase LC is
particularly suited for the separation of
hydrophobic compounds, but fails for the

retention of polar or charged compounds.

Different chromatographic modes
must be envisaged as an alternative
to reversed-phase LC for the analysis
of such compounds. In the past,
ion-pairing reversed-phase LC methods
were developed to allow for the
simultaneous retention of hydrophobic
analytes and ions, for instance an
active pharmaceutical ingredient (API)
and its counterion. However, method
development may be lengthy, and
compatibility to mass spectrometry
(MS) is not guaranteed (3). Hydrophilic
interaction liquid chromatography
(HILIC) (4) is an interesting alternative.
In HILIC mode, the stationary phase
used is hydrophilic and the mobile
phase contains a high proportion of
organic solvent (typically 70-98%
acetonitrile, mixed with a buffer), which
provides adequate retention for polar
and ionic compounds and makes it
compatible with electrospray ionization
mass spectrometry (ESI-MS) (5-7). The
retention mechanism is believed to be
based on a combination of partitioning

(between the mobile phase and a layer of
water adsorbed on the stationary phase)
and adsorption (onto the stationary
phase surface or ligands). However, this
technique also presents disadvantages:
the low solubility of some compounds

in high proportions of organic

solvent, the long column equilibration
time responsible for long method
development time, and the critical
influence of injection solvent on peak
shape, retention, and separation make

it impractical for open-access use (8,9).
lon-exchange chromatography (IEX)
allows the separation of ionic compounds
based on size and charge differences
(10). However, the compatibility with

MS can be difficult because of the high
concentration of buffering salts in the
mobile phase. Because of the high
orthogonality between supercritical

fluid chromatography (SFC) and
reversed-phase LC, SFC can also be
envisaged as an alternative (11-13). With
the selectivity offered by the numerous
types of stationary phases available in
SFC, not only hydrophobic but also polar
and ionizable solutes may be analyzed,
with adjusted mobile phase conditions
(14). Unfortunately, the majority of
laboratories are equipped with HPLC
systems. It is therefore easier to propose
methods that would be compatible

with HPLC systems to ensure their
applicability.

In the 1980s, chromatographers
started to investigate the use of
secondary parasite interactions in
reversed-phase LC to increase the
separation power (15). The concept of
mixed-mode liquid chromatography
(MM-HPLC) as we know today appeared
in 1986, when the combination of
reversed-phase LC and IEX modes
in one column was used for the
separation of proteins (16). Since

this first experiment, a variety of
mixed-mode stationary phases have
been developed, and some of them have
been commercialized. In MM-HPLC,

the stationary phases may be designed
according to three different procedures:
(i) one ligand is functionalized with
different chemical functions (17,18); (ii)
several different ligands are immobilized
onto one support (17,19); or (iii) different
groups or particles bonded with different
types of ligands are mixed together in
one column (20).

The intent of MM-HPLC is to use
several retention mechanisms in a single
column. MM-HPLC therefore shows
great flexibility and versatility in the
separation of various polar and non-polar
compounds, owing to the multiple
possibilities for interactions taking place
between stationary phase and analytes
(21). In addition, MM-HPLC is also
highly compatible with MS because the
concentrations of salts used are lower
than in IEX mode.

In this review, selected particle-based
mixed-mode chromatography stationary
phases are presented. An overview
of applications with mixed-mode
chromatography is also described.
Finally, the interest of including
MM-HPLC in 2D systems is discussed.

Mixed-Mode Chromatography
Stationary Phases
This review is not intended to be
exhaustive. Indeed, MM-HPLC stationary
phases have been well detailed in
previous reviews (22,23). This review
article focuses solely on MM stationary
phases developed for HPLC, and not for
solid-phase extraction (SPE) purposes.
Judging from the types of interactions
combined, mixed-mode stationary phases
can be classified into four different groups:
reversed-phase—hydrophilic interaction
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(reversed-phase LC-HILIC), reversed-phase—ion-exchange
(reversed-phase LC—-IEX), hydrophilic interaction—ion-exchange
(HILIC-IEX), and tri-mode MM-HPLC (with several possible
combinations). However, in practice, it often seems that only
one retention mechanism can be used at the time, depending
on the ratio of organic—aqueous portion in the mobile phase
(20,24). Therefore, some of the stationary phases designed
for MM-HPLC actually allow for multi-modal operation (for
instance, reversed-phase LC or HILIC) but have not necessarily
demonstrated combined mixed-mode mechanisms.
Reversed-Phase—Hydrophilic Interaction: Because
reversed-phase LC is used for moderately polar and
non-polar compounds and HILIC for polar compounds, the
reversed-phase LC-HILIC mixed-mode presents the powerful
advantage of retaining both hydrophobic and hydrophilic
compounds. This combination should permit the analysis of
complex mixtures with a wide range of polarities in a single run.
The reversed-phase LC-HILIC stationary phases are designed
by a combination of hydrophobic and polar groups. The
hydrophobic portion is traditionally an alkyl chain or aromatic
group. The chemical nature of the polar group varies between
charge-neutral functions, like diol-, amide-, and cyano- or
ionic-groups. In the latter case, the ionic functions are meant
to support the aqueous pseudo-stationary phase of the HILIC
retention mechanism, rather than an ion-exchange mechanism.
A typical reversed-phase LC—HILIC stationary phase
is constituted of diol groups at the end of an alkyl chain
(Figure 1[a]) (17,25). Aral et al. (26) designed a new stationary
phase with two different amide groups, one was the terminal
amide group and the other one was inserted between a
phenyl ring and amino alcohol group (Figure 1[b]). This phase
could sustain large variations of pH, which may be practical
during method development, whenever ionizable species are
concerned. Another type of stationary phase employed amino
acids or short peptides as ligands. Li et al. developed a poly-L-
lysine-grafted silica-based stationary phase (Figure 1[c]) (27).
Lysine thus provides both a polar function (terminal amine
group) and an alkyl chain. In a different paper, the authors
directly immobilized a small peptide Boc-Phe-Aib-Phe-OH
onto silica (28). This column demonstrated retention capability
for various compounds, from hydrophobic compounds like
polycyclic aromatic hydrocarbons or steroids to more polar
compounds like nucleosides. In addition, the intrinsic chirality of
the peptide ligand also imparted enantioselective capabilities to
this phase. Surfactin, a peptide loop comprising seven amino
acids and a B-hydroxyl fatty acid, was also employed as a
mixed-mode ligand for reversed-phase LC-HILIC. Ohyama
et al. (29) first reported the synthesis of a surfactin-modifed
silica stationary phase. With this phase, the retention of polar
solutes depended on the acetonitrile content and exhibited a
reversed-phase LC—HILIC mixed-mode retention behaviour.
More recently, ionic liquids were used to develop
zwitterionic ligands. The complex imidazolium organic cation
and 11 conjugated system was commonly used to achieve
the simultaneous separation of hydrophilic and hydrophobic
compounds (30,31). Li et al. (32) used zwitterionic imidazoline
to prepare a new type of stationary phase by polymerization
on the silica surface with solvent-free microwave-assisted
organic synthesis (Figure 1[d]). With the use of ionic liquids,
multiple interactions could take place: dipole-dipole,
electrostatic, m-m interaction, and hydrogen bonding. Qiao et
al. (33) developed a new silica-based stationary phase with
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tricationic ionic liquid for the separation
of flavonoids.
Reversed-Phase—lon-Exchange:
With reversed-phase LC—-IEX
mixed-mode, the retention of both
hydrophobic and ionic compounds is
achieved. The stationary phase ligands
are constituted of an alkyl chain (C8

to C18) with ionic or ionizable groups
at the end of, or embedded in the

alkyl chain. In this kind of MM-HPLC,
four IEX modes can be differentiated:
strong cation-exchange (SCX), weak
cation-exchange (WCX), strong
anion-exchange (SAX), and weak
anion-exchange (WAX).

For cation-exchange (CEX), similarly to
traditional CEX stationary phases, acidic
groups were generally used: carboxylic
acid for WCX (Figure 2[a]) (34) and
sulfonic acid for SCX (18) (Figure 2[b]).
Zhang et al. (35) developed an original
reversed-phase LC-WCX silica-based
phase with a polystyrene network
comprising carboxylic groups. For basic
drugs separation, this phase exhibited
good orthogonality with common C18
phases.

For anion exchange (AEX), quaternary
ammonium can be used for SAX
(36). Wei et al. (37) developed a new
stationary phase with copolymerization
of quaternary ammonium and C18
chain on silica (Figure 2[c]). For WAX,
Lammerhofer, Lindner, and co-workers
developed a novel series of phases,

a surface-bonded N-(10-undecenyl)-
3-aminoquinuclidine silica-based
stationary phase (38,39). This phase
showed excellent performance for
oligonucleotides separation (Figure 2[d])
(40). Recently, the same team
developed novel stationary phases
based on thiol-ene click chemistry (41).
These phases were synthesized by
immobilization of N-undecenyl-3-«a-
aminotropane onto thiol-modified silica
gel. The main advantages of theses
phases with co-ionic endcapping were
the strong reduction of retention times
and the elution of acidic compounds with
lower ionic strength, which enhanced the
MS compatibility.

Once again, ionic liquids have
been used to design imidazole-based
stationary phases for reversed-phase
LC-AEX (42). For example, Sun et al.
(43,44) developed such phases for the
separation of inorganic anions. The same
team also synthesized more complex
phases with dicationic imidazolium ionic
liquids (45).

Figure 1: Different reversed-phase LC-HILIC stationary phases with (a) diol

(17,25), (b) amide (26), (c) amine (27), and (d) zwitterionic polar groups (32).
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Figure 2: (a) SCX (34), (b) WCX (18), (c) WAX (37), and (d) SAX (40)

reversed-phase LC—IEX stationary phases.
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Figure 3: (a) HILIC-AEX amino-based (19,46), (b) glucaminium-based ionic

liquids (47) stationary phases.
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Hydrophilic Interaction—
lon-Exchange: The HILIC-IEX mode
is adapted to the analysis of charged
polar compounds. The main application
field of this mode is the analysis of
proteins or peptides. In the early 1990s,
Zhu et al. analyzed peptides on strong

cation-exchange columns (24). They first
observed that IEX columns exhibited

two different retention mechanisms
depending on the acetonitrile percentage
in the mobile phase. An IEX mechanism
was observed at low percentage, while

a HILIC-type retention mechanism was

observed with increasing acetonitrile
percentage.

Later on, diverse stationary phases for
HILIC—IEX mixed-mode were developed.
The principle is always quite similar.
Indeed, to obtain HILIC-IEX mixed-mode
retention mechanisms, both charged
(cationic, anionic, or zwitterionic) and
uncharged hydrophilic groups are
necessary. For HILIC-AEX mode, an
amino group can be used as weak anion
exchanger (Figure 3[a]) (19,46). Qiao et
al. also used glucaminium-based ionic
liquids (Figure 3[b]) for the separation of
nucleosides in HILIC-SAX mode (47).
Recently, Bo et al. (48) synthesized an
original HILIC-IEC phase with adjustable
selectivity by controlling the mixture
ratio of two functional monomers.

The application of the concept was
demonstrated by the separation of
nucleosides and B-agonists.

Tri-Mode MM-HPLC: As a result of

the variety of analytes that may be
encountered in a single sample, a

need for increasingly varied interaction
capabilities has arisen, and tri-mode
MM-HPLC is being developed. While the
simpler mixed-mode phases described
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above included the combination of two
retention mechanisms, the tri-mode
stationary phases involve three different
retention mechanisms. For this purpose,
complex chemistries of stationary phases
must be developed. The most common
tri-mode used is the reversed-phase
LC-HILIC-AEX (49).

In 2012, Qiu et al. (21) developed
a poly(ionic liquid)-grafted silica
stationary phase, using ionic liquids. This
phase allowed the effective retention
of hydrophobic compounds, neutral
polar molecules, and anions, owing to
the presence of alkyl chain, carboxyl,
and imidazolium groups, respectively
(Figure 4[a]). In 2014, Li et al. (20)
proposed a novel silica-based dendritic
polymer reversed-phase LC—HILIC-
AEX stationary phase composed of
repeated patterns comprising phenyl
ring, quaternary ammonium, and
hydroxyl groups (Figure 4[b]). With
this material, the use of the different
retention mechanisms offered a wide
range of selectivities. Indeed, under
reversed-phase LC conditions, the
authors separated polycyclic aromatic
hydrocarbons (PAH). With the IEX
mechanism, the analytes were separated
in acids, bases, and neutrals compounds.
Finally, under HILIC conditions,
neutral amides were separated. The
reversed-phase LC-HILIC-CEX mode
was also described for small molecules
analysis (50). The analysis of proteins can
also be envisaged with this tri-mode: Lin
et al. (51) performed the separation of
bovine serum albumin.

The range of applications of
reversed-phase LC-AEX-CEX phases is
large and allows the need for ion-pairing
agents to be eliminated (52-55). Liu
et al. (56) used a commercial tri-mode
reversed-phase LC-AEX-CEX phase
for the separation of pharmaceutical
counterions. Another commercial tri-mode
HILIC-AEX-CEX was also used for the
separation of pharmaceutical counterions
(57). Qiao et al. (58) synthesized an
original tri-mode phase with 4-Chloro-
6-pyrimidinylferrocene modified silica
gel for the separation of PAH, phenols,
and aniline compounds. With this phase,
reversed-phase LC, normal-phase, and
AEX modes can all be envisaged. For
HILIC-CEX-AEX, Shen et al. developed
a glutathione-based zwitterionic
stationary phase (59) for the separation
of oligosaccharides. Glutathione is
a tripeptide containing a free amino
group and two carboxyl groups. With

Figure 4: (a) Poly(ionic liquid)-grafted silica stationary phase (21), (b) dendritic

polymer-modified silica (20) reversed-phase LC-HILIC-AEX stationary phases,
(c) HILIC-CEX-AEX glutathione-based zwitterionic stationary phase (59).
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this peptide, there were two exchange
sites available (Figure 4[c]). Wang et
al. (60) used a multi-functionalized
silica synthesized via “click chemistry”,
which could be operated in tri-mode
reversed-phase LC-CEX-HILIC, for the
purification of quaternary ammonium
alkaloids from plants.

One of the most complex
mixed-mode phases in this category
is the quinine-based zwitterionic
phase developed by the group of
Lindner (61,62), now available as a
commercial product. In addition to
hydrophilic interaction, polar organic,
anion-exchange, cation-exchange,
and zwitterion-exchange retention
mechanisms, enantioselectivity is also
possible and was demonstrated with
chiral separation of amino acids, small
peptides, and acidic and basic analytes.

Finally, the tri-mode phases can be
used for complex samples because of
the large number of interactions involved.
The challenge of tri-mode is to separate
anionic, cationic, and neutral species
by using only one column and one set
of conditions. The choice of operating
conditions remains primordial to take
advantage of the wide selectivity offered

Use of Mixed-Mode HPLC for
Achiral Applications
Pharmaceutical Applications:
Pharmaceutical analyses (synthetic
intermediates, APls, impurities, or

degradation products) are the most
popular applications of mixed-mode
chromatography.

Counterions analysis is very common
in pharmaceuticals. Indeed, about 50% of
pharmaceutical compounds are in the salt
form, to improve their physicochemical
properties like solubility, purity, and
stability. Zhang et al. developed a method
for the simultaneous separation of 25
counterions, including both cations and
anions, organic and inorganic, in 20 min,
using a gradient elution program with a
reversed-phase LC-WAX-SCX tri-mode
stationary phase (63). Liu et al. (56) used
the same stationary phase to separate 10
counterions in isocratic elution. The same
team also developed a method for the
separation of other counterions using a
HILIC-WCX-SAX stationary phase (57). In
these papers, the authors also achieved
the separation of basic and acidic APls
and their associated counterions. The
European Pharmacopoeia (Ph. Eur)
validated the method developed by
Zhang et al. for the separation of the
25 counterions in terms of specificity,
repeatability, limits of quantification, and
linearity. The Ph. Eur. demonstrated
the applicability of the method for the
identification and quantification of
counterions in pharmaceuticals, coupled
to an MS detector (64).

The identification and quantification
of impurities in pharmaceutical products
must be strictly controlled to ensure

Recent Developments in HPLC and UHPLC June 2017



the efficiency and limited toxicity

of the final product. MM-HPLC has
proven its worth in the field of impurity
profiling of small drugs (neutral polar

or charged molecules) (65,66). Zhang
et al. (35) used the reversed-phase
LC-WCX phase described above for
the separation of 43 basic drugs. This
phase exhibited good orthogonality
with common C18 phases. Strege et al.
proposed the use of mixed-mode anion
or cation-exchange—HILIC coupled

to electron light scattering detection
(ELSD)-ESI-MS as an alternative to
reversed-phase LC for the analysis of
small molecules in drug discovery (67).
With the use of a mixed-mode column,
the separation selectivity was highly
orthogonal to reversed-phase LC. The
authors also highlighted the advantage
for preparative applications. Because
of the high loadability of ion-exchange
packings, the loading capacity was
increased 10- to 100-fold in many cases
in comparison to reversed-phase LC.
This kind of mobile phase (acetonitrile
gradient with 0.05% ammonium acetate
and acetic acid) was also directly
compatible with ELSD and MS detectors.

The families of compounds
encountered in mixed-mode achiral
analysis of drug-like compounds are
varied: steroids (18,28), alkaloids
(60,68), non-steroidal anti-inflamsmatory
drugs (17,60,68,69), sulfonamides (70),
nitroimidazoles (71), cannabinoids (72),
water and fat-soluble vitamins (70,74-76),
biphosphonates (77), and amphetamines
(35). Analytical conditions (stationary and
mobile phases, operating conditions)
reported for the separation of families of
drug compounds are detailed in Table 1.

The use of peptides as therapeutics
is fairly new (78). However, the range
of therapeutic applications is steadily
increasing: oncology, metabolic,
cardiovascular diseases, and hematology
are only a few examples. Lammerhofer
et al. (38) developed a reversed-phase
LC-WAX stationary phase to separate
molecules by lipophilicity and charge
differences. The authors demonstrated
the flexibility of retention and selectivity
for peptide separations. Depending
on the analytical conditions, different
separation mechanisms were promoted:
this stationary phase can be operated in
reversed-phase LC, AEX, ion-exclusion,

West et al.

HILIC, and hydrophobic interaction
chromatography (HIC) mode. Another
mixed-mode reversed-phase LC—
WAX stationary phase described
above (with a N-(10-undecenoyl)-3-
aminoquinuclidine selector [39]) was
used as an alternative to a C18 stationary
phase for the separation and purification
of tetrapeptide and its side products. The
authors demonstrated a better selectivity
and enhanced loading capacity in
comparison to reversed-phase LC.
MM-HPLC has also proven beneficial
for the separation and purification of
proteins. Published works have reviewed
the development of mixed-mode ligands
(86) constituted of aliphatic or aromatic
groups as the hydrophobic part and an
amino, carboxyl, or sulfonic group as the
ionic moiety, and their applications in the
biopolymer field (87). However, because

proteins are complex molecules, the
development of novel stationary phases
with multiple interactions is needed to

provide alternative selectivity to classical

reversed-phase LC and hydrophobic
interactions. The use of mixed-mode
columns for proteomic purposes,

such as the separation of therapeutic
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Table 1: Bi-modal and tri-modal applications of mixed-mode chromatography

Family Compounds tested Analytes Mode
10 Counterions: choline, tromethamine, sodium, potassium, Tri-modal
meglumine, mesylate, nitrate, chloride, bromide, iodide
12 Counterions: phosphate, sodium, potassium, chloride,
malate, bromide, nitrate, citrate, fumarate, sulfate, Tri-modal

Counterions magnesium, calcium
25 Counterions: sodium, calcium, potassium, meglumine,
tromethamine, zinc, magnesium, procaine, choline chloride,
sulfate, bromide, maleate, mesylate, tartrate, citrate, Tri-modal
phosphate, fumarate, nitrate, lactate, succinate, besylate,
malate, gluconate, tosylate
4 Steroids: estriol, 17-a-estradiol, 17-B-estradiol, estrone Bi-modal
Steroids - - - -
8 Steroids: prednisolone, corticosterone, cortisone, Bi-modal
testosterone, estriol, estrone, 17-a-estradiol, 17-B-estradiol
Alkaloids 7Alkalp|ds: tetrahydrppalmapne, theophylllne, gastrodin, ekl
berberine, lycorine, sinomenine, tetrandrine
. . 9 NSAIDs: fluprofen, flufenamic acid, mefenamic acid,
Non-steroidal anti-inflammatory drugs | - " ]
ibuprofen, loxoprofen, ketoprofen, carprofen, indoprofen, Bi-modal
(NSAIDs) 4
sulindac
Sullemeiehs 6 Sulfongmldes: sglfapyrld!ne, sulfamgthyld|a2|ne, Bi-modal
sulfadoxine, sulfadimethoxine, sulfathiazole, sulfasoxazole
NP 5 Nitroimidazoles: ipronidazole, ornidazole, metronidazole, "
Nitroimidazoles ronidazole, tinidazol Bi-modal
Pharmaceuticals
5 Cannabinoids: cannabidiol, cannabinal,
Cannabinoids tetrahydro-cannabinolic acid, cannabidiolic acid, Bi-modal
A9-tetrahydrocannabinol
B 5 Compounds from vitamin B: thiamine, nicotinamide, .
itz el 2 lactoflavine, pyridoxine, cobalamin Sl
P 10 Vitamins: B1, B6, B3-amide, B12, B2, C, B3, .
Water and fat-soluble vitamins A-acetate, D3, K1 Bi-modal
n Etidronate tablet and related impurities or ’
Biphosphonate degradation products Bi-modal
3-methoxytyramine, methcathinone, cathinone, ephedrine,
Catecholamines and methamphetamine, methylenedioxymethamphetamine, ’
. . ) Bi-modal
amphetamine related drugs methylenedioxyamphetamine,
methylenedioxyethylamphetamine
' Tetrapeptide (N-acetyl-lle-Glu-Gly-Arg-p-nitroanilide) 1
reales and its impurities Sl
] 5 Proteins: cytochrome, insulin, lysozyme, transferrin, ]
Pt bovine serum albumin B et
NuslEshzees enel mueEasidEs 6 Compoundsz uracil, uridine, cytosine, cytidine, guanine, Triel
guanosine
Oligonucleotides Mixtures of oligonucleosides with different chain lengths Bi-modal
(20-23 nucleosides)
Metabolomics Phosphorylated carbohydrates 6 Individual isomeric hexose phosphates Bi-modal
Chlorpyrifos metabolites Chlorpyrifos and 4 metabolites Bi-modal
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Stationary phase Operating conditions Detection mode Reference
acetonitrile-water-100 mM ammonium acetate buffer, pH 5
Reversec-phase LCTWAX=SCX (60:25:15, i), flow rate: 0.5 mLjmin, 30 °C CaB &
water-100 mM ammonium formate buffer, pH 3.65
HILIC-WCX-SAX (gradient elution program: 90:10 to 0:100 v/), flow rate: CAD 57
0.6 mL/min, 30 °C
acetonitrile-water-200 mM ammonium formate, pH 4.0
(gradient elution program: 60:38:2 to 60:35:5 in 7 min, then
Fevaiged-gaes | Lo sl 0 5:5:90 in 8 min, plateau during 5 min), flow rate: 0.5 mL/min, e &
35°C
(F\j;i\l?gﬁgi;ggggﬁzﬁg-sg%(fte ) methanol-water (65:35, /), flow rate: 1.0 mL/min, 30 °C UV (254 nm) 18
Eﬁgg;%‘l%g?e%ﬁ%rﬂgm . methanol-water (30:70, v#), flow rate: 1.0 mLjmin, 25 °C UV (254 nm) 28
Reversed-phase LC-HILIC acetonitrile—80 mM ammonium acetate buffer, pH 4 (90:10, wb), : ’
(C18-dlthiothreitol silica) flow rate: 0.2 mLjmin, 25 °C DD (i Gl mloapiley 68
Reversed-phase LC-HILIC acetonitrile—40 mM ammonium acetate buffer, pH 6.8 DAD (maximum absorption) 68
C18-dithiothreitol silica 95:5, wb), flow rate: 0.2 mL/min, 25 °C P
(
: - ' acetonitrile—50 mM ammonium acetate (gradient elution
E'#é%ﬁghé ‘(jj gﬁég‘;"m'dazo"um program: 95:5 during 2 min, 95:5 o 80-20 in 5 mir), flow rate: UV (254 nm) 70
1.0 mL/min, 35 °C
Reversed-phase LC-normal-phase LC g L o )
(N-ferrocenyl(benzoyl)amino-acid esters B?;r]&fir?pé%%agd ireliEe TR, vy e it UV (320 nm) 71
attached on silcia) ’ ’
A: water-methanol-acetonitrile (95:2.5:2.5, VA/A) 4+ 0.2%
tetramethylammonium hydroxide (conc. 25% in methanol),
Reversed-phase LC-WAX B: water-methanol-acetonitrile (10:20:70, vA/V) + 0.2% UV (230 nm) 70
(C18-amino silica) tetramethylammonium hydroxide (conc. 25% in methanol):
gradient 100% A to 100% B in 3 min, flow rate: 1.0 mL/min,
30°C
HILIC-AEX acetonitrile—20 mM ammonium acetate buffer (73:27, V), flow UV (272 nm) 70
(2-methylimidazolium functionalized silica) | rate: 1.0 mL/min, 35 °C
A: water-100 mM phosphate buffer, pH 4.4-acetonitrile
Reversed-phase LC-WAX (85:10:5, vA/v), B: water-100 mM phosphate buffer, pH 4.4—
(N-(10-undecenoyl)-3-aminoquinuclidine | acetonitrile (18:2:80, vA/V), gradient: 0% B during 2 min, 12% UV (280 nm) 76
onto thiol-modified monolithic silica) B at 7 min, 82% at 22 min, 97% B at 30 min, plateau at 97% B
during 3 min, 0% B at 34 min, flow rate: 1.0 mL/min, 25 °C
A: acetonitrile—0.03% TFA in water (5:95, vA), B:
(F‘Piﬁffed'%*g‘z%%cz‘ i e acetonitrile—0.2% TFA in water (5:95, vA), gradient: 0% B to CAD 77
P ’ 219l 100% B in 5 min, flow rate: 0.5 mL/min, 40 °C
Reversed-phase LC-WCX o -
. ’ acetonitrile-water (40:60, /) containing 5 mM
éﬁggg;y;ﬁ;i_nbe;\ggék with carboxylic ammonium acetate, flow rate: 1.0 mL/min, 40 °C UV (210 nm) %
Reversed-phase LC-WAX " . .
(Ve amvo-qiucine. | LSS M e s, 145 001 waom e
selector 2504 mm, 5 um o ’
Reversed-phase LC—positively charged A: 0.1% TFA in water, B: 0.1% TFA in acetonitrile, gradient: UV (214 nm) 80
repulsion 10 t0 60% B in 20 min, flow rate: 1 mL/min, 30 °C
Reversed-phase LC-AEX-HILIC 5 mM ammonium formate, pH 4.8, acetonitrile-water (90:10, UV (254 nm) 20
dendritic polymer-modified porous silica) | vA4), flow rate: 1 mL/min
( poly p
acetonitrile—0.2 M triethylammonium phosphate buffer,
Fevzrzsaliass LA pH 7.5 (30:70, w4), flow rate: 1 mL/min, 40 °C sty =
0.1% TFA in acetonitrile-water (70:30, vA), flow rate:
Reversed-phase LC-WAX 1 mUjmin, 25 °C CAD 84
A: acetonitrile-water (30:70, vA) + 20 mM acetic acid, pH 6.45,
Reversed-phase LC-WAX B: acetonitrile-water (80:20, v/4/) + 20 mM acetic acid, pH 7.45, ESI-MS/MS 88
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gradient: 100% A to 100% B in 10 min, plateau at 100%
B until 22.5 min, flow rate: 1.0 mL/min, 25 °C
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proteins, is also growing. Wang et al.
developed a reversed-phase LC-IEX
stationary phase based on ionic liquids.
The authors demonstrated the high
selectivity provided by this column,
with the exclusion of basic proteins and
the separation with good resolution of
acidic ones (79). Ding et al. developed a
reversed-phase LC—positively charged
repulsion stationary phase, with the
polymerization of polar group on the
surface of silica (80). By adjusting
operating conditions, the separation of
five proteins was achieved. They also
used the stationary phase to separate
degradation products of one therapeutic
protein, the recombinant human growth
hormone.
Metabolomic Applications:
Metabolomics studies require highly
efficient, precise, and selective
chromatographic methods. Among them,
reversed-phase LC coupled to high
resolution mass spectrometry (HRMS)
is the most commonly used. However,
metabolomics samples usually contain
numerous analytes with a wide range
of polarities. The use of mixed-mode
columns is therefore advisable. Wernisch
et al. (81) presented a comparison of
the chromatographic performance of
C18 reversed-phase LC, four HILIC,
and two mixed-mode columns for the
analysis of 764 metabolite standards,
including amino acids, nucleotides,
sugars, and other metabolites,
representing all major biological
pathways and commonly observed
exogenous metabolites. The authors
investigated retention capabilities,
selectivities ,and specificity towards
hydrophilic metabolites for each method.
For phosphates, sugars, and amino
acids, at least one of the mixed-mode
columns permitted the retention of
a higher percentage of metabolites
with good peak shape than the C18
column. Ammann et al. (82) coupled
two mixed-mode columns to obtain
tri-modal reversed-phase LC, HILIC, and
|IEX separation capabilities in one run
for the analysis of various metabolites:
sugars, amino acids, carboxylates, fatty
acids, and antioxidants. The authors also
investigated the capability of a single
tri-mode column for the separation of
the same metabolites. The separation
of 18 standards was partially achieved
and the coupling with MS permitted the
identification of metabolites.

Eastwood et al. (83) developed an
analytical and semi-preparative method

for the purification of nucleotides present
in an enzymatic reaction mixture. The
collected nucleotide was found to be
pure at 99%. The dendritic polymer
described above (20) was used for the
effective separation of six nucleobases
and nucleosides, with the combined
use of reversed-phase LC, AEX, and
HILIC interactions. Qiu et al. also
developed a reversed-phase LC—
AEX-HILIC stationary phase, based
on ionic liquids for the separation of
similar compounds. Zimmermann et al.
(40) used a reversed-phase LC-WAX
stationary phase based on N-(10-
undecenoyl)-3-aminoquinuclidine for
the separation of structurally closely
related oligonucleoctides, with a size of
20 to 23 nucleotides. Phosphorylated
carbohydrates are essential metabolites
for all forms of life. The difficulty
in analysis is because there is a
coexistence of isomers with a similar
fragmentation in mass spectrometry
and the complete resolution of isomers
is difficult to obtain with reversed-phase
LC. Hinterwirth et al. (84) developed
a selective method for the separation
of sugar phosphates by using a
reversed-phase LC-WAX stationary
phase. This phase revealed remarkable
selectivities for the separation of six
individual isomeric hexose phosphates,
which were at least partially separated.
The use of mixed-mode columns has
also appeared for lipidomic purposes.
Granafei et al. proposed a method for
the separation of a complex mixture
containing polar lipids, with the use of a
reversed-phase LC—-HILIC mixed-mode
liquid chromatography coupled to a high
resolution tandem mass spectrometry
system (85).

Mixed-mode material has also
proven its application for the analysis of
polar compounds in natural products.
Apfelthaler et al. (86) evaluated the
retention properties of 79 fungal
metabolites on a reversed-phase
LC-WAX mixed-mode stationary
phase by LC-ESI-MS/MS. Qiao et
al. (30) investigated the analysis of
highly polar compounds with the
analysis of secondary metabolites of
Trichoderma, a genus of fungi, with
an imidazolium-embedded C8-based
stationary phase for simultaneous
reversed-phase LC-HILIC mixed-mode.

Finally, Bicker et al. (87) developed a
method for the quantification of major
chlorpyrifos metabolites, an insecticide,
in human urine, by reversed-phase LC—

WAX liquid chromatography coupled to
ESI-MS/MS (88).

Some of these metabolomic
applications are detailed in Table 1.

Interest of Mixed-Mode Columns
in 2D Systems

The principle of two-dimensional liquid
chromatography (2D-LC) is based

on the combination of two different
chromatographic systems, which may be
provided by different stationary phases,
different elution conditions, or different
chromatographic modes.

Mixed-mode columns combine
multiple chromatographic modes, which
are complementary or orthogonal to
each other. With such columns, the
analysis of complex samples with only
one column has been demonstrated
(21,27) because of the great flexibility
and high selectivity offered. The major
advantage of using one mixed-mode
column for two-dimensional separations
is that it can replace the dual columns
used in classical 2D-LC. Thus, the entire
2D-LC operation can be accomplished
on a single column in off-line or on-line
mode, by adjusting the analytical
conditions to promote different retention
mechanisms in the two dimensions.

Stevenson et al. (52) developed
an off-line 2D-LC separation of a
B-lactoglobulin tryptic digest with a
single reversed-phase LC-AEX-CAX
tri-mode stationary phase. In the first
dimension, the mobile phase pH was 7,
while it was adjusted to 2 in the second
dimension. The authors also performed
the same separation with a C18 column.
Greater efficiency was observed for the
mixed-mode column, thereby providing
larger peak capacity than the C18
column.

Gilar et al. (89) developed a
reversed-phase LC-CEX silica-based
PFP column for the pseudo
2D-LC separation of peptides with
strong negative moieties, such as
phosphopeptides and sialylated
glycopeptides. Recently, Wang et al.
(17,90) synthesized a reversed-phase
LC-HILIC C18-diol stationary phase
for the analysis of complex samples
of traditional Chinese medicines. They
used their column for the simultaneous
separation of highly polar and
hydrophobic compounds in on-line and
off-line 2D-LC, using a single column
but changing the ratio of organic
and buffer solution. Here again, the
mixed-mode column showed enhanced
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Avoid Heat Degradation During Sample Preparation Processes

Bertin Instruments

Introduction

Sample preparation may appear as a straightforward activity when
following the protocol. However, the results of the downstream
analysis usually correlates with the quality of the initial sample
preparation, and it is important to efficiently process samples in the
optimum environment.

When working with thermo-sensitive molecules including DNA,
RNA, proteins, enzymes, and tissues that require a longer time
for homogenization, maintaining a low temperature during sample
homogenization is critical. The steady low temperature not only results
in minimal degradation of the biological material and maintenance of
the stability of molecules, but it also allows higher reproducibility, faster
grinding, and better biological material extraction.

The following application note deals with the pulverization and
homogenization of Caribbean fruit flies with the Precellys® Evolution
homogenizer, combined with the Cryolys® cooling unit.

Context

Caribbean fruit flies (Anastrepha suspensa) are considered a pest
of commercial fruit. lonizing radiation is used as a phytosanitary
treatment to disinfect fresh commodities of pests, including
Caribbean fruit flies. This treatment renders the insects sterile but
may leave some alive. Identifying metabolite biomarkers, such as
amino acids, for sterility and eventual death could prove helpful in
ensuring the safety of commercial produce.

Materials
o Precellys® Evolution with Cooling Option Cryolys®

o Precellys® Lysing Kit: CK14 0.5-mL tubes (KT03961-1-203.05)
e Sample: Lyophilized Caribbean fruit flies (5 flies per sample)

e Buffer: 50:50 acetonitrile—0.3% formic acid

Protocol

Whole flies (5 per sample) were lyophilized to dryness and transferred
to CK14 0.5-mL tubes. Samples were then pulverized to a fine powder,
followed by homogenization in 50:50 acetonitrile-0.3% formic acid.
Pulverization and Homogenization Protocol:

— Speed: 6800 rpm

— Cycle: 3 x20s

— Break: 15s

Precellys® Evolution chamber maintained at 4 °C with Cryolys®

Results

e Pulverization and homogenization of Caribbean fruit flies with
the Precellys® Evolution resulted in a uniform extract that cannot
be achieved with manual homogenization.

e Amino acids were extracted from homogenates with methanol.
The methanol supernatant was evaporated and samples were
derivatized with a Waters AAA MassTrak kit. Derivatized amino
acids were then quantitated by liquid chromatography-mass
spectrometry (LC-MS).

Conclusion

The Precellys® Evolution, combined with Cryolys® cooling unit and
the dedicated Lysing Kit, efficiently pulverizes and homogenizes

www.chromatographyonline.com

Before grinding After grinding

Caribbean fruit flies for metabolomic analysis. This process allows
for highly reproducible quantitation of amino acids by LC-MS
from replicate samples. The Cryolys® avoids metabolites heat
degradation to ensure a better yield extraction.

Bertin Instruments’s newest attachable cooling system—Cryolys®
Evolution combined with tissue homogenizer—Precellys® Evolution,
allows the temperature to be constantly maintained between O °C and
10 °C before, during, and after sample preparation, in addition to a
dramatic decrease in sample preparation time (approximately 40 s).

New Cryolys Evolution

Reference
(1) Sanford Burnham Prebys Medical Discovery Institute, Metabolomics Core,
Orlando, Florida, USA.

ertin

INSTRUMENTS

Bertin Instruments

10 bis, avenue Ampere,

78180 Montigny-Le-Bretonneux, France
Website: www.bertin-instruments.com
E-mail: sample-prep@bertin-instruments.com
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peak capacity and higher efficiency
when compared to a C18 column. Li et
al. (91) analyzed urinary nucleosides in
off-line 2D-LC with one reversed-phase
LC—-AEX phase (a silica stationary
phase co-functionalized with Wulff-type
phenylboronate and C12).

A mixed-mode column can also be
coupled to a reversed-phase LC column
for comprehensive 2D-LC analysis. Li et
al. (92) used a reversed-phase LC-SAX in
the first dimension and a reversed-phase
C18 in the second dimension for the
simultaneous separation of ionic and
non-ionic compounds with different
functional groups contained in white
wine. With the use of a mixed-mode
column in the first dimension, higher
retention and larger peak distribution
areas were obtained. Li et al. (93)
used the same configuration for the
analysis of polysorbate 20, a surfactant
commonly used in the formulation of
monoclonal antibodies to avoid protein
denaturation and aggregation. In the
first dimension, the mixed-mode column
was used to separate polysorbate esters
from the protein. Then, the esters were
separated in the second dimension with
the reversed-phase column. Finally, an
off-line 2D mixed-mode reversed-phase
LC-MS/MS method was developed
for the profiling of lipids in biological
samples. In the first dimension, lipids
were separated according to their
polarities on a monolithic silica-based
mixed-mode column. In the second
dimension, the separation was improved
on a C30 core-shell particle phase. The
method was applied to rat plasma and
liver samples and more than 800 lipids
were detected.

Conclusion and Perspectives

In this review, the recent development
of mixed-mode chromatography
stationary phases is covered. MM-HPLC
provides unique flexibility because

of the multiple retention mechanisms
offered in one column. By adjusting the
ratio of organic and aqueous phases
and the concentration of aqueous
buffers, reversed-phase LC, HILIC,
and IEX modes can be successively
used. The reversed-phase LC-HILIC,
reversed-phase LC—IEX, HILIC-IEX,
and tri-mode MM-HPLC are the most
commonly encountered.

The field of applications of MM-HPLC
is wide. MM-HPLC has demonstrated
its efficiency for the combined analysis
of small, non-polar, polar, and charged

compounds, but also for larger molecules
such as peptides or proteins. As a result,
this technique is particularly used in
pharmaceutical analysis for impurity
profiling of APIs, counterions, drugs,
vitamins, biopharmaceuticals, and much
more. The high MS compatibility of
mobile phases used with mixed-mode
chromatography also permits the analysis
of complex mixtures in metabolomics
and lipidomics. For two-dimensional
separations, one mixed-mode column
can advantageously replace the dual
columns used in classical 2D-LC. Thus,
the entire 2D-LC operation may be
accomplished on one single column in
off-line or on-line modes, by adjusting
the analytical conditions in the two
dimensions. Compared to classical
reversed-phase C18 phases, higher
efficiency, peak capacity, and resolution
were described. With the high flexibility
offered by mixed-mode columns, a large
number of molecules can be analyzed,
making the possibilities of applications
and the method development almost
infinite.
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Enantioselective high performance liquid chromatography (HPLC) is slowly adopting the modern particle
technologies (sub-2-um fully porous particles [FPPs] and sub-3-um superficially porous silica particles
[SPPs]) that have been well known in reversed-phase LC for the past decade. The most significant benefit
is that enantiomer separations can be performed much faster, which is of interest in high-throughput
screening applications and multidimensional enantioselective HPLC analysis. The state of the art is
briefly discussed with some examples documenting the potential of core—shell particle technology and
comprehensive multidimensional separations.

Chiral separation by liquid
chromatography (LC) is an enabling
technology in drug discovery, clinical
diagnosis, food and agrochemistry,
environmental analysis, and many
other fields (1,2). Researchers can
now select from a variety of chiral
stationary phases (CSPs) and
commercial columns, which allow

the separation of enantiomers of
virtually any kind of chiral compound.
However, most commercially available
CSPs are still based on 5-pm
particles. Efficiencies are lower and
analysis times are usually longer than
analyses with reversed-phase LC with
modern columns. The introduction of
CSPs based on 3-pym silica particles
occurred when ultrahigh-pressure
liquid chromatography (UHPLC) was
already an established technology

in reversed-phase LC. For example,
polysaccharide CSPs based on 3-um
particles were launched in 2008

(3). Traditionally, in the field of chiral
separation, the focus of research

was on the search and development
of new chiral selectors with broad
enantioselectivity (Table 1, top). The
engineering of the underlying support
and the column technology lagged
behind the developments in achiral
LC and have only become the subject
of intensive research in recent years.

Historical Development of
Enantioselective UHPLC

The history of LC in the last century
was accompanied by a constant
decrease in particle diameter of the

supporting (silica) particles. In the
1990s, small-sized silica particles
were already commercially available,
but adequate HPLC equipment

for their practical application at

full potential was still missing.

For example, in the late 1980s

and early 1990s nonporous silica
particles with diameters of 1.5 um
and 1 ym were available (29).

Such materials with alkyl surface
bondings were explored in particular
for protein separations. The idea
was to eliminate intraparticular pore
diffusion, which is very slow for such
macromolecular analytes. Although
these reversed phase stationary
phases were not very successful for
small molecule LC separations, they
have been tested as supports for
fast and highly efficient enantiomer
separations. After modification

of these particles with quinine
carbamate ligands (Figure 1[a]), they
were evaluated for fast enantiomer
separation of chiral acids (18,19,30).
An example chromatogram is given
in Figure 1(b). The enantiomers

of 3,5-dinitrobenzoyl-leucine

could be baseline resolved within
1.5 min. Through elimination of the
mesopores in the silica particles,
the surface area was about a factor
100 lower than on 100-A fully porous
silica particles commonly used for
small molecule separations and
brush-type chiral selectors. This, in
combination with the short columns
used (33 X 4.6 mm), gave rise to fast
enantiomer separations. The high

Recent Developments in HPLC and UHPLC June 2017

efficiencies expected from the small
particle diameter could unfortunately
not be fully achieved because of
deleterious extra-column effects.
UHPLC equipment with reduced
extra-column contributions to peak
broadening was not available at

that time. A number of other chiral
compounds were also separated with
short run times (< 2 min).

When commercial UHPLC
equipment was introduced in 2004,
sub-2-um silica particles for highly
efficient separations became the
standard in reversed-phase LC.
Somewhat later, core—shell particles,
re-engineered by J.J. Kirkland et
al., experienced a renaissance for
small molecule separations and
emerged as a competitor technology
to sub-2-um particles in UHPLC.
However, it still took years until the
first attempts were made to introduce
them for chiral separations.

In 2010, Gasparrini and co-workers
reported on a brush-type sub-2-uym
chiral stationary phase obtained
by covalent grafting of the bis-
(3,5-dinitrobenzoyl)-derivative of
trans-1,2-diaminocyclohexane
(DACH-DNB) (20). Such Pirkle-type
CSPs are deemed to have fast
adsorption—desorption kinetics during
the enantiorecognition process and
are thus regarded as beneficial
selector systems for fast and highly
efficient enantiomer separations on
sub-2-um particles. The performance
of 1.9-um fully porous particle (FPP)
based DACH-DNB chiral stationary

Photo Credit: Omelchenko/Shutterstock.com



Figure 1: First sub-2-uym HPLC enantiomer separation on tert-butylcarbamoy!
quinine (tBuCQN) CSP based on nonporous silica MICRA NPS-1.5 um (a)
using N-(8,5-dinitrobenzoyl)-leucine as test compound (b). Experimental

conditions: Mobile phase: 15% acetonitrile—85% 50 mM ammonium acetate,
pHa = 5.5; T: 25 °C; flow rate: 1 mL/min; dim.: 33 X 4.6 mm. Source: GIT
Labor-Fachzeitschrift, 1996. Adapted with permission from reference 18.
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Figure 2: Stationary phase: (a) tBuCQN-modified silica based on 5-pym fully
porous particles (120 A) (selector surface coverage, 1.18 pmol/m?2) and (b,c)
superficially porous particles Halo 2.7 pm, 90 A (selector surface coverage,

1.35 pmol/m2). Column dimension: (a) 150 X 4 mm and (b,c) 50 X 3 mm. Mobile
phase: 98:2:0.5 (v/v/w) methanol-AcOH-NH4Ac; flow rate: (a) 1 mL/min (u; = 2.51),

(b) 0.5 mL/min (u; = 2.95), and (c) 5 mL/min (y; = 29.5); column temperature:
25 °C; detection: 254 nm; sample: 1 mg/mL (racemic Ac-Phe in methanol), (a) 10
pL and (b,c) 1 pL injected. (u;, interstitial velocity of mobile phase).

§ 15 S
€
g
S 10
£
2
a 5
< 3
0
0 2 4 6 8 10
Time (min)
(b)
16 |
S 1
< ]
€ 12
8 i
c
5 o
[} 4
)
Q
< 4]
0 T T T T T T
0.0 0.5 1 1.5
Time (min)
(C) 10
9
'3“ 8
£ 7
g 6
§ 5
§ 4
k-] 3
<
1
0 A v . -~
0 5 10 15 20
Time (s)

www.chromatographyonline.com

Lammerhofer et al.

phases was compared to analogs
with corresponding 4.3- and 2.6-um
particle size CSPs. Van Deemter plots
for the three DACH-DNB CSPs packed
into 100 X 4.1 mm columns using
90:10 (v/v) hexane—CHClj3 as eluent
at a column temperature of 25 °C
and methyl benzoate as a test solute
revealed minimal plate heights Hj,;, of
10.5-, 6.7-, and 5.2-pym for the columns
packed with 4.3-, 2.6-, and 1.9-uym
DACH-DNB CSPs, corresponding to
reduced plate heights h of 2.4, 2.6,
and 2.8, respectively, at optimal flow
velocities of 1.6-, 3.1-, and 4.0-mm/s
(20). Although this is slightly higher h
than for reversed-phase type materials
and corresponding separations,
respectively, it indicated the potential
of the technology. Several separations
of enantiomeric pairs with analysis
times in the 15-40 s range could be
achieved on the sub-2-um FPP chiral
stationary phase. Comparison of
column performances on HPLC and
UHPLC systems using benzyl phenyl
sulfoxide as probe yielded 6500
theoretical plates for each column
(50 X 4.1 mm) and documented that
resolution is lost (37%) when common
HPLC equipment with excessive
extra-column volumes is used for
such separations with highly efficient
columns. At about the same time,
Ai et al. reported on sub-1-um size
mesoporous silica particles derivatized
with perphenylcarbamoylated-p-
cyclodextrin (32 umol/g) (31). While
relatively fast separations were
achieved (< 10 min) on a 50 X 4.6 mm
column, plate numbers in the order of
70,000/m resembled those of standard
enantioselective HPLC separations.
The first report on a core-shell
(also termed superficially porous or
fused-core) particle-based CSP was
published by Lindner and co-workers
in 2011 (21). Superficially porous
particles (SPP) (particle diameter
2.7 ym, 1.7 ym solid core with a 0.5-pym
porous layer 90 A) were modified
with tert-butylcarbamoylquinidine
and packed into 50 X 4 mm columns.
A set of 19 racemic amino acids
derivatized with 3-ferrocenylpropionyl-
hydroxysuccinimide were successfully
separated by LC coupled to tandem
mass spectrometry (MS/MS) within
8 min (21). Although this work did not
evaluate the efficiency of this new
particle type in comparison to 5-ym
fully porous standard materials, it was
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Table 1: Milestones in LC enantiomer separation: Evolution of modern CSPs and of enantioselective UHPLC

Milestones on the way to modern (silica-based) CSPs and commercial columns

Year Main author Chiral Stationary Phase Ref.
1983 J. Hermansson al1-Acid glycoprotein-bonded CSP (Chiralpak AGP) 4
Polysaccharide CSPs obtained by coating of cellulose and amylose
1984 Y. Okamoto esters and carbamates onto surface of macroporous silica particles 5,6
(Chiralcel OD, OJ, and Chiralpak AD, AS, and related ones)
Immobilized bovine serum albumin as a chiral stationary phase
s | S Alenmas (Resolvosil, Chiralpak HSA) U
1986 D.W. Armstrong B-Cyclodextrin-bonded CSP (Cyclobond | and others) 8
) Donor-acceptor CSP with m-acidic and m—basic aromatic moieties
1992 W.H.Pirkle (Whelk O1) 9
1994 D.W. Armstrong Macrocyclic antibiotics-based CSPs (Chirobiotics V, T, R) 10
1996 W. Lindner Quinine/quinidine carbamate-based CSPs (Chiralpak QN-AX/QD-AX) 11
1996 E. Francotte Immobilized polysaccharide CSPs (Chiralpak IA, IB, IC, etc.) 12,13
1998 Y. Machida, M.H. Hyun Cov_aler)tly bonded 18-crown-6-tetracarboxylic acid based CSP 1415
(ChirosSil)
2008 W. Lindner Zwitterionic quinine/quinidine carbamate-based CSPs (Chiralpak ZWIX) 16
2009 D.W. Armstrong Cyclofructan-based CSPs (Larich series) 17
Milestones in enantioselective UHPLC
Year Main author Chiral Stationary Phase Ref.
. tert-Butylcarbamoylquinine carbamate (tBuCQN) based on nonporous
RS b Lmenen silica (MICRA NPS-1.5 ) (first sub-2-um CSP) vesl
5004 Commercial UHPLC system (Waters) with sub-2-um fully porous
particles launched
2006 J.J. Kirkland Renaissance of core-shell particles (re-engineered)
- bis-(3,5-Dinitrobenzoyl)-derivative of trans-1,2-diaminocyclohexane
200k e (DACH-DNB) fully porous 1.9 um (first fully porous sub-2-um CSP) A
- tert-Butylcarbamoylquinidine carbamate (tBuCQD) (Halo 2.7 pm,
2o . L vz 90 A-based) (first core—shell CSP) 2
2012 F. Gasparrini WHELK-O1 fully porous 1.7 pm (sub-2-um CSP) 22
2012 B. Chankvetadze Polysaccharide (Kinetex 2.6 um) (core—shell CSP) 23
2014 D.W. Armstrong Propylcyclofructan-6 (Halo 2.7 um) (core—shell CSP) 24
2015 L. Zhang Teicoplanin-modified sub-2-um core—shell particles 25
2015 D.W. Armstrong Glycopeptides (Chirobiotics), cyclodextrins, cyclofructans (Halo 2.7 um) 26
(core—shell CSPs)
2015 D.W. Armstrong Sub-2-um-based glycopeptides CSP 27
2016 F. Gasparrini Teicoplanin porous 1.9 um (sub-2-um CSP) 28
5017 Launch of commercial sub-2-um immobilized polysaccharide CSPs
(Chiralpak IA-U and Chiralpak I1C-U) (Daicel/Chiral Technologies)

evident that better efficiencies and

in industry. These macromolecular

the pores. Superficially porous silica

chiral selectors are coated onto
wide-pore (100-nm pore size) silica
particles. The wide pores assure the
homogeneous coating of a thin film of
chiral selector and avoid clogging of

faster separations can be achieved

with this chiral adsorbent.
Polysaccharide CSPs have become

the most widely used adsorbents

for enantiomer separations by HPLC

particles with such wide pores were
not available until recently. Thus, the
first attempts were made with
core—shell silica of 2.6-pm nominal
particle diameter and 9-nm nominal
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pore size (23). Cellulose tris(4-
chloro-3-methylphenylcarbamate)
was coated onto the surface of
these particles and compared to
corresponding CSPs based on
3-um wide pore silica particles
(commercial column) as well as 3-um
totally porous silica with comparable
pore size (10 nm), all packed into
250 X 4.6 mm columns. On the
two narrow pore columns, only 5%
(w/w) of polysaccharide selector
could be coated without problems
and this reduced separation factors
significantly when compared to

the commercial 3-um column with
about 4 times more chiral selector.
Higher separation factors (probably
a result of more selector per unit
m2; the totally available surface
area is lower for SPP versus FPP
because of the solid core) but flatter
H/u curves were reported for the
core-shell particle CSPs. Later,
SPPs with 3.6 um nominal particle
diameter and 20-, 30-, and 60-nm
nominal pore size, respectively,
were coated with cellulose tris(3,5-
dimethylphenylcarbamate). Only
2% (w/w) selector (related to silica
particles) were coated since with
5% (w/w) selector pores appeared
to be already partly clogged (32).
Reduced plate heights in the order
of 1.4 to 1.7 could be achieved at
optimal (low) flow rates for the first
eluted enantiomers indicating that
SPP CSPs with macromolecular
selectors such as polysaccharides
can also yield highly efficient
enantiomer separations; however,
this is potentially at the expense of
separation factors if compared to
commercial standard materials (wide
pore with ca. 20% selector).

Armstrong and co-workers have
published a series of papers in
which they describe the transfer
and evaluation of their chiral
selector technologies (glycopeptide
macrocyclic antibiotics, cyclodextrins,
and cyclofructan derivatives) on SPPs
(26). The focus was mostly on the
speed of enantiomer separations and
will be discussed below.

The first columns packed with
sub-2-uym FPP-based polysaccharide
CSPs were launched this year. It will
be interesting to see how this new
particle technology will be appreciated
by the users in industry. However,
it may stimulate and accelerate the

www.chromatographyonline.com
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Figure 3: H/u, curves exemplified by DNP-Val enantiomer separation on
superficially porous tBuCQN-modified silica Halo 2.7 um (90 A) (50 x 3 mm).
Mobile phase: 98:2 (v/v) methanol-water with 9.4 mM formic acid and 9.4 mM
ammonium formate; flow rates: at 45 °C (2 mL/min, 1.5 mL/min, 1 mL/min, 0.5 mL/

min) and at 55 °C (2 mL/min, 1.5 mL/min, 1 mL/min, 0.7 mL/min); detection: UV
detector 254 nm, sampling rate: 40 Hz; injection volume: 1 pL; sample, DNP-Val,
0.1 mg/mL (blue symbols: 45 °C; red symbols: 55 °C). (u;, interstitial velocity of
mobile phase).
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Figure 4: Elevated temperatures enable fast enantioseparations and application
in second dimension LCXLC. Conditions: System: Agilent 1290 Infinity; column:
tBuCQN-modified silica Halo 2.7 um, 90 A (50 X 3 mm); mobile phase, (A)
980:20:5 (v/A/w) methanol-AcOH-NH,Ac; flow rate: 2.0 mL/min; injection volume:
1 puL (1 mg/mL racemic FMOC-Phe in methanol); column temperature: see above;

run time: 300 s; detection: DAD 254 nm (sampling frequency, 160 Hz).
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transition from enantioselective HPLC
to enantioselective UHPLC.

Figure 2 shows the comparison
of the enantiomer separation of
N-acetyl-phenylalanine (Ac-Phe)
on tert-butylcarbamoylquinine CSP
based on (a) fully porous 5-pm
silica particles (120 A) (150 X 4 mm)
and (b) core—shell 2.7-um particles
with a 0.5-pm porous shell (90 A)
(50 X 3 mm). It can be seen that the
separation can be readily transferred
to such core-shell particles,
as reported previously (21,36).
Essentially the same separation

Evaluation of Superficially
Porous Chiral Anion-Exchanger
CSPs

Detailed characterizations of the
performance of various SPP and FPP
CSPs were performed by Gasparrini
et al. (33-35). In the following
discussion, the focus is on chiral
anion-exchanger CSPs based on
core-shell particles (SPPs).
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Figure 5: Off-line comprehensive reversed-phase X enantioselective 2D-LC-MS of N-2,4-dinitrophenylated (DNP) amino acids. (a)
Overlay of XICs of amino acid derivatives, (b) single 2D-XICs of DNP-Ser and isobaric amino acids DNP-Thr, DNP-aThr, DNP-hSer,

and (c) exemplary TOF-MS spectrum of DNP-Thr. XICs (m/z + 0.05 Da ) of DNP-amino acids: Alanine (Ala, A), 254.042; Arginine (Arg,
R), 339.106; Asparagine (Asn, N), 297.048; Threonine (Thr, T) / allo-Threonine (aThr, aT) / homo-Serine (hSer, hS), 284.052; Glutamine
(GIn, Q), 311.063; Glycine (Gly, G), 240.026; Leucine (Leu, L), 296.089; Methionine (Met, M), 314.045; Phenylalanine (Phe, F), 330.073;
Proline (Pro, P), 280.058; Serine (Ser, S), 270.037; and Valine (Val, V), 282.073; elution order always S before R in the second dimension
separation, that is, the corresponding spot with shorter 2D retention time (chiral WAX) is always S. Conditions: dimension: 1 ('D); system:
Agilent 1100; column: 3.9 X 150 mm, 4-pym, 60 A Nova-Pak C18 (Waters); mobile phase: (A) water + 0.1 FA (v4), (B) acetonitrile +

0.1% FA; gradient: 0 min 20% B, 0-3 min 25-27% B, 3-5 min 27-55% B, 5-9.5 min 55% B; flow rate: 1.0 mL/min; injection volume,

10 pL (mixture of N-2,4-dinitrophenylated racemic amino acids); column temperature: 25 °C; detection: UV 360 nm; automatic fraction
collection: 54 X 100 pL or 6 s slices between 2.8-8.2 min in four repeptitive runs; dimension: 2 (2D); system: Agilent 1290 Infinity;
column: 50 X 3 mm, 2.7-um 90 A tBuCQN-modified silica Halo; mobile phase: 98:2 (/) methanol-water with 9.4 mM formic acid and
9.4 mM ammonium formate; flow rate: 0.7 mL/min; injection volume: 20 pL (of fractions collected in first separation); column temperature:
55 °C; run time: 7.5 min; dimension: MS, QTOF, ESI(-) mode; source temperature: 400 °C; nebulizer gas: 60 psi; drying gas: 60 psi;
curtain gas: 30 psi; source voltage: -4500 V; mass range: 35-1000 my/z; accumulation time: 975 ms.
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factors can be achieved on the should be noted that the core—shell unfortunately, yet 3 mm is a good
core-shell particles (a« = 1.51 versus particles have been packed into a compromise.

1.49 on 5-um 120 A fully porous narrower 3-mm internal diameter The number of theoretical plates per
versus 2.7-um superficially porous (i.d.) column (versus 4-mm i.d. for m could be increased by a factor of 2
90 A CSPs). The faster separations the fully porous particle CSP), which or so, when switching from the 5 ym
on the core-shell particle column in is more favourable for electrospray FPP (120 A; 150 x 4 mm) (Figure 2[a])
Figure 2(b) are a combined effect of ionization (ESI)-MS hyphenation in to 2.7 um SPP (90 A;50 %3 mm)

the reduced total surface area (ca. terms of sensitivity because it can be support (Figure 2[b]) (at comparable
factor 2.7 lower specific surface area) used with lower volumetric flow rate interstitial linear velocities; u; = 2.51
as well as a shorter column length at identical linear velocities. Such versus 2.95 mm/s). This was less

(50 versus 150 mm in the case of smaller dimension columns are more than reported previously by D.W.

the fully porous particle column). It difficult to pack with good quality Armstrong (factor 3) (36). It is also
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quite obvious from Figure 2(b) and
2(c) (where the same SPP support is
operated at a higher interstitial flow
velocity of 29.5 mm/s) that there is

a significant loss in plate numbers

at higher flow velocities. Indeed, if
we look at the dependency of the
efficiency (plate height H) on the
interstitial linear flow velocities
(H/u-curves) (Figure 3), we notice that
the minimum is only reached at very
low flow velocities and the slope of
the C-term branch is not negligible,
even at elevated temperatures.

While the slope is flatter for the
2.7-uym SPP than for the 5-um FPP
with a bonded chiral selector (36),
contributions from peak broadening
because of mass transfer resistance
is more significant in enantioselective
UHPLC (independent of the particle
type) as a result of slow adsorption—
desorption kinetics when compared
to reversed-phase LC (37). The
underlying kinetics of affinity-type
multiple attachment of analyte at

the chiral selector binding site is
several orders of magnitude slower
compared to reversed phase-type
adsorption—desorption processes and
thus affects the overall mass transfer
resistance. It was estimated to
contribute up to about 30% to the total
HETP (37). Minimal reduced plate
heights h,;, approximate 2 at optimal
velocities U oo < 1 mm/s (Figure 3
and reference 36). Whilst further
improvements in terms of column
packing and stationary phase design
should be possible, the core—shell
CSP technology promises significant
potential in chiral separations, as
already documented previously by the
above cited works.

Superficially Porous versus
Fully Porous Particle-Based
CSPs
In the literature it is well documented
for reversed-phase columns that
superficially porous sub-3-um particle
packed columns perform equally
well as fully porous sub-2-um ones at
the benefit of lower back pressures.
Thus, manufacturers of chiral CSPs
and enantioselective columns may
ask which one of the supports—FPP
sub-2-pym or SPP sub-3-pym—is the
preferred choice for new column
developments.

Gritti and Guiochon presented
a theoretical approach to answer

www.chromatographyonline.com

this question (37). Considering slow
rates of adsorption—desorption

onto the CSP in enantioselective
HPLC (k,gs 1000 s7! versus 107-8
s!in reversed-phase LC), and
assuming a single site adsorption
mechanism, a reduced HETP
equation with 4 terms based on a
Laplace transform of the general rate
model of chromatography was used
to model h/v-curves for superficially
porous particles as support (dgore/
Aparticle = 0.7) and for comparison
with fully porous particles as

carrier using trans stilbene oxide

as model analyte. Physicochemical
parameters were either accurately
measured or best approximated.

The calculations were based on

a complete set of actual kinetic
parameters (longitudinal diffusion,
eddy dispersion, intraparticle
diffusivity, and adsorption—desorption
constant) measured for a reference
column packed with a cellulose
carbamate CSP based on FPPs.

The results of the calculations
revealed that columns packed with
core-shell particles may outperform
those packed with FPPs under the
assumption that both are well packed.
The reduced plate height could be
decreased to a minimum from 2.0
with fully porous to 1.7 with core—shell
particles. A maximal gain in resolution
of ca. 10% was postulated, which is
not much but also not negligible if the
separation is difficult.

Armstrong and Gasparrini
addressed this question
experimentally. The results were
controversial. The bottom line was
that 2.1-um FPP-based cyclofructan
CSP showed higher resolution than
a corresponding 2.7-um SPP-based
CSP under identical conditions,
however, under isoeluotropic
conditions, the core—shell CSP
outperformed the FPP-based CSP
(38). The efficiency was higher on
the superficially porous particles
in both instances. Gasparrini,
Cavazzini, and co-workers compared
columns packed with Pirkle-type
1-(8,5-dinitrobenzamido)-1,2,3,4-
tetrahydrophenanthrene-based CSPs
based on different supports, viz.

1.8 um and 2.5 ym FPPs as well as
2.6 uym SPPs (39). Contrary to the
results from Armstrong, the columns
packed with 2.6-um SPPs and
2.5-uym FPPs CSPs exhibited similar

Lammerhofer et al.

efficiencies (first eluted enantiomer)
or even slightly worse efficiency for
the second eluted enantiomer on
the SPP column. More significant
eddy dispersion or slow adsorption—
desorption kinetics or both were
made responsible for the worse
behaviour of SPPs in the case of
the second eluted enantiomer (note,
a more dense selector coverage
was observed for the SPP CSP with
narrower pores compared to FPP
CSPs).

It remains unclear what is the
reason for the contradictory
conclusions of the two groups.
However, it is evident that they
used distinct chiral selectors, which
may behave quite differently in
terms of adsorption—desorption
rate constant. Pirkle-type selectors,
such as 1-(3,5-dinitrobenzamido)-
1,2,3,4-tetrahydrophenanthrene-
based CSP, are known to have
relatively fast adsorption—desorption
kinetics, while cyclofructans involve
multiple hydrogen bonding-driven
inclusion complexation, which might
be associated with substantially
lower adsorption—desorption rate
constants. To what extent system
effects and sub-optimal column
packings contribute to the contrary
results remains unclear as well. Some
uncertainties may also arise from
distinct selector surface coverages in
SPP- and FPP-based columns as well
as SPPs from distinct suppliers with
different pore diameters (for example,
80 versus 120 A) and different pore
diffusivity, which may affect kinetic
behaviour differently.

Fast Enantiomer Separations
The quest for fast enantiomer
separations was previously driven
by high-throughput applications
such as chiral drug screening and
chiral catalyst development (35).
Domains for fast chiral separations
have been microfluidic chip-based
enantioselective separations (40)
and SFC enantiomer separations
(41). With the establishment of
sub-2-pym fully porous CSPs as
well as superficially porous CSPs,
enantioselective LC is capable of
separations in seconds and was
recently promoted by the groups

of Gasparrini (20,28,42) and
Armstrong (38,43). Some instrumental
requirements, such as a request for
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high detector sampling rates, an
absence of excessive extra-column
effects, and an absence of radial
temperature gradients from frictional
heating, have to be fulfilled so that
the resolution in such extremely fast
separations is not lost (38).

Subminute enantiomer separations
can nowadays be routinely achieved
on sub-2-pm nonporous (see
Figure 1[b]) (18,30) and FPP CSPs
(20,42) as well as on sub-3-um SPP
based CSPs (Figure 2[b]) (38) packed
into 3-5 cm long columns. Besides
short columns, high flow rates are
required. For example, Figure 2(b)
and 2(c) show enantiomer separations
of Ac-Phe on a 5-cm long (3 mmi.d.)
column packed with tBuCQN-modified
superficially porous 2.7-um CSP at a
flow rate of 0.5 mL/min (Figure 2[b])
and 5 mL/min (Figure 2[c]). This
accelerates the separation from a
minute timescale to a 6 s timescale.
Since linear (interstitial) flow velocities,
u;, of around 29.5 mm/s resulted, mass
transfer limitations have led to some
loss in resolution (Rg declined from 3
at 0.5 mL/min to 1.1 at 5 mL/min). At
such high speed, extra-column effects
may become more critical. The UHPLC
instrument has not been particularly
optimized to reduce extra-column
band broadening, yet a higher
detector sampling rate of 160 Hz has
been used.

To further speed up the
separations, temperature can
be elevated (Figure 4). In
enantiomer separations, this
typically has a detrimental effect
on enantioselectivity since most
separations are enthalpically
dominated. However, the loss in
enantioselectivity is compensated by
the increase in efficiency, affording
essentially the same resolution at all
tested temperatures (Figure 4).

More recently, the limits have
been pushed further and ultrafast
separations in the timescale of less
than a second, achieved by even
shorter columns and higher flow rates,
have been reported by Armstrong
(0.5 X 4.6 mm, 5 mL/min flow rate)
(44) and Gasparrini (10 X 3 mm, 8 mL/
min flow rate) (33). Such sub-second
enantiomer separations open up
the avenue for on-line 2D-HPLC
enantiomer separations with the
enantioselective column as the second
dimension.

Comprehensive
Two-Dimensional
Enantioselective HPLC
The analysis of complex mixtures is
gaining more and more impetus in
analytical chemistry, and in fields
that involve chiral compounds. A
single dimension separation with
CSPs is often not sufficient in many
instances. It is well known that
“chiral columns” have a low peak
capacity, but even though they
have a good enantioselectivity, they
have limited chemoselectivity for
the separation of structurally closely
related substances. Achiral—chiral
and chiral-achiral column coupling
strategies have therefore been a
commonly established approach in
bioanalysis of chiral pharmaceuticals,
such as the stereoselective analysis
of parent drug and metabolites (45).
Heart-cutting (46) and (multi-loop)
multiple heart-cutting 2D-HPLC
methods (47-49) have been utilized
for this purpose. Such heart-cutting
2D-LC was also realized on
miniaturized formats, for example,
microfluidic chip with integrated
fluorescence and MS detection (50).
More challenging is the
implementation of a comprehensive
enantioselective 2D-HPLC setup.
Welsch and co-workers reported a
feasibility study of comprehensive
two-dimensional on-line HPLC
enantiomer separation (30). In this
study a narrow-bore C18 RP column
(150 X 1 mm) in the first dimension
was coupled to a short (33 X 4.6 mm)
enantioselective column based on
nonporous 1.5-pum silica particles
derivatized with quinidine carbamate
as chiral selector in the second
dimension. A mixture of amino acids
derivatized with 3,5-dinitrobenzoyl
chloride was separated. Fraction
transfer in comprehensive 2D-LC can
be based on either alternately filling
two loops (that is, sampling the first
dimension eluate into a loop while
the content of the second loop is
analyzed in the second dimension)
or by a stop-flow transfer technique
(that is, the flow is stopped while
the fraction from the first dimension
is analyzed). In either case, a fast
second dimension separation is
required and was achieved in this
case because of the nonporous
support (enantiomer separations in
less than 1.5 min). The stop—flow

transfer technique was used and

the overall analysis time for this
two-dimensional separation of nine
racemic DNB-amino acids was about
16 min.

With the advent of ultrafast
enantiomer separations on core—
shell and sub-2-um particle CSPs,
comprehensive 2D-HPLC along
with the availability of commercial
instrumentation for this purpose
got another boost. The stop—flow
transfer technique discussed above
makes this technique slow, that is,
the stop-flow technique increases
the total analysis time. On the other
hand, with the alternately two loop
filling technique commonly adopted
nowadays in comprehensive
2D-HPLC, the second dimension
separation must be performed fast
enough to avoid undersampling in
the first dimension. According to
the Murphy-Schure-Foley rule, (at
least) four fractions (samples) per
80 peak width should be collected
(51), otherwise resolution already
achieved in the first dimension
separation will be lost. Hence,
ultrafast separations in the second
dimension are of utmost importance
in 2D-LC separations. A fully
comprehensive chiral X chiral
2D-LC-UV analysis of a mixture of
isomers of a synthetic intermediate
of hepatitis C virus protease inhibitor
(anti-HCV therapeutic) was reported
recently by Barhate et al. (49). In this
specific case, two chiral columns
were coupled, namely a narrow-bore
column (150 mm X 2.1 mm packed
with cellulose tris[4-methylbenzoate]
3 pm) in the first dimension combined
with an ultrafast chiral separation
on a 50 X 4.6 mm chiral column
(packed with cellulose tris[3,5-
dimethylphenylcarbamate], 3 um)
in the second dimension. The first
dimension was run using a very slow
gradient (130 min; flow rate: 50 pL/
min), while the second dimension was
run at a high flow rate of 3 mL/min.
This allowed 40-uL fractions from
the first dimension to be collected
into a sample loop, corresponding to
about 1 fraction sampled every 48 s.
Its analysis was completed while
the next fraction was sampled into a
second loop. The UV detector was
operated at a sampling frequency
of 240 Hz to accurately measure the
peaks with true peak shape.
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For many pharmaceutical,
biopharmaceutical, and bioanalysis
applications of 2D-LC, hyphenation
to mass spectrometric (MS) detection
is desirable. This poses some
additional constraints. For example,
the high volumetric flow rate (3 mL/
min) required above to achieve fast
second dimension separations is
detrimental for ESI. Atmospheric
pressure chemical ionization (APCI),
which can tolerate higher flow rates,
is less sensitive for most polar
analytes. To cope with this problem,
a flow splitting strategy could be
adopted or the inner diameter of the
second dimension column could
be reduced (however, this requires
readjustment of the first dimension
column diameter as well). A simple
and straightforward solution is
to perform separations off-line.
Figure 5 shows the comprehensive
reversed-phase X enantioselective
weak anion-exchange 2D-HPLC-
ESI-QTOF-MS separation of an amino
acid mixture derivatized with Sanger’s
reagent. The 2,4-dinitrophenylated
(DNP) amino acid mixture was first
separated in the first dimension by
reversed-phase LC allowing critical
peak pairs such as isobaric amino
acids (threonine, Thr; allo-threonine,
aThr; and homoserine, hSer) to
be resolved. Fifty-four fractions of
100 pL each or 6 s slices between
2.8-8.2 min were collected in the
first dimension using automated
fraction collection. They were then
injected into a 50 X 3 mm tert-
butylcarbamoylquinine (tBuCQN)-
modified SPP packed column (based
on 2.7-uym SPP, 90 A) operated
with a volatile mobile phase (52)
at a flow rate of 0.7 mL/min, which
is compatible with the ESI source
of the QTOF instrument used. The
MS detector was run in negative
ESI(-) MS-TOF mode. Figure 5(a)
shows the overlay of the extracted
ion chromatograms of the different
DNP-amino acids of the sample.

It can be seen that the amino acid
enantiomers are well resolved and
the overall resolution originates from
the combination of the two orthogonal
selectivity principles. It is evident that
enantiomers would not be resolved
by reversed-phase LC alone, while

in 'D enantioselective weak chiral
anion-exchange chromatography,
many overlaps of amino acid
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derivatives would occur as a result
of insufficient chemoselecitvity. It

is worthwhile highlighting that the
three isobaric DNP-amino acid
derivatives Thr, aThr, and hSer are
fully resolved in reversed-phase

LC X enantioselective weak

anion exchanger because of their
complete isobaric resolution in 1D
(reversed-phase LC). Full resolution
of the Asn (N)/GIn (Q) enantiomer
pairs in 2D-LC is only possible as

a result of the combined selectivity
in both dimensions. On the other
hand, the full resolution of the
enantiomer pairs of Ala (A) and Pro
(P) DNP derivatives is solely possible
because of the 2D separation and its
sufficient enantioselectivity as well
as simultaneous chemoselectivity.
The 'D separation, however, avoids
overlap of these two enantiomer pairs
with other components of the test
mixture. The benefit of the 2D-LC
setup is clearly evident. Moreover, its
hyphenation with MS detection brings
about another selectivity dimension
through specific detection. For all
the peaks (spots), high-resolution
TOF-MS spectra are available,

which allows the generation of
compound-specific extracted ion
chromatograms (XICs) (Figure 5[b])
and identification of the compounds
by accurate mass (Figure 5[c]) (for
example, precursor ion [M-H]" of
DNP-Thr: m/z calculated = 284.0524;
m/z found = 284.0508 for [M-H];
mass accuracy = -5.9 ppm). The
adaptation into a corresponding
on-line 2D-LC method needs some
further modifications, but should be
readily possible.

Conclusions

Efficient UHPLC enantiomer
separations can be achieved with
CSPs based on superficially porous
sub-3-um silica particles. The
favourable flat H/u-curves seen with
reversed phase-type superficially
porous particles vanishes as a

result of slow adsorption—desorption
kinetics. Minimal h-values of around 2
can be obtained, yet at low flow rates
only. Packing of these adsorbents
into narrow inner diameter columns
is still challenging. To gain the

full potential of such adsorbents,
extra-column effects have to be
minimized. The discussion whether
such sub-3-um superficially porous
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particle columns can outperform
sub-2-pym fully porous particle
columns is controversial. Sub-minute
and sub-second enantiomer
separations have been achieved
with superficially porous sub-3-pm
particle columns. Such timescales
are of interest for high-throughput
applications of enantiomer separation
and enantioselective multidimensional
separations. Enhanced fluidity
chromatography (supercritical
fluid chromatography [SFC]) with
sub-2-um and core-shell particles is
also quickly developing in the field of
enantioselective analysis, but was not
covered herein, and with optimized
equipment may have the potential to
be even faster (36).

Short core-shell columns
were evaluated in an off-line
comprehensive reversed-phase
LC X enantioselective 2D-HPLC-
ESI-QTOF-MS setup for the analysis
of a racemic amino acid mixture
with isobaric constituents. The
combination of the two selectivity
principles complemented each
other, that is, the achiral reversed
phase separation dimension
helped to overcome the limited
chemoselectivity of the superficially
porous chiral stationary phase
providing overall enhanced
selectivity. Such 2D-LC approaches
could also be beneficial for
peptide stereoisomer separations
that could benefit from the
complementary selectivity of chiral
and reversed phase phases. The
on-line hyphenation needs further
acceleration of the second dimension
chiral separation.
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| % ; The power of polymeric columns
7/ Polymer HPLC columns have a lot of benefits. They don’t require
Z any functionalization for reversed-phase separations, and rigid
polymeric supports intrinsically resist chemical and pH degradation,
a fundamental problem with silica columns. Plus, polymer’s inertness

to most chemical environments makes it a robust and
economical solution.

Hamilton offers a line of pH stable polymer HPLC columns for
reversed phase, anion exchange, cation exchange and ion exclusion
separations perfect for pharmaceuticals, small molecules, proteins,
peptides, DNA, organic and inorganic ions and more.

Advantages of polymer over silica

pH range of 1-13
Widest chemical compatibility
Temperatures higher than 60 °C

Maximum sample recovery

Bl L

Longest average life span

To learn more about how polymer columns can perform
for you, visit www.ham-info.com/0805-1
or call toll free 1-888-525-2123.
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Our technology couldn’t be more state-of-the-art.
Owur business philosophy remains stuck in the 1950s.

s the only independent, family-owned and operated light scattering company in the industry, we

have no shareholders, investors or 3™ parties to please. Our sole mission for over three decades has been

to delight our customers with the finest, most versatile multi-angle light scattering (MALS) instruments
available anywhere on earth.

Our MALS detectors are most commonly coupled to our Optilab refractive index (RI) detectors and
our ViscoStar III intrinsic viscosity (IV) detectors so that you can make complete macromolecular character-
ization measurements from a single GPC/SEC run without resorting to column calibration.

We take your success personally, and we go to extraordinary lengths to make sure you7e delighted. In
our Light Scattering University, we bring you to Santa Barbara, CA for three days of intensive, hands-on training (all
expenses paid for North American customers). While you're here, you'll meet the people who design and as-
semble your instruments, interact with the people who code our software, and build rapport with the people
who will be answering your technical questions. We don’t just build instruments, we build relationships.

We think you'll appreciate our old-fashioned approach. Because whether you're buying a light scattering

instrument or a bag of groceries, it’s nice to be treated like you're the most important person in the world.
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