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Frontiers in Ultrafast Ch

Chromatography

Daipayan Roy, Choyce A. Weatherly, M. Farooq Wahab, and Daniel W. Armstrong, Department of Chemisttysand
Biochemistry, The University of Texas at Arlington, Arlington, Texas, USA

Compared to the progress made in reversed phase separations in terms of speed and efficiency, chiral
chromatographers have traditionally focused on improving the selectivity of enantiomeric separations

by synthetic procedures. As a result, more than 50 different types of advanced chiral stationary phase
chemistries are available today. Traditionally, speed and efficiency of chiral chromatography has not
received attention until recently. With the availability of superficially porous particles and sub-2-pm
particles, sub-minute enantiomeric separations have been achieved with the help of improved particle
technology with narrow size distribution, and systematic studies on packing columns. This article covers
advances made in the field of ultrafast chiral chromatography in the last decade. The development of
instrumentation technology has also contributed immensely to making sub-second chiral separations

a reality. Enantiomeric separations can now compete with the speed of sensors. Future directions and
unanswered questions in the field of ultrafast enantiomeric separations are highlighted.

Ultrafast chiral chromatography optimization aspires to have
aresolution (R ) of 1.5 between a pair of enantiomers in the
shortest possible time. Advances in stationary phases and
instrument technology have changed the magnitude of the
shortest possible time from nearly an hour to under a second.
In the 1960s, most separations were commonly performed
within the time frame of an hour (1). However, around this
time, some researchers were reducing analysis times in
achiral liquid chromatography (LC) by increasing the flow
rate, using shorter columns packed with smaller particles,
and using narrow diameter columns to increase the linear
velocity (2). In high performance liquid chromatography
(HPLC), a separation of three components under three
minutes was achieved on silica gel in the normal-phase
mode as early as 1971 (2). In gas chromatography (GC), a
sub-minute separation of five components was performed
with open capillaries in the late 1980s (3). Though sub-minute
separations using supercritical fluid chromatography (SFC)
were known to chiral chromatographers since the early 1990s
(4), ultrafast separation of enantiomers using LC is currently
considered one of the most challenging types of separation.
(5).

Chromatographic theory indicates that the resolving
power of any column depends on selectivity, efficiency,
and retention factor. Decades of research involving new
chiral selectors produced columns with large selectivities
() such as cellulose or amylose derivatives, macrocyclic
glycopeptides, cyclodextrins, cyclofructans, and w-complex
phases on 5-pym particle silica supports. Historically, most
enantiomeric separations had poor plate counts, for example,
40,000 plates/m in 25-cm long columns. This has changed
in recent times and enantiomeric separation efficiencies
are now approaching achiral separation efficiencies. The
sudden impetus for ultrafast chiral chromatography is a
result of multiple advances. The use of superficially porous
particles (SPPs) and sub-2-um fully porous particles (FPPs) is

an important factor in bringing chiral separation efficiencies
on par with C18 columns. In addition, state-of-the-art
column packing methods has led to a rise in efficiency for
enantiomeric separations from 50,000 plates/m to 250,000—
300,000 plates/m (6,7). The instrumental advances have
significantly contributed to ultrafast chiral chromatography as
well, particularly in terms of reducing extracolumn dispersion,
higher flow rates, and better detectors. Figure 1 illustrates
how enantiomeric separations have evolved over the years
with respect to analysis time from 5-30 min to sub-minute
analyses (8). This article will discuss the breakthroughs in
ultrafast enantiomeric separations and will conclude with

the latest developments in the field that have managed to
achieve separations in the sub-second domain.

The Particle Debate in Ultrafast Chiral
Chromatography

As chiral stationary phase supports, fully porous particles
(FPPs) and superficially porous particles (SPPs) have been
debated in the literature as chromatographers have tried
to single out a particle morphology best suited for ultrafast
separations (6,7). As is evident from the van Deemter

KEY POINTS

e The latest advances in ultrafast chiral chromatography
in the last decade are described.
The debate whether superficially porous particles are

better than fully porous particles is not over.
Theoretical aspects and instrumental variables are
discussed.

The journey from sub-minute to sub-second
enantiomeric separations is highlighted.
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Figure 1: Historical evolution of speeds for
chromatographic separation of the enantiomers of

lansoprazole, flurbiprofen, and warfarin. Adapted with
permission from reference 8.
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Figure 2: Ultrafast resolution in polar organic mode
(POM) of the enantiomers of naproxen on the UHPLC

50 mm X 4.6 mm, 1.7-um (R,R)-Whelk-O1 column at flow
rates (mobile phase: MeCN + 0.2% AcOH + 0.07% DEA
(vAW/V), UV detection at 264 nm, T_ = 25 °C). Adapted

with permission from reference 6.
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equation, smaller particles can offer lower theoretical plate
heights (9),

H=2)dp+2Pm .2 Gu | Adu

u Dm Ds [1]

where dp = particle diameter, H = height equivalent

to a theoretical plate, D, = diffusion coefficient of the
stationary phase, d, = film thickness, d_ = capillary diameter,
D, = diffusion coefficient of the mobile phase, N = particle
shape, and v, o, and R are constants. Though all the terms
in the equation contribute to the broadening of an analyte
band, attention to the particle size term in the equation is
made herein. Smaller particles result in a lower contribution
to band broadening from mass transfer along with a

significant decrease in eddy dispersion. The decrease in
particle size appears to be the obvious way forwards for
chiral chromatographic columns, but the resulting increase in
column backpressure somewhat mitigates the advantages of
smaller particles.

The high efficiencies of the sub-2-um particles are of
paramount importance when performing ultrafast chiral
chromatography. However, a paradigm shift in particle
technology was not possible without overcoming certain
hurdles. First, during the synthesis of the stationary phase,
smaller particles tend to aggregate more readily than
larger particles. Aggregation of smaller particles in poorly
dispersive solvents can result in low and nonreproducible
surface-bonded chemistry (10). Furthermore, column
permeability decreases with the reduction in particle
diameter as described by the Kozeny-Carman relation,
which shows that permeability is inversely proportional to
(dp)2 (11). For example, an approximate ninefold increase in
backpressure occurs when the particle size is decreased
from 5 ymto 1.7 uym. Large particle size distribution also
creates problems. Tremendous advancements in the field
of ultrahigh-pressure liquid chromatography (UHPLC)
instrumentation have made the use of these smaller particles
possible for enantiomeric separations.

Fully Porous Particle Chiral Stationary Phases
Gasparrini and co-workers were the first to bond a chiral
selector to sub-2-um FPP particles to perform ultrafast
enantiomeric separations (6,12). Upon theoretical
investigation, their van Deemter plots revealed a flat C-term
profile up to 14 mm/s. High efficiencies were observed at
higher-than-optimal flow rates as encountered in routine
HPLC. A wide array of ultrafast chiral separations were
shown. Gasparrini and co-workers described the process
of transitioning from conventional 5-um particle-based
enantiomeric separations to sub-2-pym particle-based
enantiomeric separations with UHPLC. The intrinsic kinetic
performances of sub-2-pum silica were retained after bonding
the chiral selector to the particles. An ultrafast separation
using sub-2-um particles at multiple flow rates is shown in
Figure 2.

In the 1970s, the efficiencies of large particle-based
columns were stated to remain unaffected by the size
distribution of the particles as long as the deviation was lower
than 40% (13). In contrast, Desmet and co-workers recently
reported a linear dependence of reduced plate heights
with narrow particle size distribution (14). In agreement
with Desmet, Catani et al. showed experimentally higher
efficiencies for columns packed with narrow size distribution
particles compared to polydisperse particles (15). The first
narrow size distribution particles were 1.9-um FPPs. Size
distribution for these particles has a standard deviation
as low as 6% (16). Barhate et al. bonded macrocyclic
glycopeptides (teicoplanin, vancomycin, and teicoplanin
aglycone) to narrow size distribution silica particles (16). They
reported efficiencies up to 210,000 plates/m. Lower reduced
plate heights were reported with columns packed with
narrow size distribution particles compared to polydispersed
1.7-um particles. Different classes of chiral compounds,
namely chiral heterocycles, amino acids, B-blockers, and
pharmaceutically important drugs, were enantiomerically
separated with UHPLC and SFC. Ismail et al. reported similar
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observation with the narrow size distribution silica particles
and used them for ultrafast separations (17). A problem

with these small particles is the resulting frictional heating,
which had been predicted four decades ago by Halédsz in
his classical paper “Ultimate Limits in High-Performance
Liquid Chromatography” (13) and will be discussed in a later
section.

Superficially Porous Particles Bonded Chiral
Stationary Phase

As pointed out earlier, sub-2-um particles generate higher
backpressures as a result of reduced column permeability.
Such particles cannot be used in common HPLC systems
because of limitations regarding

the pressure that can be tolerated.

Armstrong et al.

and macrocyclic glycopeptide chiral selectors were used.
Much higher efficiencies were obtained than on FPPs while
retaining or improving enantiomeric selectivity under the
same mobile phase conditions (20). Another important
take-away from the study pointed to the higher efficiency and
significantly lower analysis times of the SPPs compared to
the FPPs across different chromatographic modes, such as
reversed phase, polar organic, and normal phase.

The subsequent systematic study conducted by Armstrong
and co-workers highlighted the advantages of SPPs for
manufacturing chiral stationary phases and performed
ultrafast separations using 2.7-uym SPPs (7). The authors
reported comparisons of enantiomeric separations on

Specially designed pumps for
UHPLC systems are required.
Hence the search for a particle
morphology that can provide
efficiencies comparable to that of
sub-2-um fully porous particles
but with lower backpressures led
to the advent and use of 2.7-um
SPPs for chromatographic columns.
SPPs or core-shell silica particles
are chromatographic supports
that possess a solid, impenetrable
core. This particle morphology has
been applied to achiral columns
and has led to high efficiencies
(reduced plate heights 1.4-1.6). The
SPPs exhibit much better packing
homogeneity compared to FPPs
(18). Better packing homogeneity
across the column radius has led
to a lower contribution to band
broadening owing to lower eddy
dispersion contributions (18). SPPs
are also able to decrease other
factors that contribute to band
broadening, such as longitudinal
diffusion and resistance to mass
transfer.

Initial reports in 2012 described
coated polysaccharide chiral
selector on SPPs showing
decreased enantiomeric selectivity
compared to its fully porous
counterpart (19). A reason for this
observation was attributed to the
reduced chiral selector loading and
difficulty in reproducing coated
phases on SPPs owing to their small
pore size (~100-400 A) compared
to wide pore FPPS (pore sizes in the
range of 1000 A), which are used to
manufacture coated chiral stationary
phases.

A significant advance in the field
of SPP-based chiral stationary
phases occurred when bonded
brush-type cyclofructan-based
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Figure 3: Representative ultrafast enantiomeric separations on each of six chiral stationary phases: (a) vancomycin SPP
(8cm X 0.46 cm, 2.7-ym), MP = methanol, 4.95 mL/min, T_, = 60 °C, (b) teicoplanin aglycone SPP (3 cm X 0.46 cm,
2.7-um), MP = methanol, 4.70 mL/min, T_ = 60 °C, (c) hydroxylpropyl-B-cyclodextrin SPP (5 cm X 0.46 cm, 2.7-um),

’ col

MP = 97:3:0.3:0.2 acetonitrile—methanol-TFA-TEA, 4.75 mL/min, T_ = 60 °C, (d) teicoplanin SPP (3 cm X 0.46 cm,
= 22 °C, (e) CF7-DMP SPP (3 cm X 0.46 cm, 2.7-um), MP = 90:10
heptane—ethanol, 4.80 mL/min, T_, = 22 °C, (f) CF6-P SPP (10 cm X 0.46 c¢cm, 2.7-um), MP = 70:30:0.3:0.2 acetonitrile—

methanol-TFA-TEA, 4.50 mL/min, T_, = 22 °C. All columns were manufactured by AZYP LLC. Adapted with permission

2.7-ym), MP = 40:60 water-methanol, 3.00 mL/min, T_
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columns with multiple particle diameters and different
particle morphologies ranging from 5-um to 2.1-um FPP
and 2.7-um SPP-based chiral stationary phases, some of
them commercially obtained and some produced in-house.
The superior performance of the SPPs to the commercially
available chiral columns was quite apparent. Reporting
reduced plate heights as low as 1.6, the group performed
chiral separations for a broad range of an important class of
molecules (all under a minute) using different chiral selectors,
namely teicoplanin, teicoplanin aglycone, vancomycin,
hydroxypropy! B-cyclodextrin, and derivatized cyclofructans
(Figure 3).

The analysis time was further reduced by Wahab et al.
who performed sub-second enantiomeric separations of
multiple biologically important molecules (21). The authors
successfully packed 0.5-cm columns of variable internal
diameter (0.46 cm, 0.30 cm, and 0.21 cm) and reported
enantiomeric separations at unprecedented speeds. Their
work pointed out the necessities of multiple hardware

improvements. Other reports have also pointed out the
superiority of 2.7-um SPPs over traditional 5-um particles
using geometry independent kinetic plots (22). The 5-um
particles investigated lagged both in efficiency and analysis
times when compared to the 2.7-um SPPs. The geometry
independence of their results highlights the considerable
impact of particle morphology on column efficiencies.

Min et al. tried to incorporate the advantages of both
SPPs and sub-2-um particles and synthesized 1.5-pym
teicoplanin-bonded SPPs to demonstrate the potential of
sub-2-um SPPs (23). This is the only report available in this
area that the authors are aware of and further studies will
hopefully be conducted in the future.

Do we have an answer to the question of best particle
morphology? No. A 2016 study by scientists at the University
of Roma found despite the previously stated advantages of
SPPs that columns with sub-2-um FPPs outperformed the
2.7-um SPPs; a study conducted by Ismail et al. highlighted
the superior performance of 1.8-pm and 2.5-ym FPP
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compared to the 2.6-um SPPs. They attributed the larger
surface density of the chiral selector on the SPPs as probable
factor for the slower mass transfer kinetics leading to lower
efficiencies (24). Recent work by the same authors using
teicoplanin bonded to 2-um SPPs has produced excellent
results with efficiencies reaching 300,000 plates/m (25).
This study compared the SPPs with sub-2-um narrow size
distribution silica particles and found the 2-um SPPs to be
superior in terms of efficiency and more promising towards
the development of ultrafast chiral chromatography than the
1.9-um FPPs. The findings mentioned above by independent
research groups will hopefully help SPPs gain traction in the
field of chiral separations. Nonetheless, particle morphology
is still a hotly debated topic both from a theoretical and
experimental perspective, and further research is needed to
reach a consensus.

However, the major shift in particle size of the silica
support from 5- to sub-2-um has led to its adoption
in multiple applications, such as ultrafast and two
dimensional chromatography. The commercial availability
of these columns has also helped smaller particles gain
popularity. Both FPPs and SPPs have recently been used
to perform multiple separations in two-dimensional liquid
chromatography (2D-LC), and the promising results are sure
to pave the way for further development in this field. In the
past, enantiomeric separations were rarely performed in the
second dimension of 2D-LC because of the slower mass
transfer kinetics and problems with peak wrap-around, but
recent advances in speed have allowed for the use of such
chiral stationary phases in the second dimension (26).

Frictional Heating Issues with Ultrafast
Chromatography

Frictional heating is an inevitable consequence of high

flow rates in ultrafast achiral or chiral chromatography.
Frictional heating has been documented by researchers

by measuring the flow averaged temperature at the column
outlet with a 10 °C rise in mobile phase temperatures found
(7). Though frictional heating has been found to cause
distortions in peak shapes in conventional reversed phase
chromatography, it can be beneficial when performing
ultrafast chiral chromatography (7). It is well known that
frictional heating can be broadly classified into two types:
radial and axial. Scientists studying the effects of frictional
heating on chiral separations found that axial temperature
gradients improved peak efficiency, but radial heating was
detrimental to efficiency (7). A radial temperature gradient
lowers column efficiency as a result of the distortion of the
laminar flow profile. From mathematical treatments of radial
heating, it can be concluded that high flow rates, higher
pressure drops across the column, large column radius,
and poor thermal conductivity of the mobile phase increase
temperature gradients in the radial direction (centre being
the hottest). The final chromatographic efficiency is a net
result of the two opposing mechanisms. At high flow rates in
a non-thermostated system there was a significant decrease
in plate height as evident from the van Deemter plot, which
was attributed to higher axial heating contributions resulting
in improved efficiency (7). Though thermostating may provide
higher reproducibility, it is not actively employed in most of
the reported research on ultrafast chromatography because it
leads to higher extracolumn volumes.

www.chromatographyonline.com
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Figure 4: Single heart-cutting 2D-LC method for
separation of complex mixture of closely related
stereoisomers from an anti-HCV therapeutic. Conditions,
first dimension (achiral): column, 2.1 mm X 150 mm,
1.6-um Cortecs (Waters), temperature, 40 °C. Detection:
UV 215 nm. Flow rate: 0.220 mL/min. Mobile phase:
eluent A, 0.1% H,PO, in H,O, eluent B, 80:20 acetonitrile—
methanol (v/v). Step gradient: 20-45% B in 7 min,

7-20 min, 90% B, 20-32 min, 20% B. Sample frequency:
80 Hz. Conditions, second dimension (chiral): column,
4.6 mm X 50 mm, 1.9-um teicoplanin (AZYP LLC),
ambient temperature. Detection: UV 215 nm. Flow rate:
1.0 mL/min. Isocratic mobile phase: 5:95 0.1% H,PO, in
H,O-acetonitrile. Sampling frequency: 240 Hz. Adapted
with permission from reference 26.
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Figure 5: Ultrafast separation of oxazepam enantiomers
on 2.7-uym 1 cm SPP teicoplanin column. Dependence of
chromatographic signal on sampling rate and response

times. The sampling rate and response times are (a) 5 Hz,
1s.(b). 5Hz, 0s.(c). 250 Hz, 1 s. (d). 250 Hz, O s,
respectively. Original work.
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Table 1: Sampling rates and modern digital filters in chromatography instruments
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Instrument LGP Maximum Flow Rate e eline Digital Filter Used (33)
Pressure Frequency
) 8 mL/min at up to 50 Savitsky-Golay, Moving Average,
Thermo HEmEER 150 MPa Mpa and 5 mL/min at up 250 Hz Olympic filter, Gaussian weighted
Horizon ;
to 150 Mpa moving average
Agilent 1290 Infinity Il 130 MPa 5 mL/min 240 Hz Gaussian weighted moving average
Waters Acquity UPLC 130 MPa 4 mL/min 80 Hz Hamming filter
) RC filter, Centred moving average
Jasco LC-4000 130 MPa 5 mL/min 100 Hz ] )
Simple moving average
Shimadzu Nexera 2 130 Mpa 5 mL/min 200 Hz RC filter

Figure 6: Sub-second separation of oxazepam
enantiomers. Conditions: Column: 1 cm X 0.3 cm, 2.7-uym
SPP Teicoplanin (AZYP LLC), mobile phase: 100%

methanol, flow rate: 7.5 mL/min, UV-vis detection at
254 nm. Original work.
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Instrumental and Practical Considerations

It is widely accepted that chromatographic instrumentation
lags behind column technology. Advances in instrumentation
are as important as high-efficiency columns when it comes
to ultrafast chromatography. When looking particularly at fast
eluting peaks, the effect of different instrumental parameters
seems to be much more profound. Achieving ultrafast
separations on HPLC systems is highly difficult owing to their
limitation in a variety of aspects, particularly backpressure
tolerance and extracolumn volumes. Chromatographers have
therefore moved on to the more developed UHPLC systems
introduced commercially in 2004. Commercial UHPLC
systems have come a long way since then, and current
systems are equipped with highly sensitive UV detectors,
lower extracolumn volumes, and better electronics resulting
in a better representation of a chromatographic system to the
end user.

Ultrafast separations pose several instrumental challenges.
These include the requirements of fast chromatographic
detectors, high-pressure pumps with 8 mL/min flow rates,
and most importantly, an understanding of chiral column
packing technology. The downside of the small particles is
a decrease in column permeability, which leads to higher
backpressures and the need for more sophisticated pumps

to handle higher pressures and flow rates (for example, up to
800 bar and 8 mL/min).

Researchers utilized the advances in instrumentation and
reported transitioning from chiral HPLC to chiral UHPLC (6),
using chiral stationary phase bonded to sub-2-um particles
to produce high backpressure. Separation was performed at
flow rates up to 6 mL/min to achieve ultrafast speeds and to
justify the need for UHPLC systems. Researchers at Merck
also managed to develop an ultrafast screening protocol on
UHPLC systems for pharmaceutically important compounds
using multiple columns operating under reversed phase
conditions (27). Modern-day UHPLC systems vary in the
pressure that they can tolerate and flow rates up to which
they can operate.

Extracolumn Band Broadening

Extracolumn band broadening stands out as a
disadvantage while performing ultrafast separations. Any
peak convolution process taking place outside the column
including contributions to band broadening from the
injector, tubing, detector volume, and detector electronics
are deemed as extracolumn effects. Though decreasing
contributions from detector volume and detector
electronics are beyond a typical user’s prerogative,

band broadening can be significantly lowered by using
narrow internal diameter (i.d.) tubing and using ultralow
dispersion injectors now commercially available. A study
showed a staggering 50% decrease in efficiency of the
first eluted peak when tubing was changed from 75 pm
i.d. tubing to regular blue PEEK tubing (254 pmi.d.)

(28). A reader with the intention of performing ultrafast
separations must therefore pay close attention to the
choice of tubing to attain maximum efficiency from a given
system.

Sampling Rates and Response Times

The most commonly used detector in LC is the diode array
detector (DAD). Detector sampling rates and detector
response times have become important aspects of
ultrafast chromatography. Peak shapes, peak width, and
baseline noise can vary considerably when changing
detector settings. The sampling frequency can be
varied in most HPLC and UHPLC systems. According

to Shannon’s theorem (21), to accurately capture an
analytical signal the minimum sampling frequency must
be twice the maximum frequency components in the
signal being acquired. Performing Fourier analysis on a
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chromatogram can extract the frequency components and
consequently uncover the minimum sampling frequency
required for analysis of the analyte signal. According to
the study conducted by Wahab et al., by simulating a
sub-second separation current instrumentation is capable
of sampling data at frequencies sufficient for commercially
available high-efficiency columns, but the authors
predicted that with the advent of higher efficiency columns
higher sampling rates might be required to perform an
accurate representation of the signal (21). The highest
available sampling frequency in a UHPLC system varies
across different manufacturers, some being as high as
250 Hz. This high sampling rate results in higher baseline
noise and manufacturers have tried to tackle this problem
by using digital filters such as “Savitzky-Golay”, “Gaussian
rectangular weighted moving average”, “rectangular
moving average”, “low pass RC”, and “Hamming filter”

to eliminate high frequency signal components and
thereby reduce baseline noise (33). These filters are often
anonymous in the instrument software; however, users
can see the rise time or the response times in the detector
settings of the method. Response times are defined as the
time it takes for a unit step-function to go from 10% to 90%
of the signal. Each digital filter can uniquely distort the
peak shape if the response time is not chosen judiciously.
Figure 5 shows the massive impact of sampling frequency
and response times on a chromatographic signal. Only
with the correct choice of both parameters can the
desired chromatogram be obtained.

Armstrong et al.

Table 1 gives a brief overview of a range of UHPLC
instruments available from a variety of manufacturers with
regards to their pressure tolerance, maximum flow rate at
which they can operate, maximum sampling frequency, and
the digital filter they use (data obtained from manufacturer’s
website).

Where do we stand in terms of speed? Following
optimization of both column and instrumental parameters,
chiral chromatography has reached new heights unimaginable
even a few years ago. As described earlier, the time limit
for an “ultrafast separation” is arbitrarily chosen to be under
one minute. This definition is sure to change in future, and as
of now, sub-second chromatography is no longer a dream.
Enantiomeric separations under a second have now been
performed both with LC and SFC and it has opened avenues
for a variety of applications for which chromatography
was earlier considered too slow (30). Pioneering work by
researchers in the United States, optimizing both instrumental
and practical factors coupled with the development of
packing techniques for columns as small as 0.5 cm, has led
to achiral and chiral separations of a wide range of analytes
under a second (21). Researchers in ltaly have also reported
sub-second separation using a 1-cm long pi-complex chiral
selector-based column (24). Further increases in speed of
chromatographic separations have recently been achieved,
and as many as ten analytes have been separated under
a second (29). This unforeseen speed in the domain of
chromatographic separation is sure to create a huge impact
in upcoming research in this area. Figure 6 illustrates
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the sub-second separation of oxazepam enantiomers.
Interestingly, chromatography can now be completed in a time
domain that was previously imited to sensors (29).

Conclusions

The progress of enantiomeric separations, particularly

with regards to speed, has been astonishing in the last

few years. The dream of ultrafast chiral separation has

been realized by groundbreaking work by researchers

both in industry and academia. Commercial availability

of sub-2-um FPP and 2.7-uym SPP-based chiral stationary
phases will further accelerate research in the domain of
ultrafast chiral separations (21,29,31,32). Since most chiral
stationary phases used in LC can also be used in SFC, both
the techniques will benefit from these advances. Owing to
the tremendous progress in this area, the need for better
instrumentation seems to be imminent. Finally, as these
developments result in even faster separations, the impact
will be felt in a multitude of diverse fields, such as monitoring
short lived intermediates and on-line reaction profiles, and
even more so if the entire system can be miniaturized.
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Peak Purity in Liquid

LC TROUBLESHOOTING

Chromatography, Part 2:
Potential of Curve Resolution
Techniques

Daniel W. Cook', Sarah C. Rutan', C.J. Venkatramani?, and Dwight R. Stoll3, "Virginia Commonwealth University (VCU),
Richmond, Virginia, USA, 2Genentech USA, San Francisco, California, USA, 3LC Troubleshooting Editor

Is that peak “pure”? How do | know if there might be something hiding under there?

In part 1 of this series we discussed
how the peak purity tools commonly
provided in chromatographic data
system software could aid in the
detection of impurities in liquid
chromatographic analysis (1). Here, we
go one step further, and explore how
a class of chemometric techniques
known as curve resolution methods
can be used to differentiate between
a target compound and impurities,
and subsequently quantify them, even
when their peaks are overlapped.

As in the previous instalment (1),
we focus on diode-array detection
in liquid chromatography (LC-DAD).
While mass spectrometric detection
undoubtedly gives more selective
information in the vast majority of
cases, it is clearly a more complex
detection mode and is prone to effects
that can hamper quantitation such
as ionization suppression because
of matrix effects. The potential for
highly precise quantitation of low-level
impurities using DAD data is actually
quite good, provided the spectra of the
impurities have significantly different
spectroscopic signatures as compared
to the main peak. The latter point is of
course an important caveat.

Multivariate Curve
Resolution-Alternating Least
Squares

In part 1 of this series we discussed
the power of utilizing all of the
absorbance information provided by

a diode-array detector at multiple
wavelengths to assess peak purity
(1). Chemometric curve resolution
techniques take this one step further.
These techniques analyze the matrix
of absorbance measurements at

all wavelengths (that is, spectra) at
all time points across a given time
region of the chromatogram. Using
a regression-based approach to
determine how the spectra change
over time, any impurities cannot
only be discovered, but also be

Using a regression-based
approach to determine
how the spectra

change over time, any
impurities cannot only be
discovered, but also be
mathematically resolved
from the target peak.

mathematically resolved from the target
peak.

Here we illustrate one of the most
popular curve resolution techniques,
known as multivariate curve
resolution-alternating least squares
(MCR-ALS) (2-6). The basis for
this technique is a multicomponent
formulation of Beer’s law given as:

A, = g bc, + ¢, be, [1]

where A, represents the measured
absorbance of a mixture solution
at wavelength \, b is the detection
pathlength, e, , and ¢, represent the
molar absorptivities at this wavelength
for two chemical species X and Y, and
¢, and c, represent the concentrations
of these species in the solution. For a
two-component mixture, if absorbance
measurements are obtained at two
different wavelengths, and the molar
absorptivities are known, it is possible
to solve for the concentrations of
the two species, X and Y, in the
mixture solution via simple algebra.
If measurements at more than two
wavelengths are available, least
squares regression is needed to obtain
the concentrations. It is important to
note that the assumption that the
two (or more) signals are linearly
additive is only valid in cases where
the total signal is within the linear range
of the detector (for example, at signals
less than about 1500 mAU with DAD).
At this point, we generalize the
discussion to a measurement x, and
consider this as a signal in an LC—
DAD chromatogram, such that the
variable X, refers to the absorbance at
the ith time point and jth wavelength
of the chromatogram. Additionally,
we consider the possibility that more
than two chemical species may be
present in the sample within the
chromatographic peak, which gives the
following expression:
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X, = C.S,;+ €8, +..C\Sy, [2]
Here, ¢, refers to the concentration of
species n at the ith time point in the
chromatogram, and s, refers to the
molar absorptivity- pathlength product
for species n at the jth wavelength.

The full spectrochromatogram can be
easily understood in terms of a matrix
product. In matrix notation, equation 2
is commonly written as

X =CS’ [3]

A clear advantage

to handling multiple
chromatograms
simultaneously is that
calibration information
and estimates of
unknown concentrations
can be obtained very
efficiently.

where the rows and columns of

matrix X represent the absorbance

at each wavelength and time point,
respectively, and the superscript T
refers to the matrix transpose. This
concept is illustrated schematically in
Figure 1. If the molar absorptivities are
known at all measured wavelengths for
all species present in the peak, then

it is straightforward to solve for the
resolved chromatograms, C, as follows:

= X8V (4]

where the superscript 1 indicates the
pseudo inverse operation. Equation 4
is simply a linear regression equation in
matrix format. The columns of C are the
individual component chromatograms
(that is, each compound plus any
background contributions), and
the rows of ST are the individual
component spectra.

While in theory this approach
could be a means of resolving
overlapped chromatographic peaks,
if there are unknown impurities
present or uncharacterized mobile
phase background components or
species, then we do not have enough
information to specify the S matrix. The
MCR-ALS technique then becomes
quite useful in this regard. Rather than
exactly specifying S, an initial estimate
for S is provided to the regression. This
initial estimate can be obtained in a

www.chromatographyonline.com

number of different ways. Pure variable
methods are frequently used for this
purpose. These methods seek to find
the N most different spectra from

the chromatographic data matrix, X,
where N is the number of components
needed to describe the measured
data. The principle is that the most
different spectra in the matrix are likely
to be similar to the underlying pure
component spectra. The caveat is that
the number of components must be
set by the user. Methods have been
proposed for selecting the correct

LC TROUBLESHOOTING

number of components such as
scree plots; however, the only reliable
method is evaluation of the results
for multiple values of N. For a simple
impurity screen, running MCR-ALS
with two and three components to start
should suffice, as one component
would represent background, one
would represent the target analyte, and
if a third component is necessary, it
is most likely because of an impurity
peak.

Once this estimate for S is obtained,
equation 4 is used to solve for the
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Figure 1: Schematic for resolution of a spectrochromatogram represented by a matrix,

X, into two component chromatograms and spectra contained by matrices C and S,
respectively.
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Figure 2: (a) Chromatogram of impure peak at 212 nm; (b) representation
of this chromatogram as a contour plot where the y-axis is the UV-visible
absorbance spectrum axis and the x-axis is the chromatographic time axis;
(c) three most “pure” spectra within the spectrochromatogram found at the
points circled in (a).
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chromatographic profile matrix, C.
Because the matrix S is only an
approximation, C will only be an
approximation as well. MCR-ALS can
be considered an optimization method
in which these C and S matrices are
continuously improved with the goal
of accurately representing the true
underlying chromatographic and
spectral profiles of each component.
The power of MCR-ALS lies in the
judicious implementation of constraints
on the € matrix (and in subsequent
steps, the S matrix as well) during

this optimization. One frequently
applied constraint is non-negativity,
which allows the user to force the
chromatographic profiles contained

in C to have only positive values (6,7).
Another constraint is unimodality,
which forces each individual species
chromatogram to exhibit a single peak
(7). Many other constraints have been
developed for MCR-ALS, but they are
too numerous to describe here. Once
C is constrained appropriately, the
spectral matrix is updated via linear
regression using equation 5:

ST = C'X 5]

MCR-ALS is able to
distinguish compounds
with even small
differences in spectra
given a large enough
S/N.

Now, constraints can be applied to
this S matrix as well, non-negativity
is frequently used in this case too.

By updating the S and C matrices

in an alternating fashion (that is,
equations 4 and 5), interspersed with
the application of constraints, the
final solutions for C and S will contain
the pure component profiles of the
individual chemical species within the
chromatographic peak.

Application of MCR-ALS

We illustrate this approach using

the chromatographic peak that

was analyzed in part 1 of this

series (1). Figure 2(a) shows the
chromatographic peak, and Figure 2(b)
shows the contour plot of the matrix

X. We first applied a pure variable
method (in this case the pure
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method in the Barcelona MCR-ALS
toolbox, based on the SIMPLISMA
algorithm [8-10]), and selected

the three most different spectra
within the spectrochromatogram.

The corresponding time points are
shown as circles in Figure 2(a), and
the three spectra at these points

are shown in Figure 2(c). It is likely
that the spectrum shown in green
represents a background spectrum,
because it corresponds to a spectrum
appearing in the baseline (green circle
at 9.77 min in Figure 2[a]). After these
initial estimate spectra are submitted
to MCR-ALS, it should allow the
algorithm to estimate the background
contribution to the data, as well as
the chromatographic peaks for each
chemical species present within the
profile.

The performance of the
MCR-ALS algorithm is
highly dependent on

the similarity of the
spectra of the species
contributing to the
overlapped peak, as well
as the signal-to-noise
ratio (S/N) of the peaks.

The results for MCR-ALS analysis
of this peak using these spectra for
initial estimates are shown in Figure 3.
Two peak shape responses within the
chromatogram are resolved as shown
in Figure 3(a). These are two of the
components contained in the matrix
C, corresponding to two chemical
species (peaks shown in blue and
red), and a background contribution
from the mobile-phase gradient
shown in green. The normalized
spectra contained in matrix S, which
correspond to these species or

contributions, are shown in Figure 3(b).

Note that the non-negativity constraint
has been applied to the components
corresponding to the real chemical
species (shown in red and blue), while
the background component (green)
was not constrained. This flexible
application of constraints leads to a

powerful algorithm for curve resolution.

Quantitation with MCR-ALS: A
natural limitation of the MCR-ALS
algorithm in this case is that there
generally are multiple mathematical

www.chromatographyonline.com

solutions that satisfy equation 3.
Constraints are used to limit the
possible solutions, but this generally
does not provide a unique, chemically
valid solution, especially when

using MCR-ALS to analyze a single
chromatogram, as described above.
An extension of the MCR-ALS
technique to analyze multiple
chromatograms simultaneously is quite
powerful in this regard, especially

for quantitative analysis. In this
approach, the analyst runs a series

of calibration sample mixtures with
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varying concentrations of the target
analytes, and obtains chromatograms
for test samples with unknown
concentrations of the target analytes.
Because MCR-ALS resolves signals
resulting from individual chemical
species, these calibration solutes are
not required to be individual standards
and can, in fact, be mixtures of the
compounds of interest, minimizing the
number of calibration samples that
need to be analyzed. These measured
spectrochromatograms are appended
together along the time axis to form an

A

.

i

Reproduc:blllty...

/ ...YMC

EUROPE GMBH 7.

Robustness Scalability Selectivity
-pH - (UHPLC«+>HPLC«>PREP - RP, NP, HILIC

- temperature - gasy method transfer - Chiral, SFC

- 100% aqueous eluents - IEX, SEC, HIC

Discover more at www.ymec.de



http://www.ymc.de
http://www.chromatographyonline.com
http://www.ymc.de

LC TROUBLESHOOTING

Figure 3: MCR-ALS results from the chromatogram shown in Figure 1. (a) Resolved
pure component chromatograms; (b) resolved pure component spectra. The red and

blue curves represent chemical species and the green curves represent background
contributions.
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Figure 4: (a) Resolved chromatograms for five calibration mixtures (C1 through C5)
containing psoralen and angelicin; table shows the corresponding concentrations;

(b) Resolved spectra for psoralen (red), angelicin (blue), and a gradient background
contribution (green).
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augmented matrix X as follows:

where the X are the L calibration
chromatograms and the X are the M
unknown chromatograms. MCR-ALS
is carried out similarly to the approach
described above. The resulting S
matrix still consists of the N spectra of
the pure component species, but the
resulting C matrix now consists of L +
M resolved chromatograms for each
of the N species, appended together
similarly as shown in equation 6. The
resolved chromatograms and spectra for
a dataset of five calibration standards,
C1-C5, and one unknown, U1, are
shown in Figure 4 (that is, L = 5;

M = 1). The table above the figure
shows the known concentrations of
the standard mixtures, and it can be
seen that the scaled peak intensities
in the chromatograms (Figure 4[a]) are
proportional to these concentrations.
By integrating these resolved
chromatographic peaks, calibration
curves can be constructed, as shown in
Figure 5.

A clear advantage to handling
multiple chromatograms
simultaneously is that calibration
information and estimates of unknown
concentrations can be obtained
very efficiently. Another advantage
is the potential to add additional
constraints to the analysis, which
further limits the possible solutions
for C and S. For example, if a blank
chromatogram is included in the data
set, the contributions of the chemical
species for this chromatogram can
be set to zero forcing the blank to be
modelled using only the background
components. Additionally, calibration
constraints can be added to the
analysis, which constrain the peak
areas for the calibrated samples
to follow an expected relationship
between detector signal and
concentration (11-13).

Of particular note here is the fact
that two compounds present in the
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Figure 5: Calibration curves for (a) psoralen and (b) angelicin from MCR-ALS results.

Coloured circles indicate calibration points; black squares denote unknown sample

points.
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unknown sample have been reliably
quantified, despite the resolution
between the two peaks being
significantly less than 1, and a high
degree of similarity between their
spectra. Here the chromatographic
resolution of the two peaks is
approximately 0.6.

Peak Capacity Enhancements
via MCR-ALS

The performance of the MCR-ALS
algorithm is highly dependent on
the similarity of the spectra of the
species contributing to the overlapped
peak, as well as the signal-to-noise
ratio (S/N) of the peaks. Here the
similarity of the spectra for the two
analytes psoralen and angelicin
can be expressed by the correlation
coefficient, which is 0.98 (see part 1
for further discussion).

The improvement of effective
chromatographic performance can
be quantified in terms of the peak
capacity of the separation. The peak
capacity of a gradient separation, n_,
can be estimated as follows:

tgrad

A 7]

where forad is the time of the gradient,
and w, is the average width of the
peaks at the base. The R, term is
the resolution required for effective
quantitative analysis (14). Typically,
chromatographers use an R,' value
of 1 when calculating peak capacity.
Clearly, if peaks can be quantified
at a resolution of less than 1 using
curve resolution as discussed above,
then the effective peak capacity

www.chromatographyonline.com

has been increased. In recent work,
we have developed a quantitative
relationship between peak capacity
and the signal-to-noise ratio of
neighbouring peaks and spectral
similarity as measured by correlation
coefficient. As an example, if the
correlation coefficient between the
overlapped spectra is 0.89 and S/N
is 50, the chromatographic resolution
required for quantitation is R,' = 0.3.
This results in a roughly threefold
improvement in peak capacity relative
to conventional use of DAD where
the only means of separation is that
provided by the column itself. Clearly,
MCR-ALS can provide a significant
enhancement in chromatographic
method performance.

Availability of MCR-ALS in
Software Packages

One hurdle to widespread

usage of MCR-ALS is the lack

of implementation of curve
resolution options in commercial
chromatographic data systems.
Although commercial data systems
for spectroscopy instruments (for
example, infrared) frequently provide
MCR-ALS or related curve resolution
tools within their software, this situation
is as not common for chromatographic
data systems. To the best of our
knowledge, only Shimadzu has
recently added this capability to its
data system software (15). The other
option for chromatographers wishing
to apply these methods to their data
is to use one of the many available
MCR-ALS toolboxes available for
use in the Matlab programming
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environment. Eigenvector Research,
Inc. sells its PLS Toolbox package,
which includes MCR-ALS (16). Matlab
toolboxes are freely available from the
Barcelona MCR-ALS group (10,17)
and the Olivieri group (18), with the
latter toolbox specifically focused on
calibration applications. The Olivieri
and Barcelona MCR-ALS toolboxes are
also available for users without access
to Matlab through a stand-alone
graphical user interface (17,18). There
is also an ALS package available for
the open-source R statistical software
environment (19).

Because of the lack of integration
with instrumental software, an
extra step is required to export
the raw spectrochromatogram
and read it into the third-party
software packages listed above.
Unfortunately, this approach is not
always straightforward, depending
on the instrument software. Although
a few extra minutes may be required
to move the data and to analyze with
the third-party software, it will often
require less time than it would take
to analyze samples using different
chromatographic columns or to
vary other method parameters to
resolve impurity peaks and increase
confidence that none are present.

Concluding Remarks

To those of us who have utilized

MCR-ALS for chromatographic

analyses, it is clear that this

technique adds a powerful tool to

the chromatographer’s arsenal.

While the peak purity approaches

described in part 1 of this series

can identify whether impurities are

present, MCR-ALS can resolve the

pure chromatographic profile, allowing

quantitation of the target analyte and

the impurity if standards are available

for the compound. As mentioned

earlier, MCR-ALS does require that

compound spectra be at least slightly

different; however, MCR-ALS is able to

distinguish compounds with even small

differences in spectra given a large

enough S/N as shown in Figure 3.
Here we have limited our discussion

to impurity analysis in LC-DAD;

however, it is worth noting that

MCR-ALS finds use in many other

analyses such as metabolomics

and environmental analyses as well

as other instrumental techniques

from hyperspectral imaging to

LC with mass spectrometric

detection to two-dimensional liquid
chromatography (3,4,20,21). The latter
will be the focus of the next instalment
in this series where we will look at how
the additional separation dimension
can help in the quest to determine
peak purity particularly when spectrally
indistinguishable impurities are
present.
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BIOPHARMACEUTICAL PERSPECTIVES
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Federal regulations concerning the safety and efficacy of biopharmaceuticals require the implementation
of a comprehensive toolbox of physicochemical and biological characterization methods. In order

to demonstrate consistent overall structure, even minute differences in primary structure and
post-translational modifications (PTMs) have to be detectable in therapeutic proteins. Because of

their remarkable capability of revealing small changes in molecular structure, high performance liquid
chromatography (HPLC) and mass spectrometry (MS) rate among the most powerful technologies for
comprehensive protein analysis. This article details the potential of both methods with regard to revealing
methionine oxidation, a chemical modification that may be induced during downstream processing

and storage of biopharmaceuticals. The benefits and limitations of bottom-up, middle-down, and
top-down HPLC-MS analysis will be demonstrated for the detection of oxidation variants in a therapeutic

monoclonal antibody (mAb).

Seven of the ten top-selling
pharmaceuticals in 2016 were protein
therapeutics (1), which are usually
manufactured in a biotechnological
process involving cell culture (2).
Very stringent safety regulations

by the health authorities mandate
elaborate analytical schemes for the
comprehensive characterization of the
efficacy and safety of pharmaceutical
products. This is even more valid

for protein therapeutics (3) because
the large molecular size and
unavoidable variances in biosynthesis
and downstream processing may
result in molecular variants with
regard to amino acid sequence,
three-dimensional protein structure,
post-translational modifications
(PTMs), or process-related artificial
modifications, all of which may impact
therapeutic efficacy and safety (4). In

this context, nonenzymatic oxidation
of proteins at methionine residues
resulting in methionine—sulfoxide or
methionine—sulfone represents one of
the most relevant protein degradation
reactions (5). Oxidation of methionines
has been shown to significantly
influence the biological activity

of proteins (6), hence limiting the
stability and shelf life of protein-based
pharmaceuticals (7-10).

Developed in the mid-1960s
initially for the separation of small
molecules (11), high performance
liquid chromatography (HPLC) has
been adapted to the separation of
high molecular biopolymers (12)
upon implementation of dedicated
stationary phase configurations
enabling rapid mass transfer, such
as sub-2-pym totally porous particles
(TPPs), superficially porous particles

(SPPs), or monolithic phases. Likewise,
progress in mass spectrometry (MS)
technologies, especially electrospray
ionization (ESI) for biopolymers (13),
as well as high-resolution mass
analyzers such as time-of-flight (TOF)
or orbital trap mass analyzers (14),
have significantly contributed to the
success of bioanalytical methods

in pharmaceutical analysis. This
article will shed light on the potential,
challenges, and achievements of
HPLC in combination with ESI-MS
for the analysis of therapeutic
proteins with an emphasis on

protein oxidation, which represents

a relatively minute modification

at the level of primary structure.
Oxidation, however, generally

entails serious consequences in
three-dimensional protein structure
and biological activity, rendering its
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diligent characterization mandatory in
biopharmaceutical analysis.
Structural Levels of Protein
Characterization: Fundamental
Considerations: Using an

antibody molecule as an example,
Figure 1 illustrates the structural
levels that may be relevant for

protein characterization in a
biopharmaceutical context.
Traditionally, the analysis of protein
sequence and PTMs is performed
after digestion with a protease,
yielding a specific set of peptides
(Figure 1[b]) that is analyzed by HPLC

www.chromatographyonline.com

and MS. This approach is termed
bottom-up analysis, offering the
advantage that even small changes in
a peptide, for example, an additional
oxygen atom, entail a large relative
change in the physicochemical
properties of the peptide, which may
be readily detectable by HPLC and
MS.

For example, oxidation of
DTLMISR, a methionine-containing
peptide of the therapeutic antibody
rituximab, results in a mass shift
from 834.4269 to 850.4218 Da,
representing a relative mass
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difference of 1.88% that can readily
be distinguished by MS. Moreover,
incorporation of an additional oxygen
atom into the peptide will decrease
its hydrophobicity, which may
facilitate the separation of oxidized
and nonoxidized peptide variants
by reversed-phase HPLC. Finally,
sequence information may be gained
upon gas-phase fragmentation and
detection of fragment ions by MS,
enabling both the identification
and localization of modifications of
specific amino acids. Apart from
being laborious, time-consuming, and
prone to the introduction of artifacts
during proteolytic digestion, the
bottom-up approach is limited in that
the context of modifications within
the different intact molecular protein
species is lost.

On the other hand, protein
analysis may be attempted at
the intact molecule level, as
realized in so-called top-down
approaches (Figure 1[a]). Numerous
examples have successfully
shown that therapeutic mAbs may
efficiently be analyzed as intact
proteins using HPLC and MS
methods (15,16). Studies on the
gas-phase fragmentation have also
demonstrated that a considerable
amount of sequence information
may be collected from fragments
generated from intact proteins by
collision-induced dissociation (CID),
electron capture dissociation (ECD),
or electron-transfer dissociation
(ETD) (17). Nevertheless, subtle
changes in protein structure may
be difficult to detect as a result of
limitations in chromatographic or
mass spectrometric capabilities to
discern the change. To stay with the
example given above, incorporation
of one oxygen atom into an intact
mAb molecule will result in a mass
shift from 147074.62 to 147090.62 Da
(+16 Da), representing a relative mass
difference of 109 ppm, which is well
within the typical mass accuracies of
modern TOF and orbital trap mass
spectrometers. Simulation of the
isotopic patterns of two mAb species
differing in a single oxygen atom,
however, shows that the isotopic
envelopes merge into a single
broad distribution even at a mass
spectrometric resolution sufficient to
separate neighbouring isotope peaks.
Thus, distinction of oxidized- and
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jon-pair (IP)-reversed-phase HPLC followed by sequence
analysis of the separated peptides by tandem MS.

Figure 3 illustrates that oxidation of methionine facilitates

a clear chromatographic separation of the corresponding
peptides. As expected, the incorporation of oxygen results
in a decrease in hydrophobicity and hence a decrease

in chromatographic retention of the oxidized variant of

the peptide. Relative peak areas of the chromatographic
peaks that are well separated may be used to relatively
quantify the extent of oxidation at the peptide level. In
addition, fragment spectra as shown in Figure 3(d) and 3(e)
unambiguously identify the site of oxidation as methionine at
position four of the peptide. Apart from oxidation monitoring,
the high resolving power and mass accuracy of modern
high-resolution mass spectrometers enables the detection
of mass differences as little as 1 Da, which is characteristic
for the deamidation of asparagine or glutamine residues,
making peptide mapping one of the most powerful tools for
the detection of protein modifications.

Investigation of Antibody Oxidation at the Intact Protein
Level: As investigation of mAb oxidation at the intact protein
level would eliminate the need for sample preparation

by digestion and hence avoid oxidation artifacts, the
separation of oxidized rituximab variants on a large-pore
polymer-based column developed for the separation of
mAbs was attempted. Comparison of the chromatographic
profiles of control and stressed sample in Figure 4(a) reveals
a slight decrease in retention time (by approximately 5 s)
and an increase in the peak width at half height of the
eluting peak profile for the oxidized protein (from 11 to 15

nonoxidized mAb species by MS at the intact protein level
is not feasible (Figure 2[a]).

In order to obtain smaller protein subunits for
investigation, tetrameric antibody molecules can be
dissociated into two heavy and two light chains (HC and
LC, respectively) by reduction of intermolecular disulfide
bonds, yielding two 25 kDa LC and two 50 kDa HC
subunits. While the isotopic patterns of the HC molecules
are still not completely resolvable by MS (Figure 2[b]),
the width of the isotopic pattern of a 25 kDa fragment is
narrow enough to facilitate clear separation of oxidized-
and nonoxidized species (demonstrated for a 25 kDa Fc/2
fragment in Figure 2[c]). Such fragments can be obtained
upon proteolytic digestion with papain or IdeS, which
specifically cleave within the so-called hinge region of the
HC (Figure 1[d]). The two resulting fragments of almost
identical size (Fd’ and Fc/2; approximately 25 kDa each) are
ideally suited for the analysis of oxidation variants because
they can readily be resolved by MS, especially as the main
oxidation sites are located in the Fc domain (18).
Bottom-Up Determination of Antibody Oxidation at
the Proteolytic Peptide Level: The classical approach
to comprehensive protein characterization comprises
chromatographic separation of proteolytic peptides by
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s). These effects can be attributed to
reduced hydrophobicity of the oxidized
protein variants as well as increased
complexity of the sample because
oxidation may occur at different sites,
resulting in a range of diverse protein
species. Nevertheless, oxidized mAb
variants cannot even partially be
separated from nonoxidized species
by means of IP-reversed-phase

chromatography.
100 1 2 3 s The corresponding mass spectra
g[gﬂa‘g grdl’-'g reveal a shift towards higher molecular
_ ; mass of the oxidized protein, as
2 ;;[ t}%gsﬁgb shown in Figure 4(b) for the 44+
z 1 : charge state of rituximab consisting
E : 2 3 4 of multiple signals that arise from the
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from the intact protein level of an
antibody, Figure 5 depicts the
HPLC-MS analysis of LC and HC
derived from a control and an
oxidatively-stressed rituximab sample.
LC and HC were efficiently separated
when eluted with a very shallow

Yas gradient of 32.0-32.5% acetonitrile
(a) 25527;72509 in 12.5 min. When compared to
108 1;’;49:;)78 Y, + O the control sample, significant
:\;80: ) 722 25525;72472 broall(dening of tr:je chromatggra:jpaié
=~ A . peak corresponding to oxidize
% 60: 18621;;5& was observed, indicating partial
B separation of different oxidized
-E species (Figure 5[a]), although
¢ separation into discrete peaks
i was not attainable. Extraction of
& mass spectra from different time

intervals within the chromatographic

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 peak revealed that higher oxidized
m/z species, as evidenced by higher

b1 —G—P-S-V-F-L-F-P-P-K-P-K-D-T-L*I-S-R-T-P -E-V-T-C- y186 mass, eluted earlier compared to
b26 -V-V-V-D-V-S-H-E-D|/|P-E-V-K-F-N-W-Y-V-D-G-V-E-V-H-N- y161 - .
b51 ~A-K-T-K-P-R-E-E-Q-Y-N-S-T-Y-R-V-V-5 -V-L-T-V-L-H-Q- y136 mgno— or nonoxidized HC ;pemes
b76 -D-W-L-N-G-K-E-Y-K-C-K-V-$-N-K-A-L-P-A-P-1-E-K-T-1-y111 (Figure 5[b—e]). Incorporation of up to
b101 -S -K-A-K-G-Q-P-R-E-P-Q-V-Y-T-L -P-P-S-R-D-E-L-T-K-N- y86 three oxygen atoms, consistent with
b126 -Q-V-S-L-T-C-L-V-K-G-F-Y-P-S-D-1-A-V -E-W-E-5-N-G-Q- y61 the occurrence of three methionines
b151 -PvE-N-N-Y-KvT-T-Pvp-v-Lvasvnms-s-F “F-L-Y-S-K-L-T- y36 in the HC sequence, was observable
b176 -V-D-K-S-R-W-Q-Q-G -N-V-F-§-C=-S -V- “E-<A-<L-H-N-H-Y- y11 .
b201 =T 2QeK=§ =L =5=L~§~P=G= v in the mass spectra. Nevertheless,

mass spectral resolution of the
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different oxidation variants allowing
their unambiguous differentiation and
quantification was still not feasible.
Investigation of Antibody
Oxidation in the Fc/2 fragment:
Finally, the analysis of methionine
oxidation was performed in Fc/2
generated upon proteolysis with
IdeS, an enzyme cleaving within the
hinge region of the HC sequence.
Interestingly, when intramolecular
disulfide bridges in the HC domain
were kept intact, a separation of

four oxidized variants of Fc/2 (one
nonoxidized, two singly-oxidized,
one doubly-oxidized species) was
observable (Figure 6[a]). On the
other hand, the two mono-oxidized
Fc/2 species coeluted after the
intermolecular disulfide bridges were
cleaved upon reduction (Figure 6[b]).
This observation suggests that
changes in the three-dimensional
structure induced by methionine
oxidation play an important role in
the chromatographic separation of
oxidized proteins or protein fragments
(8-10). Moreover, the baseline
separation of non-, mono- and
doubly-oxidized species enabled

the quantitative determination

of oxidized protein variants both

by UV-spectroscopic and mass
spectrometric detection with relative
process standard deviations between
7 and 14% (9). MS not only confirmed
the +16 Da mass shifts as a result

of the incorporation of oxygens
(Figure 6[c—e]), but also allowed

the localization of oxidation sites by
middle-down fragmentation of Fc/2
(Figure 7).

Conclusions

The ability of analytical technologies
to distinguish between oxidized

and nonoxidized protein species

is limited by several factors.
Bottom-up analysis of tryptic
peptides facilitates detailed analysis
of even minor modifications and
simultaneously provides sequence
information deduced from tandem
MS experiments. Nevertheless, the
context of the different modifications
in the whole protein is undetectable
in this analytical approach. At the
intact protein or HC level, efficient
separation of oxidation variants of
IgG1 type mAbs by reversed-phase
HPLC or IP-reversed-phase-HPLC
is generally impossible, mostly

www.chromatographyonline.com
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because of the minimal differences
in hydrophobicity upon incorporation
of additional oxygen atoms. In mass
spectrometry, the natural width

of the isotopic pattern limits the
capability to distinguish oxidized
proteins from their nonoxidized
analogues to molecules smaller than
approximately 25 kDa. Thus, oxidation
monitoring in therapeutic mAbs is
possible after decomposition into
light and heavy chains, followed by
proteolytic cleavage of the heavy
chain into two fragments of 25 kDa.
Moreover, at this molecular scale,
non-, mono-, and doubly-oxidized
variants can be separated by
|P-reversed-phase-HPLC.
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Antibody-Drug Conjugates:
Perspectives and Characterization

Rowan E. Moore', Kelly Broster', Ken Cook?', Kyle D’Silva', Eric Niederkofler', Aaron O. Bailey', Jonathan Bones?,
and Michael W. Dong?, 'Thermo Fisher Scientific, Hemel Hempstead, United Kingdom, ?National Institute of Bioprocessing
Research and Training (NIBRT), Blackrock, Co. Dublin, Ireland, *Perspectives in Modern HPLC editor

This instalment of “Perspectives in Modern HPLC” provides an overview of antibody—drug conjugates
(ADCs) as a new class of biotherapeutics and describes their analytical characterization for quality
assessment with examples from extensive applications libraries.

Chemotherapeutic agents have been
the mainstay of anticancer therapy
since the early 1940s. Chemotherapy,
or the use of cytotoxic agents in
medical oncology to inhibit the process
of mitotic cell division, is routinely
administered with curative intent, to
prolong life or as part of palliative care.
Although the use of chemotherapy can
result in a significant response—for
example, in the treatment of testicular
cancer—its use is associated with
a range of adverse effects. Many of
the adverse effects of chemotherapy
are the result of damage to healthy
cells that divide rapidly and are thus
sensitive to antimitotic drugs.
Antibody—-drug conjugates (ADCs)
are an increasingly important class
of biotherapeutics that utilize the
specificity of monoclonal antibodies
(mAbs) and the cytotoxicity of a
potent anticancer payload (1-3). The
two molecules are connected via
chemical linkers, and the result is a
therapy that is able to provide sensitive
discrimination between healthy and
diseased tissues. The antibody targets
and binds to a selected antigenic
cell-surface receptor that is, ideally,
only expressed on the target cancer
cell. After an ADC binds to its target
cell, the cell internalizes the ADC
through receptor-mediated endocytosis,
and the cytotoxic payload is then
released inside the lysosomal cellular
compartment to provide precise,
selective delivery to the cancerous
cells. Payload conjugation typically
takes place on the amino groups of
lysine residues or the sulfhydryl groups
of interchain cysteine residues as is the

case in ado-trastuzumab emtansine
(Kadcyla, Genentech/Roche) and
brentuximab vedotin (Adcetris, Seattle
Genetics/Millennium Pharmaceuticals),
respectively. With 80-100 lysine
residues and only eight interchain
cysteine residues available in each
mAb molecule, lysine conjugation
yields a more heterogeneous

mixture of species compared to
cysteine-conjugated ADCs. Figure 1
depicts examples of common payload
conjugation types, namely lysine,
cysteine, and glycoconjugates (4).

In addition to the described primary
amino acid structure, mAbs and
ADCs also have distinct higher order
structures that dictate their function
and immunogenicity. They may be
influenced by the above-described
modifications and can appear as
dimers or aggregates that also have
the potential to induce immune
responses and affect clearance rates.

For an ADC to demonstrate
efficacy, it must incorporate a
mAb that recognizes a specific
tumour-associated antigen, a linker that
has systemic stability but is specifically
released at the target cell, and a
cytotoxic agent that exhibits toxicity
to the tumour cell as a stand-alone
modality.

ADC Regulations

Whether submitting to the United States
Food and Drug Administration (U.S.
FDA), European Medicines Agency
(EMA), or other regulatory bodies,

ADC developers are covering new
territory. Since ADCs incorporate both
biologics and small-molecule moieties,

these complex therapeutics are difficult
to characterize, and multiple health
authority experts are required to evaluate
different aspects of the end product.

An ADC may be based on a
previously approved mAb. For
example, trastuzumab (Herceptin) is
the mAb portion of the ADC Kadcyla.
In such instances, new analytical
technologies that have emerged since
the development of the original mAb
drug product should be evaluated for
use in characterizing the related ADC.
Consistent with the principles of quality
by design (QbD), regulators expect
sponsors to use the most current and
effective technologies available to build
product and process knowledge into
controlling product quality.

With the approvals of Kadcyla,
Adcetris, and more recently
inotuzumab ozogamicin (Besponsa,
Pfizer), gemtuzumab ozogamicin
(Mylotarg, Pfizer), and more than
50 ADCs in clinical trial pipelines,
the clinical application of ADCs is
accelerating rapidly (5).

It is important to have a clear
understanding of the relationship
between the conjugation and
manufacturing process, and the
resulting product quality and
heterogeneity of the ADC. The potency
of an ADC is due, in part, to the extent
of drug-linker incorporation on the
mADb. Methods that can structurally
characterize the drug load and
distribution have been developed and
proven to be critically important for
understanding ADC product quality.
Wakankar and colleagues have
summarized several considerations
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for the development of analytical methods that measure
quality attributes unique to ADCs, such as drug load
and drug distribution (6). In addition, several articles
documenting the analytical strategies (7) as well as
chromatographic and electrophoretic techniques for the
characterization of ADCs have been published (8-10).

Characterization and
Quality Control Requirements
Quality control (QC) testing of an ADC needs to
account for its identity, purity, concentration, and activity
(potency or strength)—the same as for any other
biopharmaceutical product. Because of the inherent
structural complexity of mAbs along with the covalently
linked cytotoxic agents, several QC tests are required
(8-10). A full understanding of the manufacturing process
and its effect on the physicochemical and biological
attributes of an ADC must be ascertained. However,
in the case of ADCs, even the well-established QC
terminology is not straightforward—for instance, the
terms potency and strength have different meanings
depending on whether the molecule being developed
is large or small. The International Conference on
Harmonization of Technical Requirements for Registration
of Pharmaceuticals for Human Use (ICH) Q6A for small
molecules lists strength (or assay) as a measure of the
amount of an active pharmaceutical ingredient (API)
(11). ICH Q6B for large molecules uses the term potency
as a quantitative measure of biological activity (12). For
an ADC that includes both of these components, total
function (or potency) would need to be measured with a
cell-based assay that assesses overall structure, antigen
binding, drug loading, and drug delivery.

Unlike their pharmaceutical predecessors and more
straightforward protein-based therapeutics, there
is limited availability of certified standards for ADC
test method development or comparison. Recently,
Merck launched SigmaMAb Antibody-Drug Conjugate
Mimic for use as a standard for mass spectrometry
(MS) and high performance liquid chromatography
(HPLC). SigmaMADb is an “ADC mimic” that conjugates
SigmaMab (MSQC4), an IgG1 mAb, to dansylcadaverine
fluorophores via a succinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC) crosslinker (13). At
this time, the onus is completely on the developers to
devise and implement a set of critical tests for identity
and purity, involving the most appropriate analytical
technologies. Each intermediate (mAb, linker, and
drug) should have a reference standard in addition to
an ADC reference standard, to be used in designated
release and stability tests. These standards are critical
reagents used for analytical method system suitability
and in characterization, stability, and bridging studies,
as is currently expected for all pharmaceutical and
biopharmaceutical products. The cohort of tests would
be performed as part of chemistry, manufacturing, and
control (CMC) efforts during drug development. Many
of these tests would become assays for critical quality
attributes (CQA) or analytical methods for specification
testing in lot release.

Small-molecule conjugation to mAbs, using any type
of strategy, has enormous potential to produce several
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Figure 1: ADC structures showing different sites of attachment to mAb of the drug

with the linker. MMAE = monomethyl auristatin E, an extremely potent synthetic

antineoplastic agent.
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Figure 2: Typical characterization approaches performed on ADC therapeutics.
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variant isoforms. Appropriate tests are

needed to measure heterogeneity and

ensure product consistency. Routine

QC testing and characterization may

measure the following characteristics:

e Aggregates and fragments

e Charge variants

e Free drug

e Average drug-to-antibody ratio (DAR)

e Drug load distribution, including
unconjugated mAb

e Endotoxins or bioburden

Because of the heterogeneity
of ADCs, isoforms derived from
mAb glycosylation and other
post-translational modifications
(PTMs) are often controlled at the
point of mAb release. The inclusion
in the certificate of analysis (CoA) for
routine testing of other product-related
impurities—such as aggregates,
fragments, charge variants, and
unconjugated antibodies—discussed
above should be assessed product
by product. For example, data
could be generated to show that an
unconjugated antibody is adequately
monitored and controlled as part of
DAR testing.

Chemical impurities other than free
drug or drug-related substances may
be evaluated with both ICH Q3B (R2)
limits and pharmacology or toxicology
input for the specific product (14).
Some process-related impurities might
be omitted from release testing with
sufficient data and process experience
over multiple ADC lots or multiple ADC
products using the same conjugation
platform.

Regulators consider compendial
monographs, which exist for
small-molecule intermediates, to be
the minimum standard for chemical
components when used in ADCs.

Drug and Linker: Approaches
and Chemistries

The conjugation of anticancer
payloads to lysine or cysteine
residues found in mAbs results in
the generation of ADCs that exhibit
significant heterogeneity, with some
of the ADC potentially having altered
antigen-binding properties leading to
suboptimal potency, solubility, stability,
and pharmacokinetics. To reduce

heterogeneity, expand payload options,

and prolong circulating stability, novel

site-specific conjugation approaches
are actively being pursued within the
field (15).

The hydrophobic nature of the
payloads used in current ADCs
leads to the creation of conjugates
of increasing hydrophobicity
versus their starting mAb scaffolds.
The hydrophobicity of ADCs can
promote aggregation, which in turn
can lead to hepatotoxicity (16) or
increased immunogenicity (17). The
hydrophobicity of ADCs can also
promote drug resistance via increased
affinity for multidrug resistance
transports, with the incorporation of
hydrophilic linker chemistries shown to
bypass multidrug resistance (18).

ADCs use three main tumour-specific
microenvironmental factors to
selectively release their cytotoxic
payloads: cleavable linkers exhibiting
protease-sensitivity, pH-sensitivity, and
glutathione-sensitivity. Within each of
these main linker release mechanisms,
significant linker technology
advancements are ongoing.

Among the types of conjugation
chemistries, enzyme-based
site-specific modification shows great
potential by eliminating the potential
interruption of an antibody-antigen
interaction and providing a highly
reproducible and modular conjugation
system when compared to standard
lysine and cysteine conjugation.

Developments in linker chemistries
also provide a greater opportunity
to incorporate increasingly potent
cytotoxic payloads. Quaternary
ammonium linkers now enable stable
conjugation of payloads with tertiary
amine residues (19); the extremely
potent synthetic antineoplastic agent
monomethy! auristatin E (MMAE)
has been linked to mAbs via a
linker that is selectively cleaved by
cathepsin (for example, in Adcetris)
upon entrance into the tumour cell
(20). A conjugate with the potent
maytansinoid DM1 has been approved
(for example, Kadcyla), and Seattle
Genetics recently published work on
a novel methylene alkoxy carbamate
(MAC) self-immolative unit for
hydroxyl-containing payloads within
ADCs (21). The latter compound
enables direct conjugation of drugs
through alcohol functional groups
that are present on a diverse
range of synthetic drugs as well as
natural cytotoxic products. Most
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Figure 3: Trastuzumab emtansine lysine-conjugation mapping (26).

(a) Colour-coded base peak ion chromatogram (BPI) showing heavy and light

chain peptides. (b) Coverage map showing 100% sequence coverage, number

of MS peaks, and relative abundance of heavy and light chain peptides detected.
(c) Example higher energy collisional dissociation (HCD) MS/MS spectrum of a
glycopeptide showing fragmentation of both peptide and glycan. (d) Identification of
lysine conjugated MCC-DM1 at the peptide level.
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Figure 4: Comparison of synthesized Cys-conjugated ADC mimics with different
drug load (29): (a) unconjugated mAb (5 mg/mL), (b) Cys-conjugated ADC mimic

(low load, 5 mg/mL), (c) Cys-conjugated ADC mimic (moderate load, 5 mg/mL),

(d) Cys-conjugated ADC mimic (high load, 5 mg/mL). Column: 100 mm X 4.6 mm,
5-um d, Thermo Scientific MAbPac HIC-Butyl; mobile-phase A: 95:5 (v/) 1.5 M
ammonium phosphate (pH 7.0)—isopropanol; mobile-phase B: 80:20 (v/v) 50 mM
sodium phosphate (pH 7.0)—isopropanol; gradient: 0% B for 6 min, 0-100% B in

14 min, hold at 100% B for 5 min; temperature: 25 °C; flow rate: 1.0 mL/min; injection
volume: 5 pL (5 mg/mL); detection: UV absorbance at 280 nm.
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recently, Spirogen (now part of the
AstraZeneca Group) developed a
potent and flexible class of ADC
payload based on a proprietary

pyrrolobenzodiazepine (PBD)
technology. PBDs are a family of
sequence-selective DNA minor-groove
binding agents and are among the

most cytotoxic agents known. They
are ideally suited for antibody-drug
conjugation because of their unique
mechanism of action that retains
activity against cancer stem cells and
is compatible with multiple linker and
conjugation technologies. There are
two ADCs currently undergoing clinical
trial from the collaborative efforts of
Spirogen and Seattle Genetics (22),
and many more are in the pipeline.
As previously mentioned, most of the
payload and linker technologies used
or studied today impart increasing
levels of hydrophobicity on the mAb
scaffold (10); for example, DM1 has
an estimated LogP value of 3.95 per
molecule incorporated. PBDs are even
more hydrophobic, with an estimated
LogP value of 5.08 per incorporated
molecule. To address this issue,
hydrophilic spacers (for example,
para-aminobenzyl alcohol [PAB]) and
linkers (such as polyethylene glycol
[PEG]) are often incorporated as

part of the bioconjugation chemistry
to balance out the increased
hydrophobicity introduced by the
conjugation of the payload.

Chromatography for mAb, Drug,
Linker, and ADC

Various ultrahigh-pressure liquid
chromatography (UHPLC) techniques
have proved to be useful for analyzing
ADC heterogeneity at the intact level,
including hydrophobic-interaction
chromatography (HIC), ion-exchange
chromatography (IEC), size-exclusion
chromatography (SEC), and
reversed-phase chromatography.
Where appropriate, the coupling

of these separation techniques

with high-resolution accurate mass
spectrometry (HRAM MS) presents a
powerful characterization tool. Further
structural details can be ascertained
by breaking down the intact ADC;
both peptide mapping using reversed-
phase chromatography and released
glycan analysis with hydrophilic-
interaction chromatography (HILIC)
are deemed essential tools. Each of
these analytical approaches reveals
different CQAs of the ADC—from
primary amino acid sequence and
associated modifications (peptide
mapping) to the presence of higher
order aggregated structures (SEC)
that could impact product efficacy
and safety. In addition to the standard
cohort of small molecule and
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Figure 5: Charge variant chromatographic profile comparison of commercial
chimeric IgG1 mAb (black trace) and cetuximab biosimilar candidate (blue trace)

obtained with cation-exchange chromatography in pH-based gradient mode (31).
Peak labelling corresponds to the number of peaks in each trace and does not

indicate peak identification.
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Figure 6: Denaturing LC-MS analysis of the ADC brentuximab vedotin

(Adcetris) (33). (a) Unmodified sample (1 pg) was analyzed by reversed-phase
chromatography coupled to an orbital trap MS system produced several peaks.

(b) The resulting averaged MS spectrum is a complex mixture of charge state
envelopes as well as a veMMAE-specific reporter fragment ion at m/z 718. (c) Data
analysis with ReSpect deconvolution and Sliding Window integration show roughly
six covalently-structured forms of unraveled cysteine-linked ADC.
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large biomolecule characterization
methodologies, a whole set of tests
must be performed to interrogate

the level of drug conjugation and the

levels of unconjugated mAb, payload,

and linker (as shown in Figure 2).

Monoclonal Antibody

Primary Sequence Analysis

As a technique, peptide mapping is
well established in the biotechnology
industry with roots lying in protein
characterization, proteomics, and

de novo peptide sequencing. In
recent years, advances in sample
preparation (protein digestion), peptide
separation, HRAM MS capabilities,
and bioinformatics have enabled the
biotech industry to confidently apply
peptide mapping workflows in routine,
high-throughput environments.

Peptide mapping can reveal many
CQAs of a protein. In the case of
ADCs, peptide mapping is fundamental
in confirming not only the sequence
of the mADb, but also the site and level
of drug conjugation (Figure 3). The
accuracy with which this information
can be determined is based on the
method of protein digestion and fidelity
of the subsequent UHPLC and MS
analysis. The type of fragmentation
used within the MS system should
also be carefully considered because
standard collision-induced dissociation
(CID) experiments often fail to reveal
the precise site of drug conjugation or
glycosylation. Alternative or additive
fragmentation techniques such as
higher energy collisional dissociation
(HCD), electron transfer dissociation
(ETD), and ultraviolet photodissociation
(UVPD) are becoming increasingly
important in the elucidation of
site-specific modifications and can
generate informative fragmentation
patterns, even at the subunit level
(23-25).

Chromatographic Techniques for
the Determination of Antibody
Variants, Fragments, DAR, and
Payload Mapping

Hydrophobic Interaction
Chromatography: HIC separates
proteins by the interactions between
hydrophobic pockets present on

the surface of the protein and the
hydrophobic ligands on the HIC resin.
Proteins are loaded onto the column

in relatively high salt concentrations

to induce hydrophobic interactions
and are eluted by reducing the

salt concentration of the mobile

phase during the chromatographic
separation. The binding of the proteins
is dependent on the inherent surface
hydrophobicity, which is influenced

by the conformation of the protein.
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Changes in protein conformation

can be characterized by this mode
of chromatography, and several
publications exist that indicate that
common modifications of mAbs, such
as oxidation and deamidation, can
be seen using HIC (27). With the
conjugation of hydrophobic payloads
to the mAb to form ADCs, the use of
HIC for DAR analysis has become
increasingly popular (6,28).

With each additional linkage of the
drug to the mAb the retention of the
ADC species on the column increases,
thus allowing quantification of drug
load on the ADC and resolution of
isomeric configurations of the same
DAR (Figure 4).
lon-Exchange Chromatography: I[EC
involving cation-exchange column
chemistries is a standard method
used to separate and monitor the
charge-variant profile of mAb-based
therapeutics (30). Charge-variant
separations have been further
developed with the use of pH gradients
that provide ease of use and a more
global approach to the method
development process (Figure 5)

(81). There are several PTMs that

can alter the charge or conformation

of a protein and can, therefore, be
characterized using IEC. Glycan
variants, deamidation, oxidation,

and even aggregation are among
them. The specific charge-variant
profile that is obtained from a mAb is
closely monitored at each stage in the
production to ensure the product quality
remains the same. In the case of ADCs,
mAbs may not provide an informative
charge-variant profile—if the drug or
linker is charged, or linkage occurs
through a charged amino acid (such
as lysine), the underlying mAb charge
heterogeneity is difficult to assess
because conjugation affects the overall
charge of the conjugated molecule.

In such cases, the “charge profile” is
often more of a “conjugation profile”.
Despite this, measuring the distribution
of charged species can be a good way
to demonstrate process consistency
and thus should be included in an ADC
comparability toolkit.

Reversed-Phase
Chromatography-MS: MS analysis

of ADC drug distribution provides

PERSPECTIVES IN MODERN HPLC

insights into the relative concentration
of different drug-linked forms, which
may elicit distinct pharmacokinetic and
toxicological properties. MS analysis
of ADC drug distribution is particularly
advantageous for conjugates
produced using linkage through
surface-accessible lysine residues,
which are not easily separated by
chromatography alone because of their
high degree of heterogeneity.
Reversed-phase LC-MS can be
used to elucidate the positional isomers
of ADCs. Reversed-phase LC-MS
following IdeS proteolytic digestion
facilitates the subunit analysis of
ADCs and enables rapid comparison
of the ADC samples, for instance for
batch assessment (Figure 6). Indeed,
IdeS proteolytic digestion has been
proposed as an analytical reference
method at all stages of ADC discovery,
preclinical and clinical development,
for routine comparability assays,
formulation, process scaleup and
transfer, and to define CQAs in a QbD
approach (32).
Chromatography and Native Mass
Spectrometry: The ADCs currently
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Figure 7: Desalting SEC-MS DAR of Adcetris and Kadcyla (35). (a) Desalting SEC
is compatible with a native MS approach and allows preservation of noncovalent
interactions which support the structure of cysteine-linked ADCs. Based on the
individual deconvoluted abundances of the GOF/GOF glycoform, the authors
calculated an average DAR value of 4.07 (32). (b) Denaturing MS spectra (from
reversed-phase LC) are observed at lower m/z ranges while native MS spectra from
online SEC are observed at higher m/z ranges. A detailed view shows that 2-3
sequential charge state envelopes overlap compared to an overlap of 0—1 charge

state envelopes in the native MS spectrum.
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approved for use utilize naturally
occurring lysine side chain amino
groups or the cysteine thiol groups,
which are formed upon partial
reduction of IgG intramolecular
disulfide bonds, for conjugation of the
drug load (34).

Cysteine-linked ADCs present a
unique challenge for characterization
because proper intact analysis requires
native MS conditions to preserve
structurally critical noncovalent binding
between antibody chains.

ADCs exhibit significant
heterogeneity resulting from the number
and distribution of drug molecules
across the antibody. This level of
molecular complexity and heterogeneity
presents a considerable challenge for
current analytical techniques.

Native MS of intact proteins allows
direct observation of molecules that rely
on noncovalent interactions to preserve
critical structural features, such as
interchain associations that hold
together cysteine-linked ADCs. The use
of 100% aqueous and physiological pH
buffers in native MS analysis produces
decreased charge states (increased
m/z) and improves mass separation of
heterogeneous mixtures.

An orbital trap native MS workflow
has recently been developed that
is compatible with SEC, allowing
online desalting and sample delivery,
to observe intact proteins at high
m/z ranges. This strategy reduces
mass interference in complex protein
spectra by increasing peak capacity
in the m/z space. This workflow has
recently been applied to the analysis of
Adcetris and Kadcyla, cysteine-linked
and lysine-linked ADCs, respectively,
and the accurate calculation of DAR
(Figure 7).

This work built on a similar approach
that was first applied to the study of
Adcetris using an orbital trap mass
spectrometer equipped with a high-mass
quadrupole mass selector (36).

Higher Order Structural Analysis
Hydrogen—deuterium exchange
(HDX)-MS is a powerful tool for
studying the dynamics of higher-order
structure of protein-based therapeutics.
The rate of hydrogen-to-deuterium
exchange within the amide hydrogen
on the backbone of biotherapeutics
provides solvent accessibility
information, and thus protein structure
and conformation can be inferred.

Although HDX-MS cannot be used
to define an absolute structure in the
manner of X-ray crystallography, it can
be used to directly assess the native
structure in a comparative fashion.
Proteins in solution are highly dynamic,
and the stability and functionality of
any protein therapeutic are closely
associated to a specific conformation.

The manufacturing of ADCs involves
additional processing steps during
conjugation, and it is important to
evaluate how the drug conjugation
process impacts the conformation and
dynamics of the mAb intermediate.
The ability of HDX-MS to monitor
conformational changes at the peptide
level makes the technique well-suited
for providing detailed insights into the
impact of drug conjugation processes
on the higher-order structure of mAbs.

Orbital trap—based HDX-MS has
previously been used to probe
the conformation and dynamics of
interchain cysteine-linked ADCs (37).
In this publication, a side-by-side
HDX comparison of ADCs, mAbs,
reduced mAbs, and partially reduced
mAbs was used to identify minor local
conformational changes and confirm
that these were because of the partial
loss of interchain disulfide bonds
in ADCs. These findings were used
to indicate that ADC manufacturing
processes that involve partial reduction
of mAb interchain cysteine residues
followed by conjugation with drug
linkers do not significantly impact the
conformational integrity of the mAb.

A similar approach has been used to
study the antibody structural integrity of
site-specific ADCs (38). Together these
results highlight the utility of HDX-MS
for interrogating the higher-order
structure of ADCs and other protein
therapeutics.

Residual Free Drug Analysis
and Control Strategy for Small
Molecule Impurities in ADCs
Because the payload in an ADC is
highly toxic, the amount of residual
free drug and its impurities are CQAs.
ADCs are an emerging class of
biopharmaceuticals, and there are no
specific guidelines addressing impurity
limits and qualification requirements.
Furthermore, small molecule impurities
can be categorized as conjugatable
impurities that could be bound to the
ADC or nonconjugatable impurities
that are likely to be purged during the
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Table 1: Impurity dose based on the level of conjugatable impurities in the linker-drug intermediate (table adapted with permission

from reference 39)

ADC 5 mg Dose ADC 50 mg Dose ADC 50 mg Dose
. Maximum
Impurity Impurity i i i
Level in . Maxi Maximum Maxi Maximum Maxi Maximum
. Level in DS aximum Dail aximum Dail aximum Dail
Linker-Drug (Wt/wt%) Impurity v Impurity v Impurity v
Impurity Impurity Impurity
Level Level Level
Level Level Level
o 1.5 pyg/mg DS
3% (0.15%) 7.5 pg/dose 0.36 pg/day 75 pg/dose 3.6 pg/day 0.75 mg/dose | 36.0 pg/day
1% 0'5(89(@1%% 2.5 pg/dose 0.1 pg/day 25 pg/dose 1.2 pg/day 0.25 mg/dose 12.0 pg/day
. o
0.25 pg/mg
0.5% o 1.25 pg/dose 0.06 pg/day 12.5 pg/dose 0.6 pg/day 0.125 mg/dose 6.0 pg/day
DS (0.025%)
o 0.05 pg/mg 0.025 mg/
0.1% DS (0.005%) 0.25 pg/dose 0.01 pg/day 2.5 pg/dose 0.12 pg/day dose 1.2 pg/day

manufacturing process. Gong and
colleagues published a white paper on
a control strategy for small-molecule
impurities in ADCs (39) as a working
group member of the International
Consortium for Innovation and Quality
in Pharmaceutical Development (1Q).
The strategy suggested a science- and
risk-based approach predicated on
the ICH Q3A (40), Q3B (14), Q5B (41),
and M7 (42) (genotoxic impurities)
guidelines, and include the conjugation
potential of the small molecule
impurities, typical dosing concentration
and schedule, and their levels in the
linker-drug intermediate. The control

of conjugatable impurities is best
achieved at the stage of manufacturing
the linker-drug intermediate rather

than at the drug substance or

drug product while nonconjugated
impurities, including free drugs, are
generally cleared effectively by typical
manufacturing processes. Table 1
shows the 1Q recommendations of the
maximum allowable dose based on
these considerations.

On the analytical front, one approach
to conducting free-drug analysis for
ADC drug substance and drug-product
preparations is to precipitate the
proteins (along with protein-bound drug)
and analyze the resulting supernatant
using a method that is effective for
detecting the small molecule such as
those using UHPLC-MS or UHPLC with
ultraviolet (UV) detection.

Residual Solvents and Volatile
Organic Impurities in ADCs

It is uncommon that residual

solvent analysis is conducted for

www.chromatographyonline.com

Figure 8: GC-MS of residual solvents following analytical headspace GC

conditions similar to those in USP <467> that may provide higher sensitivity under
single ion monitoring mode as well as information for unknown peak identification.
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post-production quality assurance
of conventional protein-based
biopharmaceuticals such as mAbs.
Organic solvents are not typically used
in cultured cell trains and seldom form
part of the risk profile of the drug.

In contrast, the conjugation
reaction to form ADCs generally
involves a site-selective enzymatic
or chemical reaction of antibody to
linker to small-molecule drug warhead,
where the hydrophobic warhead
and linker are solubilized in solvents
such as N,N-dimethylacetamide
(DMA), N,N-dimethylformamide
(DMF), dimethyl sulfoxide (DMSO),
or propylene glycol (PG). The
conjugation process is followed by
protein purification techniques to
remove process-related contaminants
(unconjugated toxin and residual

solvents). However, strategies must be
in place to monitor for such impurities.
For the analysis of these residual
solvents, one possible approach is

to use a direct gas chromatography
(GC) technique (43) after removal of
the proteins rather than the traditional
headspace GC approach in USP
<467> (44). Because of the low levels
expected for residual solvents in

ADC samples, an alternative GC-MS
method (particularly using the selected
ion monitoring mode) is likely to yield
higher sensitivity as well as provide
identification information on unknown
peaks, as shown in the example in
Figure 8.

Bioanalysis of ADCs
ADCs are complex heterogeneous
mixtures resulting from differences
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in glycosylation of the antibody,

the number of small-molecule drug
moieties attached to the antibody, and
the location of the conjugation sites.
This situation is further complicated as
the drug undergoes in vivo changes
such as spontaneous deconjugation of
the small-molecule drug and differential
clearance rates of ADC components
as a result of their different DARs.
These changes, as well as other
attributes of ADCs, contribute to the
unique challenges in their bioanalysis.
Furthermore, it is becoming clearer that
the data required by the bioanalytical
scientist is also dependent on the
phase of the ADC development.

The early discovery phase requires

in vivo stability of ADC candidates
based on monitoring average DAR

or presence and integrity of the drug
moiety at a specific conjugation site,
while in the clinical development
phase, it is important to establish

a correlative relationship between

one or more components of the

ADC and various safety and efficacy
indicators. Therefore, to address
these bioanalytical challenges both
ligand binding assays (LBAs) and
LC-MS have been used. For instance,
measurement of total antibody to
assess antibody pharmacokinetic
(PK) behaviour and measurement

of conjugated antibody (DAR > 1)

is typically performed using LBAs,
with unconjugated drug monitored

by LC-MS. However, a hybrid of the
two approaches, referred to as hybrid
LC-MS, is becoming more actively
developed and applied in ADC
bioanalysis. This platform uses the
affinity capture of the LBA to retain
sensitivity and LC-MS for detection

to provide greater specificity and
improved characterization of the ADC
component being monitored. Therefore,
the hybrid LC-MS approach provides
benefits of both the LBA and LC-MS,
enabling scientists to better address
some of the unique challenges of ADC
bioanalysis and to allow for the use of
a single platform to generate the data
required for ADC bioanalysis (45).

Summary

ADCs are an increasingly important
class of biotherapeutics. As the list of
the first-generation ADCs entering the
clinic grows, new generations of ADCs
will benefit from their insights. The future
looks set to see ADCs that have higher

levels of cytotoxic drug conjugation,
lower levels of unconjugated antibodies,
more-stable linkers between the drug
and the antibody, and increasing
analytical challenges. The stability of
linkers in circulation is critical to ensure
patient safety and to mitigate the side
effects caused by the off-target release
of toxic payloads.

Today’s ADCs pose unique analytical
challenges requiring increasingly
powerful approaches, consisting
of small- and large-molecule
techniques for their comprehensive
characterization. The complexity of
their analysis is matched only with their
potential to become the “magic bullet”
of anticancer treatment.
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FOOD ANALYSIS FOCUS

Advancing Food Analysis
with Ultrahigh-Pressure
Liquid Chromatography
and High-Resolution Mass
Spectrometry

Specialists in food analysis are increasingly interested in taking advantage of methods that harness the
power of ultrahigh-pressure liquid chromatography (UHPLC) and high-resolution mass spectrometry
(HRMS). Jon Wong of the Center for Food Safety and Applied Nutrition at the U.S. Food and Drug
Administration has been developing such methods for a variety of types of analysis. In this interview, he
talks to LCGC about the work to develop these methods and the advantages of their use.

Q. You collaborated in developing

a method for analyzing multiple
mycotoxins in finished grain and nut
products using ultrahigh-pressure
liquid chromatography and
high-resolution mass spectrometry
(UHPLC-HRMS) (1). Why did you
undertake this work?

A: At the time, UHPLC-HRMS was a
relatively new technology to us and

it required evaluation to determine if
there were significant benefits and
advantages over the current and widely
accepted UHPLC-triple-quadrupole MS
technology (LC-MS/MS) being used for
food safety analysis. We decided to focus
on mycotoxins because we had recently
developed an LC-MS/MS method for
mycotoxins in grains and nuts (2), and
since there were still materials remaining
from that study, we used the same
preparation procedures on the samples
and analyzed them on a UHPLC-HRMS
system for evaluation and comparison.
UHPLC-HRMS was not only quantitative
and just as sensitive as the LC-MS/

MS method but it could also provide
more information for identification. The
results showed that the same product
ions are formed in both LC-MS/MS and
UHPLC-HRMS despite the different

MS platforms, but the high-accuracy
masses in HRMS provided better details
to speculate about how the mycotoxin
precursor could fragment and form

into product ions. We began to realize
and recognize the possibilities and the
drawbacks of UHPLC-HRMS based on
this experience.

Q. What are the advantages and
disadvantages of UHPLC-HRMS
over LC-MS/MS? For what types

of analysis would you favour one
technology over the other?

A: One obvious advantage of
UHPLC-HRMS over LC-MS/MS is the
better data quality and confidence in
the results when you can determine
the mass of the molecular ion to four
or five decimal places. This precision
is extremely useful for fragmentation
studies and to assign proposed
structures. An example that convinced
us of one of the benefits of HRMS
came from the mycotoxin studies. We
were comparing and matching the
mass-to-charge ratio (m/z) results from
product ions obtained from our UHPLC
—high-resolution data-dependent
MS/MS experiments of ergocornine
and its products with results

obtained from LC-MS/MS (using a
triple-quadrupole mass analyzer),
provided from a publication

from another research group

(3). Our UHPLC-high-resolution
data-dependent MS/MS results agreed
with most of the results except for

m/z 208.1. Our calculated mass of

208.07569 from our experimental
results did not agree with the proposed
structure 4, C,,H,,)N,**, assigned in the
other group’s paper, which resulted in
a calculated mass of 208.09950 but
with a mass accuracy of §,, = -113.05
using the experimental mass value
obtained from our HRMS studies. This
result indicated to us that the proposed
structure 4, shown in Figure 1, was
not possible. The experimental mass
indicated that the structure had to
have an elemental composition of
C,,H,,NO*, which was possible if
structure 2 were to fragment and lose
~C,H(N to form structure 5. However,
we saw that the other group’s paper
was correct; we were able to find
structure 4 at higher collision energies
but we also found further evidence to
support structure 5 as a loss of

—CO, resulting in a calculated mass
of 180.08078 to support the formation
of structure 6, which was also
experimentally found. These studies
were extremely useful to determine
the elemental composition, elucidate
fragmentation patterns, and propose
and assign structures of the product
ions. This information can be useful
and helpful by knowing the stability of
these product ions and deciding the
precursor-to-product ion transitions
used in LC-MS/MS analysis of
chemical residues and contaminants.
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These experiences really helped us
see the benefits of HRMS analysis.

LC-HRMS is still relatively new
to those in the food safety and
environmental field, but people are
learning more about it. The main
disadvantage of HRMS is that the data
files are huge and eventually one needs
to have sufficient storage space to save
all these data.

Little prior information is required
to set up an HRMS procedure with
an associated full-scan component
as long as the analyte can be
chromatographically separated, the
analyte is efficiently and effectively
ionized, and the associated masses
of the analyte are detected. Although
LC-MS/MS is selective and sensitive, it
is a restricted and targeted procedure
that requires a priori knowledge of the
analyte’s retention time and precursor
and product ion masses. However,
LC-MS/MS is still the standard
procedure for LC-MS analysis of
chemical contaminants and residues.
As long as you know what your target
analytes are, LC-MS/MS is the preferred
approach for analysis. The current
identification criteria of pesticide and
veterinary drug residue, natural toxins,
and processing contaminants are mature
and well established for LC-MS/MS
analysis but they are being developed
for LC-HRMS analysis.

A drawback for LC-MS/MS
procedures arises in multiresidue
screening, especially when the list of
pesticides is large. For example, if you
are screening for 500 pesticides, the
MS/MS method will require at least 1000
precursor-to-product ion transitions
(because two are usually required for
each pesticide) and pesticide retention
times. Maintaining such a method would
be difficult. We are trying to develop
LC-HRMS procedures to screen large
volumes of compounds using HRMS/MS
libraries and compound databases that
may be easier to manage.

Q. Have you been able to expand the
use of HRMS to the analysis of other
chemicals involved in food safety?
A: Yes. We are collaborating with
scientists at the Canadian Food
Inspection Agency Our collaborations
have led to validated UHPLC-HRMS
procedures to analyze pesticides in fruits
and vegetables (4) and veterinary drugs
in milk (5). Typical sample preparation
procedures such as QUEChERS (quick,

www.chromatographyonline.com
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easy, cheap, effective, rugged, and safe)
for pesticides in fruits and vegetables
and modifications of a procedure using
solid-phase extraction for veterinary
drugs on milk worked well when these
extracts were analyzed with UHPLC—
HRMS. In these two projects, and in
the mycotoxin project, we were able
to quantitatively analyze food samples
using UHPLC and data-dependent
acquisition HRMS (UHPLC-DDA-
HRMS) and the results were obtained
just as easily as with LC-MS/MS.

This work using full-scan MS and DDA
MS/MS (schematic shown in Figure 2)
was similar to work we had done earlier

on a hybrid quadrupole—ion trap mass
spectrometer to generate multiple
reaction monitoring (MRM) spectra of
product ions instead of the two MRM
precursor-to-product transitions (6).
The work on the hybrid MS system had
some limitations and required scoring
or matching factors that were difficult

to implement for identification. The
advantage of the HRMS DDA spectra is
that identification could be determined
based on retention time and mass
accuracy of the precursor and product
ions of the chemical of interest. This
work and previous experiences in which
using state-of-the-art technology has
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improved our work have convinced us
that LC-HRMS is going to have a major
role in the future of chemical residue and
contaminant screening and analysis.

Q. You mentioned some of your
previous collaboration with the
Canadian Food Inspection Agency.
More recently, you have been
working with that agency to develop
systematic and detailed protocols
for screening for chemical residues
in foods (7). Why did you start
collaborating, and why did you
undertake the development of this
method in particular?

A: Research in developing large-scale
screening methods requires a lot of
resources and time, and our agencies
have a mutual interest and an agreement
to evaluate the UHPLC-HRMS
technology and its potential applications
for screening pesticides and other
chemical residues and contaminants in
foods. It is better to collaborate to avoid
duplication of the work and to lessen the
work burden since we have the same
goals and interests.

We are trying to accomplish several
tasks for developing effective LC-HRMS
screening procedures. One is to create
HRMS/MS libraries for chemical residues
and contaminants such as pesticides,
veterinary drugs, and mycotoxins so that
we can extract the calculated masses of

the product ions and deposit them into
a compound database. The compound
database can be implemented in

the software for data processing
applications such as screening, which
can determine the presence of residues
or contaminants that may be present in
a food sample subjected to LC-HRMS
analysis. The libraries and databases
are tedious to build because every
major product ion in the MS/MS spectra
requires evaluation, but this work is
necessary to build a comprehensive
database. A second area we are
involved in is to develop, evaluate, and
validate UHPLC-HRMS/MS experiments
in DDA and data-independent
acquisition (DIA) modes for quantitative
analysis and qualitative screening. This
work has been done for the analysis

of pesticides in fruits and vegetables
and veterinary drugs in milk. Our

goal is to determine which LC-HRMS
procedure would be effective based

on the application and need. Finally, by
collaborating with another agency, we
can perhaps harmonize what sample
preparation and instrumental methods
and conditions are to be used for
quantitative or screening analysis for
different analyte or food classes.

Q. You used the full-scan DDA mode
to acquire product ion spectra of
individual pesticides to obtain the

accurate masses of fragments that
were used to build the compound
database and MS library, but you
used DIA mode to acquire the sample
data. Why?
A: Under DDA mode, the precursor ions
are selected by the quadrupole within a
narrow myz window—~1-4 Da wide—and
are transferred to the high energy collision
dissociation (HCD) cell to produce product
ions. Information of the precursor ions and
their retention times are required a priori
to trigger a targeted MS/MS response.
This approach is ideal to create an MS/
MS spectrum for the chemical analyte of
interest because only the product ions are
detected and there is minimal interference
present in the spectrum due to the narrow
my/zwindow. It is also ideal for building
MS/MS spectra libraries. The product
ions generated from the DDA-MS/MS
spectra originate from only the precursor
ion of interest. We initially used DDA for
the quantitative analysis of mycotoxins,
pesticides, and veterinary drugs because
we were evaluating the HRMS using full
MS and DDA-MS/MS scans to determine
if we could develop a targeted approach
similar to an LC-MS/MS procedure.

DIA utilizes the quadrupole to perform
a precursor or survey scan of selected
jons using mass range windows. In our
work, a variable DIA (vDIA) procedure
was developed using 16 mass range
windows with a width of 25 m/z for
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100-500 m/z and four mass range
windows with a width of 100 m/z for
500-900 my/z. A full MS scan was

also implemented from a range of
100-1000 my/z. The schematic of

the experiment is shown in Figure 3.
The ions in the vDIA experiments are
subjected to fragmentation and MS/MS
analysis according to the progression of
the mass range window. This approach
is ideal for screening applications
because all of the ions in the 100—

900 my/z range will eventually undergo
fragmentation in the collision cell and
the product ions will be analyzed in the
mass analyzer.

The instrument software, along with
the MS/MS libraries and compound
databases, can be used to sort and
identify any chemical present in the
sample (as long as the chemical is
logged in the library and database).
MS/MS spectra from DIA scans for
library applications are not ideal
because multiple analytes can be
coeluted chromatographically and can
potentially be within the mass-range
window. The resulting product ions
would be difficult to discriminate from the
different precursors in the same

MS/MS spectrum. Given the smaller m/z
window range and retention time trigger
of the targeted precursor, results from
DDA would be more reliable to build the
library and database.

Q. What are the next steps in your
work?

A: We would like to expand and apply
UHPLC-HRMS to screening chemical
residues and contaminants in important
food commodities. It would be ideal to be
able to expand and combine all the
MS/MS libraries and databases to screen
for not only pesticide residues but also
veterinary drugs, mycotoxins, processing
contaminants, and other contaminants
that can potentially be present in food and
other commaodities. We will continue to
evaluate, optimize, and advance HRMS
applications to complement LC-MS/MS
methods or to combine screening with
quantitative analysis.
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PRODUCTS

Bioseparation columns

Phenomenex has introduced
bioZen, a new series of LC
solutions for bioseparations

in pharmaceutical, \
biopharmaceutical, and

academic research. The

series encompasses entirely new media spanning two
particle platforms—core—shell and thermally modified
fully porous—along with biocompatible titanium hardware.
bioZen features seven chemistries for the UHPLC and
HPLC characterization of biotherapeutics, including
monoclonal antibodies, antibody—drug conjugates, and
biosimilars.
www.phenomenex.com/products/detail/biozen
Phenomenex Inc. Torrance, California, USA.

HILIC columns

Hilicon offers a broad range

of hydrophilic interaction

liquid chromatography (HILIC)

polar compounds. Three column \

chemistries in UHPLC and HPLC, e \\

and iHILIC-Fusion(P), provide '\s\’

customized and complementary

according to the company. The columns are suitable for the
LC—-MS analysis of polar compounds in “omics” research, food
diagnostics.

www.hilicon.com

products for the separation of ‘V\

iHILIC-Fusion, iHILIC-Fusion(+),

selectivity, excellent durability, and ultra-low column bleeding,
and beverage analysis, pharmaceutical discovery, and clinical
Hilicon AB, Umea, Sweden.

GC system

Shimadzu’s Nexis GC-2030 is based
on the concept of excellent usability
and expandability for a wide variety
of analytical applications. Equipped
with a full-colour LCD touch panel, it
can be operated intuitively simply by
touching the clearly organized and
easy-to-understand interface. The
system also allows users to configure
various parameter settings, perform self-diagnostics,
check automatically for carrier gas leaks, and display
chromatograms via the interface on the main GC unit.
www.shimadzu.eu

Shimadzu Europa GmbH, Duisburg, Germany.

LC-MS/UHPLC-MS solvents

Scharlau solvents provide the

correct purity for an excellent result
with simpler and cleaner spectra,
according to the company. Preventing
the formation of unwanted adducts
with metallic impurities, longer
column lifetimes, avoiding equipment
blockage, and savings in equipment
maintenance are reportedly the main
advantages of these solvents. Each lot is checked by LC-MS or
(UHPLC-MS.

www.scharlab.com

Scharlab, S.L., Barcelona, Spain.

(U)HPLC columns

YMC-Triart Bio C4 is a new
wide-pore phase for
(UHPLC. As a result of its
300 A pore size, itis
designed for peptide—protein
separations. The company
reports it has excellent
reproducibility, a high pH
(1-10), and stability at
temperatures up to 90 °C.
www.ymc.de

YMC Europe GmbH, Dinslaken, Germany.

Mircoplate information guide

Porvair Sciences, in conjunction with
sister company, JG Finneran Associates
Inc., has produced a new informative
guide to assist laboratory scientists select
the optimum seal and closure device

for different types of microplate. The
guide discusses the different benefits

of the most common types of reusable
microplate closures (rigid lids, friction
seals, and cap mats) and single-use
closures (thermal and adhesive seals). An introduction is also
provided to Porvair Sciences’ extensive range of manual and
automated microplate capping and sealing devices.
www.porvair-sciences.com

Porvair Ltd., Wrexham, UK.
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SEC mobile phases

Arg-SEC, the universal mobile
phase for SEC, enhances
protein separations by reducing
nonspecific interaction while
maintaining protein structure,
according to the company.

The company reports correct
determination of protein
aggregates, which tend to stick
to columns, is possible and column lifetime may also be
improved.

www.nacalai.com

Nacalai Tesque, Inc., Kyoto, Japan.

LC-MS/MS instrument

PerkinElmer, Inc., has announced the launch of its
QSight Triple Quadrupole LC-MS/MS instrument
with patented flow-based mass spectrometry

that enables laboratories to test highly complex
samples and experience increased throughput,
according to the company. Combined with
PerkinElmer’s Altus UPLC instrument, the QSight
system reportedly offers a complete solution from
sample preparation to results and reporting for food, industrial,
and environmental applications. For regulatory food safety
purposes, the QSight instrument specializes in detecting a wide
range of pesticides that are increasingly found in crops. The
system can also test foods for mycotoxins and antibiotics as well
as analyze veterinary drugs and nutritional components.
www.perkinelmer.com/Product/qsight-220-multi-opt-dual-
source-system-bc003382

PerkinElmer, Inc., Massachusetts, USA.

Oy,

HPLC columns

A column designed for current
challenges in biotherapeutic
drug development is based
on a new wide-pore (1000 A)
particle. Bioshell IgG

columns are suitable for the
reversed-phase separation of
very high-molecular-weight
compounds, such as mAbs,
ADCs, aggregates, and fragments with a molecular weight
of 150 kDa.

www.SigmaAldrich.com/bioshell

Merck KGaA, Darmstadt, Germany.

www.chromatographyonline.com

PRODUCTS

SEC-MALS detector

The DAWN Heleos Il is an
advanced multi-angle static
light scattering (MALS)
detector for absolute
characterization of the molar
mass and size of proteins,
conjugates, macromolecules,
and nanoparticles in solution.
According to the company, the DAWN offers high sensitivity,
broad ranges of molecular weight, size, and concentration, and
a large selection of configurations and optional modules for
enhanced capabilities.

https://www.wyatt.com/DAWN

Wyatt Technology, Santa Barbara, California, USA.

Pyrolysis for HPLC

The Gerstel PyroVial performs
pyrolysis at up to 800 °C. VOCs can

be sampled from the headspace,

less volatile pyrolysis products are
taken up in a solvent for subsequent
GC-MS or LC—-MS determination. The
process is automated using the Gerstel
MultiPurpose Sampler (MPS). Placing
sample into the reaction chamber is
simple. Inert gas phase and reactant(s)
can be added.

www.gerstel.com

Gerstel GmbH & Co. KG, Miilheim an de Ruhr,
Germany.

Fast GC kit

Designed with GC-MS users in

mind, the GC Accelerator kit provides k

a simple way to speed up sample @
analysis, according to the company. —
By reducing oven volume, these
inserts allow faster ramp rates to be
attained, which reduces oven cycle
time and allows for increased sample
throughput and more capacity to
process rush samples. When faster
ramp rates are used, existing methods can be accurately scaled
down to smaller, high-efficiency, narrow-bore columns using
Restek’s EZGC method translator.
www.restek.com/catalog/view/52293/23849

Restek Corporation, Bellefonte, Pennsylvania, USA.
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EVENT NEWS

The 32nd International Symposium on
Chromatography (ISC 2018)

The 32nd International Symposium on
Chromatography (ISC 2018) will be held on 23-27
September 2018 in Cannes-Mandelieu, France.

ISC 2018 is one of the premier meetings to discuss all
modes of chromatography and separation sciences with
a broad coverage of techniques and applications.

Through a harmonious combination of oral and
poster presentations, tutorials, short courses, vendor lectures and seminars, and
an international exhibition on instruments and services, ISC 2018 will provide
visitors with the advances, fundamentals, challenges, trends, and applications of
separation techniques, chromatography, and mass spectrometry in a wide range of
topics.

So far the conference has five confirmed Plenary Lectures to be presented by
Alain Beck (Center of Immunology, France), Attila Felinger (University of Pécs,
Hungary), Fabrice Gritti (Waters Corporation, USA), Robert Kennedy (University
of Michigan, USA), and Peter Schoenmaker (University of Amsterdam, The
Netherlands), alongside 33 keynote speakers, six short courses, and six tutorials. USA
The short courses will begin on Sunday 23 September 2018 and will include: E-mail: janet@barrconferences.com

e Analytical Characterization of Protein Biopharmaceuticals with Davy Website: www.hplc2018.0rg
Guillarme (Université de Geneve, Switzerland) and Koen Sandra (Research
Institute for Chromatography, Belgium)

e Flavours and Fragrances and Analytical Chemistry: An Endless Story with
Xavier Fernandez (University of Nice-Sophia Antipolis, France), Frédéric
Begnaud (Firmenich S.A, Switzerland), and Christophe Peres (Chanel SAS,
France)

e Development and Control of Robust HPLC Methods by Modeling with
Szabolcs Fekete (Université de Geneve, Switzerland) and Imre Molnar
(Molnér-Institute for applied chromatography, Germany)

e GCXGC: Fundamental Principles, Processes, and Applications with Philip
Marriott (ACROSS, Australia)

e Microextraction—The “Green” Sample Preparation Choice of Next

26-27 June 2018

The 2nd Copenhagen Symposium

on Separation Sciences (CSSS 2018)
DGI-Byen Hotel, Copenhagen, Denmark
E-mail: jorg kutter@sund.ku.dk

Website: https://cphsss.org

8-11 July 2018

PREP 2018

Hyatt Regency Baltimore Inner Harbor Hotel,
Baltimore, Maryland, USA

E-mail: janet@barrconferences.com
Website: www.prepsymposium.org

29 July-2 August 2018

47th International Symposium on
High Performance Liquid Phase
Separations and Related Techniques
Marriott Wardman Park, Washington, DC,

22-24 August 2018

2018 Sample Prep Summer
Course

Chania, Crete, Greece

E-mail: sampleprep2018@enveng.tuc.gr
Website: www.sampleprep2018.tuc.gr

9-13 September 2018

1st International Conference on lon
Analysis (ICIA-2018)

Technische Universitat Berlin,

Berlin, Germany

Generation Analytical Chemists with Stig Pedersen-Bjergaard (UiO: School
of Pharmacy, Norway) and Janusz Pawliszyn (University of Waterloo,
Canada)

Introduction to Metabolomics Workflow with Serge Rudaz (Université de

E-mail: wolfgang.frenzel@tu-berlin.de
Website: www.icia-conference.net

17—19 October 2018

Geneve, Switzerland) and Coral Barbas (Universidad CEU-San Pablo,
Spain)

As the Symposium will take place in Cannes-Mandelieu, Cote d’Azur, a fabulous
setting in the French Riviera, the organizers hope that the charm and sweetness of
the region in September will give ISC 2018 a special flavour.

The Congress and Exhibition Centre (Mandelieu Centre Expo Congres) is easily
accessible via International Airport Nice Cote d’Azur by shuttle, taxi, and train. The
area also features more than 1000 hotel rooms that are within walking distance from
the Congress Centre.

Mandelieu, the Mimosa Capital, is situated on the Esterel Massif. It offers a
fantastic setting for a unique destination in the heart of the Cote d’Azur midway
between Saint-Tropez and the Italian border.

In addition to the very exciting five-day conference programme, the organizers
hope attendees will find time to sample the attractions of the region. The warm
temperature in September in Esterel Massif is an ideal location for trekking. For a
scientific adventure visit the Sophia Antipolis Science and Technology Park, where
many fragrances and perfumes are created. The organizers recommend tasting the
southern version of “French cuisine” and experience the hyphenation of the local
food with the local wines (in moderation).

The symposium chairpersons are Didier Thiébaut (Université PSL, France),
Valérie Pichon (Université PSL, France), and Jean-Luc Veuthey (Université de
Geneve, Switzerland). For more information, please visit: www.isc2018.fr

12th International Conference on
Packed Column SFC (SFC 2018)
Strasbourg, France

E-mail: register@greenchemistrygroup.org
Website: www.greenchemistrygroup.org

21-24 October 2018

7th International Conference on
Polyolefin Characterization

Houston, Texas, USA

E-mail: Raquel.ubeda@icpc-conference.org
Website: http://www.icpc-conference.org

27 November 2018

Advances in Clinical and Forensic
Analysis 2018

RSC Burlington House, London, UK
Website: https://chromsoc.com/events/

Please send any upcoming event
information to lewis.botcherby@ubm.com

Photo Credit: 1ISC2018
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Use Promo Code CSC25 for 25% Off Registration!

CANNABIS
SCIENCE
CONFERENCE

August 29-30, 2018

Portland, Oregon

ORESN

The World’s Largest Cannabis Science Conference
returns to downtown Portland for an incredible gathering of analytical
scientists, medical professionals, cannabis industry experts and novices
interested in learning more about cannabis science!

Sponsorship and exhibition opportunities are still available. Contact Josh
Crossney at josh@jcanna.com for more info.
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D SHIMADZU

Excellence in Science

Switch + Go

Nexera UC/s allows measurements by liquid chroma- Automated workflow

tography (LC) as well as supercritical fluid chromato- to create LC/SFC screening sequence

graphy (SFC) on a single system. An increased range

of compounds can be analyzed as LC and SFC offer Upgrade of existing LC to SFC functionality
very different selectivities for analytes of interest. without the need to buy an additional instrument

Switching between LC and SFC permits rapid screen-
ing for optimum separation conditions, resulting in
improved analytical efficiency.

Improved analytical results and efficiency
using two different separation techniques

Smaller footprint, reduced cost of acquisition
while benefiting from a full SFC/UHPLC setup

www.shimadzu.eu/nexera-ucs Nexera UC/s
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