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l-*‘ Why do we use 2D-LC (or mD-LC)?

v

Peak capacity
Non-MS compatible mobile phase

Additional selectivity
(matrix, co-elution, ...)

Multi-attribute methods

Automate/eliminate/streamline
workflows and sample preparation
steps

Green Analytical Chemistry?
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K. Zhang et al.,

Am. Pharm. Rev., 2013, 16 (7), 39-44.
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The evolution of 2D-LC: from research to routine
W’,

Analytical power

Multidimensional chromatography provides e _
superior peak capacity, resolving complex . | h\:;gm\.;‘;;i
analytes that standard methods miss. e g g

Bridging the gap

While 2D-GC is already industry-standard,
2D-LC has historically been limited by
hardware and software complexity.
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2D-LC Hardware

1D Pump 1D Injection 1D Column

*Flow rate eAutosampler
eDelay volume *Manual

eInternal diameter
ePerformance

Agilent 1290 Infinity Il 2D-LC Solution
Hardware & Software

1D Detection

eOptional
eMonitor first
dimension

Modulator
eTrap/collect LC 1
(Dimension 1) effluent

eTransfer/re-inject on LC 2
(Dimension 2)

Loop 1 ‘(— Fill-dirsction

Analyze -direction

D-Column

| ]
didbiid

B
& Ye
5o
== Heart-Cutting 2D-LC LC-LC
= v

Multiple Heart-Cutting 2D-LC mLC-LC

Selective Comprehensive 2D-LC sLCxLC
(High Resolution Sampling) (HRS)

Comprehensive 2D-LC LCxLC
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Hardware

Software

2D-LC Tools

2ps/4pt duo valve
LCxLC

Fully identical flow paths

Loop

D-

Waste

Column

&— Fill-direction
& Analyze-direction

R

— Fill-direction
= Anah-za direction

Loop

*D-Column

System configuration

Acquisition and control settings

Data analysis

Method development?
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'D-Column

_; Fill direction
Loop 1 Analyze direction

m Waste

LU0
Loop 2 ?

Fill direction |
» Analyze direction

2ps/6pt valve x2
LCxLC

Loop 1

Loop 1 —) Fill direction

+ Analyze direction

—) Fill direction
Analyze direction

20-Column

——
D -Column Waste
— —

Waste
I0-Pump 20-Column
('r'ﬂ'r'n'r'-']
— Fill direction
koop 2 3 ‘Anslyee dvection Loap | ——% S geection

——= Analyze dimction
2ps/10pt (with bridging capillary)
LCxLC

Assymmetric Symmetric
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Use in routine analytical laboratories?

Precision

Reproducibility

Accuracy

Quantitative capabilities

Ease-of-use, reduced complexity (hardware AND software)

Hyphenation

Greener technology?




!“ Comprehensive 2D-LC (LCXLC)

e | I
(D1)

All effluent from first dimension is
transferred in fractions (cuts)
to second dimension.

LC2

(DZ) Fill left loop with D1 Analyze left loop on D2
Analyze right loop on D2 Fill right loop with D1
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LC1
(D1)

D1 Peak 1
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Comprehensive 2D-LC (LCXLC)

20-LC Mode Solvents
(@) Comprehensive () Heart cutting a: o8| %% A1: 100.0 % Water V.03
2z = 3 i A7 - - — S —
phisasisiipe| 0430 B: 2, % B1: 100.0 % Acetonitrie V.03
Modulation time | 0.50) min
2D Gradient 2D Time segments
Time: [rin] « %5 Time [min] =~ Mode Max. peak duration [min]
LR E: 0.00 200 ¥ 0.00 Off
0.43 35.00 1.00 Time based
53.00 Off
+ - x + - x
Gradient preview
Q JF
[— %B'D-Pump —— %B<D-Pump |
100
a0 . t
: dien
gim shifted D2 Gra

40
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(1] 10

T
20 30 40
Time [min]

50 80

Flow settings
2D Flow 3.50| mi/min
/] use idle flow 0.50| mifmin

Operating values
Leopfilling  750%
Inj. wolume [ 2D column volume _.ﬂ_{-‘»:;_
Max, number of valve switches | 105
Solvent consumption

A B
2410][ 1.070] ml

D Pump |141.439] | 43.561] ml

*D Pump

r
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LCXLC,

Natural Products — Taxanes

Taxane standard mix

e\

Taxane standard mix

UV, 228 nm

L S, O e R e e

Extract Taxus sp.
UV, 228 nm

e e e e e B R R e e RN

Extract Taxus sp.
MS, negative, E

Extract Taxus sp.
MS, negative, m

Peak Name

OCONOOTUVE WNR

el
B WNRO

10-Deacetylbaccatin-llI
Taxol side chain methyl ester
Baccatin-Ill
7-Xylosyl-10-deacetyltaxol B
Taxinine M
7-Xylosyl-10-deacetyltaxol
7-Xylosyl-10-deacetyltaxol C
10-Deacetyltaxol
7-Xylosyltaxol
Cephalomannine (Taxol B)
7-epi-10- Deacetyltaxol
Paclitaxel (Taxol®)

Taxol C
7-Epitaxol

s
o

ST

(0.4-30 pg/mL)

RZ

Peak volume precision
(RSD%, 10 pg/mL, n=6)

Recovery
(%, spike 4 pg/mL)

Extract 1 Extract 2
0.99999 0.35 102.3 118.8
0.99997 0.34 76.2 72.9
0.99995 0.41 73.9 78.7
0.99992 0.49 96.6 104.1
0.99996 0.29 99.3 121.4
0.99997 0.20 95.4 102.4
0.99999 0.33 96.4 102.4
1.00000 0.15 99.0 108.2
0.99999 0.17 96.8 102.9
0.99994 0.80 99.6 102.9
0.99997 0.34 92.4 98.9
0.99995 0.54 95.5 86.5
0.99999 0.47 95.3 101.3
0.99998 0.32 96.5 102.0
9




1D-LC Peak Capacity

Y / Peak capacity - Screening complex samples |

e UHPLC: 800 in 180 min

E. Coli Digest
Gradient 70 min

Increase peak capacity by lowering the slope of the D gradient

x103

22 Spot6
DLVESAPAALK
m/z 557.3104 (2+)

Neap 1930 (theory)
N’ 1150 (effective) in 80 min

885.50 E. Coli Digest
08 b3

32818 Gradient 140 min
y5

1 20
i Yo' 499.32

0.4 147.11 P
57036

02 vz
DJua.IL Al liltﬁhll (LT T n ,.J.., P SR

150 200 250 30D 350 400 450 500 550 60O 650 700 750 BOD 850 900 850 1000 1050 1100
x0? Counts vs. Mass-to-Charge (mjz)

174 Spot10
15/ VGEEVEIVGIK
151 m/z586.3307 (2+)

Ne.2p 3140
N’ 1880 in 2.5 hours

11 E. Coli Digest

» Gradient 210 min
08 157.10 " y1o

¥ " g 107258
n.n 658.41

ye
41518 #86.52

b3
286.14 1m5.38
ML i gg:—w AIA i
vz i b6

hLlnl ubwd Hllh]llulh.-.h.ul j.l b s ol ol L .lJ. ST U V) TR—

150 200 250 300 350 400 450 500 550 600 650 700 750 8OO B0 900 950 1000 1050 1100
Counts vs. Mass-to-Charge (mz)

14711

N 2o 3750
n’. 2250 in <4 hours

2 e
o
——
T
|-

D1 > SCX
m‘* RIC group  Agilent Technologies Publication Number 5991-5179EN

v

10-158 min’
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Precision LCXLC

69 Compound Mix

3
Phenone

2
Pesticide

1
Phenone

group Agilent Technologies Publication Number 5991-6123EN

4
Phenone

0

8
Phthalate

(s

Phthalate

¢
0

Pesticide
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Limitations of standard dual-loop set-up:
*  How to sample more than one peak/region?

. How can we sample larger regions, broader
l peaks, higher volumes (flow-rate D1)?

,,', RIC group

Heart-cutting 2D-LC (LC-LC)

( ) ( )
Multiple Heart-Cutting (mLC-LC, MHC) Selective Comprehensive (sLCXLC),
Multiple parts or peaks from first dimension High Resolution Sampling (HRS)

column are collected in loops and transferred to A complete peak or zone from first dimension
second dimension column. column is collected in loops and transferred to
second dimension column.
11 1 1
11 1 1
11 1 1
. :
i R A ',
L J L J
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A4 .t cutting 2D-LC (LC-LC)

Multiple Heart-Cutting (MHC) High Resolution Sampling (HRS)

General settings | Advanced settings Genersl settings | Advanced settings

2D-LC Mode Solvents Flow setti
el 2D-LC Mode Flow settings
© Comprehensive M 0 Gradient stoptime . 200 min | A 10| % Al: 100.0 % Water v.03 o | ke R =
L . l = i : —
N i ke e S B — O Comprehensive M D Gradientstoptime. 160 min AL 100.0 % Water V.03 e
(@) Heart-Cutting M B: 60| % B1: 100.0 % Methanol V.03 7 use idie flow 0.90] mikine D oyt oWl
Cycle ume min T P—
O HiRes iamsing AJL ) Heatt-Cutting M B: 65 % B1: 100.0 % Methanol V.03 W use idle fow 0.30 miimin
(@) HiRes samplng w
2D Gradient Sampling table Operating values
Time [mir] < %B Tme [mir] Mode samving
i Solvent
» 0.00 60.00 i R e 2p Gradient Sampling table Operating values
2.00 100,00 13 3.43 Time based 0.07 _f__ __B__-_ 3
5.63| Time based 0.07 "D Pump | 2628) | 1489 mi Time [mln? & %E Time: [min] Mode S_ampllng Cuts )
e : E time [s] Solvent consumption
6.21 Time based 0.07 2D Pump | 6272)| 20208 mi 3 0.00 65.00
5:5| Tane baced 007 it asool * 5.55 Time based 2.80 5 A B
6.76 Time based 0.07 6.62 Time based 3.20 4 ‘DPump | 2624 14176 ml
7.12 Tine b 4| 8 cuts (peaks) across D1 T
7.80 Time based 0.07 T = & .
S e =4| chromatogram 2 zones (peaks) are sampled in
F S & Preview .
D i od | |IE T small, fractions
Heeiies —— DADTC, 500208 Re-A5040  —— %o DP T
X H O r—  Si0=3208 Ref= *D-Fump
o o A B %8 'D-Pump
——— DAD1 C, 5ig=320,8 Ref=450,40 —— %B :D-Pump ——— wEBD 11 1200
— %B'D-Pump
1200
100 | 100
1000
w0 ]
800
80 +
&0 g
2 600 % ®
40 1 400
o
20 4 200
L o [ — T T T T &0 } - -
o : 40 } } t 0 5 10 15 2 25 20 20
o 5 10 15 20 25 30 00 05 10 15 20 25 Time [min]
Time [min] Time [min]
[ Aoy |G || canel | Advanced 3D pump settings ... | Cancel |

Advanced 2D pump settings ... |

*l"g’,‘" RIC group 13
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Peptones:
* Water-soluble sources of mainly amino acids and peptides
* Supplemented to growth media to support cell growth and recombinant protein production

Aim:

* Demonstrate retention time and peak area stability in both dimensions

Heart-cutting 2D-LC (LC-LC)

* Determine and characterize differences between peptone samples (batch, origin, ...)

Sample:
Casein hydrolysates

First dimension:

Size exclusion chromatography (SEC)

Second dimension:

Reversed-phase liquid chromatography (RPLC)

Detection:
DAD and MS

4,”; RIC
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mAU
700

600
500
400

w

00
200
100

= Research sample 1
—— Research sample 2
—— Research sample 3

mAU

80+

60

404

20+

04

1D RPLC

—— Research sample 1
—— Research sample 2
— Research sample 3

.

5 10 15

20

Time (min)

Agilent Technologies Publication Number 5994-0926EN
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0

15
Time (min)
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20 25 30
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Heart-cutting 2D-LC (LC-LC)

o -,

o T -y

\ V4
MHC 1 1 sy
nAU, o 1 1
500 I ! 200
Research 1 1
400| sample 1 1
: MHC : 150
200 I Cut 3 1
1 [ 1 100
200 : | — Blank, ASM;
- — Research sdi
T 1 MHC b 50
1 Cut2 b
1 o i
0 1 ¥ I 0
1 F 4 3 2 I
20 30 40 50 min |
1 t mAU
nAU 1 MHC ‘
300/ D 1 Cut1 | 70
I
cut3 I |
250 1 ! 60
D G : i 50
200 |
F 1 . 40
150 A I ! 30
1 |
100 1 ! 20
BC 1 ‘[
50 E | ! 10
1 I
ob— A 1 i
: 1
| 43 44 45 46 47 min 1
HRS
1 Four cuts 1
AlB|lc|Dp|lE|F]|G@ : — X -— :
Area | 1991 | 595 | 727 | 3064 | 313 | 2816|4271 I’ 15 20 25 1
RSD% | 017 | 280 | 3.99 | 258 | 102 | 265 | 1.30 1 \
\-——————————————————————————f’ ~
group

v

HRS

A n
Commercial
sample

4 3 2 1 F

20 30 40 50 60 min
[ n
Snip 1

465 470 475 480 485 49.0 495  min

A B € D E
Area | 934 | 95 | 492 | 139 | 421
RSD% | 236 | 247 | 380 | 323 | 1.50

15
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Impurity ID in pharmaceutical products «=
4

Challenge:

0.010

] . A * Legacy method, not compatible with MS
. ] 1 1 .
] i ! (phosphate buffered mobile phase)
0.006 1 ! . . ege . Iy
] ! ‘ ] Multiple compounds/impurities to be identified
1
0.004+ :N y :
] 12 & 1
el 2 g FIER . g g |
@ 1 o TR [Te] — @ i |
o.oocﬁ\nl. o N 1 i | | = 52 . .
1 W 7+ 3 Multiple heart-cutting 2D-LC - DAD
“O'OOET . o 1 3 = A = T 5 ] 7 ks sr:l\(:;ﬂ m["v::l' e ':’“"v'i
TR | e
] 7 cuts “ 1316 oci0| Tme uar
o =% 7153 el = =
| 7| 18,63 Teme 47.47

1
|

Extracted “0 Chromatogram(s)

D2 chromatograms
7 cuts

D2 chromatograms, cut #1
|| contains multiple compounds |

",'} RIC | arous
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Multiple heart-cutting 2D-LC - HRMS

0.94
Placebo

071 Sample
0.6

0.8

0

134 136 1338 14
Counts

M.
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Impurity ID in pharmaceutical products

Challenge:

* Legacy method, not compatible with MS
(phosphate buffered mobile phase)

* Multiple compounds/impurities to be identified

Solution: 2D-LC with HRMS

* Original LC conditions were not modified

* No fraction collection, intermediate steps
Fully automated and traceable

563

564

565

566

568.2272

567.2211

567 568

MS Spectrum of

Formula generated (score 92.45, Diff 0.15 ppm)

569.2317

N 570.2357

o
569 510 571 512 573
Counts vs. Mass-to-Charge (m/z)

in cut #1

578.2097

574 5755 5% 577 518 579 580

17



i) uantitative PAH analysis in complex HPI products

Polycyclic aromatic hydrocarbons (PAH) in
petroleum products

Aim:
Determine individual PAHs in complex
petrochemical samples using HPLC

Sample:

Petroleum vacuum residue (complex and severely
contaminated part of crude oil) dissolved in iso-
octane/cyclohexane

First dimension:
Normal phase, with additional valve for backflush
to remove polar compounds

Second dimension:
Reversed-phase on PAH column, optimized for
each heart-cut, individual PAH

R

3007

2007

100]

PAH standards (1 ppm)

D1 column
backflush

Petroleum vacuum residue

D1

Normal phase on NH2 column

UV (254 nm)

Separate aromatics from bulk (saturates and cyclic)

D2
Reversed-phase on PAH column
FLD (various, 260/440 nm is shown)

Separate aromatics

30 40 50 60 70 min

Al

2 4 6

group Agilent Technologies Publication Number 5991-6549EN

12 14 16 18 min

18
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D1 (DAD 254 nm)

* Contains PAH Pyrene/Fluoranthene

Park in 4 cuts

Agilent 1290 Infinity Thermostatted Column Compartment

D-Column
Aglent Polars 3 NHZ

D2 (FLD 265/400 nm)
* Analyze each fraction

Pyrene

3 Fluoranthene

Nonsubstituted PAHs

Quantitative PAH analysis in complex HPI products

Cut #1

Petroleum vacuum residue

PAH standards (1 ppm)

Substituted PAHs (same # ring?)
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Quantitative PAH analysis in complex HPI products

E

Std 0.25 ppm
Heart-cut 3

FLD 277/395 nm

=
=
|

F
std 0.25 ppm

Heart-cut 3
FLD 277/380 nm

PAH 10

Hal

i 1

“a Ys
14| S@1pom PAHA std 1 ppm
Heart-cut 2 Heart-cut 4
12| FLD255/318 nm %5 FLD 255/370 nm
10 20
8 15
0 W
10
4 | "
2 | | B
1 ]| V
0{— - u
5 59 60 61 63 3 3% 3
Time (min)
i} w
C PAH G D
501 std 1 ppm Std 1 ppm
Heart-cut 4 71 Heart-cut 1
40 FLD255/405 nm 5/ FLD265/400 nm
5
30
4
20 3
2
10
1
0 0
33 3 3B B/ 37 10 12

38
Time (min)

4‘3’,‘ RIC | arous

14
Time (min)

L

25

20

50 51

Std 0.10 ppm
Heart-cut 3
FLD 265/440 nm

54
Time (min)

PAH 1

50 51

Std 0.25 ppm
Heart-cut 3
FLD 265/415 nm

Time (min)

PAI

M b
54 5

57 58

53

54

55 56
Time (min)

PAH 11| PAH 13
J m e
51 52 53 55 56 58 59 60
Time (min)

20



_ Example data analysis

. . ‘DRetenton
- - Cut= time (rel.) fmin) | AR Height Width  Symmetry
?9:“}?: f:: sz '.z 5 0,953  216.859 217.751 0.016 0.785
-4 ¥
oy |——_Summed signal 845,552
800 mpound: 4
0 5 1413 5.036 1835 0.042 0.767
A 5.036
Show Point Values
~ Compound: 5
Zoom out
1 0.010 51.158 2.637 0.29 3.997
 Autoscale N | 21 0.010 51473 2638 0.231 4073
Properties > J_v Show legend 51.719 261 0.228 3.943
Clear integration range |'7 Show grid 43.698 2.686 0.191 16,068
v | Show summed signal 198.047
- : ] - C 12
050 095 1.00 4 1.273 6.868 1955 0.049 0.431

N e Bl =l il

R? RSD% Dpm
Dt based on area sum of  cuts
(summed signal)

Benzo(b)fluoranthene EX = 265/EM = 440 0.99999 0.085

0.05,0.1, 0.25, 0.5, 1 ppm (n=1)
Benzo(k)fluoranthene EX = 265/EM = 440 099998 | 090 | 0.012 Precision:
Benzo(a)pyrene EX = 265/EM = 415 0.99997 0.077 1 ppm (n=5, consecutive injections)

Calibration:

£ R(C| 5o
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v’, Multi-attribute analysis using 3D-LC/MS

Analysis of monoclonal antibodies (mAbs)
Simultaneous determination of

*  mAb titer Ab
* size variants e h
* MW ST

* AAsequence

X .@ mADb titer Y

e PTMs '
Protein A m LC/MS
., ‘ﬁh Size variants Mol wt

J sequence

Cell culture By oo glycosylation
supernatants e ﬁg

N al (& /;?
Y #

Host cell material

4:? RIC gouwp Agilent Technologies Publication Number 5994-0947EN -
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Multi-attribute analysis using 3D-LC/MS

2D Pump

group

2D SEC
Column

2puv
Detection

DUV
Detection

1

D Prot A
Column

1

D
Injection

1

'D Pump

3D Pump

3D RPLC
Column

!

m
3

!

3D Q-TOF
detection

23
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Multi-attribute analysis using 3D-LC/MS

v

AL L Pratein A 1 2-Position/6-Port Valve A
o i may :
Single heart-cutting (HC) g
a00 0
DAD 280 nm ﬁ
600
Area RSD: 0.71% 1L a
400 | B
200 3“"7«\
0:
0.5 1.0 | 15 20 25 mi 10 n 1 13 14

DAD 220 nm

Area RSD: 0.66% (Main)
Area RSD: 1.81-2.84% (Size variants)

Analysis of monoclonal antibodies (mAbs)
Simultaneous determination of
*  mAb titer

* size variants

mAb
e MW mAb titer Y

v
X

o | How2 = |
e

@ HMW1 \
o |

ML

Counts

Cell culture
supernatants

« AAsequence Y Protein A
* PTMs "'? Size variants

Host cell material

group

v

21 LMw
LC/MS ] B | Gl
al
80000 120000 160000 200000 240000 280000 320,000 360,000
Deconvoluted mass (amu)

Mol wt
sequence

glycosylation K — Y
i GOF/GTF xu’ M:

 N-acetylglucosamine

GIFIGIF ® Galactose
% © Mannose
é V Fucose
g2 o o
-t wuo
| « | erriG2r &0 o CIFFSone
GO/GOF B
e e ]
GaF/G2F
60/Go
| &
1 F\ UL i

0 148,000 8,400 148800 149200 149,600 150000
Deconvoluted mass (amu)

24
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Cell culture
supernatants

7',

mAb
q

1D Protein A 5

mADb titer

==l

Host cell material

RIC group

D SEC

Size variants

2D CEX

Charge variants

2D HIC

Hydrophobic
variants

e

3D SEC-MS

MW
AA sequence
PTM

Multi-attribute analysis using 3D-LC with 2D Multimethod option

Verscheure L. et al.
Anal. Chem. 94 (2022) 6502-6511

analyficlisery

pubs.acs.org/ac Article

3D-LC-MS with 2D Multimethod Option for Fully Automated
Assessment of Multiple Attributes of Monoclonal Antibodies
Directly from Cell Culture Supernatants

Liesa Verscheure, Gerd Vanhoenacker, Sonja Schneider, Tom Merchiers, Julie Storms, Pat Sandra,
Frederic Lynen, and Koen Sandra*

(,7'.1 Cite This: Anal. Chem. 2022, 94, 65026511 I: I Read Online

ACC E S S ‘ [l Metrics & More ‘ Article Recommendations | @ Supporting Information
ABSTRACT: Fully automated analysis of multiple structural E

attributes of monoclonal antibodies (mAbs) using three-dimen- o ﬁ::‘:fizlll #

sional liquid chromatography-mass spectrometry (3D-LC-MS) is o P \ /

described. The analyzer combines Protein A affinity chromatog-

raphy in the first di ion ('D) with a multimethod option in the (—i* Protein A —»\r

second dimension (*D) (choice between size cxclusaon (SEC), e Tar

cation exchange (CEX), and h hobic i Cell culture

raphy (HIC ))ga.nd desalting BI:}(I. MS in the third dum:nsmn ( D) Atierhatnnt @ m m
This innovative 3D-LC-MS setup allows simultaneous and Size Charge  Hydrophobic

sequential assessment of mAb titer, size/charge/hydrophobic Yasiains vanans ol gl

variants, molecular weight (MW), amino acid (AA) sequence, Msz‘::qncg w

and post-translational modifications (PTMs) directly from cell PTM

culture supernatants. The reported methodology that finds

multiple uses throughout the biopharmaceutical development Lra]cctury was successfully challenged by the analysis of different
b and tocili b samples originating from biosimil p

25




m‘ Automate workflows using 4D-LC/MS

v

oo | W e W O w0

Verscheure L. et al.
J. Chrom. A 1653 (2021) 462409

Trastuzumab
(Herceptin)

Pre-peak

o L] 10 15 2 25 0 men
Online
. . 2D Desalting/Reduction
Fully automated characterization of *D Digestion
. "% 4p Peptide mapping
mAbs charge variants "l Ms)
using 4D-LC/MS 08 > 90% mAb
§ sequence coverage ‘
0.6

4‘,”’,-‘ RIC | grous



ﬁ’, Conclusion

2D-LC (mD-LC) advantages:
Automation, versatility, and increased throughput
Reduced material requirements
Limited sample loss and artifacts
Maximized information gathering

Negligible user intervention
2D-LC can be considered as a green alternative for more traditional workflows

2D-LC is ready for day-to-day workflows, transitioning from a niche research technique to a
standard analytical tool

2D-LC is not always easy and may (not always) require more experienced operators

£ R(C| 5o
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