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a b s t r a c t 

Comprehensive two-dimensional liquid chromatography (LC ×LC) offers increased peak capacity, resolu- 

tion and selectivity compared to one-dimensional liquid chromatography. It is commonly accepted that 

the technique produces the best results when the separation mechanisms in the two dimensions are 

completely orthogonal, which necessitates the use of gradient elution for each second-dimension frac- 

tion. Recently, the use of similar separation mechanisms in both dimensions has been gaining popularity, 

but full or shifted gradients are still used for each second dimension fraction. Herein, we argue that when 

the separation mechanisms are correlated in the two dimensions, the best results can be obtained with 

the use of parallel gradients in the second dimension, which makes the technique nearly as user-friendly 

as comprehensive two-dimensional gas chromatography. This has been illustrated through the separation 

of a mixture of 39 pharmaceutical compounds using reversed phase in both dimensions. Different selec- 

tivity in the second dimension was obtained through the use of different stationary phase chemistries 

and/or mobile phase organic modifiers. The best coverage of the separation space was obtained when 

parallel gradients were applied in both dimensions, and the same was true for practical peak capacity. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Comprehensive two-dimensional liquid chromatography 

LC ×LC) is a powerful technique for the analysis of complex sam-

les because of its ability to achieve higher peak capacities and

reatly increased resolving power compared to one-dimensional

iquid chromatography. The first LC ×LC system was implemented

y Erni and Frei [1] who analyzed a complex plant extract.

n the recent years, LC ×LC methods have been developed and

pplied among others to separate different kinds of polycyclic aro-

atic compounds [2] , pharmaceuticals [3] , proteins [4] , synthetic

olymers [5] , natural products [6] and in proteomics [7] . Many ap-

lications have been reported in food analysis, including soybean

8] , corn oil [9] , wholegrain bread extracts [10] and plant extract

11] . Other applications included the determination of phenolic
∗ Corresponding author. 
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cids [12] and flavonoids [13] . The large number of applications

emonstrates the growing interest in this technique [14] . 

Ever since Giddings laid the foundations for comprehensive

ultidimensional separations [ 15 , 16 ], it has been universally ac-

epted that the best results are always obtained when the sepa-

ation mechanisms used in the two dimensions are completely or-

hogonal, i.e. not correlated with each other. LC offers numerous

eparation mechanisms, including normal phase, reversed phase,

on exchange, size exclusion, affinity chromatography, etc., and

ll of them are characterized by different selectivity [17] . Conse-

uently, LC ×LC can in theory be deployed in a vast number of

ombinations [15] . However, certain LC modes cannot be easily

ombined due e.g. to the immiscibility of the mobile phases or the

ncompatibility between the mobile phase from the first dimension

nd the stationary phase of the second dimension [17] . In addition,

he use of orthogonal separation mechanisms necessitates the use

f gradient elution in the second dimension, as with no correla-

ion between the mechanisms, it is likely that compounds that are

oth weakly and strongly retained in the second column may be

https://doi.org/10.1016/j.chroma.2020.461452
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2020.461452&domain=pdf
mailto:tgorecki@uwaterloo.ca
https://doi.org/10.1016/j.chroma.2020.461452
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present in the same fraction. Gradient elution in the second di-

mension ( 2 D) is technically challenging, as it needs to happen on a

time scale of a single fraction separation. It also reduces the avail-

able separation space, as the 2 D column must be re-equilibrated

after each fraction, during which time no analyte should be elut-

ing from it. 

Comprehensive two-dimensional gas chromatography (GC ×GC)

offers a stark contrast to LC ×LC with orthogonal separation mech-

anisms. In GC ×GC, the separation mechanisms in the two dimen-

sions are never fully orthogonal, as they are always at least par-

tially correlated through analyte volatility. Simply put, it is im-

possible that analytes with both very low and very high volatility

be present in a single fraction. While this might seem disadvan-

tageous, GC ×GC has enjoyed considerable success over the years.

With analytes pre-separated based on their volatility in the first

dimension, separation in the second dimension can fully explore

the different selectivity of the stationary phase. Moreover, since the
2 D retention differences of analytes in a given fraction cannot be

extreme, the separation in this dimension can be carried out un-

der practically isothermal conditions. This makes the system over-

all less complicated (various issues with modulation aside). The

price for this simple approach is the increased probability of peak

wraparound, a phenomenon occurring when the retention time of

an analyte is longer than the modulation period. Over the years,

the GC ×GC community has learned how to reduce the impact of

wraparounds, which are considered these days more or less nor-

mal occurrence. Generally speaking, wraparounds create problems

when they lead to coelutions. In all other cases, they help fill the

separation space, including areas not normally accessible to sepa-

ration ( 2 D retention times shorter than the dead time) [18] . 

The Jandera group explored the use of parallel gradients for

some time now. In 2007, Cacciola et al. developed a comprehensive

two-dimensional liquid chromatography system for the separation

of phenolic and flavone antioxidants in beer and wine samples us-

ing reversed phase in both dimensions with parallel gradients, in

which the gradient started at a low concentration of organic modi-

fier and then this concentration increased gradually over time [19] .

Afterwards, in 2008, Jandera et al. confirmed that adopting paral-

lel gradients in the first and second dimension increased the use

of the available second-dimension separation time and could re-

markably boost the regularity of the coverage of the available sep-

aration space in RPLC ×RPLC separations [20] . In 2009, Česla et al.

developed an almost fully orthogonal LC ×LC system for the separa-

tion of phenolic and flavone natural antioxidants by using reversed

phase stationary phases and parallel gradients in both dimensions

[21] . They demonstrated that parallel gradients in the second di-

mension resulted in good coverage of the 2D retention plane, and

thus orthogonality. In the same year, Bedani et al. proposed a new

type of 2 D gradient called shifted gradients, in which each individ-

ual 2 D gradient had a narrow range of mobile phase composition

varying according to the 1 D retention time of compounds [22] . The

main limitation of this approach was the need for specialized soft-

ware to generate different 2 D gradients for each 

1 D fraction; this

problem was solved by Li et al. [23] , who introduced software ded-

icated to shifted gradients in 2013. In spite of the growing popular-

ity of shifted gradients, full gradients, in which the gradient covers

a wide range of mobile-phase compositions in a very short time,

are still mostly being used in numerous applications [24–27] . 

There is still no consensus about which type of 2 D gradient

works the best when it comes to maximizing the utilization of

the separation space, especially when the same separation mecha-

nisms (e.g. reversed phase × reversed phase) are used in both di-

mensions in LC ×LC systems. Shifted gradients are generally con-

sidered the best approach in the second dimension in spite of the

fact that they require special software and hardware, which is not

available in many laboratories. Recently, the merits and demerits
f different second dimension gradient strategies have been stud-

ed by Leme et al. for the determination of the polyphenolic con-

ent of sugarcane leaves. They concluded that the use of paral-

el gradients was the least effective approach [28] . Herein, we ar-

ue that LC ×LC can be carried out in a manner similar to GC ×GC

hen the separation mechanisms in the two dimensions are cor-

elated, using reversed phase LC (RPLC ×RPLC) as an example. With

nalytes pre-separated in the first dimension based on their hy-

rophobicity, the second-dimension separation can be carried out

ractically isocratically. This can be accomplished by using simple

arallel gradients. With no need to re-equilibrate the 2 D column

fter each fraction, the space available for the separation in 

2 D in-

reases significantly, leading to higher overall peak capacity. What

s more, we argue that parallel gradients by definition lead to the

est utilization of the two-dimensional separation space if com-

ared to full or shifted gradients when the separation mechanisms

re correlated. The degree of orthogonality was calculated for all

roposed systems and the results proved that the highest orthogo-

ality was achieved when parallel gradients were adopted in both

imensions. 

An emulated on-line LC ×LC system and a state-of-the-art on-

ine LC ×LC system were used for the separation of a mixture of

harmaceutical compounds using RP mode in both dimensions,

hus minimizing the mobile phase mismatch problems. The use of

eversed phase in both dimensions is very advantageous because

he separation efficiency is much higher than that in other modes.

he conditions in both dimensions were optimized to accomplish

ood coverage of the separation space, which is considered a mea-

ure of orthogonality, and high peak capacity. In addition, the PI-

TR program developed at the University of Amsterdam was used

o simulate separations using shifted and parallel gradients. The

imulation results obtained using the program confirmed that the

est utilization of the separation space can be achieved when par-

llel gradients are used in both dimensions. 

. Experimental 

.1. Materials and reagents 

HPLC grade acetonitrile, methanol and acetic acid were pur-

hased from Sigma-Aldrich. Ultra-pure water was obtained using

 Milli-Q water purification system from Millipore (Bedford, MA,

SA). The pH of the mobile phase was adjusted with the help of

 pH-meter (SevenEasy pH, Mettler Toledo, Switzerland). The mix-

ure of pharmaceutical compounds used in the study contained 39

omponents of varying properties. It contained (1) - sulfanilamide,

2) - theophylline, (3) - sulfacetamide, (4) - caffeine, (5) - sulfadi-

zine, (6) - sulfathiazole, (7) - sulfapyridine, (8) - sulfamerazine,

9) - sulfamethazine, (10) - sulfamethoxypyridazin, (11) - sulfa-

onomethoxine, (12) - acetylsalicylic acid, (13) - sulfamethoxazole,

14) - sulfadimethoxine, (15) - sulfaphenazole, (16) - ethylparaben,

17) - propylparaben, (18) - ketoprofen, (19) - propranolol, (20) -

strone, (21) - fenoprofen, (22) - flurbiprofen, (23) - diclofenac,

24) - ibuprofen, (25) - phenylbutazone, (26) - meclofenamic acid,

27) - diflunizal, (28) - indomethacin, (29) - naproxen, (30) - sul-

somidine, (31) - sulfaisoxazole, (32) - butylparaben, (33) - nicoti-

amide, (34) - terbutaline, (35) - thiamine, (36) - acetaminophen,

37) - atenolol, (38) - metoprolol and (39) - nadolol. Table S1 in the

upplementary information section presents the characteristics of

hese pharmaceutical drugs. All components were purchased from

igma-Aldrich with purity greater than 98%. The stock solutions of

hese compounds were prepared by dissolving 25 mg of each stan-

ard in 10 mL purified water or methanol according to their solu-

ility. The working standard solutions were prepared by serial di-

ution of the stock solutions. All solutions were stored in the dark

t 4 °C. 
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Table 1 

Experimental conditions used with setups 1–3. 

Set-up Column 1 D mobile phase 2 D mobile phase Modulation period 

1 D Gradient and 

flow rate 

2 D gradient and 

flow rate 

1 

Parallel gradients 

1 D column: 

Kinetex C18 (4.6 ×
150 mm, 2.6 μm) 
2 D column: 

Raptor TM C18 (4.6 

× 30 mm, 2.7 μm) 

A: 0.5% acetic acid 

in H 2 O 

B: 0.5% acetic acid 

in ACN 

A: 0.5% acetic acid 

in H 2 O 

B: 0.5% acetic acid 

in MeOH 

0.5 min 

20 μL loops 

0.00 min: 10% B, 
1 F = 0.7 mL/min 

2.60 min: 11% B, 
1 F = 0.4 mL/min 

10.0 min: 11% B, 
1 F = 0.4 mL/min 

30.0 min: 36% B, 
1 F = 0.5 mL/min 

50.0 min: 75% B, 
1 F = 0.5 mL/min 

0.00 min: 2 % B 

8.00 min: 10% B 

34.0 min: 55% B 

50.0 min: 80% B 

52.0 min: 80% B 

2 F = 2.5 mL/min 

2 

Parallel gradients 

1 D column: 

Kinetex C18 (4.6 ×
150 mm, 2.6 μm) 
2 D column: 

Pinnacle DB PFPP 

(4.6 × 30 mm, 3.0 

μm 

A: 0.5% acetic acid 

in H 2 O 

B: 0.5% acetic acid 

in ACN 

0.5 min 

20 μL loops 

0.00 min: 10% B, 
1 F = 0.7 mL/min 

2.60 min: 11% B, 
1 F = 0.4 mL/min 

10.0 min: 11% B, 
1 F = 0.4 mL/min 

30.0 min: 36% B, 
1 F = 0.5 mL/min 

50.0 min: 75% B, 
1 F = 0.5 mL/min 

0.00 min: 6 % B 

8.00 min: 20% B 

35.0 min: 60% B 

50.0 min: 80% B 

52.0 min: 90% B 

53.0 min: 90% B 

2 F = 2.8 mL/min 

3 

Parallel gradients 

1 D column: 

Kinetex C18 (4.6 ×
150 mm, 2.6 μm) 
2 D column: 

Pinnacle DB PFPP 

(4.6 × 30 mm, 3.0 

μm 

A: 0.5% acetic acid 

in H 2 O 

B: 0.5% acetic acid 

in MeOH 

0.5 min 

20 μL loops 

0.00 min: 5% B, 1 F 

= 1.0 mL/min 

5.00 min: 20% B, 
1 F = 0.4 mL/min 

25.0 min: 24% B, 
1 F = 0.8 mL/min 

30.0 min: 55% B, 
1 F = 0.8 mL/min 

40.0 min: 75% B, 
1 F = 0.8 mL/min 

50.0 min: 80% B, 
1 F = 0.8 mL/min 

0.00 min: 3 % B 

4.00 min: 4.5% B 

5.00 min: 8 % B 

15.0 min: 38% B 

20.0 min: 43% B 

40.0 min: 73% B 

45.0 min: 78% B 

50.0 min: 78% B 

52.0 min: 80% B 

2 F = 2.5 mL/min 
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.2. Equipment 

In the emulated online LC ×LC experiments (see Section 2.3 be-

ow), an Agilent model 1200 HPLC system (Agilent Technologies,

aldbronn, Germany) equipped with a micro-flow binary pump,

egasser, autosampler, thermostatted column compartment and UV

iode array detector was used for the separations. Agilent Chem-

tation Software was used for instrument control and data acqui-

ition. The column used in the first dimension was a Phenomenex

inetex C18 (4.6 × 150 mm, 2.6 μm particle size). The columns

sed in the second dimension were Restek Raptor C18 (4.6 ×
0 mm, 2.7 μm particle size) or Restek Pinnacle DB PFPP (4.6 ×
0 mm, 3.0 μm particle size). A Rheodyne manual sample injector

Rheodyne, USA) with a 20 μL sampling loop was used for manual

njection of the fractions into the second-dimension column. The

ata from two-dimensional liquid chromatography runs were pro-

essed using GC Image LLC 

TM software to generate contour plots. 

In the online LC ×LC experiments, a Waters Cap LC 920 au-

osampler connected to a 10 μL sampling loop and pump was used

n the first dimension. An Agilent 1290 Infinity II binary pump

nd DAD detector were used in the second dimension. The first-

imension column was Zorbax SB-C18 (1.0 × 150 mm, 3.5 μm

article size), whereas the second-dimension column was Zorbax

clipse plus C18 (3.0 × 50 mm, 1.8 μm particle size). An Agilent

-position/8-port valve was used as the interface between the first

nd the second dimensions. Dilution of the fractions collected from

he first dimension was performed using an Agilent 1100 isocratic

ump adding a 20 μL/min flow of 0.5% acetic acid in water to a T-

iece prior to the valve. MassLynx software (Waters) was used to

ontrol the Cap LC, while the rest of the setup including the valve

t  
as controlled by OpenLab CDS software (Agilent). LC Image (v2.6,

C Image LLC, Nebraska, USA) was used to construct the contour

lots. 

.3. Methods 

Ten experimental setups with different column combinations,

obile phases and gradients were tested in this work with the em-

lated on-line RPLC ×RPLC system. Only eight setups will be pre-

ented in this paper, while the rest will be described in the Sup-

lementary Information section. The chromatographic separations

ere carried out at 30 °C for all experimental setups. Tables 1 and

 show the experimental conditions used, including the stationary

hases, the mobile phase compositions, the gradients and the flow

ates used in both dimensions for the eight setups discussed in the

aper. Table S2 in the Supplementary Information section presents

he experimental parameters for the other two setups. 

With the emulated on-line RPLC ×RPLC system, setups 1, 2, 3

nd 4A-E were tested. In the first step, fractions of the effluent

rom the first-dimension column (10 μL injection volume) were

ollected at regular intervals (e.g. with 30 s modulation period, 100

ractions were collected in total). Each fraction was then diluted

:1 with ultrapure water to reduce the elution strength of the mo-

ile phase. To emulate on-line LC ×LC separation, the separation in
 D was carried out using a single continuous run. In order to do

his, a manual sampling loop was installed between the pump and

he 2 D column. The pump started, and the first fraction was man-

ally injected (20 μL injection volume) after the time of the mod-

lation period, for example 30 s in setup 4A. The consecutive frac-

ions were then injected at regular intervals (every 30 s in Setup
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Table 2 

Experimental conditions used with setups 4A–E. 

Set-up 4 Column 1 D mobile phase 2 D mobile phase Modulation period 

1 D Gradient and 

flow rate 

2 D gradient and 

flow rate 

(4A) 

Parallel gradients 

1 D column: 

Kinetex C18 (4.6 ×
150 mm, 2.6 μm) 
2 D column: 

Pinnacle DB PFPP 

(4.6 × 30 mm, 3.0 

μm) 

A: 0.5% acetic acid 

in H 2 O 

B: 0.5% acetic acid 

in MeOH 

A: 0.5% acetic acid 

in H 2 O 

B: 0.5% acetic acid 

in ACN 

0.5 min 

20 μL loops 

0.00 min: 5% B, 1 F 

= 1.0 mL/min 

5.00 min: 20% B, 
1 F = 0.4 mL/min 

25.0 min: 24% B, 
1 F = 0.8 mL/min 

30.0 min: 55% B, 
1 F = 0.8 mL/min 

40.0 min: 75% B, 
1 F = 0.8 mL/min 

50.0 min: 80% B, 
1 F = 0.8 mL/min 

0.00 min: 0.0% B 

5.00 min: 5.0% B 

15.0 min: 20.0% B 

20.0 min: 21.5% B 

40.0 min: 51.5%B 

50.0 min: 61.5% B 

52.0 min: 85.0% B 
2 F = 2.5 mL/min 

(4B) 

Full gradients 

2.0 min 

(gradient from 

0–1.0 min, 

equilibration from 

1.0–2.0 min) 

20 μL loops 

Gradient time: 

1.00 min 

0.0–1.0 min: 

10–90 %B 

1.0–2.0 min: 10 %B 

2 F = 2.5 mL/min 

(4C) 

Full gradients 

0.5 min 

(gradient from 

0–0.45 min, 

equilibration 

carried out when 

the run was 

finishedas in 

offline mode) 

20 μL loops 

Gradient time: 

0.45 min 

0.0–0.45 min: 

10–95 %B 

0.45–0.5 min: 10 

%B 

2 F = 2.5 mL/min 

(4D) 

Shifted gradients 

1 min 

(gradient from 

0–0.75 min, 

equilibration from 

0.75–1.0 min) 

20 μL loops 

Gradient time: 

0.75 min 

Start percentage 

for first fraction: 

0.00 min 2 

0.75 min 42 

1.00 min 3 

End percentage for 

the last fraction: 

0.00 min 52 

0.75 min 92 

1.00 min 53 

2 F = 2.5 mL/min 

(4E) 

Shifted gradients 

0.5 min 

(gradient from 

0–0.49 min, 

equilibration 

carried out when 

the run was 

finished as in 

offline mode) 

20 μL loops 

Gradient time: 

0.49 min 

Start percentage 

for first fraction: 

0.00 min 2% B 

0.49 min 42% B 

0.50 min 2.5% B 

End percentage for 

the last fraction: 

0.00 min 27% B 

0.49 min 67% B 

0.50 min 27.5% B 

2 F = 2.5 mL/min 
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Table 3 

Experimental conditions for online LC ×LC setups. 

Setup Column 

1 D mobile 

phase 2 D mobile phase Modulation time Dilution flow 

1 D gradient and flow 

rate 

2 D gradient and flow 

rate 

(5a) 

Full gradients 

1 D column: 

Zorbax SB-C18 

(1.0 × 150, 3.5 μm) 
2 D column: 

Zorbax Eclipse plus 

C18 (3.0 × 50, 1.8 μm) 

A: 0.5% acetic 

acid in H 2 O 

B: 0.5% acetic 

acid in MeOH 

A: 0.5% acetic acid 

in H 2 O 

B: 0.5% acetic acid 

in ACN 

0.5 min 

(gradient from 

0–0.4 min, 

equilibrate from 

0.4–0.5 min) 

60 μL loops 

20 μL/min 0.5% 

acetic acid 

in H 2 O 

0–10 min: 5–20 %B 

10–15 min: 20–25 %B 

15–30 min: 25–65 %B 

30–40 min: 65–85 %B 

40–45 min: 85–98 %B 

45–50 min: 98 %B 

1 F = 20 μL/min 

0–0.4 min: 5–90 %B 

0.4–0.5 min: 5 %B 

2 F = 2.4 mL/min 

(5b) 

Shifted gradients 

0.5 min 

(gradient from 

0–0.4 min, 

equilibrate from 

0.4–0.5 min) 

60 μL loops 

0–10 min: 5–20 %B 

10–15 min: 20–25 %B 

15–30 min: 25–65 %B 

30–40 min: 65–85 %B 

40–45 min: 85–98 %B 

45–50 min: 98 %B 

1 F = 20 μL/min 

Gradient time: 

0.4 min 

Start percentage: 

0–8 min: 2 %B 

8–50 min: 2–42 %B 

End percentage: 

0–8 min: 42 %B 

8–50 min: 42–82 %B 

2 F = 2.4 mL/min 

(5c) 

Parallel gradients 

0.5 min 

60 μL loops 

0–10 min: 5–20 %B 

10–15 min: 20–25 %B 

15–30 min: 25–65 %B 

30–40 min: 65–85 %B 

40–45 min: 85–98 %B 

45–50 min: 98 %B 

1 F = 20 μL/min 

0–8 min: 0 %B 

8–30 min: 0–28 %B 

30–50 min: 28–65 %B 

2 F = 2.4 mL/min 

(5d) 

Full gradients 

1 min 

(gradient from 

0–0.6 min, 

equilibrate from 

0.6–1 min) 

80 μL loops 

0–10 min: 5–20 %B 

10–15 min: 20–25 %B 

15–30 min: 25–65 %B 

30–40 min: 65–85 %B 

40–45 min: 85–98 %B 

45–50 min: 98 %B 

1 F = 20 μL/min 

0–0.6 min: 5–90 %B 

0.6–1 min: 5 %B 

2 F = 2.4 mL/min 

(5e) 

Shifted gradients 

1 min 

(gradient from 

0–0.6 min, 

equilibrate from 

0.6–1 min) 

80 μL loops 

0–10 min: 5–20 %B 

10–15 min: 20–25 %B 

15–30 min: 25–65 %B 

30–40 min: 65–85 %B 

40–45 min: 85–98 %B 

45–50 min: 98 %B 

1 F = 20 μL/min 

Gradient time: 

0.6 min 

Start percentage: 

0–8 min: 2 %B 

8–50 min: 2–42 %B 

End percentage: 

0–8 min: 42 %B 

8–50 min: 42–82 %B 
2 F = 2.4 mL/min 

(5f) 

Parallel gradients 

0.25 min 

40 μL loops 

0–10 min: 5–20 %B 

10–15 min: 20–25 %B 

15–30 min: 25–65 %B 

30–40 min: 65–85 %B 

40–45 min: 85–98 %B 

45–50 min: 98 %B 

1 F = 20 μL/min 

0–8 min: 0 %B 

8–22 min: 0–19 %B 

22–50 min: 19–72 %B 

2 F = 2.4 mL/min 
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Table 4 

Estimated orthogonality metrics and practical peak capacities of the LC ×LC setups tested. 

Setup 1 n c 
2 n c n c,2D 

1 t g (min) 1 t s (min) ᵦ Orth Vec Orth CH Orth Ast n´c,2D 

Setup 1 142 18.1 2565 47.2 0.5 2.92 0.76 0.78 0.60 678 

Setup 2 142 13.7 1934 47.2 0.5 2.92 0.90 0.89 0.73 594 

Setup 3 125 13.6 1693 43.2 0.5 2.83 0.80 0.90 0.74 510 

Setup 4A 125 14.3 1777 43.2 0.5 2.83 0.77 0.73 0.74 471 

Setup 4B 125 35.8 4464 43.2 2 10.62 0.44 0.48 0.41 192 

Setup 4C 125 21.2 2639 43.2 0.5 2.83 0.59 0.68 0.51 595 

Setup 4D 125 19.7 2457 43.2 1 5.38 0.61 0.67 0.66 292 

Setup 4E 125 12.9 1608 43.2 0.5 2.83 0.67 0.57 0.57 353 

Setup 5a 137 52.8 7234 45 0.5 2.96 0.23 0.22 0.34 548 

Setup 5b 137 46.0 6302 45 0.5 2.96 0.41 0.37 0.46 831 

Setup 5c 137 33.9 4644 45 0.5 2.96 0.75 0.55 0.69 1017 

Setup 5d 137 76.4 10,467 45 1 5.66 0.26 0.22 0.37 447 

Setup 5e 137 60.2 8247 45 1 5.66 0.43 0.38 0.47 585 

Setup 5f 137 22.3 3055 45 0.25 1.71 0.77 0.69 0.92 1296 

Orth are orthogonality values determined using the vector (Vec), convex hull (CH) and asterisk (Ast) methods. 
1 n c and 2 n c are the peak capacities of the 1 D and 2 D separations. 

n c,2D is the theoretical 2D peak capacity. 

β accounts for 1 D undersampling according to this equation [40] : β

√ 

1 + 3 . 35 ( 
1 t s ·1 n c 

1 t g 
) 

2 
. 

1 t s is the sampling time. 
1 t g is the 1 D gradient time. 

n´c,2D is the practical peak capacity taking into account 1 D undersampling and surface coverage calculated as the 

average of the values determined using the vector and convex hull methods: n ′ c, 2 D = 

1 n c ·2 n c · f c 
β

[32] . 
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4A) into the flowing stream of the mobile phase. In this way, the

second-dimension separation was completed in exactly the same

time as the first-dimension separation, illustrating the potential of

using the method in an on-line fashion. The UV diode array de-

tector was set to 272 and 254 nm to monitor the compounds in

the effluent from the 2 D column. After the end of each run, the

columns were equilibrated with the initial mobile phase composi-

tion for 15 min. 

With the on-line RPLC ×RPLC system, six setups (5a – f) were

tested. The same stationary and mobile phases were used in all

experiments, and three types of gradients in the second dimension

(parallel, shifted and full) were tested. As a result, the modulation

period varied depending on the time required to re-equilibrate the
2 D column. All the experimental conditions, including the station-

ary phases, the mobile phase compositions, the gradients and flow

rates used in both dimensions are listed in Table 3 . 

In setups 5a – f, the effluent from the 1 D column was diluted

on-line 1:1 with 0.5% acetic acid, collected automatically via a 2-

position/8-port valve and then injected into the second dimension.

3. Evaluation of the performance of the systems 

Two common metrics used to characterize the performance of

LC ×LC systems are the degree of orthogonality of the separation

and the practical peak capacity. Numerous approaches have been

proposed in the literature to estimate the orthogonality of 2D chro-

matographic methods, and there is no consensus with regard to

which method performs the best. This makes comparison between

reported orthogonality values challenging. Herein, the degree of or-

thogonality of each LC ×LC setup was calculated using three dif-

ferent metrics: the vector method reported by Schmitz and co-

workers [29] , the convex hull method [30] and the asterisk method

[31] . The first two of these methods measure the portion of the 2-

dimensional space which is accessible to analytes (the surface cov-

erage, f c ), while the asterisk method uses a set of equations that

estimate orthogonality based on the distances of experimental re-

tention times from four lines bisecting the separation space. Each

of these methods was used to compare the performance of LC ×LC

separations using different types of gradients in the second dimen-

sion. As orthogonality values obtained using each of these methods

were generally similar, especially in the case of the two metrics
easuring f c (see Table 4 ), the following discussion will be based

ainly on orthogonality values obtained using the vector method. 

The practical peak capacity of a 2D separation provides another

ood metric to evaluate the performance of a 2D separation sys-

em. While the theoretical 2D peak capacity is simply the product

f the peak capacities of the individual dimensions, practical peak

apacity also takes into account undersampling of the first dimen-

ion and the utilization of the separation space. The equations used

o calculate the practical peak capacity are shown in the footnote

f Table 4 . 

. Results and discussion 

In LC ×LC, separation selectivity is determined by the stationary

nd mobile phases used in the first and the second dimensions.

obile phase compatibility and its effect on the fraction transfer

etween the two dimensions should be considered when devel-

ping a new LC ×LC system. In this study, an RPLC ×RPLC system

as used to avoid mobile phase incompatibility issues. Ten differ-

nt emulated online LC ×LC setups were tested for the separation

f a mixture of pharmaceutical compounds with different combi-

ations of columns and mobile phases. Six setups using parallel

radients in the first and the second dimension were tested in all,

ut only four of them will be presented in this paper. Two se-

ups adopted full gradients, whereas the other two setups applied

hifted gradients in the second dimension. In all setups, the sta-

ionary phase used in the first dimension was Kinetex C18. The

tationary phases used in the second dimension were either C18 or

FPP (pentafluorophenyl propyl) using different mobile phase or-

anic modifiers (acetonitrile or methanol). The conditions are sum-

arized in Tables 1 and 2 . Another six online LC ×LC setups were

ested for the separation of the same mixture using Zorbax SB-C18

olumn (1 × 150 mm, 3.5 μm) in the first dimension, and Zorbax

clipse plus C18 column (3 × 50 mm, 1.8 μm) in the second di-

ension. The conditions are summarized in Table 3 . 

Fig. 1 illustrates 2D separation obtained using the same station-

ry phase chemistry in both dimensions (C18), but different or-

anic modifiers. In spite of the minor difference between the two

imensions, the coverage of the separation space was reasonably

ood, especially at longer retention times. The calculated surface

overage of this system was 0.76 using the vector method and 0.78
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Fig. 1. Comprehensive LC ×LC separation of the mixture of pharmaceutical compounds using setup 1 (parallel gradients, same stationary phase chemistry in both dimensions, 

different organic modifiers: ACN in 1 D, MeOH in 2 D). The modulation time was 30 s. 

u  

a  

c  

d  

f  

i  

d  

T  

m  

(  

o  

b  

s  

d  

i  

r  

c  

i  

b  

s  

s  

b

 

f  

d  

t  

t  

b  

o  

t

 

f  

m  

g  

w  

t  

b

 

o  

t  

a  

f  

p  

a  

s  

a  

2
 

T  

p  

v  

t  

j  

e

 

r  

t  

i  

s  

a  

p  

s  

m  

e  

v  

w  

f  

h  

e  

t  

o  

s  

t  

i  

h  
sing the convex hull method, as shown in Table 4 . This reason-

bly high value was obtained thanks to the good distribution of

ompounds in the separation space achieved by using parallel gra-

ients in both dimensions. With parallel gradients, analytes elute

rom the second dimension under nearly isocratic conditions, max-

mizing peak resolution in the second dimension (assuming no un-

ue peak broadening) and the coverage of the separation space.

he gradual increase in the elution strength of the 2 D mobile phase

anifests itself through the characteristic shape of tailing bands

see e.g. analyte 19). Also, because of software limitations, some

f the peaks split between two fractions were not properly com-

ined into a single peak; analyte numbers are repeated twice in

uch cases. This limitation could be overcome by using a selective

etector (e.g. MS), which would facilitate identification of analytes

n the individual fractions, or by using a shorter modulation period

esulting in smaller differences between analyte retention times in

onsecutive fractions. Very short modulation periods can be eas-

ly accomplished with parallel gradients (as will be shown below),

ut are not practical using any kind of repetitive gradients in the

econd dimension. Overall, Fig. 1 illustrates the flexibility of the

ystem, where different selectivity can be easily obtained simply

y changing the organic phase modifiers. 

Fig. 2 illustrates the separation obtained using Setup 2, with dif-

erent stationary phase chemistries and organic modifiers in both

imensions (ACN in 

1 D, MeOH on 

2 D). This chromatogram illus-

rates the great potential of the approach proposed. It shows prac-

ically complete coverage of the separation space (f c = ~0.9 using

oth vector and convex hull methods), indicating excellent orthog-

nality. Some peak wraparounds are evident (e.g. peak no. 33), but

hey do not interfere with the separation of other analytes. 

Fig. 3 illustrates the separation obtained using Setup 3, with dif-

erent stationary phases, but the same organic modifier in both di-

ensions (MeOH). It is quite evident that the use of the same or-

anic modifier in both dimensions led to a slight increase in peak

raparound compared to the previous setup, but the coverage of

he separation space remained good (f c = 0.80 and 0.90 calculated

y vector and convex hull methods, respectively). 
In Setup 4, different types of gradients were adopted in the sec-

nd dimension to compare the effect of gradient type on the dis-

ribution of compounds in the second dimension and so the cover-

ge of the separation space. In all subcategories of setup 4, the dif-

erence in the degree of orthogonality calculated for each system

roved that the maximum utilization of the retention space was

chieved when parallel gradients were used. Fig. 4 A illustrates the

eparation obtained using different stationary phase chemistries

nd organic modifiers in both dimensions (MeOH in 

1 D, ACN in
 D), and parallel gradients in the second dimension (Setup 4A).

he chromatogram shows very good coverage of the separation

lane (f c = 0.77 and 0.73 calculated by the vector and the con-

ex hull methods, respectively), indicating good orthogonality. As

he 2 D column did not need to be re-equilibrated before the in-

ection of the next fraction, the second dimension time was used

fficiently. 

On the other hand, it should be pointed out that any kind of

epetitive gradient in the second dimension leads to the reduc-

ion of the separation space accessible to the analytes. Setup 4B,

n which the same stationary and mobile phases were used as in

etup 4A, but full gradients were applied in 

2 D, will be used as

n example. The modulation period in this setup was 120 s to

rovide sufficient time to re-equilibrate the 2 D column. Since the

ame separation mechanism (reversed phase) was used in both di-

ensions, analytes that were weakly retained in 

1 D, thus eluting

arly from this dimension, tended to also elute early from 

2 D, and

ice versa. As a result, all analytes would fall along a diagonal line,

hich is a hallmark of non-orthogonality as shown in Fig. 4 B (the

 c value was 0.44 and 0.48 calculated by the vector and the convex

ull methods, respectively). Moreover, the 1 D fractions collected

very 120 s contained larger numbers of compounds compared to

he fractions collected every 30 s in setup 4A. This led to numer-

us analyte coelutions caused by re-mixing of components already

eparated in 

1 D, exacerbated by the fact that the steep gradient of

he mobile phase used in 

2 D resulted in poor resolution of peaks

n this dimension. Finally, it should be emphasized that only about

alf of the total 2 D cycle time was devoted to analyte separation,
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Fig. 2. Comprehensive LC ×LC separation of the mixture of pharmaceutical compounds using setup 2 (parallel gradients, different stationary phase chemistries, ACN in 1 D, 

MeOH in 2 D). The modulation time was 30 s. 

Fig. 3. Comprehensive LC ×LC separation of the mixture of pharmaceutical compounds using setup 3 (parallel gradients, different stationary phase chemistries, MeOH in 1 D 

and 2 D). The modulation time was 30 s. 
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with the rest spent on column re-equilibration. This leads to very

inefficient use of the total separation time. 

In setup 4C, we emulated a 30 s modulation period in an

RPLC ×RPLC system using full gradients in the second dimension,

and calculated the degree of orthogonality of this system ( Fig. 4 C).

In reality, 30 s modulation with full gradients in 

2 D would be very

difficult to accomplish with a conventional HPLC instrument, hence

this separation was performed in an offline mode. 30 s fractions
f the 1 D effluent were first collected and diluted 1:1 with water.

ach fraction was then subjected to 30 s 2 D separation carried out

ff-line. The 2 D column was re-equilibrated before injecting the

ext fraction. The re-equilibration time was ignored during data

rocessing. The average f c for this hypothetical system calculated

y the vector and the convex hull methods was 0.64, indicating

hat even if full gradients in 

2 D could be accomplished using very

hort modulation periods on state-of-the-art UHPLC instrumenta-
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Fig. 4. Comprehensive LC ×LC separation of the mixture of pharmaceutical compounds using different stationary phase chemistries, MeOH in 1 D and ACN in 2 D. (A) setup 

4A: modulation time 30 s, parallel gradients; (B) setup 4B: modulation time 120 s, full gradients used in 2 D; (C) setup 4C: modulation time 30 s, full gradients used in 2 D; 

(D) setup 4D: modulation time 60 s, shifted gradients used in 2 D; (E) setup 4E: modulation time 30 s, shifted gradients used in 2 D. 
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ion (refer to the discussion on setups 5a-f below), better utiliza-

ion of the separation space would still be achieved with parallel

radients in both dimensions. 

In setup 4D, shifted gradients were used in the second dimen-

ion. The modulation period in this setup was 60 s to provide suf-

cient time to re-equilibrate the 2 D column to the initial condi-

ions of the next fraction. As shown in Fig. 4 D, the coverage of

he separation space was better than in Fig. 4 B when full gradients

ere used, but still worse than in Fig. 4 A when parallel gradients

ere used. With shifted gradients, each fraction would be subject
o too low elution strength at the beginning, and too high elution

trength at the end. Thus, less retained compounds in each frac-

ion would elute slightly later, while more retained ones slightly

arlier, leading to overall compression of the band of analytes and

educing the resolution in the second dimension. The average of

he f c values calculated by the vector and the convex hull methods

f this setup was 0.64. 

In setup 4E, we emulated 30 s modulation period with shifted

radients in the second dimension and calculated the degree of or-

hogonality of this system. This experiment was again carried out
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Fig. 5. Comprehensive online LC ×LC separation of the mixture of pharmaceutical compounds using C18 stationary phases in both dimensions and different organic modifiers 

(MeOH in 1 D, ACN in 2 D) (a) setup 5a: modulation time 30 s; full gradients used in 2 D; (b) setup 5b: modulation time 30 s; shifted gradient used in 2 D; (c) setup 5c: 

modulation time 30 s; parallel gradients; (d) setup 5d modulation time 60 s, full gradients used in 2 D; (e) setup 5e: modulation time 60 s, shifted gradient used in 2 D; (f) 

setup 5f: modulation time 15 s, parallel gradients. 
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in offline mode. Fractions of 1 D effluent collected every 30 s were

separated in the second dimension in 30 s. The run was stopped

and the 2 D column was re-equilibrated before injecting the next

fraction. As before, the re-equilibration time was ignored during

data processing. The average of the f c values calculated by the vec-

tor and the convex hull methods was 0.62 ( Fig. 4 E). When compar-

ing setups 4A, 4C and 4E, which all used the same gradient time, it

is clear that the surface coverage, hence orthogonality, increased in

the order full gradients < shifted gradients < parallel gradients, in-

dicating again that the best utilization of the separation space and

the best resolution of peaks in LC ×LC systems with correlated sep-

aration mechanisms in the two dimensions can be achieved when

parallel gradients are used. Figs. S1 and S2 in the Supplementary

Information section illustrate the separations obtained using the

remaining two emulated online LC ×LC setups. 
The experiments described thus far were carried out using stan-

ard HPLC instrumentation, which can be easily adopted to on-line

C ×LC using parallel gradients, but is not suitable for LC ×LC sep-

rations using full or shifted gradients in 

2 D with short gradient

imes (e.g. 30 s as in setups 4C and 4E). However, this is possible

ith modern, dedicated LC ×LC instrumentation, hence it was im-

ortant to verify whether the conclusions from the study applied

lso when such instrumentation was used. It is for this reason that

imilar experiments were carried out on an Agilent 1290 dedicated

C ×LC system. Since these experiments (setups 5 a-f) were carried

ut in a different laboratory, the stationary phases used in the two

imensions were different than in the original study. Neverthe-

ess, the conclusions are still applicable. Table 4 summarizes the

esults obtained using the on-line system. The noticeably higher

D peak capacities measured for setups 5 a-f were a consequence
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Fig. 6. Pareto-optimality plot showcasing all 25,240 simulations carried out in this study. The blue points represent simulations of parallel gradients, whereas the purple 

points represent simulations from experiments using shifted gradients. The symbols refer to the corresponding simulated 2D-LC chromatograms shown in Fig. 7 . The orange 

data point represents chromatogram C from Fig. 7 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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f the smaller particle size of the 2 D column used in these experi-

ents, and the use of a dedicated UHPLC instrument with reduced

xtra-column volume and a fast DAD detector. The experiments

onfirmed that parallel gradients in the second dimension pro-

ided very good coverage of the separation plane, leading to better

rthogonality compared to full or shifted gradients, as shown in

ig. 5 a-f. The highest surface coverage was obtained with setups

c (0.65) and 5f (0.73), in which parallel gradients were used in

oth dimensions. This confirms the conclusions from the experi-

ents carried out using the emulated on-line system. 

Setup 5f deserves particular attention. In this setup, the mod-

lation period was only 15 s, which is very uncommon in LC ×LC

eparations. Such a short modulation period was possible because

f the use of parallel gradients in both dimensions, which do not

ecessitate column re-equilibration before the injection of each

raction. This setup produced clearly superior results approaching

he quality of GC ×GC separations, with minimal 1 D undersampling

nd the highest surface coverage and peak capacity of all the se-

ups tested. 

In addition to orthogonality evaluation through surface cover-

ge determined using the vectors and the convex hull methods,

able 4 also reports orthogonality estimates obtained using the as-

erisk equation. As mentioned before in Section 3 , this method es-

imates orthogonality based on the distances of experimental re-

ention times from four lines bisecting the separation space, hence

ather than focusing on surface coverage, it looks for the undesir-

ble clustering of peaks. The results obtained using this method

onfirmed the conclusions drawn based on the two other methods.

s before, the highest degree of orthogonality was achieved when

arallel gradients were used in both dimensions. The calculated or-

hogonality was 0.74 for the emulated online setup 4A, 0.69 for the

nline LC ×LC setup 5c using 30 s modulation period, and 0.92 for

he online LC ×LC setup 5f using the modulation period of 15 s. 

Another very useful metric used to characterize the perfor-

ance of an LC ×LC system is the practical 2D peak capacity [29] .

t depends not only on the degree of orthogonality, but also on

he undersampling of 1 D peaks [32] . Table 4 shows the practi-

al peak capacities for all setups using the average f c values de-

ermined using the vector and convex hull methods. Also in this

ase, the performance of the system was the best when parallel

radients were used in both dimensions. The practical peak capac-

ty reached a maximum value of nearly 1300 in the on-line system

hen the sampling time was 15 s in setup 5f, compared to ~10 0 0

hen the sampling time was 30 s (setup 5c). The 15 s sampling
ime is only practical with parallel gradients, as there is no need

o re-equilibrate the column after the separation of each fraction.

ecreasing the sampling time thus enhances the practical peak ca-

acity and improves the resolution of peaks. 

. PIOTR model 

PIOTR is a program developed at the University of Amsterdam

or interpretive optimization of two-dimensional resolution [33] . It

acilitates rapid development of LC ×LC methods. Using input data

rom chromatograms recorded under specific, known conditions,

he program can model retention of the analytes in a given chro-

atographic system as a function of the mobile phase composition.

he graphical interface of the software is shown in Fig. S3 in the

upplementary Information section. 

In this study, chromatograms were recorded using three differ-

nt gradient elution programs for two stationary phase systems

hat were used in the first and second dimensions in the offline

nd online setups. One of them was a Phenomenex Kinetex C18

olumn (150 × 4.6 mm, 2.6 μm), and the other one was a Restek

innacle DB PFP column (30 × 4.6 mm, 3 μm). To determine the

etention parameters of these two systems, the method and system

nformation were supplied to the program. The dwell volume was

ssumed to be roughly 1.0 mL. The resulting retention parameters

ere recorded for all analytes in both chromatographic systems.

etention curves for each analyte were then plotted. 

Having established the retention behavior of all analytes, the

wo individual sets were combined to allow hypothetical predic-

ion of retention in an LC ×LC system. Due to the fact that the phys-

cal dimensions of both columns were different (150 × 4.6 mm

nd 30 × 3.0 mm for the C18 and PFP column, respectively), the

ead volumes for all following LC ×LC predictions were adjusted

o reflect those of 150 × 1.0 mm and 50 × 3.0 mm columns, re-

pectively. This was possible because the retention parameters are

ndependent of the physical column dimensions as long as the sta-

ionary phase material is identical. The efficiency of the columns is

xpected to be different, but this should mainly affect peak shapes

ather than the location of the peaks in the retention space. 

Using the PIOTR interface, 24,0 0 0 different regular shifted gra-

ients, and 1240 parallel gradients were simulated. In the case

f the shifted gradients, the total number of gradient assemblies

ossible was the product of all of the steps per parameter (i.e.

 × 4 × 4 × 3 × 5 × 5 × 4 = 24,0 0 0 different methods). Ta-

les S3 and S4 in the supplementary information section show the
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Fig. 7. Simulated LC ×LC separations of the analyte mixture using different forms of mobile-phase composition programs. Figures A and B used shifted gradients, while C, D, 

E, and F used parallel gradients. 
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d  
method parameter ranges used for the prediction of 24,0 0 0 shift-

ing gradients and 1240 parallel gradients. The modulation time in

all simulations was set to 0.5 min, as this was the modulation pe-

riod already used in the experiments. The length of the boundary

gradients was defined as 60 min minus the dead time of the first

dimension = 56 min. The flow rate in the first dimension was set

to 0.02 mL/min, and in the second dimension to 2.4 mL/min. Us-

ing just one processor on a regular computer, PIOTR required about

7 min to simulate 24,0 0 0 LC ×LC methods with these analytes. 

For each simulated chromatogram, the algorithms calculated

the performance parameters and separation quality criteria. These

can be presented in what is called a Pareto-optimal plot, in which
wo or more objective criteria are plotted against each other. In

his plot, the analysis times (defined as the retention times of the

ast eluting peak) are plotted against the two-dimensional reso-

ution. For each chromatogram, the resolution of each peak with

ach of its neighbors was calculated by using the metric intro-

uced by Schure et al. [34] . The resolution was then normalized

o a value between 0 and 1 by using a Derringer desirability func-

ion [35–37] . In this case, the desirability function was: 

 

(
R s i, j 

){ R s i, j 

1 . 5 
f R s i, j < 1 . 5 

1 i f R s i, j ≥ 1 . 5 

(1)
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here Rs i, j is the resolution between peaks i and j, and d ( Rs i, j ) is

he desirability function that varies between 0 (complete overlap)

nd 1 (no overlap, i.e. resolution 1.5 or higher). Note that the equa-

ion above has a ceiling. It considers that a resolution of 1.5 is sat-

sfactory and that it is not worth it to put extra effort into sepa-

ating peaks i and j further when such a resolution is achieved. Fi-

ally, the algorithm was set to take the product of all obtained res-

lution values to assess the overall separation quality, O R S 
where m

s the total number of compounds considered. 

 Rs = �m 

i> j �
m 

j=1 d 
(
R s i, j 

)
(2) 

In the software tool, individual points can be selected in the in-

eractive plot shown in Fig. 6 . Several have been selected and their

orresponding simulated contour plots are shown in Fig. 7 . Fig. 7 A

nd 7 B illustrate the results for two different generic shifting gradi-

nt assemblies. For 7A, the 1 D gradient ran from 15% to 80% MeOH

n 60 min, whereas that in the 2 D varied from 15 to 85% (initially)

o 25–100% MeOH (at the end). For 7B, the 1 D gradient ran from

0% to 90 MeOH in 60 min, while in the 2 D it varied from 15 to

0% (initially) to 35–100% MeOH (at the end). In both cases, the

eparation space was underused. 

Fig. 7 C shows the separation using parallel gradients with the
 D gradient running from 20% to 90% MeOH in 45 min, and the
 D one from 10% to 85% MeOH in 56 min. This set of very simple,

early perfectly parallel gradients (when correcting the 2 D gradient

or the dead time), already resulted in a major improvement in the

tilization of the separation space. In this separation, even though

he separation of each fraction in the second dimension was car-

ied out under essentially isocratic conditions, peak wraparound

as not present. However, if wraparound is mildly allowed, such

s shown in Fig. 7 D, then the separation space is utilized even

ore efficiently. For this experiment, the 1 D gradient ran from

0% to 95% MeOH in 35 min and the 2 D from 20% to 75% MeOH

n 56 min. Peak wraparound is normally considered an undesir-

ble phenomenon, and most LC ×LC practitioners try to avoid it.

owever, as GC ×GC chromatographers have demonstrated numer-

us times, wraparound is only detrimental to the separation when

t leads to coelutions with components of successive fractions. If

oelutions can be avoided, wraparound often leads to more effi-

ient utilization of the separation space. Fig. 7 E and 7 F display the

esults of simulations where wraparound was strongly encouraged.

n fact, both reflect Pareto-optimal points according to the plot in

ig. 6 . Here, the full separation space was effectively utilized. The

imulation in 7E used parallel gradients with the 1 D gradient run-

ing from 20% to 70% MeOH in 35 min and the 2 D gradient from

% to 75% MeOH in 56 min. For 7F, the 1 D gradient ran from 20% to

5% MeOH in 30 min, and the 2 D from 5% to 75% MeOH in 56 min.

Overall, the simulation results illustrated in Fig. 6 show that

n many cases parallel gradients can produce results as good as

hifted gradients in comparable time, while being achievable using

uch simpler setups. The best results overall were obtained with

arallel gradients allowing for peak wraparound, which led to the

est use of the available separation space. 

. Conclusions 

It is not necessary to have completely different separation

echanisms in the first and second dimensions to have a good

C ×LC system. The degree of orthogonality between both dimen-

ions is an important factor, but it is not sufficient to evalu-

te the full potential of a given system [38] . In Giddings’s in-

ent in the definition of orthogonality, full orthogonality implies

hat the separation space must be fully accessible [39] . In the

PLC ×RPLC systems developed, partial or full surface coverage

ould be achieved through various combinations of stationary and

obile phase chemistries. Using different columns, or ganic modi-
ers and different gradients in each dimension increased the dis-

imilarity of the two dimensions and enhanced the orthogonality

f the system. The potential of the systems was maximized in each

ase through the use of parallel gradients, which led to nearly-

socratic elution conditions for each fraction in the second dimen-

ion. When two-dimensional parallel gradients are adopted, simul-

aneous increase in the elution strength in the two dimensions

ith correlated retention makes it possible for the analytes in a

iven fraction to be eluted without using repetitive gradients in
 D. With the analytes pre-separated according to their hydropho-

icity in 

1 D, the second dimension can better explore the spe-

ific interactions between the analytes, the stationary phase and

he mobile phase. This decreases the correlation between the two

imensions, leading to better coverage of the retention space and

ence higher orthogonality. In addition, the use of parallel gradi-

nts eliminates the need for repeated 

2 D column re-equilibration,

hich results in more efficient utilization of the cycle time. This,

n turn, increases the available separation space, and the practical

eak capacity. Without the need to run repeated gradients in 

2 D,

he approach proposed makes it possible to perform LC ×LC sep-

rations using simpler instrumentation and software, making the

echnique more user-friendly. It also shows how the 2 D separation

pace can be maximized when the separation mechanisms are cor-

elated. The hypothesis that the best utilization of the separation

pace when using similar separation mechanisms in both dimen-

ions can be accomplished with parallel gradients was not only

onfirmed through experimentation, but also through the results

f simulations using the PIOTR program. 
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