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a  b  s t r a  c t

The increasing  performances of analytical  techniques, especially  two-dimensional liquid  chromatogra-

phy hyphenated  with  highly  sensitive detectors, allow  discovery of new  targeted compounds in highly

complex  samples, whether  biomarkers in environmental  effluents,  natural  metabolomes  in  natural  prod-

ucts  or unknown impurities in synthetic chemical  process. While  structural  identification can  usually be

achieved  through mass  spectrometry and databases,  it can  be  useful to confirm  the  potential structure

via  NMR analysis  and/or  to obtain standard  reference  material for  quantitative  purposes,  incentive for

the  production  of �g  to mg  of new  target  compounds.  Hence, preparative  chromatography, which  was

initially  run  for  large-scale  production,  is  now facing new challenges, with  small volumes  of highly com-

plex  samples  to  deal  with.  Unfortunately, one dimensional  chromatographic  methods exhibit  limited

performances when targets  are  minor compounds  in  a  complex  matrix.  Moreover,  for process  inten-

sification  or limited  amount  of sample,  it is  now a  priority  to be able  to  isolate  multiple components

with  the  largest yield  possible  using as  few  purification steps as  possible. With these  specifications  in

mind,  a  comprehensive  multidimensional  chromatographic  method  for  preparative  purposes is  becoming

appealing.

© 2017  Elsevier B.V.  All  rights reserved.
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Liquid-liquid chromatography, also known as countercurrent

chromatography or centrifugal partition chromatography, is a tech-

nique with a proven high loading capacity, working with  multiple

choice of solvent systems thus a large range of polarity and

� Selected paper from the 9th  International Counter-current Chromatography

Conference (CCC 2016), 1–3 August 2016, Chicago, IL, USA.
∗ Corresponding author.

E-mail address: karine.faure@isa-lyon.fr (K. Faure).

selectivity. The liquid nature of the stationary phase prevents sam-

ple denaturation, irreversible adsorption resulting in high sample

recovery. All these qualities make the  LLC technique highly receiv-

able as a first dimension in  a 2D strategy, whether combined with

another LLC method or with a more conventional LC  method. In

this review, both hyphenations are investigated from an instru-

mentation point of view,  detailing systems selection methodology

and two  dimensional development strategy. Preliminarily, the spe-

cific LLC instrumentation is briefly summarized in this review and

http://dx.doi.org/10.1016/j.chroma.2017.03.031

0021-9673/© 2017 Elsevier B.V. All rights reserved.



2 L. Marlot, K. Faure / J. Chromatogr. A 1494 (2017) 1–17

the nomenclature of two dimensional separation as  well as the

associated criteria are clearly explained and defined.

1. Introduction

In the late 1960s, Ito  invented countercurrent chromatography

(CCC) [1], a liquid chromatography technique which originality

remains in the liquid nature of  the stationary phase. The name

countercurrent chromatography was derived by  analogy to Craig’s

countercurrent distribution system implemented in 1940s [2–4].

This chromatographic concept led  to two different instrumental

developments. Ito pursued the development of the original hydro-

dynamic CCC apparatus (Fig.  1a) [5,6]  whereas Nunogaki focus on a

hydrostatic version (Fig.  1b)  called centrifugal partition chromatog-

raphy (CPC) [6,7].  Both technologies are  based on the  use of  a  liquid

stationary phase and a liquid mobile phase between which the

solutes partition, their difference being only the way the centrifugal

field is applied. Hence, for  the sake of the reader’s understanding,

the global technique is called Liquid–Liquid Chromatography (LLC)

in this review, independently of  the  instrument used.

In hydrodynamic CCC instruments, the  stationary phase is

retained by centrifugal forces in a planetary spinning coil while

in hydrostatic CPC, the stationary phase retention is assisted by  the

use of tiny oblong or rectangular chambers connected by capillary

ducts rotating around a  single axis (Fig.  1). It should be clear that

the basic theory and concepts are the same for both apparatus. Only

the instrumentation and the  way the  phases intermingle differ.

The main specifications of  LLC are related to  the liquid nature

of the stationary phase [6,8].  Compared to LC, the LLC technique

allows a larger sample loading capacity, with a  relatively low num-

ber of chromatographic plates [8,9],  which classify it mainly as a

preparative technique. Moreover, many solvent systems are avail-

able and overlay a  wide range of  polarity of compounds [10]. Both

phases of the solvent systems can be used as mobile or station-

ary phase, which drastically decreases the cost of the columns as

compared to conventional preparative LC  columns.

The most important advantage is the total  sample recovery.

Since no supporting matrix is employed, the separation is not dis-

torted by solute adsorption or catalytic change encountered with

solid supports. Moreover, the solutes remaining in the column can

be easily recovered by extrusion of the liquid stationary phase.

Liquid–Liquid Chromatography, LLC, has progressed both

instrumentally and methodologically in  last decades, to be  an

effective technique for isolation and purification. It has found a

large audience in the  natural products science area [4,9,11–14],

which represents a rich source of biologically active compounds,

widely used for medical purposes for centuries, driving nowadays

pharmaceutical development. More recently, innovative coupling

strategies have been carried out in order to develop the  separa-

tion power and the detection potential. In 2014, Michel et al. have

described these coupling strategies in  a review [15] highlighting

the online coupling strategy in an instrumental point of view. It

includes the online hyphenation of  LLC with different detectors

such as MS  and NMR  but also with other chromatographic tech-

niques such as LLC, HPLC or GC, with an analytical goal. In 2016, Xie

et al. published a review concerning the  combinations of prep-HPLC

with other chromatographic techniques applied to traditional Chi-

nese medicine [16] mentioning some online and offline couplings

of LLC with LC at preparative scale.

The goal of the present review is to provide an  overview of  the

two dimensionaltwo dimensional preparative separations involv-

ing LLC technique. Under our investigation, 12 publications were

found involving the hyphenation of  the LLC technique with another

LLC apparatus in online and offline modes since 2002 (Table 1).  Of

these 12 applications, only one application was  implemented at

analytical scale with a view for a preparative scale transfer. The

other applications were implemented directly at preparative scale

in order to  recover the compounds of interest.

Since 2007, 21 publications were found involving the  hyphen-

ation of  the LLC technique with LC in two  dimensionaltwo

dimensional separations in  online and offline modes (Table 2).  Of

these 21 publications, three applications were implemented at ana-

lytical scale with a possible preparative scale transfer. The other

applications were implemented at  preparative scale.

Some hyphenations of  LLC with GC were found in literature

as two  dimensionaltwo dimensional separations [17,18] but these

hyphenations are outside the research framework presented here

due to  the obstacle of  preparative scale transfer.

2. Nomenclature and criteria for two dimensional

separations

In the  liquid chromatography field, several studies have been

published in order to clearly define the term of two dimensional

separation and the  associated notions. This  is  not the case in LLC

field and several terms are incorrectly employed in LLC  publications

without any  theoretical background.

In 2007 and 2008, Stoll et  al.  [19],  Dugo et  al. [20]  and Guio-

chon et al. [21] published three studies introducing the theory

and applications of  multidimensional liquid chromatography. In

2009, another review has  been published by Franç ois et  al. [22]

focusing on the  fundamental aspects of multidimensional liquid

chromatography. From these reviews, the  term “two-dimensional

liquid chromatography” refers to  the  technique in which two inde-

pendent liquid phase separation systems, noted 1D and 2D for first

and second dimensions, are applied to  the sample. The largest ben-

efit of combining columns in two  dimensional configuration is the

improvement of peak capacity, which is reflected in the reduction

of component overlap. When the selected separation mechanisms

provide completely different selectivities, the advantages of the

two dimensional approach are fully  exploited, since the  potentiality

of co-eluting sample components in both dimensions are severely

minimized. Separation potential quickly increases as the  correla-

tion between the retention mechanisms decreases. In a preparative

sense, this resolution improvement relates to the purity that can be

expected.

Two distinctions have to  be done dependent on the  way the

effluent is transferred from the first dimension column to the sec-

ond dimension column. The two  dimensional separation can be

implemented in online or in offline mode. In offline two dimen-

sional separations, the execution is very simple since the fractions

of the first  dimension effluent are collected, after which they are

concentrated if necessary and re-injected on the  second column.

However, this method can be  time consuming, difficult to automate

and reproduce, susceptible to sample loss and contamination. In

online mode, the columns in the two  dimensions are connected via

an appropriate interface. This approach is more difficult to imple-

ment and to operate, however, faster and more reproducible.

Two dimensional separations can be done by transferring either

only the  interesting portion of  the first dimension, this is referred

to as  chromatography in  heart-cut mode, or  by sequentially trans-

ferring the entirety of  the first dimension effluent, in many small

aliquots, to  the  second dimension; this is known as comprehensive

chromatography. In 2012, Schoenmakers team published an update

concerning the nomenclature and the conventions in comprehen-

sive multidimensional chromatography [23]. In this update, the

comprehensiveness is clearly defined and the  term “comprehensive

analysis” does not mean “analyzing everything”. Three criteria were

established: 1-  Every part of the sample is subjected to two  differ-

ent (independent) separations; 2-  Equal percentages (either 100%

or lower) of  all sample components pass through both columns
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Fig. 1. Schematic design of (a) Countercurrent chromatography coil and (b) Centrifugal partition chromatography rotor.

and eventually reach the detector; 3- The separation (resolution)

obtained in the first dimension is essentially maintained.

In a preparative view, these three criteria can be  applied, keep-

ing in mind that the percentage of  transfer will have a  huge

influence on the final  yield of the product.

In two dimensional LC, numerous approaches are available to

evaluate the separation power of the column combination. In the

literature, the measurement of the peak capacity can be  found as

well as the measurement of  the orthogonality between dimen-

sions. Schoenmakers [23]  has defined the orthogonality as two

instrumental dimensions that possess different mechanisms of sep-

aration, where elution times in  the two dimensions can be treated

as statistically independent. Orthogonal separation mechanisms

depends on the sample and the specific physical-chemical inter-

actions that the solutes have with the  systems. The orthogonality

between two systems exists since the systems provide different

selectivities which are the  abilities of the  chromatographic systems

to chemically distinguish the  sample components. The higher the

orthogonality, the better the separation power.

In order to evaluate the orthogonality of a two dimensional sep-

aration, the retention times of  the compounds in first  and second

dimensions have to be plotted on a two-dimensional map  (as pre-

sented in Fig. 2). For LLC two dimensional separations, the  partition

coefficients Kd  values (and the retention factors k  values for HPLC

separations) can  be plotted instead of retention times in order to

eliminate the variations of the column dimensions and operating

conditions. Obviously, if the  separations are strongly correlated

(Fig. 2a and b), critical pairs in a dimension will  remain close in  the

second dimension and hence the loading capacity in preparative

chromatography will remain low. At the opposite, if no correla-

tion exists between the  two dimensions (Fig.  2d),  it  is  possible to

produce highly concentrated fractions of  overlapping compounds

using the first dimension knowing that the second dimension will

afterwards separate the coeluting compounds.

Several approaches can  be found in  the  literature to  measure

and optimize orthogonality. These approaches can be thermody-

namic approaches which only consider the retention data of  the

compounds or can be thermodynamic and kinetic models which

also include peak broadening.

The bin-counting method proposed by  Gilar et  al. [24,25] is

strongly affected by the bins width decision that the user makes

to divide the separation space.

Slonecker et  al. proposed to described the  orthogonality by

information theory [26]. Such mutual information includes peaks

which cluster along the upward diagonal of  the separation space.

The proportion of  mutual information compared to the  total sep-

aration space is  expected as low as possible. The limitation of this

method is the reliance on the  assumption that peaks only cluster

along the upward diagonal.

Liu et  al. developed a  geometrical approach based on the factor

analysis [27]. This method shares the same limitation than  the  pre-

vious one due to the assumption that peaks only cluster along the

upward diagonal.

In  the convex-hull approach [28],  the retention space of  the

compounds is defined by  an area which is delimited by  the most

distant points on the two  dimensional representation. The orthog-

onality is directly linked to this area. Empty parts of the separation

space may  introduce bias  on orthogonality evaluation.

The nearest-neighbor distance approach has been proposed by

Nowik et al. [29,30] in order to calculate the distance from a given

peak to its closest neighbor. The harmonic mean can be related to

the degree of the  clustering. This method is however highly depen-

dent on the number of  the  peaks within the separation space.

The asterisk equations approach proposed by Schoenmakers

[31] is based on the normalized retention data of the compounds

in each dimension. Despite the easy use of  this method, the calcu-

lation of  the  orthogonality is based on normalized data which do

not represent the effective total separation space.

While this list may  not be exhaustive, these proposed methods

for measuring chromatographic orthogonality have their limita-

tions and should be compared and discussed. But when dealing

with preparative chromatography, these notions are not taken into

account so far and to the best of our knowledge, orthogonality

evaluation has never been applied to the  LLC field, not to mention

optimization. In this review, we will focus on the first pre-requisite,

i.e. two-independent separation mechanism for  a preliminary eval-

uation of orthogonality.

For this purpose, two  parameters can be taken into account. The

first parameter is the  global correlation coefficient of the  2D-plot

r2.  Orthogonal separation mechanisms by definition should not be

correlated, thus the peaks should spread throughout the separation

space. As shown in Fig. 2,  when  the  correlation coefficient is equal to

1 (Fig. 2a), the chromatographic interactions endured by the solutes

are similar which means  absence of  orthogonality between the sys-

tems. As explained by  Stoll et al.  [19] and presented in Fig. 2c, the
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Fig. 2. 2D orthogonality representation of two dimensional separations: (a) strong  correlation coefficient r2; (b) low  correlation coefficient r2 and  low  utilization of the 2D

space; (c) low correlation coefficient r2 without optimized utilization of the 2D space; (d) low correlation coefficient r2 and optimized utilization of  the 2D space. Modified

from [19].

2D-plot correlation coefficient r2 can be low without an  important

utilization of the two dimensional separation space. Thus, to ensure

a higher orthogonality of  the two dimensional separation, which

will relate to better resolution and hence better purity in  prepara-

tive schemes, the coefficient correlation r2 has to be close to 0 and

the separation space has to be the largest as  possible (Fig. 2d). More-

over, in preparative chromatography, a  special attention should be

brought to clusters (Fig. 2c). Indeed, while during method develop-

ment, the compounds may  appear resolved with sufficient purity

using 2D separation, the production aim, even set at few mg,  pro-

vide the incentive for  concentration and loading, which inevitably

results in peak broadening and overlapping.

3. Two  dimensional LLC–LLC separations

From 1998 until 2015, the concept of two  dimensional

LLC–LLC separation have only been investigated on CCC appa-

ratus, meaning coil-based instruments. Table 1  reports the

publications found under our investigations, classified accord-

ing to the  selected transfer strategy, either online or offline.

The interface, the  fractions volume, and the  instrumentation

are described for  comparison. The solutes are indicated in the

references but are not the main purpose of  the discussion

here.

These two-dimensional separations have mainly been devel-

oped for  preparative purposes of selected solutes, so  only heart-cut

mode was carried out, meaning that a  limited number of fractions

from the first dimension were transferred to the  second dimen-

sion. Up to date, 17% of the applications are implemented in  offline

mode, thereby 83% of  the applications are implemented in online

mode. Compared to the offline mode, the  online hyphenation needs

a special equipment and technical skills. The fraction of interest

from the first dimensional LLC has to  be transferred in  the second

dimensional LLC with a special interface such as a switching valve,

a sample loop or a solid-phase interface.
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Fig. 3.  First online two dimensional LLC–LLC instrumentation using a 6-port switch-

ing valve as interface between 1D LLC  and 2D  LLC [32].

3.1. Switching valve interface

The very first online LLC–LLC  separation using a switching valve

was performed by Ito’s group in 1998 [32]  where only  one frac-

tion from the first dimension was directly introduced to the second

dimension. As shown in Fig. 3,  the  switching valve directly connects

the 1D eluent to the 2D column. The second column was  equili-

brated and kept in rotation, while the elution in the first column

was running with UV detection and fraction collection. When the

peak of interest was eluting out the first column, the valve was

switched to introduce the 1D eluent directly to the  second LLC col-

umn. After peak transfer, the valve  was switched back to loading

position, the pump of  the second instrument was  started and the

elution of the selected targets could run  in the 2D column while the
1D elution was back  in process. In the  cited reference, the  solvent

system used in the secondary column was the exact same than  the

one used in the primary column. Indeed, Ito developed this instru-

mentation in order to  lengthen the column to increase resolution on

selected parts of the  chromatogram, which implies using the  same

solvent system in first and second coils. This application cannot

then be considered as a two dimensional separation, since the same

separation mechanism is implemented in  both coils. However, this

instrumentation set the  stage for  further 2D CCC development.

If the first objective was to lengthen the  column with this instru-

mentation, Ito’s group developed then three others applications in

2002, 2005 and 2006 using the same HSCCC apparatus and the same

interface for 2D separations [33–35].  In each paper, only one frac-

tion of interest was introduced in  the second LLC column (heart-cut

mode). As a part of the 1D eluant is directly carried into the second

LLC column, the second solvent system has to be stable towards the
1D mobile phase, to  avoid hydrodynamic equilibrium perturbation

and 2D stationary phase loss. In 2002 and 2006, Ito’s group used

the very same solvents for the two columns or slightly changed

the composition of the 2D  solvent system [33,35],  which can be

considered once again as a lengthening of  the column. In 2005,

however, the n-hexane/dichloromethane solvent in first  dimension

was switch to chloroform in the second dimension solvent system

which apparently did not perturb the hydrodynamic equilibrium

[34]. It can be considered with these two slightly different columns,

hence selectivity, that 2D-CCC emerged. With this direct introduc-

tion strategy, the  solvent compatibility is  the  main issue and only

slight changes of composition are allowed. In terms of  orthogo-

nality, this strategy can only provide a weak improvement of  the

selectivity and peak separation.

More recently, Englert et  al. [36] implemented online two

dimensional separations using the  same switching valve strategy.

Englert et al. used a second dimension to slightly change the selec-

tivity on a critical pair. The Kd values of  the compounds in the

cited solvent systems were estimated, thus the 2D orthogonality

representation can be illustrated as shown in Fig. 4.  The correla-

tion coefficient is found at 0.875. This coefficient being close to

Fig. 4. 2D orthogonality representation of a two dimensional LLC–LLC separation

using switching valve interface. Data  from reference [36]. 1D solvent system: n-

hexane/methyl tert-butyl ether/methanol/water 5:2:5:3 and 2D solvent system:

cyclohexane/methyl tert-butyl ether/methanol/water 5:2:5:3.

1, the  separation mechanisms of the  two dimensions are consid-

ered highly similar and consequently the  orthogonality between

the two  dimensions is low. Changing n-hexane by cyclohexane did

not bring selectivity as  much as expected and the similar separation

mechanisms limited separation improvements.

The main strategy developed in the  works using a direct transfer

of fractions from one column to  another was to establish a first LLC

separation with  the  best peak resolution and selectivity in a reason-

able elution time and then to  send only the unresolved compounds,

usually one critical pair, to the  second dimension for further separa-

tion. Unfortunately, because of  the liquid nature of  the 2D stationary

phase, the transfer of a large volume of 1D  mobile phase impacts

the 2D column stability and drastically reduces the  choice of the
2D solvent system. With this kind of  interface, the two dimensional

potential of the separation cannot be  fully exploited.

3.2. Sample loop interface

As in  2D-LC, a  sample loop can be used as interface. In 2007, Pan’s

group decided to implement a  two  dimensional separation using a

sample loop for a precise control of  the transferred volume. A 146-

ml HSCCC column was used as first dimension and one 1500-ml

CCC coil was used as  second dimension. As shown in Fig. 5,  a 50-

ml sample loop was  used as  interface with  three 3-port valves. In a

first step, the 2D column was equilibrated while the injection of the

sample in  the first dimension was made. The valves were switched

to introduce the peak of  interest to the sample loop. When the  cut

was over, the valves were switched back to transfer the loop con-

tent in the second LLC column and the 2D elution ran while the

elution in the  first dimension was still in process. With this inter-

face, the  solvent compatibility problem is somehow minimized as

the transferred volume represents only 3% of the 2D column vol-

ume. However, precautions are still taken in the solvent system

selection to  avoid hydrodynamic equilibrium perturbation. Indeed,

it can be seen that Pan’s group selected the  same solvents for the

two columns (n-hexane-ethyl acetate-methanol-water) and just

changed their respective percentages (1:5:1:5 in 1D to 3:5:3:5 in
2D). As expected, this choice limited the equilibrium perturbation,

but kept  the orthogonality low.

In the following years, the same group used this 2D instrumenta-

tion with loop interface in various coil configurations, transferring

to the second dimension from 6% column volume [38] to  14% col-

umn volume [39].

As for the  previous interface, it  is regretful that no global two

dimensional strategy was  employed for  the  selection of solvent
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Fig. 5. Homemade column switching system interface used by Pan’s group between 1D LLC and 2D LLC. Modified from [37].

Fig.  6. Solid-phase trapping column interface used by Pan’s group between 1D LLC and 2D LLC. Modified from  [40].

systems. In the three publications, one or two compounds have

undergone the full two dimensional separation so  the analysis of

an orthogonality plot is not relevant.

3.3. Solid-phase trapping column interface

In 2010, Pan’s group decided to implement a  solid-phase

trapping interface in the online two dimensional LLC–LLC instru-

mentation [40].  For this hyphenation, one 6-port switching valve,

one 4-port switching valve and one  trapping column were used

with a make-up pump as  presented in Fig.  6. This configuration

using two columns (coils) inside a single LLC instrument was  named

“multichannel”. By  switching valves, the  peak of  interest from the

first dimension was loaded in  the trapping column (Oasis HLB sor-

bent) after water was  added with a make-up pump to increase

analyte retention on the  trap. Nitrogen was flushed to dry the col-

umn and remove any residual solvents. Then the trapped analytes

were back-flushed to the second LLC column with the 2D mobile

phase, while the elution was still running in first dimension. The

serious advantages of this interface are the avoiding of  a large vol-

ume  injection on the second column by the total  elimination of  the
1D mobile phase and the  focusing effect of analytes before the sec-

ond separation. The water and nitrogen flush ensure that absolutely

no residual solvent is sent from one dimension to the  other.  This

extra precaution may  be too harsh on some analytes, which can be

either degraded or irreversibly adsorbed on the  trap as  mentioned

by Pan [40,41].

In 2011, Pan’s group [41] incremented their 2D  instrumenta-

tion by  setting a solid-phase trapping interface with two  trapping

columns allowing two  fractions to be  sent to the second dimension.

Once again, the trapping columns were filled with Oasis HLB sor-

bent type. In  this work, two  very different solvent systems were

used: n-hexane/ethyl acetate/methanol/water in first  dimension

and methyl tert-butyl ether/acetonitrile/water in  second dimen-

sion. This major change should provide very different selectivities

and maximize orthogonality. Unfortunately, as seen on Fig.  7, over

the four  compounds that underwent the two dimensional sepa-

ration, only the first one  seems to be affected by this switch. The

overall correlation coefficient is 0.4317 which is globally low, but if

we focus on compounds 2, 3 and 4, then it  is visible that correlation
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Fig. 7. 2D orthogonality representation of a two dimensional LLC–LLC separation

using solid-phase trapping columns interface. Data from reference [41]. 1D solvent

system: n-hexane/ethyl acetate/methanol/water 1:1:1:1 and 2D solvent system:

methyl tert-butyl ether/acetonitrile/water 2:2:3.

is high and separation mechanisms are very similar. The improve-

ment brought by the use  of a second dimension is alas not obvious

for these compounds.

This solid-phase trapping interface allows the  use  of  two

chemically different biphasic solvent systems without any phase

disturbance. Thus the  separation mechanisms can be fully inde-

pendent and the selectivity and orthogonality can be improved.

Unfortunately, in  Pan’s work, the solvent systems were set up  with

the same solvent nature in  different percentages. While the instru-

mentation made it possible to overcome a challenge, the selection

of the solvent systems in the  cited examples was not done as to

provide completely different selectivities.

3.4. Offline mode

To circumvent the difficulties linked to  the transfer of  fractions

to the second dimension, and to be able to use conventional instru-

ments in a timely manner, it is easier to physically collect fractions

eluting from the first separation, eventually applying a sample prep,

before injection in the  second dimension. This  is the case for 17%

of the papers dealing so far with two dimensional LLC–LLC separa-

tions.

The first uses of  the offline mode for LLC–LLC  were  implemented

by Chen’s group in 2013 [42–44] and the  objective was  to lengthen

the column by using the same solvent system in first and second

dimension. The recycling mode was also used for this purpose. This

mode allowed to prolong the LLC separation course to improve

the separation factor. These applications are then not considered

as two  dimensional separations since the very same separation

mechanism was  set in the two columns.

Currently Chen’s group is very active in LLC–LLC two dimen-

sional separations in offline mode [45,46].  In the two publications,

the sample has been injected in the  first LLC dimension then the

fractions of interest were collected and the  solvents were evapo-

rated before dissolution of the compounds of  interest in the mobile

phase of the second dimension. In this mode, several fractions

could be sent to the second dimension. The transfer is convenient

and can be applied more widely. However it needs more manual

steps and manipulations which can introduce errors and contam-

inations. In the  two examples shown by Chen  et  al., the strategy

to implement the two  dimensional separation was a  step-by-step

strategy. The first biphasic solvent system allowed an efficient sep-

aration with suitable Kd values with a satisfactory separation time.

The second biphasic system was  chosen to improve the selec-

tivity between the  unseparated peaks from the first dimension.

Since the solvent of  the 1D fraction of  interest was eliminated by

evaporation, the solvent system in  second dimension could be  com-

pletely different with an important selectivity improvement. In the

first publication, targeting flavonoids from tartary buckwheat, two

chemically different solvent systems were used: n-hexane/ethyl

acetate/methanol/water in the first dimension and ethyl acetate/n-

butanol/water in the second dimension. Unfortunately, as seen on

Fig. 8a,  these two different solvent systems exhibit almost the same

interactions with the  solutes so  separation mechanisms are cor-

related and orthogonality of  the 2D separation is really low. The

selectivity is identical and one can question the need of two sepa-

rations in such conditions.

On the contrary, for the second example from Chen’s group,

targeting antioxidants from Semen cassia [46],  the correlation coef-

ficient is close to 0 (Fig. 8b) and the two dimensional separation

space is largely occupied. Indeed, in the second dimension, an aque-

ous copper solution was added to  the same solvent system than

in first dimension, to implement complexation which completely

modifies the solutes retention. This induces a higher orthogonality

and a  better separation efficiency.

This issue of  solvent system comparison according to their dif-

ferent selectivities towards the  targeted compounds is  actually

scarcely discussed. In 2015, das  Neves Costa et al. published a new

Fig. 8. 2D orthogonality representations two dimensional LLC–LLC separations in  offline mode: (a) 1D solvent system: n-hexane/ethyl acetate/methanol/water 3:5:3:5 and 2D

solvent system: ethyl acetate/n-butanol/water 7:3:10, data from [45];  (b) 1D solvent system: petroleum ether/ethyl acetate/methanol/water 1:1:1:1 and 2D solvent system:

petroleum ether/ethyl acetate/methanol/water +  Cu2+ 1:1:1:1, data from [46].
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Fig. 9. Experimental 2D-plot implemented in  das Neves Costa et al. solvent system

selection approach. Modified from [47].

approach concerning the solvent system selectivities [47].  For a

given application, two suitable solvent systems are selected and

the Kd values of the  compounds of  interest in the  two selected sol-

vent systems are plotted on a 2D-plot with their peak widths. This is

the only representation of an  experimental 2D-plot in the LLC liter-

ature so far (Fig. 9).  It highlights the various selectivity correlations

depending on the compound chemical nature, for example com-

pounds 1–4 flavonoid glycosides. Then each  critical pair selectivity

is reported on a scale range helping in the selection of  one  system

or the other according to the selected target. While this approach

is not use to develop a 2D  methodology, i.e, using both solvent sys-

tems for the multi-targeted sample purification, this point of  view

is very appealing to help the  selection of  the best solvent system

for a specific objective.

The combination of  2D LLC–LLC have been implemented to

improve the separation as compared to only one  dimension. While

the improvement is sometimes only due to  a longer column, an

increase in selectivity on a  critical pair can most of the time make

the difference. It is however regretful that the  orthogonal strategy

is only exploited at the margin. Online interface has  focused a lot

of instrumental effort and now with the use  of solid-phase inter-

face it can allow real two dimensional strategy for the selection of

solvent systems. Offline combination require time-consuming frac-

tion handling but can lead to  the same results without the financial

investment.

The difference between a heart-cutting multi-dimensional chro-

matographic technique and a comprehensive one is  that  the  first

enables the re-injection of  a limited number of  multi-component

effluent fractions from a first  to a second column, while in the

comprehensive mode the entire sample is subjected to separa-

tion in both dimensions. So far in the  literature, only heart-cutting

strategies have been developed using LLC-LLC. In the case of more

complex samples (over 50  compounds as  found in natural products

for example), a better orthogonality could definitely improve peak

capacity and in a  comprehensive strategy, allow the purification of

a large number of compounds.

4. Two  dimensional LLC-HPLC separations

The major issue restricting the use of  one-dimensional solid-

phase liquid chromatography (prepLC) is the limited loading

capacity that is due to the non-linear adsorption isotherms on

solid stationary phase. On the other hand, the chromatographic

efficiency of particle-based prepLC results in  low band broadening

and hence better resolution of  closely retained compounds. Liquid-

liquid chromatography (either countercurrent chromatography, or

centrifugal partition chromatography) is based on the use of a liq-

uid stationary phase. This allows the injection of large amounts

of complex sample without the  major overloading issues encoun-

tered in  LC. This LLC fractionation according to partition coefficients

provides to  the 2D LC simplified pools of molecules and hence, con-

centrated amounts of  minor compounds can be injected without

competition with major compounds.

Up to  date, 67% of the  applications were made offline. Thereby,

33% of  the applications were made online using different interfaces.

The separations were performed in heart-cut mode but also in a

comprehensive mode. Both LLC instrument types, namely CCC and

CPC, were used for this purpose.

4.1. Offline mode

To  carry out an offline two dimensional LLC-HPLC separation,

two ways were used in  order to manage the solvent compatibility

for the transfer of  the LLC fractions to HPLC dimension.

In  eight publications [48–55],  the fractions of  interest from the

LLC dimension were collected and the solvents were evaporated

and solubilized in  the 2D mobile phase. However, sample stabil-

ity upon dryness and secondary dissolution in  the 2D remains a

delicate step to be considered. In two  other publications [56,57],

the collected fractions from LLC dimension were just  filtrated and

injected in LC dimension. In  this case, the mobile phases of both

dimensions have to be compatible, either close in composition or

generating a  focusing effect on the  head of the  LC  column. Indeed,

the risk of  a direct transfer is that the injection on the  secondary

LC column of a large volume with high elution strength generates

dispersion so that the  effective number of plates of  the secondary

LC column is drastically reduced, impairing the resolution power.

For the  remaining publications involving LLC and LC in  a  2D

strategy [58–60], no method for fractions transfer was mentioned.

In order to evaluate the orthogonality of  the system sets, the

2D representation of the  two dimensional separations were inves-

tigated by plotting the Kd values of  the compounds from the 1D

LLC against the k  values of  the compounds from the 2D LC. The 2D

representations are presented in Fig.  10 for publications providing

adequate retention data [49,53,57,61].

In Zhu et al. in 2009 [49],  n-hexane/ethyl

acetate/methanol/water was used as 1D solvent system, the

recovered fractions were evaporated to dryness and solubilized

in methanol to be transferred to a  C18 stationary phase with

methanol/water mobile phase. With the elimination of  the 1D

mobile phase before LC  injection, two  different dimensions were

chosen without any  solvent compatibility problems and thus  two

independent separation mechanisms were carried out, as proven

by the low correlation in 2D plot (Fig. 10a).

In 2015, Zhu et  al. implemented a second 2D LLC-HPLC separa-

tion [53] with the same transfer strategy. The 2D  representation is

shown in Fig. 10b.  With the elimination of  the 1D mobile phase

before LC injection, the solvent compatibility problems cannot

arise. The solvent system n-hexane/ethyl acetate/methanol/water

was used as 1D solvent system and an ODS  stationary phase

was implemented with  acetonitrile/water mobile phase for the LC

separation. Nevertheless, as shown on the  figure,  the correlation

coefficient is close to 1 meaning that the separation mechanisms in

the two dimensions are similar for the injected compounds. In this

case, orthogonality is  really low despite the elimination of the 1D

mobile phase before LC injection was  ensured. These two examples

show that even when solvent compatibility has been overcome and

separation media seem different, the  two separation mechanisms

need a full  investigation to be optimized.
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Fig. 10. 2D orthogonality representations of offline LLC-HPLC two dimensional separations: (a) 1D solvent system: n-hexane/ethyl acetate/methanol/water 6:4:5:5  and 2D

system: C18 in methanol/water 60:40 isocratic mobile phase; Data from Zhu et al. [49]: (b) 1D solvent system: n-hexane/ethyl acetate/methanol/water 1:1:1:1 and 2D system:

ODS in acetonitrile/water 50:50  isocratic mobile phase; Data from Zhu et al. [53]: (c) 1D solvent system: methyl tert-butyl ether/ethyl acetate/1-butanol/acetonitrile/modified

water 1:3:1:1:5 and 2D system: ODS in methanol/water isocratic mobile phase; Data from Wang et  al. [60]  and (d) 1D solvent system: ethyl acetate/n-butanol/water 0.5:4.5:5

and 2D system: C18 in  methanol/water isocratic mobile phase; Data from Chen et  al. [57].

For some examples, no evaporation of  the  solvents was operated

between the two columns and the recovered LLC fractions were

directly injected as such in the secondary LC column.

In Wang’s work [61],  the aqueous-rich 1D fraction (composi-

tion unknown) is directly sent on 2D LC working at  32% methanol

isocratic mobile phase. The first dimension clearly allows the sepa-

ration of compound 2  with its impurities from compound 1  and

compound 4 (with their respective impurities). On the 2D-plot

(Fig. 10c), it clearly appears that the LLC dimension is used  as  a

basic fractionation step before LC  separation whereas the separa-

tion mechanisms could be more different and the compounds could

be easier to isolate. One can  wonder about the usefulness of  such a

2D strategy compared to one-dimensional preparative separation.

In Chen’s work [57],  the 1D mobile phase was essentially

water (93% water, 7% butanol). Therefore, the mobile phase of the

LLC dimension was  highly compatible with the reverse phase LC

system. The separation mechanisms in the two dimensions are dif-

ferent (quite low correlation coefficient on Fig.  10d)  even if the

two dimensional-separation space is not  fully exploited. This case

can  cause issue for the  preparative transfer because of the possible

coelution of  the peaks.

In the  reported offline LLC-LC papers, the  solvent system of

the first LLC dimension was  chosen with the same criteria than

the implementation of unidimensional LLC: suitable Kd values for

satisfactory separation time, separation factor higher than 1.5, sat-

isfactory stationary phase retention and polarity close to the sample

polarity if known. Then, the unseparated compounds from the first

LLC dimension were injected in  HPLC to separate them. No opti-

mization criteria were specifically mentioned for the LC system

selection.

With the 1D mobile  phase either discarded or compatible, the

conditions are fulfilled to offer  a wide range of  orthogonality sets.

Regrettably, with the  available data, only  one application exhibited

satisfactory orthogonality.

4.2. Sample loop interface

Compared to the  offline mode, the online hyphenation needs

a special equipment and technical skills. However, its automation
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makes it high reproducible and easier to use. The fraction of  interest

from the 1D LLC has to be transferred in the 2D LC with a special

interface such as a  sample loop or a solid-phase interface.

In 2011 and 2012, Elfakir’s group published two  applications

of two dimensional LLC HPLC separations for  analytical purposes

using CPC devices [62,63].  A 20  �l-sample loop was  used with a 6-

port switching valve as  interface between both dimensions. When

the valve is in load position, the  CPC  outlet is sent through the

sample loop to the detection system. When the valve is in inject

position, the effluent from the CPC column present in  the sample

loop is sent to HPLC, during that time CPC continues to operate

with the CPC effluent sent to the  detection system. This inter-

face is the simplest way to implement an  online two  dimensional

LLC-HPLC separation in an  instrumental view since the LLC and

HPLC techniques have different backpressure and flow rate val-

ues. The LLC technique is a low-pressure chromatography (around

70 bar), whereas the HPLC is a high-pressure chromatography

(around 400 bar). It is hence preferable to  avoid direct injection.

The techniques also use different flow rates. Small scale CPC can

be employed up to 15 ml/min, whereas analytical HPLC is generally

set at around 1  ml/min. As the switching valve allows a physical

separation between the two systems, physical constraints are not

a problem anymore.

However, by using a simple sample loop as  interface, the mobile

phase of the first dimension is still present in the  fraction which is

transferred to the second dimension. Thus, the compatibility of the

mobile phases of  both dimensions has  to  be studied to implement a

satisfactory separation. In the cited references, the mobile phase of

the first dimension was  composed of  ethyl acetate/methanol/water

with traces of n-heptane whereas the mobile phase  of the  second

dimension was acetonitrile/water. The injection solvent is miscible

in the 2D mobile phase, but the very high elution strength should

result in a very large contribution of  injection process on the 2D

band broadening. Different parameters were investigated to avoid

peak deformation in  the secondary separation. With a standard

mixture, the injection solvent, the injected volume and the injected

amount were studied [62].  They concluded that, according to  the

HPLC column dispersion, any fraction coming from the  CPC column

could be injected if  the transferred volume did not exceed 20  �l

(2% LC column volume). This  instrumentation is hence perfectly

adapted for analytical purposes or for  HPLC-guided fractionation.

It would be interesting to further develop this approach with a

larger preparative LC column as second dimension for preparative

purposes.

In 2013, Wei  et  al. also used this interface with an 8 ml-

sample loop for the hyphenation of CCC and LC devices at

semi-preparative scale [64].  In their work, the strategy to avoid

the phase compatibility problems was to use  similar mobile

phases for the two dimensions. The 1D mobile phase was  made

of ethyl acetate/methanol/acetonitrile/water (exact composition

undefined, but about 30% water) and the 2D mobile  phase was

methanol/water 65:35. The transferred volume was equivalent to

15% of the 2D column volume. The risk  of this strategy can be the

lack of selectivity between the two dimensions due to  the use of the

same solvents. Unfortunately, retention data were not available in

the publication to discuss this point.

4.3. Solid-phase trapping columns interface

Qiu’s group is  the only  group to have carried out solid-phase

trapping columns as interface for online two dimensional LLC-

LC separations. This interface allows the complete elimination of

the 1D mobile phase, the focusing of the solutes on the  trapping

columns and the transfer to  HPLC with  compatible injection sol-

vent. Four publications have been published in 2014 and 2015 using

CCC devices and preparative LC [65–68].

The interface of  the first application of  Qiu’s group in 2014 [65]

is  presented in  Fig. 11. The fractions of interest underwent a mix-

ing step in a dynamic mixer to decrease the  solvent strength by

adding water with a make-up pump. Then, the  effluent was  sent

to a 2-position 10-port valve containing two C18 holding columns

allowing the  transfer of fractions of interest to second LC  dimension.

Two trapping columns are implemented in order to allow desorp-

tion of the  solutes of  the LLC fraction trapped on the first trapping

column towards LC column while the second LLC fraction is  sent to

the second trapping column. With this strategy, the entire 1D frac-

tions can be sent to the  interface for  LC injection without stopping

the LLC elution.

By using this interface, the 1D  solvents were eliminated. More-

over, with the  use of  two holding columns, this interface allowed

a comprehensive separation in  the sense that the entire sample

can undergo the two dimensional separation. For this comprehen-

sive mode, the time compatibility issue between both techniques

was studied. In the cited reference, the entire LLC peaks were

transferred to LC dimension meaning that every LLC peak requires

one LC  separation run. At preparative scale, the LC time sep-

aration reached 60 min. Thus, to ensure time compatibility, a

flow-programming scheme was considered for the LLC implemen-

tation. In the flow-programming mode, the LLC dimension was

operated at a controlled flow  rate to  ensure that each LLC frac-

tion eluted within LC separation time frame. The rotation speed

was kept the  same during the whole LLC separation. This strategy

was also applied in 2015 with an instrumental improvement on the

water addition before trapping, through the use  of a fragmentary

dilution and turbulent mixing interface [68].

In 2014 and 2015, Qiu’s group illustrated their development

through two  new 2D LLC HPLC separation examples [66,67]. For

these applications, the same instrumentation was  enforced with

the same two  trapping columns. In order to ensure the  time com-

patibility between the two  different techniques, a  stop-and-go

mode was  considered for  the LLC implementation. While in flow-

programming mode, the 1D flow  rate  was  usually slowed down,

in the  stop-and-go mode, the 1D flow rate was punctually stopped

(but not the CCC rotation). Indeed, the processing of  the  transferred

fraction by LC  requires around 30 min, which is much more than

the time required to fill up a trapping column. Thus while the  two

trapping columns were processed, the  flow rate was  stopped in the

CCC. It is  considered that the band broadening that resulted from

diffusion during this holding time was not prejudicial to  the 1D

separation.

While developing a 2D  method for the isolation of coumarin

derivatives from traditional Chinese plant on LLC to avoid irre-

versible adsorption on silica [66],  Qiu’s group observed that for

some compounds which had close Kd values in LLC, their elution

properties, and as first, their  selectivity were different in HPLC. After

careful investigation concerning these differences, they  choose the

biphasic LLC solvent system that provided a selectivity as opposite

as possible to the  LC selectivity. This  lead to a very  nice multi-

targeted separation of  16 compounds (Fig.  12) and the isolation

for the  first time of  two minor linear coumarins and one  angular

coumarin. Here a real two dimensional strategy was carried out

in terms of  solvent selection and this is the first publication to

discuss resolution, efficiency and orthogonality for  a  two dimen-

sional separation involving LLC two  dimensional. For the first  time,

LLC solvent system was  chosen in regards to  the complementary

selectivity LC provided as well. This resulted in a  full  usage of the

separation space and a globally low correlation coefficient. Looking

closer it  is however visible that some compounds undergo sim-

ilar separation mechanisms in the two  dimensions (7,8 and 9  in

one group, 10,12,13 and 14 in another). Compounds 1–5 are sep-

arated only thanks to  the second dimension. This may  cause issue

at preparative scale when peaks may  coelute due to  large loading.
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Fig. 11.  Solid-phase trapping columns interface between 1st  dimensional LLC and 2nd dimensional HPLC. Modified from [65].

Fig. 12. Two dimensional LLC-HPLC separation using solid-phase trapping columns interface and stop-and-go mode  [66] and its corresponding 2D orthogonality represen-

tation: 1D solvent system: n-heptane/acetone/water 31:50:19 and 2D system: C18 in methanol/water gradient as mobile phase.

On the 2D plot, it is  also easy to observe that neither LLC nor  LC

would have been able to individually perform, as for example com-

pounds 10,12,13,14 coelute in LLC and 3,  8  and 13 would not have

been resolved in LC. This success clearly highlights the power of  2D

separations.

While the common sense would consider set the high loading

capacity, low efficiency, high  selectivity LLC technique before the

high resolution LC,  it  is worth mentioning that some researchers

experimented the other way around. In 2013, Shi et al. presented

a combination of preparative HPLC and LLC to separate lignane

derivatives [69]. They considered that for  their application, neither

preparative HPLC nor LLC could purify all the target active com-

pounds with high purity in one-step separation. Thus, they found

that the combination of preparative HPLC and LLC was  efficient to

reach their goal because of  their complementary and orthogonal

properties. Surprisingly, in their strategy, HPLC allowed the sim-
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plification of complex samples into fractions. They considered that

HPLC is a powerful technology with  high efficiency and selectivity

but that the resolution in preparative LC is fairly low. Effectively,

this is the case in their application and on the chromatogram, the

resolution was really poor and the selectivity between peaks of

interest was clearly low. Only two fractions could be recovered

for seven compounds. This is the  claimed reason why  they used

preparative LC as first dimension. Then the  LLC separation gave

a better selectivity for the peaks and allowed the  isolation of  the

compounds with a high purity. The sample was injected through

a preparative LC with a 500 ×  80 mm  column packed with 5  �m

octadecylsilane stationary phase. The mobile phase was  a gradient

composed of ethanol/water. The collected fractions were evapo-

rated to dryness. Only two  lyophilized fractions were then sent to

LLC separation with two different solvent systems: ethyl acetate-

ethanol-water (2:1:3) solvent system and petroleum ether-ethyl

acetate-methanol-water (2:5:2:5) solvent system were investi-

gated. This strategy is interesting to investigate nevertheless it

remains an unusual one. As said previously, LC  is a technique with

lower loading capacity than LLC.  Thus, it could be better to enforce

LLC as first dimension to  make use of this advantage and to bene-

fit from more chromatographic plates in the second dimension to

achieve proper resolution.

5. Conclusion and outlook

The two dimensional separations combining LLC technique with

LLC or HPLC techniques are  interesting at preparative scale in order

to isolate and purify compounds from a  highly complex sample.

From all the investigated publications, including LLC–LLC and LLC-

HPLC hyphenations, 90% of the applications are  implemented at

preparative scale for further NMR  identification of isolated com-

pounds and so for the  production of high quality standards.

The two dimensional separations involve different separation

mechanisms meaning different selectivities and high  orthogonality

between the two dimensions. In order to get these different sepa-

ration mechanisms, a solvent switch should be  performed between

first and second dimension to generate new column-solutes inter-

actions. Thus, solvents compatibility problems can occur between

the dimensions. These issues are more significant when the  second

dimension possesses a liquid stationary phase as  the physical sta-

bility issue adds to  the band broadening issue. The type  of  interface

between the dimensions has hence a major influence on the suc-

cess of hyphenation. If there is no compatibility problems between

the two dimensions solvents (or if they are minimized by small

fraction volumes injection), the injection of the 1D fraction to the

second dimension can  be achieved in  online mode by a direct trans-

fer using a switching valve or a sample loop to control the  injection

volume. To avoid any  compatibility issue, the removal of  the 1D

mobile phase solvents can be achieved either off-line or online

mode using solid-phase trapping columns.

The instrumental evolution shall allow an improvement of the

orthogonality due to the possible selectivity difference between

both dimensions. Regrettably, this was not often the case in the

examples. A slight change in  solvent system composition was

mostly observed and no global two  dimensional strategy was

enforced to select the solvent systems which  could give the best

orthogonality. The LLC–LLC hyphenation was mainly used as a gra-

dient strategy with a slight change in solvent system composition

to separate closely related compounds.

Beyond the instrumental evolution, the  priority to enforce a

two dimensional separation using the  LLC technique with a high

peak capacity (either with another LLC or with LC) must be set

on a global two dimensional methodology to select the  chro-

matographic columns offering the best  orthogonality. Considering

2D-plot at  the first stage of  method development is one of the paths

that can be taken for that purpose. Then multiple-targeted com-

pounds and/or comprehensive purifications could offer more to the

discovery of  new molecules.
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a b  s  t r a  c t

The Edelweiss  plant has been recognized  as a  very  valuable  source of anti-aging  principles  due  to its

composition  of antioxidants  compounds:  leontopodic acid  A and  3,5-dicaffeoylquinic  acid.  In  this work,

off-line  multi-heart  cutting CPC-LC  separation was set  up  at industrial  scale in  order  to isolate  and  produce

new  high quality reference  material of these  two antioxidants from Edelweiss.  For  this  purpose,  CPC

and  HPLC methods  were developed  and  optimized  at  laboratory  scale and  a  comprehensive  CPCxHPLC

analysis  of  the  crude extract was established.  Thereby,  the CPC  method led to  a  first separation  of the

target  compounds  according to their  partition coefficient  in the  solvent  system  and  the  HPLC  method  was

performed  on  the  recovered  fractions  to lead  to a  second separation. A 2D CPCxHPLC  plot was established

in  order to know  the fractions  to  select  at the industrial scale.  Then,  the  CPC and HPLC  methods were

transferred  at industrial  scale and  the  multi-heart  cutting  CPC-LC  was performed  in off-line mode.  Using

CPC  with  methyl  ter-butyl ether-water  1:1 (v/v)  solvent system and  LC with Denali  C18 column, 2 g  of

crude  extract  sample were injected and  leontopodic acid A and  3,5-dicaffeoylquinic  acid  were recovered

with  purity over 97%.  The compounds were  identified by  MS and  NMR.

©  2017  Elsevier B.V.  All  rights reserved.

1. Introduction

Leontopodium alpinium,  commonly known as  Edelweiss, is  one

of the most famous plants of the European Alps. In folk medicine,

extracts of Edelweiss are used for  the therapy of abdominal

aches, angina, bronchitis, cancer, diarrhea, dysentery and fever for

humans as well as for livestock [1,2].  Indeed, this  plant  shows a

wide diversity of secondary plant metabolites such  as phenolic

acids, lignans, flavonoids, sesquiterpenes, coumarins, benzofuran

and others [3–5].  Wild Edelweiss is protected by the law  but the

plant is now cultivated in Switzerland and extracts of the aerial

parts are used for their anti-oxidative properties [1,3,6].  From the

early 2010′s, the Edelweiss plant extracts have been recognized as

a very valuable source of  skin anti-aging principles by the  cosmetic

� Selected papers from the 12ème Congrès Francophone sur les Sciences Sépara-

tives et les Couplages Analytiques - SEP 2017, 29–30 March 2017, Paris, France.
∗ Corresponding author.

E-mail address: karine.faure@isa-lyon.fr (K. Faure).

industry and the  main actives substances are phenylpropanoids

such as leontopodic acids [7,8].

In order to improve clinical research and provide new high

quality standards, the production of  two antioxidants from

Edelweiss plant is required, namely: leontopodic acid A and 3,5-

dicaffeoylquinic acid. In recent years, Schwaiger et al. [9] and

Ganzera et  al.  [10] developed different chromatographic meth-

ods for the identification and the quantification of  major phenolic

Edelweiss constituents such as high performance liquid  chro-

matography and micellar electrokinetic capillary chromatography.

The analysis exhibit the complexity of these plant extracts. How-

ever, currently no preparative assay of  these phenylpropanoids is

available to isolate  and produce the compounds of interest. As the

plant extract is complex, the  isolation of compounds using prepar-

ative HPLC cannot be considered.

For the isolation and production of  phenolic compounds and

phenylpropanoids from natural products, Countercurrent Chro-

matography (CCC) is widely used [11–14].  The countercurrent

chromatography is a  liquid chromatography technique that uses

two immiscible liquid phases without any solid support. This tech-

http://dx.doi.org/10.1016/j.chroma.2017.04.056

0021-9673/© 2017 Elsevier B.V. All rights reserved.
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nique eliminates irreversible adsorptive loss of  samples onto the

solid support matrix used in  conventional chromatography and

has the advantage to be  versatile due to the huge choice of  sol-

vent combinations. With a  loadable stationary phase, CCC is a very

interesting preparative separation technique [15].

The purpose of  the work is the  purification and isolation of

multiple targets from complex natural product. For this purpose,

a complementarity of  techniques was developed in order to  com-

bine two different selectivities through two different mechanisms

of separation. A two-dimensional (2D) chromatography methodol-

ogy coupling independent separation techniques provides higher

peak capacity, resolution and selectivity. The countercurrent chro-

matography technique is set to  be the first dimensional separation

due to the loadable stationary phase. The HPLC technique, more

efficient, is used as second dimensional separation. Several prepar-

ative applications using this strategy was reported in these recent

years, especially in natural products field. The hyphenation can

be on-line and comprehensive [16] with flow programming CCC

[17],  on-line and heart-cutting [18,19] with stop-and-go CCC [20]

or off-line and heart-cutting [21].

In the present study, an  off-line multi-heart-cutting hyphen-

ation of countercurrent chromatography using Centrifugal Par-

tition Chromatography device (CPC) and preparative liquid

chromatography was established in  order to produce the two

antioxidants from the  Edelweiss extract. The CPC and HPLC meth-

ods were first developed separately at laboratory scale. Then the 2D

hyphenation CPCxLC was performed off-line in a comprehensive

mode at laboratory scale. Finally, the methods were transferred at

industrial scale for the  production of the  two antioxidants by multi-

heart-cutting CPC-LC meaning that only the fractions of interest

were sent from the CPC to  the second LC  dimension.

2. Experimental

2.1. Chemicals and materials

All solvents used for the preparation of  the sample, the HPLC

analysis and the CPC separation were of  analytical grade. Methyl

ter-butyl ether was purchased from Acros Organics (Fisher Scien-

tific, Illkirch, France). HPLC grade solvents for  HPLC were purchased

from Sigma-Aldrich (Saint-Quentin-Fallavier, France).

The extract of the aerial part of Edelweiss was  provided by

the company Extrasynthese (Genay, France). It had to  be stored

away from light at −20 ◦C in  a freezer to avoid any  degradation.

Leontopodic acid A and 3,5-dicaffeoylquinic acid authentic samples

were provided by Prof. Schwaiger (Innsbruck University, Austria).

2.2. Instrumentation

All instruments used in this study are commercially available.

The CPC instrument employed at the laboratory scale was  the

FCPC-C from Kromaton Rousselet-Robatel (Annonay, France) with

interchangeable columns (or  rotors). The column had an exact vol-

ume of 34.5 ml.  The apparatus was equipped with a Shimadzu

preparative pump LC-20AP (Noisiel, France), a Shimadzu UV/VIS

detector SPD-20A set up at  220 nm,  a  manual sample injection valve

with a 350 �l  sample loop and a fraction collector. The rotor was

thermostated at 21 ◦C. The data were collected with Azur software

provided by Datalys (Le Touvet, France).

The CPC instrument employed at industrial scale was  the  SCPC-

1000 from Armen Instrument (Saint-Avé, France). The column had

an exact volume of 1.088 liters. The apparatus was  equipped with

a Spot Prep II integrated system from Armen Instrument. This

equipment is the assembly of a quaternary pump, an automatic

sample injection valve fitted on a 20  ml sample loop, a UV/VIS spec-

trophotometer dual wavelength set up at 220 nm  and 330 nm  and a

fraction collector. The Armen Glider Prep software installed in the

integrated computer allowed the control of  the  apparatus and the

data acquisition.

The HPLC system used at laboratory scale as  second dimension

was an Alliance 2690 system from Waters (Saint-Quentin-en-

Yvelines, France) using a binary solvent delivery system, an

autosampler and a Photodiode Array detector Waters 996 set

up at 330 nm.  A reversed-phase Grace Vydac Denali C18 column

(150 mm  × 4.6 mm i.d., 5  �m) was  used as  the second dimensional

stationary phase. The data acquisition was  performed by EmPower

software from Waters.

The HPLC system used at preparative scale was composed of

a Reveleris integrated system for injection, detection and collec-

tion, set up with 20 ml sample loop and a  wavelength of  330 nm. A

reversed-phase Grace Vydac Denali C18  column (300 mm  ×  50 mm

i.d., 10 �m) was used as the stationary phase.

All the analysis for the  methods development and the fractions

control were performed using an Acquity Ultra Performance Liquid

Chromatography system from Waters. The system was equipped

with a binary solvent delivery system, an  autosampler and a Pho-

todiode Array detector set  up at 330 nm.  The data acquisition was

performed by  EmPower software from Waters. A reversed-phase

Acquity UPLC CSH Phenyl-Hexyl column (100 mm  ×  2.1 mm i.d.,

1.7 �m) was  used as stationary phase.

2.3. Selection of CPC solvent system

The solvent system was selected according to  the  partition coef-

ficient (KD)  of  each target component to separate: leontopodic acid

A et  3,5-dicaffeoylquinic acid. The KD value was measured by  HPLC

analysis using the  Shake-Flask methodology. A suitable amount of

crude extract was  added to a test tube  and 2  ml of each of the

equilibrated two-phase solvents was  added. The tube was shaken

vigorously to equilibrate the compounds between the  two phases.

After partition equilibrium the upper and lower phases were sep-

arately taken into vials and 20 �l  of  each phase was  analyzed by

HPLC-UV. The peak area of the target compound in  the  upper phase

was recorded as Aupper and the one in  the lower phase as Alower.

The KD value was calculated according to  the following equation:

KD =  Aupper/Alower.

2.4. Preparation of two-phase solvent system and sample

solutions

A two-phase solvent system composed of  methyl ter-butyl

ether-water pH 3  at a ratio of 1:1 (v/v) was  developed. At the lab-

oratory, according to  the selected ratio, 1000 ml  solvent system

was thoroughly equilibrated in 1 l bottle at room temperature for

10 min. At industrial scale, 8  l of solvent system was prepared in a

10 l bottle and directly used in  CPC.

The sample solution for UHPLC analysis of crude extract was

prepared by  dissolving 10 mg  of crude extract in 1  ml  of  water-

acetonitrile 1:1  (v/v).

For the CPCxLC method development at laboratory scale, 1,  2,

20 and 50  mg  of  crude extract was dissolved in 1  ml of methyl ter-

butyl ether. The solutions were vortexed for 4  min  then sonicated

for 20  min  and centrifuged for 20 min at 4000 rpm. The super-

natant was  taken and 350  �l was injected. Finally, for  the developed

CPCxLC hyphenation at laboratory scale, the sample solution was

prepared by dissolving 50 mg  of  crude extract in 1 ml  of  methyl ter-

butyl ether. For the HPLC method development at laboratory scale,

10 mg of  crude extract was dissolved in 2  ml of water-acetonitrile

80:20 (v/v) and then filtrated.

For the  CPC-LC hyphenation at industrial scale, the sample solu-

tion was prepared by dissolving 2  g of crude extract into 40 ml  of
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total solvent system (1:1 v/v). The whole upper phase was injected

in CPC which correspond to a 20  ml  sample solution.

2.5. Optimization of CPC separation at laboratory scale

The CPC column was first filled with the upper phase as station-

ary phase. The rotation of the column was started at  the  minimum

speed 600 rpm and gradually increased to 1720 rpm. The lower

phase as mobile phase was pumped into  the  column at a flow-

rate of 5 ml/min in descending mode,  leading to a stationary phase

volume ratio (Sf) of  60%. When the hydrodynamic equilibrium was

established in the  column and the  mobile phase started emerging in

the effluent (P = 60 bar), the sample solution was injected through

the injection valve. The effluent was continuously monitored with

a UV detector at 220 nm.  The total run time was  40 min. The frac-

tions were collected every minute with the fraction collector which

correspond to a recovery of 40 fractions of 5 ml. All fractions were

put in 1  ml  vial for UHPLC analysis to identify peak compounds.

2.6. Optimization of HPLC separation as second dimension

A reversed-phase Grace Vydac Denali C18 column

(150 mm  × 4.6 mm i.d., 5 �m) was  used as  the second dimen-

sional stationary phase. This column was a strategic choice for the

transfer at industrial scale. The mobile phase was composed of

water-acetonitrile with 0.1% of  formic acid under isocratic elution

mode. The flow-rate of the mobile phase was 1  ml/min. All efflu-

ents trough the HPLC column were monitored by a PDA detector

at 330 nm.  Data for two-dimensional plots were processed with

Matlab software.

2.7. Transfer of off-line 2D  CPC-LC separation to  industrial scale

The CPC column was first filled with the upper phase as station-

ary phase. The rotation of the column was performed at 900 rpm.

The column was equilibrated by  pumping a ratio of  60:40 (upper

phase:lower phase v/v) of  the system  solvent at  a flow-rate of

55 ml/min in descending mode. This solvent system introduction

sets the stationary phase volume ratio at 60% while saving time and

solvent consumption. When the hydrodynamic equilibrium was

established in the  column and the  mobile phase started emerging in

the effluent (P = 70  bar), 20 ml  of the sample solution was  injected

through the injection valve. The effluent was  continuously moni-

tored with a UV detector at 220 nm and 330 nm. The total run time

was 120 min. The fractions were collected every 0.41 min  with the

fraction collector which correspond to a recovery of 287 fractions

of 23 ml  each.

The fractions corresponding to leontopodic acid A (compound

B) were gathered from the middle of the rise to the middle of  the

descent of the peak. The same gathering was performed for 3,5-

dicaffeoylquinic acid (compound A). Thereby two  main fractions

were recovered: one for  leontopodic acid A called F1 (F1 = 450 mg)

and one for 3,5-dicaffeoylquinic acid called F2 (F2 =  180 mg). The

analysis of the fractions were carried out using UHPLC. The two

recovered fractions F1 and F2, treated with acidic methyl ter-butyl

ether and evaporated to dryness, were dissolved into 8 ml of the LC

mobile phase to be sent to the second dimensional separation. A

reversed-phase Grace Vydac Denali C18  column (300 mm ×  50  mm

i.d., 10 �m)  was used as  the stationary phase. The mobile phase was

composed of water-acetonitrile with 0.1%  of formic acid at a ratio of

75:25 (v/v) and 78:22 (v/v) under isocratic elution mode for leon-

topodic acid A  and 3,5-dicaffeoylquinic acid fractions, respectively.

The flow-rate of the  mobile phase was  110 ml/min. All effluents

through the HPLC column were monitored by a PDA detector at

220 nm and 330  nm.  The total runs were 20  min.

The HPLC fractionation was  determined in  order to  eliminate

impurities in the head and the  tail of the peaks. Two final  frac-

tions were recovered: the fraction F3 gathering the  fractions of

interest of  leontopodic acid A peak (F3 = 298.5 mg) and the  fraction

F4 gathering the  fractions of  interest of 3,5-dicaffeoylquinic acid

peak (F4 = 44.6 mg). The two final fractions, F3 and F4, were con-

centrated then extracted with acidic methyl ter-butyl ether and

finally evaporated to dryness for  UHPLC assessments.

2.8. UHPLC analysis of crude extract and purified fragments

The crude Edelweiss extract sample, the fractions collected from

the CPC separations during development, the two intermediate

fractions F1 and F2 collected from industrial CPC  and the final prod-

ucts from fractions F3 and F4 were analyzed using the Acquity

Ultra Performance Liquid Chromatography system from Waters.

The analysis were carried out on an Acquity UPLC CSH Phenyl-

Hexyl column (100 mm  × 2.1 mm  i.d., 1.7 �m) from Waters. The

mobile phase used was  water +  0.1% of formic acid (A) and acetoni-

trile +  0.1% of formic acid (B) in a  gradient mode as following: B at

5% for 0.29 min, B from 5% to 38% in 17.15 min, B  at  38% for  0.52 min,

B from 38  to 80% in  0.52 min, B at  80% for  0.52 min, B from 80 to

5% in 0.52 min  and B at 5% for 1.56 min. The total elution time was

21.08 min. The flow-rate of  the mobile  phase was 0.4 ml/min and

the effluents were monitored at 330 nm by  a  DAD detector.

2.9. Structure identification of components

Identification of  the compounds was  carried out by ESI–MS in

negative mode and 1H, 13C NMR. For the ESI–MS analysis, the com-

pounds were directly introduced in  a SQ  Detector 2  from Waters.

For 3,5-dicaffeoylquinic acid, the MS  measurements were made

using a 0.85 kV  capillary voltage, 47 V cone voltage and a source

temperature of  500 ◦C.  For leontopodic acid A analysis, the  MS mea-

surements were made using a 2.02 kV  capillary voltage, a 32 V cone

voltage and a  source temperature of  500 ◦C.

A Bruker apparatus was used for 1D and 2D NMR  identifica-

tions of  the 3,5-dicaffeoylquinic acid (1H set up at 400.13 MHz and
13C set up  at 100.6 MHz) and the leontopodic acid A (1H set up at

500.13 MHz  and 13C set up  at 125.77 MHz) recovered in CD3OD for
1H identification and D2O for 13C identification.

3. Results and discussion

The Edelweiss plant contains a lot  of  compounds which rep-

resents a complex matrix. In order to extract the compounds

of interest from the plant  according to  the  desired application,

the crude sample undergo an extraction. Thus, the obtain extract

is a simplified sample of  the crude sample but still complex

regarding the number of  compounds and the close chemical struc-

tures. Thereby, whatever the  extraction solvent, the  crude extract

remains complex and this complexity depends on the way the

extraction is performed.

3.1. UHPLC analysis of the crude extract

As shown in Fig. 1,  the  UHPLC analysis of  the crude extract indi-

cates that there are several minor compounds with some major

compounds including the two  compounds of  interest. This chro-

matogram shows the complexity of the sample extract. The peaks

are in the same time retention window which means that they

have relatively close chemical structures. Furthermore, the reso-

lution of  the separation is  sufficient for analytical purpose while

method and column are optimized. Unfortunately the isolation of

the compounds of interest by HPLC at  preparative scale cannot be
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Fig. 1. UHPLC analysis of the crude extract (10 g/l) on Phenyl-Hexyl column (100 mm x 2.1 mm i.d., 1.7 �m),  mobile phase  of water + 0.1% of  formic acid and acetonitrile + 0.1%

of formic acid in gradient mode, flow-rate at 0.4 ml/min, detection at  330 nm.  Peaks A: 3,5-dicaffeoylquinic acid; B: leontopodic acid A.

considered due to insufficient resolution on available preparative

stationary phase.

In order to increase the selectivity and the  peak capacity, a first

dimensional CPC separation was performed on the crude extract.

This technique brings a different  selectivity than HPLC and can sep-

arate compounds in first dimension that could not be separated in

the second dimension.

3.2. Solvent system selection for first dimensional CPC separation

Solute partition coefficient (KD) and retention of the stationary

phase are important factors for  the  selection of the best solvent

system to be implemented in  CPC  method. In literature, three main

criteria have been developed in  order to  select the suitable solvent

system for effective separations [22].  First, the  partition coefficient

of the compounds should be within the  range of 0.5 ≤ KD ≤ 5. With

values under 0.5, the separation resolution can be  poor and with

values over 5, there is a risk of  band broadening. Then, the sep-

aration factor � (� = K2/K1) should be greater than 1.5 to obtain

an effective separation. And finally, the retention of the stationary

phase should be high to improve the resolution of  the  separation.

Due to the high polarity of the  target compounds, a series of  polar

solvent systems were tested. Table 1  shows the partition coeffi-

cients of the two  target compounds in the  different solvent systems.

The KD values of the  other compounds are really close to 0 for

each test tube (data not shown) meaning that they are more soluble

and have more partition in the mobile phase. Thus, the  suitable sol-

vent system should be the one in  which target compounds have KD

values different from 0. The solvent system that meets the required

specifications is methyl ter-butyl ether-water 1:1 (n◦13)  because

the target compounds have KD values in the suitable range and

different from 0 and the separation factor is higher than 1.5.

3.3. Optimization of CPC separation at laboratory scale

Although the selection of  the two-phase system is important,

the flow-rate of the mobile  phase and the rotation speed also

play critical roles in the  separation process, especially with regard

to retention of the stationary phase. The lower phase was cho-

sen as the mobile phase and was introduced through the column.

The flow-rate of the  mobile phase was set up at 5  ml/min and

the rotation speed was performed at 1720 rpm. These optimized

parameters were established to obtain the maximum stationary

phase retention without reaching the maximum threshold pressure

which was  75 bar. The solvent system methyl ter-butyl ether-water

1:1 generates a high pressure value due to the viscosity of methyl

ter-butyl ether. With this solvent system, a stable retention of 60%

stationary phase was obtained at 1720 rpm with a flow-rate of

5 ml/min providing a maximum pressure of 60 bar.

In order to  inject the maximum amount of sample in CPC,

the sample concentration was investigated. Different sample con-

centrations were tested for the CPC separation, from 1  mg/ml to

50 mg/ml. The injection volume was  set up at 350 �l which rep-

resents 1% of  the  column volume. This volume was found to  be

the compromise injection volume allowing the maximum volume

injected while maintaining a satisfactory resolution. If  the injec-

tion volume is higher, the resolution can  be lower due to the  peaks

widening.

Chromatograms of CPC separations are shown in Fig. 2. For all

separations, the quality of the separation is still conserved. The

concentration value was  finally raised to  50 mg/ml which was  the

sample solubility limit in the solvent. The chromatogram of the

50 mg/ml  sample solution shows the conservation of  the quality

separation as  well as the conservation of  the selectivity between the

peaks of  interest while the return to  baseline is not observed. This is

not compulsory in  two-dimensional separation as  we will discuss

later on. For optimized CPC parameters, the  sample concentration

was adjusted to 50 mg/ml.

Through this investigation, CPC optimized parameters were set-

tled as  following: injection of 350 �l  of  a 50 mg/ml centrifuged

sample solution, on a methyl ter-butyl ether-water 1:1 (v/v) solvent

system in descending mode, rotation speed at 1750 rpm, flow-

rate at 5 ml/min. As presented in Fig.  2, leontopodic acid A elutes

at 14.2 min  which corresponds to KD value around 2.8 and 3,5-

dicaffeoylquinic acid elutes at 26.7 min  which  corresponds to KD

value around 5.8. These values are close to the expected values.

The polar compounds, which had expected KD values close to 0,

correspond to the  two first peaks in  Fig. 2  and have shorter reten-

tion times than leontopodic acid A as expected. It can be noticed

that selectivity in CPC is different than in HPLC for  the  two  com-

pounds of interest since the  elution order is  switched as  seen on

Figs. 1  and 2.

3.4.  Development of HPLC separation as second dimension

The second dimensional separation was  performed on HPLC

using Denali C18  column. This column was chosen for industrial
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Table 1

Partition coefficient (KD)  of the two target compounds in several solvent systems and corresponding separation factor (�).

No. Solvent system (v/v) KD value � (K2/K1)

Leontopodic acid A (K1)  3,5-dicaffeoylquinic acid (K2)

1 2-butanol-ethyl acetate-water 5:45:50 0 1  –

2 2-butanol-ethyl acetate-water 5:45:50 pH  = 3 16 24 1.5

3 2-butanol-ethyl acetate-water 20:30:50 0.04 1.6 40

4 2-butanol-ethyl acetate-water 40:10:50 0.2 2.2 11

5 2-butanol-ethyl acetate-water 50:0:50 0.4 1.6 4

6 2-butanol-ethyl acetate-water 50:0:50 pH =  3  2 3.2 1.6

7 1-butanol-1-propanol-water 50:0:50 0.1 3.4 34

8 1-butanol-1-propanol-water 40:10:50 0.2 3.7 18.5

9 1-butanol-1-propanol-water 40:10:50 pH = 3  13 19 1.5

10 1-butanol-1-propanol-water 30:20:50 0.4 2.9 7.3

11 1-butanol-1-propanol-water 35:15:50 0.3 3.2 10.7

12 PEG-dibasic phosphate-water 14:14:72 (w/w) ∞ ∞ –

13 methyl ter-butyl ether-water 50:50 pH = 3  3.2 5.7 1.8

Fig. 2. CPC chromatograms of  the crude extract solution (2, 20, 50 mg/ml  in upper phase). Methyl ter-butyl ether-water 1:1 (v/v)  solvent system, flow-rate at 5  ml/min,

1720 rpm, detection at 220 nm.  Peaks A: 3,5-dicaffeoylquinic acid; B: leontopodic acid A.

reasons. Therefore, the Denali  C18 column was employed at labo-

ratory and industrial scales.

To develop this HPLC separation, two parameters were studied.

The elution conditions were first investigated in  order  to optimize

the separation and obtain a satisfied selectivity between com-

pounds of interest without dispersed peaks. A volume of  5  �l  of

extract sample was injected to test the mobile phase ratio of  75:25,

78:22 and 80:20 (v/v). Then, the  injection volume of the sample

was optimized by testing injection volumes of  20,  50 and 100 �l.

3.4.1. Elution conditions

The settled mobile phase was water +  0.1% of formic acid and

acetonitrile + 0.1% of formic acid under isocratic elution. Three

ratios of mobile phase were examined: 75:25, 78:22 and 80:20. The

chromatograms are shown in Fig.  3.  A satisfying separation as sec-

ond dimensional separation is a separation which gives the desire

selectivity while maintaining a  satisfying efficiency. The ideal cri-

teria are a separation factor between peaks � higher than  1.5 and

a peak width as  small as possible to obtain resolute peaks. In order

to transfer the separation at industrial scale, peaks had to be sepa-

rated with high selectivity and require efficiency to be able to inject

as much as possible and keep the return to baseline between them.

On the chromatogram corresponding to the 75:25 mobile phase

ratio in Fig.  3,  peaks show a very  satisfying efficiency because the

width of the  peaks is really small. However, the selectivity between

peaks around 3,5-dicaffeoylquinic acid peak is too low for satisfy-

ing separation because there is no return to baseline. The same

observation is done for the leontopodic acid A peak. On the  chro-

matogram corresponding to the 78:22 mobile  phase ratio in  Fig. 3,

the same observations can be  established even if the selectivity

between peaks is a little  higher but does not allow the baseline

return of  the signal between peaks. The 80:20 ratio of the mobile

phase was  also tested to observe the evolution of the resolution and

the selectivity between peaks. As presented on the chromatogram

in Fig. 3, peaks retention shows the  best selectivity between the

peaks. However, the efficiency of the  separation is not satisfactory

because the width of the target peaks is  too high thus, when recov-

ered, the compounds can be mixed with  another compounds due to

the large width of the peak and the compounds are dilute in a  large

volume of solvent. These conditions are not satisfactory conditions

for preparative purpose. Thereby, the best compromise to carry out
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Fig. 3. HPLC chromatograms of the crude extract (5  g/l) on Grace Vydac Denali  C18 column (150 mm  x  4.6  mm  i.d., 5 �m),  mobile phase of  water +  0.1%  of formic acid and

acetonitrile + 0.1% of formic acid under isocratic elution at a ratio  of 75:25, 78:22 or 80:20 (v/v), injection volume of 5  �l, flow-rate at 1  ml/min and detection at  330 nm.  Peaks

A: 3,5-dicaffeoylquinic acid;  B: leontopodic acid A.

second dimensional HPLC is the  use of 78:22 (v/v) mobile phase

ratio. Indeed, the first dimensional CPC separation brings a first

separation of the compounds with a larger selectivity than HPLC

separation. Thus, the efficiency of  the two methods are combined

to offer a higher peak capacity. The return to baseline in separated

methods is not compulsory for two-dimensional separation due

to the efficiency combination. Both methods have to be a com-

promise for optimized parameters to satisfy the  two-dimensional

separation. Thereby, the  optimized second dimensional HPLC was

performed at a mobile phase ratio  of 78:22 at laboratory scale.

3.4.2. Injection volume for second dimension usage

During method development it is necessary to  be able to observe

the behavior of compounds of  interest as  well as the neighboring

impurities that may  hinder their purification. Since CPC is a  highly

diluting process, it is hence required to transfer to  the subsequent

LC separation a sufficient amount of sample to monitor such impu-

rities. Of course, at production scale, this concern does not apply  as

the whole selected CPC  fraction will  be treated on the LC column.

In order to observe the maximum signal on HPLC chromatogram,

and thus, try to see the minor neighboring impurities of the com-

pounds of  interest, the CPC fraction containing the  maximum

amount of  compounds was  injected in HPLC. This fraction corre-

sponds to the fraction eluting at 14.2 min  in  Fig. 2, concentration

at 50  mg/ml, which is the fraction of the peak top of leontopodic

acid A.  Then, three different injection volumes were tested: 20 �l,

50 �l  and 100 �l.  The mobile phase was set up at a  75:25 ratio for

a gain of time. Using an injection volume of 20 �l  gives a  low peak

intensity which is not interesting for the laboratory scale analysis

because minor compounds are not observed. The injection volume

of 100 �l  gives a high peak intensity which is high for the HPLC

detector and a risk of  signal saturation can occur. The injection vol-

ume of 50 �l gives peak intensity high enough to hope to observe

both peaks of interest and impurities. This HPLC injection volume

was maintained for CPCxLC separation at laboratory scale.
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Fig. 4. 2D plot of the  CPCxLC analysis of  the crude extract. CPC parameters: 50 mg/ml  centrifuged extract sample, injection volume of 350 �l, methyl ter-butyl ether 1:1

(v/v) solvent system, flow-rate of 5 ml/min, 1720 rpm and detection at 220 nm. LC parameters: Grace Vydac Denali C18 column (150 mm  × 4.6 mm i.d., 5 �m),  mobile

phase of water + 0.1% of formic  acid and acetonitrile +  0.1%  of formic acid  (78:22 v/v), injection volume of 50 �l,  flow-rate of 1 ml/min and detection at  330 nm.  Peaks A:

3,5-dicaffeoylquinic acid; B: leontopodic acid A.

3.5. Application of off-line 2D CPCxLC analysis at laboratory scale

The optimized CPC and HPLC methods were carried out succes-

sively in a comprehensive way meaning that fractions from CPC

separation were collected every 1 min  and later injected in HPLC

for second dimensional separation (corresponding to  a total of  40

HPLC analyses).

The first CPC dimension was set  up with optimized condi-

tions: methyl ter-butyl ether solvent system 1:1  (v/v), flow-rate of

5 ml/min, rotation speed of  1720 rpm, sample extract of 50 mg/ml

prepared by centrifugation and injection volume of  350  �l. The sec-

ond LC dimension on Denali C18 column was set  up with optimized

conditions: mobile phase of  water + 0.1% of formic acid and ace-

tonitrile + 0.1% of  formic acid at a ratio of 78:22, injection volume

of 50 �l and flow-rate of 1 ml/min. The CPC chromatogram and the

LC chromatograms of  the fractions were recorded. The 2D CPCxLC

analysis was plotted and the plot is shown in  Fig. 4.

As seen on the figure,  major compounds and minor compounds

are present. This 2D plot allows the  well-understanding of the crude

extract sample composition. Moreover, as said previously and as

expected, the efficiency of both methods are combined and the

compounds can be separated through the two-dimensional sep-

aration.

The goal of this 2D CPCxLC plot is to  allow to select  the  first-

dimension fractions containing the  target compounds that will be

cut at industrial scale (blue squares on vertical chromatogram).

The target compounds, 3,5-dicaffeoylquinic acid (compound A)  and

leontopodic acid A (compound B), are spotted on the  map  with

the black squares. Then the  corresponding fractions of  interest to

be recovered in CPC and HPLC dimensions could be determined.

Therefore, the  cut of  the  target fractions in the  first  dimensional

CPC separation for  industrial scale was decided through this map

in order to eliminate the impurities which could hinder the  recu-

peration of the target compounds in second dimensional HPLC

separation. The collected fractionation in both dimensions was

shown on Fig.  4 through the dotted lines.

3.6. Transfer of off-line 2D CPC-LC separation to industrial scale

The CPC and HPLC methods were transferred at industrial scale.

For first dimensional CPC separation, the  method transfer was made

on a 1  l  rotor. The solvent system was  the  same methyl ter-butyl

ether-water 1:1 (v/v) solvent system. The flow-rate of the mobile

phase and the  rotation speed were optimized to maintain the same

separation quality. Due to pressure limitation, the  maximum rota-

tion speed reached was  900  rpm with a maximum flow-rate of

55 ml/min using a forced stationary phase volume ratio of 60%. This

compromise was  chosen to obtain the  higher efficiency with the

shorter elution time.

The maximum charge was  examined and was limited by the

solubility of the sample in  the upper phase of  the solvent system.

During the  CPC run, the eluent was collected and fractionated every
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Fig. 5. Industrial CPC-LC separation of Edelweiss crude extract. CPC protocol: methyl ter-butyl ether solvent system 1:1 (v/v), 2 g of crude  extract in 40 ml of solvent system

(1:1), injection of upper phase, flow-rate of 55 ml/min, 900  rpm and detection at 220 nm.  LC protocol: Grace Vydac Denali C18 column (300 mm  × 50  mm  i.d., 10 �m), mobile

phase of water-acetonitrile with 0.1% of formic acid at 75:25 (v/v) for F1 fraction and 78:22 (v/v) for F2 fraction, flow-rate of 110 ml/min, detection at 330 nm.

0.41 min. These fractions from the first dimensional CPC separation

were gathered in two main fractions as  shown in Fig.  5 (vertical

chromatogram). Two  fractions were recovered from first  dimen-

sion: one fraction of leontopodic acid A called F1 and one fraction

of 3,5-dicaffeoylquinic acid called F2.  These two fractions were sent

to second dimensional LC separation after concentration, extraction

and evaporation.

In order to save solvent and time consumption, LC separation of

F1 was accelerated by  increasing the eluent strength of  the  mobile

phase. Thus the second dimensional LC separation for leontopodic

acid A fraction was carried out with a mobile phase ratio of 75:25

(v/v), as opposed to  78:22 (v/v) during method development. Con-

sequently, the impurities present on Fig. 4  before  leontopodic acid

A (retention times of 5.5  min  and 6.5 min  on HPLC axis) are coeluted

under the peak eluting at 8.5  min  on Fig. 5. The impurities present

on Fig. 4 after leontopodic acid A (retention time of  10 min  on HPLC

axis) are in the tail of leontopodic acid A peak on Fig.  5.

For the 3,5-dicaffeoylquinic acid fraction, as the neighboring

impurities are very close to the peak of interest, the  second dimen-

sional LC separation was carried out with the  initially selected

mobile phase ratio of 78:22 (v/v). Final fractions, F3 and F4, were

recovered as shown in Fig. 5  (horizontal chromatogram) by elim-

inating the tail and the end of the  peaks of interest to recover

compound with a  high purity value [Here Fig. 5].

Indeed, the purity of the  two target compounds is  higher than

97% (estimated purity with peak area). The chemical structures of

those isolated compounds were identified as  3,5-dicaffeoylquinic

acid and leontopodic acid A by ESI–MS in negative mode and NMR

[6,23,24] (MS  and NMR  spectra provided in Supplementary Infor-

mation). 3,5-dicaffeoylquinic acid was  clearly identified through

its ion  [M-H]− m/z  =  514.99 and its ion  fragment [M-H]−-C9H6O3

m/z  =  353.01. Moreover, the NMR  spectra are  coherent with the

known structure. Similarly, leontopodic acid A identity was con-

firmed through its ion  [M-H]− m/z = 781.28 and its ion  fragments

[M-H]−-C9H6O3 m/z = 619.13 and [M-H]−-2xC9H6O3 m/z  = 457.07.

Moreover, the NMR  spectra are coherent with  the known structure.

From a 2  g crude extract containing 172.5 mg  of 3,5-

dicaffeoylquinic acid and 345.9 mg of leontopodic acid A, the

CPC-LC process leads to a 3,5-dicaffeoylquinic acid fraction

(44.6 mg,  purity of 97%) and a leontopodic acid A fraction (298.5 mg,

purity of 97%). Because of  the  purity specifications thus a  strict

selection of fractionation, the recovery is low (25.1% for 3,5-

dicaffeoylquinic acid and 83.7% for leontopodic acid A). The overall

2D CPC-LC process is able to produce new reference materials at a

yield of 22  mg/g of crude extract for 3,5-dicaffeoylquinic acid and

145 mg/g of crude extract for leontopodic acid A.

4. Conclusion

In  this work, a 2D  comprehensive CPCxHPLC protocol was

designed at laboratory scale to enhance capability and resolving

power for the separation of Edelweiss plant extract. This  protocol

allowed to implement a multi-heart-cutting CPC-HPLC at indus-

trial scale for the  purification and the  isolation of two antioxidants

from Edelweiss plant extract as  new reference materials. The CPC

and HPLC methods were developed in parallel at laboratory scale
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and the off-line hyphenation was successfully performed to iden-

tify the antioxidants. Both methods were transferred at industrial

scale and the separation quality was  maintained. The CPC-LC pro-

tocol was successfully performed at industrial scale. A recovery

of 83.7% and 25.1% were obtained for  leontopodic acid A and 3,5-

dicaffeoylquinic acid compounds, respectively, with a purity higher

than 97%. The structures of  the isolated compounds were confirmed

by MS  and 1D  and 2D  NMR.

To the best of  our knowledge, this is the first report using the

combination of CPC and HPLC for the production of leontopodic acid

A and 3,5-dicaffeoylquinic acid. These compounds were simultane-

ously isolated at preparative scale for the  first time.

The above results show that this  off-line CPC-LC protocol is  an

effective and high-purity technique which has  potential applica-

tions in preparative extraction and purification of  multiple target

components from complex natural products.
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Comparison between centrifugal partition
chromatography and preparative liquid
chromatography as first dimensions in
off-line two-dimensional separation:
Application to the isolation of
multi-targeted compounds from Edelweiss
plant

Preparative two-dimensional chromatography is gaining interest in the elucidation of com-

plex samples as it allows the recovery of a large number of molecules without the risks

inherent to tedious multi-step sample preparation. While the second dimension is often

selected to be liquid chromatography, it may be of interest to compare the specificities of

two different techniques, namely liquid chromatography and centrifugal partition chro-

matography, to be used as first dimension. A fair comparison between off-line CPCxLC

and prepLCxLC in selective comprehensive mode for preparative purposes is carried out

in this study, illustrated by the isolation of five compounds from high-value Edelweiss

plant. The method development of each configuration is achieved on laboratory scale in-

struments. The quality of separation is compared using 2D-contour plots. The prepLCxLC

exhibits a large separation space that leads to an overall large peak capacity, which is

of great interest for complex samples. But its limited loading capacity involves a large

number of 2D runs increasing the running costs for preparative purposes. On the other

hand, CPCxLC provides a low peak capacity due to the poor efficiency provided by CPC.

However, this liquid-liquid technique can be finely tuned to generate a high selectivity,

decreasing the number of runs necessary to produce a limited number of target solutes.
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1 Introduction

In recent years, two-dimensional separations are becoming

increasingly implemented in a wide range of applications as

complex samples are more and more appealing. These 2D

separations can be set up for analytical purposes in order to

detect and identify new molecules [1, 2]. They can also be
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used for preparative purposes, to produce unknown target to

be sent to further analysis such as NMR, IR or mass quantifi-

cation, or to generate small amounts of reference substances

from high value samples. In these preparative issues, it is cru-

cial that the entire sample is subjected to the two dimensions

without any loss. Thus, the implementation of 2D separa-

tion for preparative purposes has different constraints and

requirements than the ones for analytical purposes.

In the literature, 2D preparative separations have just

emerged, mostly in the natural product field [3–11] where

the discovery of new active compounds is intrinsically

related to the unraveling of the complex matrix. The

Color Online: See the article online to view Fig. 2 in color.
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techniques involved in the 2D setups are liquid chromatog-

raphy (LC) and countercurrent chromatography (CCC), the

later one using a liquid stationary phase. All combinations

exist (LC/LC, CCC/LC, CCC/CCC), but the separations in-

volving only countercurrent apparatus are very rarely imple-

mented due to the low efficiency of the technique [9–12].

Amongst countercurrent technologies, centrifugal partition

chromatography technique (CPC) is of particular interest as

it can strongly hold liquid stationary phase at fast flow-rate

and high sample concentration.

In the literature, CPC and LC have already been com-

pared in one-dimensional separation for preparative objec-

tives [13,14]. The purpose of this publication is to fairly com-

pare the advantages and drawbacks of each technique in the

2D configurations CPCxLC and prepLCxLC, keeping the sec-

ond dimension strictly identical throughout the study.

The 2D preparative separation was applied to the isolation

of multi-targeted compounds from a rare sample with high

yield and purity requirements. Edelweiss is a protected plant

from European Alps which produces a wide diversity of sec-

ondary plant metabolites, especially some with anti-oxidative

properties due to its growing at high altitude [15–17]. While

the plant is just started to get cultivated mainly in Austria and

Switzerland, it is essential to qualify the biological activity

and chemical structures of its compounds of interest. Re-

cently two main compounds, namely leontopodic acid A and

3,5-dicaffeoylquinic acid, have been isolated by the combina-

tion of CPC and LC in heart-cut mode, both at lab-scale and

pilote scale [18]. In the present study, the two-dimensional

preparative strategy is considered in a selective comprehen-

sive mode [19] to recover five targeted compounds at labora-

tory scale (mg-scale).

2 Materials and methods

2.1 Chemicals and materials

All solvents were of analytical grade. Methyl tert-butyl ether

was purchased from Acros Organics (Fisher Scientific, Il-

lkirch, France). Formic acid, ammonium acetate and ethanol

were purchased from Fisher Scientific. Acetonitrile was pur-

chased from Biosolve Chimie (Dieuze, France). The dried

aerial part of Edelweiss plant was provided by Extrasynthese

(Genay, France).

2.2 Instrumentation

The SpotPrep II system from Gilson (Saint-Avé, France) was

set up as first dimension instrument, with a 5.2 mL sample

loop and detection set at 330 nm. The CPC instrument was the

FCPC-A frame from Kromaton Rousselet-Robatel (Annonay,

France) equipped with a 35.8 mL rotor and thermostated at

30°C. The HPLC system used as second dimension was an Al-

liance 2690 system from Waters (Saint-Quentin-en-Yvelines,

France), set up at 330 nm and with a 100 �L sample loop for

the analytical step or 2.6 mL sample loop for the loading step.

The delay volume is 1 mL without sample loop.

2.3 Preparation of crude extract

The crude extract was prepared from the dried aerial part of

Edelweiss plant by macerating 4 g of the plant in 200 mL

of water/ethanol 70/30 (v/v) in acidic conditions for 16 h.

The mixture was centrifuged and the supernatant was passed

through filter paper. Then the obtained sample was concen-

trated 10 times with the rotary evaporator to get 20 mL of the

crude extract in water. The final crude extract was filtrated

through Nylon membrane 0.45 �m.

2.4 First-dimension separations

The CPC method was developed in our previous study [18].

A two-phase solvent system composed of methyl tert-butyl

ether and water pH 3 was prepared. The upper phase was

equilibrated as stationary phase at 1720 rpm, while the lower

phase as mobile phase was pumped into the column at a flow-

rate of 5 mL/min in descending mode. When the equilibrium

was established, 1 mL of the crude extract was injected and

the total run time was 50 min. The fractions were collected

every minute which corresponds to a recovery of 50 fractions

of 5 mL.

For the prepLC method, a reversed-phase XSelect CSH

Phenyl-Hexyl column (150 mm × 10 mm i.d. 5 �m, column

dead volume 7.7 mL) was used as the stationary phase, ther-

mostated at 30°C. The mobile phase was composed of water

at 10 mM of ammonium acetate (pH 7) (A) and ACN (B) in

linear gradient: 1–25% B for 19.2 min, 25–95% B for 0.8 min,

95–1% B for 0.8 min and 1% B for 4.2 min. The flow-rate was

9.5 mL/min. After equilibration of the column, 1 mL of the

crude extract was injected for a total run time of 25 min. The

fractions were collected every 0.5 minute which corresponds

to a recovery of 50 fractions of 4.75 mL each.

2.5 Second-dimension LC separation

A reversed-phase XSelect CSH Phenyl-Hexyl column

(150 mm × 4.6 mm i.d. 5 �m, column dead volume 1.6 mL)

was used as the second dimension HPLC column. For 1D

fraction analysis, an injection volume of 20 �L (1% of the col-

umn volume) was selected. For the loading step, 65% of the
2D column volume was injected meaning a fraction injection

volume of 1 mL. The mobile phase was water with 0.1% of

formic acid (pH 3) (A) and acetonitrile with 0.1% of formic

acid (B) in a gradient mode as following: 12% B for 1.1 min,

12–35% B for 18.4 min, 35–95% B for 0.8 min, 95–12% B for

0.8 min and 12% B for 3.9 min. The total elution time was

25 min. The flow-rate of the mobile phase was 2 mL/min and

the effluents were monitored at 330 nm.
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Figure 1. HPLC analysis of the
crude sample on Phenyl-Hexyl col-
umn (150 mm x 4.6 mm i.d., 5 �m),
mobile phase of water + 0.1%
of formic acid (A) and acetoni-
trile + 0.1% of formic acid (B) in
gradient mode: 12% B for 1.1 min,
12 to 35% B in 18.4 min, 35 to 95%
B for 0.8 min, flow-rate 2 mL/min,
detection 330 nm.

3 Results and discussion

3.1 Comprehensive strategy implementation and

resulting 2D-contour plots

The HPLC chromatogram of the Edelweiss extract is shown

in Fig. 1. In this crude sample, the two compounds of interest

from our previous study [18], namely 3,5-dicaffeoylquinic acid

(compound A) and leontopodic acid A (compound D), are

present in high quantity. Three other compounds, B, C and

E, are unknown compounds that we suspect to be isomers

and products of degradation of compound D. As shown on the

chromatogram and in our previous study, the isolation of the

five compounds of interest with high purity level cannot be

considered by one-dimensional preparative LC or CPC due to

insufficient resolution. Hence a two-dimensional preparative

strategy is pursued.

While many two-dimensional (2D) configurations exist

for preparative purpose, it appears from our recent review [12]

that using the highly resolutive LC technique in the second

and last dimension provides better resolution and hence pu-

rification quality. Hence in this comparison, two preparative

2D configurations are compared (Supporting Information

Fig. S1). The first one is an off-line CPCxLC, using our previ-

ously developed CPC method, which has shown some inter-

esting orthogonality degrees with RPLC methods. The second

configuration is an off-line LCxLC configuration from which

the orthogonality is obtained by changing the mobile phase

pH while using the very same stationary phase. These config-

urations have been selected to be as cost-effective as possible,

i.e. limiting column investment. For an understandable sim-

plification, the first dimension is noted 1D and the second is

noted 2D.

To get an estimation of the pros and cons of each first-

dimension technology, the second dimension has been op-

timized and is similar in both configurations, i.e. based

on phenyl hexyl stationary phase and acidic gradient mo-

bile phase, as in Fig. 1. This separation can be carried

out on a semi-preparative column (150 mm × 10 mm i.d.

5 �m, column dead volume 7.7 mL) for the production step,

but can also be scaled down to a laboratory-scale column

(150 mm × 4.6 mm i.d. 5 �m, column dead volume 1.6 mL)

for the development of our 2D strategy (Supporting Informa-

tion Fig. S1).

The off-line 2D separations are carried out, during pro-

duction, in a selective comprehensive mode where only the

fractions of interest from first dimension are sent to the sec-

ond dimension (Supporting Information Fig. S1 production

step). This imposes that the 1D and 2D fractions are finely

selected and that the fraction transfer between 1D and 2D

columns is total without any split or loss. The method devel-

opment of such a separation requires two steps in which the

2D separations are performed in a full comprehensive mode

with the second dimension implemented at smaller scale. In

the first step, the orthogonality of the two dimensions is val-

idated and/or optimized by monitoring the position of each

compound of interest (Supporting Information Fig. S1 ana-

lytical step). It requires only aliquots of the 1D fractions to be

analyzed, while in the second stage, the 2D lab-scale column

is loaded in such a way to simulate the full transfer of 1D frac-

tions and hence ensures that the purity of the targeted com-

pounds will not be compromised during the transfer process

(Supporting Information Fig. S1 loading step). It is impor-

tant to notice here that the full transfer is processed without

any treatment of the 1D fractions and this specification will

remain during the study.

In order to conduct a fair comparison of the first-

dimension technology, it is decided that the 2D configura-

tions should initially treat the same number of fractions, as

the overall cost of a 2D separation is mainly governed by the

number of runs on the second dimension. In our previous

study [18], the CPC eluent in first dimension was collected

every minute in order to produce fractions volume of 5 mL.

In the present study, this criterion is maintained which leads

to the collection of 50 fractions from first dimension, and

hence, 50 2D runs for comprehensive separations. Moreover,

the same sample load of 1 mL is injected in 1D CPC and

prepLC to allow an equitable comparison. Of course, this ini-

tial injection could be further optimized but this is not the

purpose of this publication.

3.2 Quality evaluation of the 2D separations at the

analytical step

With the objective to isolate as much targeted compounds

as possible at the lowest cost, it is important to visualize

the distribution of the targeted peaks regarding the others
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Figure 2. 2D-contour plots of off-line comprehensive two-dimensional separations (A) prepLCxLC at analytical step (B) CPCxLC at
analytical step (C) prepLCxLC at loading step (D) CPCxLC at loading step. In circles are the critical pairs of each configuration.

in the given separation space, because the distances between

peaks usually relate to the loading capacity of a preparative

method [20], providing that practical transfer conditions are

favorable. Hence, the 1D separations, either CPC or prepLC,

were performed and only 20-�L aliquots of the 50 recovered

fractions were transferred in the 2D HPLC separation. The

resulting 2D-contour plots are shown in Fig. 2. This visual-

ization allows the evaluation of the peak distribution through

two criteria: the theoretical sample peak capacity which de-

fines the theoretical separation space of the 2D separation,

and the selectivity which describes the distribution of the

peaks in the separation space.

3.2.1 Peak distribution of prepLCxLC separation

The sample peak capacity, noted nc, was introduced in 1967

by Giddings [21] in order to describe the maximal number

of peaks that could theoretically be separated by a given col-

umn. This notion was established for isocratic and gradient

elution modes in one-dimensional separations [21–23]. In

our prepLCxLC separation, the first and the second dimen-

sions were conducted in gradient mode. The calculation of

the sample peak capacity in gradient mode is provided by the

following equation [22]:

nc = 1 +

2.3S� C

2.3Ss + 1
.

√

N

4

With S the slope of the retention model of the compound

(usually equal to 4 for small molecules), �C the elution com-

position range of the compounds, s the normalized gradient

slope, and N the number of theoretical plates during the

separation.

By implementing the 1D prepLC in one-dimensional sep-

aration, the resulting sample peak capacity is 30 (with an ef-

ficiency of 4000 plates and an elution composition range of

0.24). Similarly, the resulting sample peak capacity of the 2D

LC implemented in one-dimensional separation is 30 due to

the same efficiency and elution composition range.

The 2D theoretical sample peak capacity being the prod-

uct of sample peak capacities in each dimension [24], its value

for prepLCxLC is here 900. This may allow the separation of

around 300 compounds, as stated by Davis [25] who claim that

the effective peak number that can be separated is 37% of the

theoretical peak capacity. On the Fig. 2A corresponding to the
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2D-contour plot of the prepLCxLC separation, about seventy

compounds are separated.

The space occupation of the separation space is high with

a value of 69% (calculated using Convex Hull method [26]).

Despite this large space occupation, no peak elutes at bottom

right corner and top left corner of the 2D-contour plot. In-

deed, reversed phase chromatography mechanisms involving

hydrophobic interactions between compounds and stationary

phase are implemented in both dimensions. Consequently,

the same type of interactions is settled in the two dimensions

and thus, despite the pH switch (from pH 7 to pH 3) be-

tween dimensions, the retention data are correlated leading

to a peak distribution along a regression line with a certain

degree of dispersion around this line. Indeed, to reduce the

costs of investment, we experimented here an orthogonality

implementation based only on the change of ionization state

of solutes towards the very same reversed phase stationary

phase. The selectivity based on the electronic properties of the

solutes is of interest for natural products, where a large num-

ber of organic acids and bases can be found. Compounds that

remain in the same ionization state during the pH switch are

to be found on the regression line x = y on the 2D-contour

plot. This is the case for compound B, which provides an

extra information on this unknown compound. Because hy-

drophobic interactions are decreased when the solute is ion-

ized, tracking the solutes during this pH switch through their

position on the 2D plot provides an insight of their pKa. For

example, known compound A (3,5-dicaffeoylquinic acid) is

less retained in the second dimension than in the first one,

indicating that it is more ionized at pH 3. This is coherent

with its known pKa of 3.3. Conversely, leontopodic acid A

(compound D) and unknown compounds C and E are less

retained in the first dimension than in the second one thus

are more ionized at pH 7 than at pH 3.

The prepLCxLC separation with a high theoretical sam-

ple peak capacity allows the spread of the whole matrix in

the separation space, and an homogeneous distribution of

compounds, at the detriment of selectivity.

3.2.2 Peak distribution of CPCxLC separation

In our application, the CPC elution was conducted in isocratic

mode. This has a consequence on the sample peak capacity,

as in isocratic mode, peaks become broader as they are more

retained. The sample peak capacity in isocratic mode is pro-

vided by the following equation [21, 24]:

nc =

√

N

4
ln

(
Vrn

Vr1

)

With N the number of theoretical plates during the sep-

aration, Vr1 and Vrn the retention volume of the first and the

last retained compound respectively.

With an efficiency less than 500 plates and a retention

volume window from 20 to 220 mL (Fig. 2B), the sample peak

capacity in 1D CPC is around ten peaks. The low efficiency

of the CPC can be observed on the Fig. 2B where peaks are

spread out along the CPC axis. This well-known lower effi-

ciency is due to the use of a liquid stationary phase and its

consequent slow mass transfer. As calculated previously, the

sample peak capacity of the 2D LC is 30. Thus, the theoretical

sample peak capacity of the CPCxLC separation is around 300

meaning that the number of peaks that can be separated in the

resulting separation space is three times lower than with the

previous LCxLC method. Of course, this theoretical compar-

ison does not take non-ideal transfer due to injection effects

into account (see below practical condition assessment).

As shown on the Fig. 2B corresponding to the 2D-contour

plot of the CPCxLC separation, the important baseline width

of the peaks does not allow the separation of the whole ma-

trix in the separation space. So the strategy to separate the

targeted compounds from the rest of the matrix must rely on

an important selectivity between them. The CPC separation

is based on the partition of the solute between two liquid

phases and hence can rely on several interactions such as

Van der Waals, hydrogen or hydrophobic bonds depending

on the solvent system. Thus, the choice of the solvents (nature

and composition) that composed the stationary and mobile

phases is important in CPC in order to involve the expected

interactions. In our example, methyl tert-butyl ether was cho-

sen as stationary phase with acidified water as mobile phase.

This reversed-phase column can involve hydrophobic inter-

actions, hydrogen bonds as well as Van der Waals bonds with

the targeted compounds (K values over 3). As the 2D LC re-

lies only on hydrophobic interactions, the retention data from

the first and second dimension separations can be non cor-

related offering a high selectivity between peaks and a high

occupation of the separation space as observed on the 2D-

contour plot.

One of the advantages of CPC is the large choice of the

solvent systems allowing a refined selection of the solvent

system specifically adapted to the desired separation. This

high selectivity is an obvious requirement in order to com-

pensate for the low efficiency of CPC. The implementation

of LC as second dimension brings more efficiency to finally

isolate targeted compounds.

3.2.3 Practical condition assessment

As explained in Stoll et al. and Dugo et al. reviews in 2007

and 2008 [1, 27], the implementation of comprehensive 2D

separations allows an improvement in resolving power by in-

creasing the effective sample peak capacity. They resumed

the work of Murphy et al. [28] in which the resulting 2D res-

olution depends on the 1D and 2D resolutions. To maintain

the 1D and 2D resolutions during the 2D separation, the frac-

tionation of the 1D eluent and the transfer of the fractions to

the second dimension are of great concern [1, 24, 27].

The 1D eluent has to be fractionated in a strategic way

in order to preserve the 1D separation during the transfer to

the second dimension. This fractionation can be evaluated

through the 1D undersampling factor noted � [29, 30]:
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� =

1√
1 + 0.21

(
ts

1�t,obs

)2

With ts the sampling time of the first-dimension eluent

and 1�t,obs the 1D peak width.

To preserve the 1D separation to the second dimension,

the factor � must be at least 0.8 meaning that each peak from

first dimension is cut at least in three fractions. If this crite-

rion is not respected, separated peaks in first dimension may

re-mix during transfer leading to a decrease of the sample

peak capacity and a doubt concerning the purity of the com-

pounds [28, 31]. For the prepLCxLC separation, the baseline

width of the 1D peaks is around 1.5 min. Thus, with a sam-

pling time of 0.5 min, the peaks are adequately cut in three

fractions. For the CPCxLC separation, as the CPC was imple-

mented in isocratic elution, the width of the peaks becomes

broader with the retention. For the targeted compounds, the

smallest baseline width is 15 min (compound E). Thus, with

a sampling time of 1 min, the undersampling is not an issue

with an � value of 0.98. For a larger fractionation of peaks

in three cuts (� = 0.8), the sampling time should not ex-

ceed 5 min. Thus, with the implementation of CPC in first

dimension, the sampling time can be ten times higher than

for prepLC, which induces less fractions to inject on second

dimension for a comprehensive strategy.

As explained in François et al. review in 2009 [24], the

solvents compatibility between the 1D eluent contained in

transferred fractions and the 2D mobile phase is another

major issue. In order to maintain the 2D resolution, it is of

importance to avoid peaks widening during the 2D injection.

These negative effects can be due to the absence of focus-

ing effect [32] or due to viscous fingering [33, 34]. In off-line

process, an intermediate treatment of the fractions can avoid

these effects. This is however really tedious and time con-

suming when many fractions are to be transferred, which is

usually the case in any 2D preparative strategy. In analytical

2D LC, the issue is avoided by transferring small amounts or

by using trapping columns [35,36]. With 2D preparative aim,

however, the volumes to be treated are usually not compatible

with this kind of solution. If no fraction treatment is carried

out, these peak band broadening due to injection effects can

be evaluated through the correction factor noted � [29]:

� =

1√
1 +

1

�i2
.

2Vi2

2�2
v,col

.

1

C2
F

th �i² a parameter related to the shape of the injection

band (equal to 4 in a practical case), 2Vi the 2D injection vol-

ume, 2�v,col² the standard deviation resulting from the column

dispersion and CF the compression factor.

The injection effects on second dimension are favorable

when the factor � is close to 1. In our comparison of CPCxLC

and prepLCxLC separations, with a same transferred volume

2Vi on the same 2D column (2�v,col²), the 2D injection effect

factor � only depends on the compression factor CF [37, 38].

The compression factor is favorable (�1) if the injec-

tion solvent in the transferred fraction has a weaker eluent

strength than the mobile phase at peak elution in second di-

mension. As the second dimension shows a reverse-phase

mechanism and runs with a mobile phase composed of 88%

water to 65% water during the elution (with acetonitrile as

organic solvent), the solvent in fractions must contain more

water than the mobile phase at elution. For the prepLC im-

plemented as first dimension, the solvent in fractions was

composed from 99% water for the first fraction to 75% water

for the last fraction. In this case, the compression factor is

higher than 1 for only a part of the peaks. The part where the

compression factor is lower than 1 can be visualized on the

top left corner of the 2D-contour plot on the Fig. 2A where

the eluent strength of the injection solvent (solvent in frac-

tion) is stronger than the eluent strength of the mobile phase.

Thus, for this part, there is no focusing effect on the peaks

and some deformation can occur. On the 2D-contour plot,

no negative effects are observed for the analytical step due to

low 2D injection volume but these effects are visible during

the loading step with higher 2D injection volume (Fig. 2C).

When CPC was implemented as first dimension, and run in

isocratic mode, all 1D fractions are composed of 93.5% water

(with MtBE as organic solvent), which is obviously favorable

going into a 88–65% 2D gradient elution. These conditions

give a compression factor much higher than 1 for all fractions

separations allowing a focusing effect on all peaks. We found

that the compatibility of solvent between both dimensions is

easier to deal with when an isocratic tunable mobile phase is

used in first dimension, and CPC technique may offer that

opportunity.

It is important to notice here that the dilution factor

DF is higher for the CPCxLC separation which can lead to

some detection problems. As described in the following equa-

tion [39, 40], the dilution factor depends on the peak width

observed on first-dimension and the compression factor. For

CPCxLC, despite a high compression factor during transfer,

the dramatically low efficiency of the CPC technique leads to

a large peak width hence a high dilution factor in the order

of 75, in opposition to a dilution factor of 17 in prepLCxLC.

DF =

√

2	
1Vi

.

1�v,obs.

√

2	

�i
√

1 − �2
.

1

CF

Where �i is a parameter dependent on the injection pro-

cess, 1�v, col is the standard deviation resulting of band broad-

ening in the 1D column and 1Vi is the injected volume in
1D.

3.3 Quality evaluation of the 2D separations when

loading

Since scale-up is easily achieved on both techniques, the re-

quirement before moving to production is the overloading

study. As the objective is the full recovery of compounds of

C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



Electrophoresis 2018, 39, 2011–2019 Liquid Phase Separations 2017

interest, the injection volume in second dimension has to be

equal to the fraction volume obtained from first dimension.

In our study, the fraction volume from each first dimensions

is initially 5 mL. Transferring this amount to a 10 mm inter-

nal diameter prepLC column represents an injection volume

of 65% of its dead volume. This loading study can be evalu-

ated on the second dimension with a smaller 4.6 mm inter-

nal diameter column (specifications in material and methods

section). So, the study of such a volume load on a 4.6 mm

internal diameter column can be achieved by injecting 65%

of its volume, i.e. 1 mL. The 2D-contour plots resulting from

the loading step are shown in Figs. 2C and 2D.

3.3.1 Resulting peaks resolution on second

dimension

Some peaks deformations can be observed on the top left

corner of the 2D contour plot of the prepLCxLC separation

(Fig. 2C). As already mentioned, this is due to the decrease

of the 2D injection effect factor �. As the 2D injection volume

increases from 1 to 65% of the 2D column volume, the ratio
2Vi²/2�v,col² is 2500 times higher than during the analytical

step. These effects do not appear with the use of 1D CPC due

to the much higher compression factor that compensates for

the larger transferred fraction volume.

The resolution loss after the 65% load can be visualized

on critical pair of targeted compounds (blue circles, Fig. 2).

For prepLCxLC, the critical pair is compound D with its im-

purity iD contained in fraction #30 (from 14.5 to 15 min) and

for CPCxLC, the critical pair is compounds A and B contained

in fraction #30 (from 29 to 30 min). The chromatograms of

both fractions #30 from prepLC and CPC are shown on Sup-

porting Information Fig. S2.

It can be seen that the resolution is totally lost be-

tween peaks D and iD from 1D prepLC #30 when the 2D LC

column is loaded in preparative conditions (Supporting In-

formation Fig. S2A and C). Hence with these loading speci-

fications, corresponding to 5 mL fractions being fully trans-

ferred to a 10 mm internal diameter 2D column, only four

compounds can be isolated as shown on Fig. 2C. The com-

pound D has coeluted with an impurity. Conversely, peaks

A and B from CPC #30 keep the same resolution during

loading and the 2D LC column is not saturated (Support-

ing Information Fig. S2B and D). This is due to the high

dilution of the compounds during CPC and the high com-

pression factor of the peaks during the transfer to the second

dimension, as mentioned before. Because the solutes coming

from CPC are highly diluted in a low strength solvent, a 65%

injection volume is easily handled by the 2D column. The

overall 2D plot (Fig. 2D) shows that the five targeted com-

pounds can be fully transferred and isolated with baseline

return.

It is clear through this study that the solvent compatibility

issue is even more problematic when injection large volumes

of fractions on the second dimension. The selections of the

first dimension and its elution mobile phase composition are

crucial in the resulting preparative performances.

Because 1D prepLC and CPC have here very different

elution phases, it is interesting to optimize the transferred

volume for each configuration.

3.3.2 Charge capacity on second dimension for

prepLCxLC separation

The injection volume of the critical fraction #30 from 1D pre-

pLC was incrementally increased to achieve baseline return

between peak D and its impurity. For the quantitative eval-

uation of the return to baseline [41], the free-space between

peaks, noted �V (expressed in mL), was calculated with the

following equation:

�V = (Vr,2 − Vr,1) − 3 (�v,1 + �v,2)

With the retention volumes of peaks 1 and 2 and their cor-

responding standard deviation in volume unit. As the peaks

are not symmetric with the load, the standard deviations were

calculating from the right peak width for peak 1 and left peak

width for peak 2. Statistically, 99.7% of the solute molecules

can be found within the 6-� baseline width which was a sat-

isfactory criterion for the evaluation of the baseline return.

Thus, using the 1D prepLC #30 fraction as sample, the �V

was calculated for the injection volume of 1, 6, 13, 19, 25, 31

and 65% 2D LC column. In our study, the maximum load is

observed for an injection volume of 19%.

If the specifications require that the fraction coming from

the first dimension is fully injected in the second one, the

use of a 150 × 10 mm i.d. prepLC as 2D imposes that the
1D fractions need to be reduced down to 1.5 mL each. It then

represents a sampling time of 0.16 min on the 1D prepLC and

the collection of 157 fractions. In this case, as the sampling

time is much lower than 0.5 minute, the peaks from first

dimension are cut in more than three fractions leading to the
1D undersampling factor � closer to 1 and thus favorable for

the separation. Concerning the 2D injection effect factor �, as

the injection volume on the second dimension decreases from

65 to 19% of the column dead volume, the ratio 2Vi²/2�v,col²

will be 11 times minimized leading to factor closer to 1 and

thus the negative effects will be more negligible. Injecting

19% of the column dead volume on a 150 × 4.6 mm i.d.

column or on a 150 × 10 mm i.d. prepLC column, the ratio
2Vi²/2�v,col² remains the same and so the 2D injection effect

factor �.

Another solution, to avoid the huge running cost of 157
2D runs is to increase the size of the 2D column to decrease

the number of 1D fractions. The maximal fraction volume

that can be collected while keep reasonable 1D undersam-

pling factor � is 4.75 mL. To handle such an injection volume

without overloading effects, a prepLC column with an inter-

nal diameter of 19 mm is necessary. Hence, 50 fractions of

4.75 mL can be transferred leading to a lower � factor and an

unmodified � factor.

C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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3.3.3 Charge capacity on second dimension for

CPCxLC separation

It was previously found that injecting 1D CPC fraction to

the extent of 65% 2D column was easily achieved without

any resolution loss. Increasing the transferred volume, we

noticed that it was possible to inject the entire CPC fractions

of 5 mL on the analytical LC column (150 × 4.6 mm i.d.)

meaning 313% of the LC column dead volume without any

resolution loss.

Using the prepLC column (150 × 10 mm i.d.) as second

dimension, 24-mL fractions could then be injected on the

second dimension. This is obtained by increasing the 1D

sampling time to 4.8 min, which results in the collection

of only 11 fractions from first dimension. In this case, the

sampling time is maximal leading to a 1D undersampling

factor � of 0.8 lower than previously but still very favorable

for the separation. Concerning the 2D injection effect factor

�, the injection volume increases from 65 to 313% of the

column dead volume leading to a 25 times increase of the

ratio 2Vi²/2�v,col² and so a lower � factor than previously but

as the compression factor is very important, the resolution is

kept.

3.4 Final 2D separations comparison

In order to fairly compare off-line CPCxLC and prepLCxLC se-

lective comprehensive separations based on the purification

of 1 mL rare Edelweiss extract, the various optimized options

are here compiled together with solvent consumption and

duration in Supporting Informatiom Table 1.

The 1D prepLC (150 × 10 mm i.d.) requires 475 mL of

solvent for a total duration of 50 min (including blank run).

For the implementation of CPC in first dimension, a total

volume of 325 mL of solvent was used (mobile and station-

ary phases included) for a total time of 65 min (including

equilibration and separation time). With the implementation

of a 2D prepLC column with the very same dimensions (no

supplementary investment), 157 fractions of 1.5 mL can be

collected from 1D prepLC. Using a selective comprehensive

mode to isolate only the five targets, the injection of 29 frac-

tions on second dimension is necessary with total time of

775 min.

In the case of CPCxLC separation, 11 fractions of 24 mL

can be collected from 1D CPC to be sent on the prepLC col-

umn (150 × 10 mm i.d.). In selective comprehensive mode,

this combination requires the injection of only seven fractions

on second dimension for a total time of 240 min.

In order to minimize the second-dimension investment

cost, alternatives can be implemented. For the prepLCxLC

separation, a higher internal diameter 2D column (column

150 × 19 mm i.d.) can be implemented allowing 3.3 times

less fractions to be injected on the 2D column. Additional

investment costs have to be considered. For the CPCxLC

separation, the 2D column used during method develop-

ment (column 150 × 4.6 mm i.d.) can be implemented for

preparative purposes leading to 4.8 times more fractions to be

injected on second dimension but with no need to purchase

a prepLC.

All these options can be implemented with favorable

practical conditions (� and � factors). If less fractions are

to be collected and injected on 2D column in order to further

minimize the second-dimension running costs, a heart-cut

mode can be implemented. In this case, the 1D undersam-

pling factor � and the 2D injection effect factor � would not

be favorable anymore leading eventually to a re-mix of the

compounds from first-dimension separation and peaks de-

formation during the transfer and thus an important loss of

the resolution between peaks. Other alternatives to either re-

duce the fraction volume or increase the compression factor

by make-up addition would be of interest but may greatly

increase the overall separation process duration.

4 Concluding remarks

This study represents the first comparison between CPC

and prepLC used as first dimension in an off-line two-

dimensional separation. The two-dimensional CPCxLC and

prepLCxLC separations were performed in comprehensive

mode at lab-scale in order to develop the selective compre-

hensive 2D separations for the isolation of five targeted com-

pounds from Edelweiss plant. As the investment cost on sec-

ond dimension was initially stated for both separations, the

first dimensions CPC and prepLC performances could be

compared.

While the conventional LCxLC setup demonstrates once

again its powerful peak capacity and resolution, it requires

a large investment and exhibits solvent compatibility issues.

The CPC technique may be an appropriate alternative when

dealing with these solvent compatibility issues since the

choice of the chemical nature of the CPC columns is much

wider and can, if finely tuned, be of great interest for prepar-

ative purposes. In both cases, CPC and prepLC are attractive

techniques with advantages and drawbacks, offering a great

deal of possibilities for the development of 2D preparative

separations for rare samples.

The authors wish to deeply thank Extrasynthese company for
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ABSTRACT: Isolation of unknown compounds for structural
identification and the collection of target molecules to
generate unavailable standards remain a challenge when
dealing with complex samples. While tedious multistep
purification is commonly used, it is not appropriate for a
limited amount of sample or when a full recovery of expensive
molecules is required. Two-dimensional preparative chroma-
tography in a comprehensive mode provides an effective
means to collect a large number of molecules in such a case.
However, there is currently a lack of metrics to estimate
preparative performances with a minimal number of experiments. An in silico comparative study of various pairs of
chromatographic systems is proposed, focusing on the occupation rate and the homogeneity of peak spreading in the 2D
separation space. Off-line combination of centrifugal partition chromatography (CPC) with liquid chromatography (LC)
exhibits numerous advantages for 2D preparative separation. Our in silico approach was illustrated through the isolation of eight
bioactive compounds with very similar structures from Cyclopia genistoides plant by CPC×LC. The column screening was
performed considering predictive 2D plots in light of the preparative performance descriptors and compared to real 2D
preparative separations.

S ince the early 2000s, two-dimensional preparative
separations have emerged especially in the natural

products field to isolate targeted compounds from highly
complex samples. Simultaneous isolation of a large number of
molecules from high value samples is able to generate small
amounts of high purity material for NMR analysis, biological
evaluations, mass quantification, or as reference substances.
Orthogonal separation mechanisms offer a large separation
space, improving the ability to separate impurities from the
compounds of interest. Moreover, as the distance between
peaks is related to both purity and recovery in preparative
chromatography, it was demonstrated that the amount of
recovered molecules was significantly higher in 2D separations
compared to a succession of 1D separations.1 The first 2D
preparative separation was realized in 1976 to recover the
maximum amount of two compounds in a simple mixture.2

This approach led to the development of 2D preparative
separations with both the use of liquid chromatography (LC)
and liquid−liquid chromatography (LLC). As described in a
recent review from our group,3 the first 2D preparative
separations involving LLC were dedicated to the isolation of
natural products using countercurrent chromatography (CCC)

technology in heart-cut mode. The preparative 2D-LC
separations started to emerge later, in the years after 2010.
The first comprehensive 2D-LC was implemented in off-line
mode in 2012 for the isolation of 13 compounds from a plant
extract.4 Since this study, off-line and online preparative 2D-
LC separations were performed in comprehensive mode5−9 to
obtain the required high purity on multiple molecule isolation.
To ensure an ordered spreading of peaks in the 2D space

and hence prevent the risk of overlapping, it is of utmost
importance to screen different 2D configurations using
adequate selection criteria. While reviewing the two-dimen-
sional preparative chromatography methods involving either
liquid−liquid techniques (centrifugal partition chromatogra-
phy (CPC) or CCC)3 or LC,4 it appears that most
developments rely on one-dimensional selectivity improve-
ment of a critical pair using visual estimation. This is especially
obvious when the 2D method is applied in a heart-cut mode on
specific areas of the chromatograms. For the isolation of
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multiple compounds from complex sample for which a 2D
separation is fully justified, a comprehensive mode is
recommended, but to the best of our knowledge, only three
papers describe a quantitative assessment of the 2D space
quality for preparative purposes. In 2016, the orthogonality of
the 2D-LC×LC system was evaluated with the bin box
approach.10 In 2017, the convex hull approach and conditional
entropy were used for the evaluation of a 2D-CCC×LC
system.11 In 2018, a 2D-CPC×LC system was evaluated
through the measurement of the degree of orthogonality.12

These criteria are derived from the evaluation of analytical 2D
separations13 and used to estimate the quality of the final 2D
separation once it has experimentally been performed. None of
the studies provides insight into the basis of column selection
for each dimension, which is a critical stage in the optimization
of 2D preparative separations.
The development strategy for 2D preparative separation

currently relies on the optimization of separation selectivity in
each dimension. Because combined selectivities can sometimes
be correlated, this strategy does not guarantee an optimized 2D
separation. In the present paper, a simultaneous screening of
various chromatographic columns is demonstrated with a
minimum number of experiments using in silico 2D plots. A
number of criteria specific to preparative purposes are
discussed such as the occupation of the separation space, the
distance between peak apexes, and the peak spreading
homogeneity.
Several of the 23 species in the genus Cyclopia are used for

production of honeybush herbal tea, a South African herbal tea
prized for its sweet-associated aroma.14 Cyclopia genistoides
contains high levels of highly polar molecules such as the
xanthones mangiferin and its regioisomer, isomangiferin, as
well as a number of benzophenones and flavanones,15 which
are extracted during tea brewing. These compounds exhibit a
bioactivity related to alleviation of the metabolic syndrome,
which positions the plant as valuable source material.16 Several
qualitative studies were performed for the comprehensive
characterization15−17 of this sample, but the simultaneous
isolation of the components that can be found in the hot water
extract would facilitate the investigation on the plant
bioactivity. The proposed screening methodology for 2D

preparative separation was therefore illustrated by the
simultaneous isolation of the eight major compounds present
in C. genistoides water extract by off-line comprehensive 2D-
CPC×LC. Because these compounds have very similar
chemical structures (Figure 1), their simultaneous isolation
with a high degree of purity is not achievable in a single
dimension approach.
Due to the liquid nature of the stationary phase in CPC, this

technique provides many advantages such as high selectivity
thanks to multiple choice of solvent systems, high loading
capacity, and total recovery of the sample. Therefore, it is of
interest to combine the advantages of CPC with the high
efficiency of HPLC for the isolation of the eight targeted
compounds. The criteria that we propose to screen various
pairs of chromatographic systems are designed for the
combination of a first-dimension CPC separation with a
variable amount of stationary phase under isocratic elution
mode and a second-dimension LC separation with a gradient
elution mode. We suggest these criteria may also be applied to
any kind of chromatographic column and elution mode.

■ DESCRIPTORS

In analytical separations, the quality of 2D separations are
usually evaluated through two notions: the practical sample
peak capacity and the degree of orthogonality.18 Different
methods based on the linear regression of retention data19 and
chemometric tools20 have been performed for a qualitative
assessment, while methods based on geometrical ap-
proach18,21−23 allow a quantitative measurement. While the
aim in analytical separation is to separate all compounds in a
maximized separation space in a minimum separation time, the
aim in preparative separation is different. Thus, the criteria for
evaluation of the 2D systems have to be different. We suggest
that for the isolation of multiple compounds, the most
important criterion is a homogeneous spreading of the peaks in
a large occupation space to provide the largest distance
between peaks in the 2D separation space for both compound
purity (i.e., separation from impurities or overlapping) and
recovery requirements (i.e., for loading capacity). Clustering is
the most critical situation for preparative chromatography
development, while time constraint is not so crucial.

Figure 1. Chemical structures of the eight targeted compounds present in Cyclopia genistoides plant extract: (A) 3-β-D-glucopyranosyl-4-β-D-
glucopyranosyloxyiriflophenone, (B) 3-β-D-glucopyranosylmaclurin, (C) 3-β-D-glucopyranosyliriflophenone, (D) mangiferin, (E) isomangiferin,
(F) vicenin-2, (G) naringenin-O-hexose-O-deoxyhexose isomer B,15 and (H) hesperidin.
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Thereby, in this work, the 2D systems were evaluated
through three criteria. The first criterion is the occupation rate
of the peaks in the separation space denoted γ. It is defined as
the ratio of the used retention space measured by the convex
hull approach24 using the Delaunay triangulation method on
peak apexes, over the usable retention space, considered as the
space between the void volume of the column and the
retention volume of the last eluting compound in each
dimension.
The second criterion is the homogeneity of the peak

spreading in the used separation space. This criterion is
evaluated through the ratio of the harmonic mean H̅ with the
arithmetic mean A̅ of the nearest-neighbor distances.25 The
nearest-neighbor distance di is the shortest of all distances
connecting a peak apex with every other peak apex. Thus, for n
peaks, it exists n − 1 distances di. The harmonic mean is a
descriptor sensitive to the shortest distances between the
nearest neighbors, while the arithmetic mean is useful for the
assessment of the extension of peak spreading in the total space
(full expression available in Supporting Information). Thereby,
the peak spreading is homogeneous when the harmonic mean
is equal to the arithmetic mean, i.e. when the ratio H̅/A̅, called
system homogeneity,26 is equal to 1.
The third criterion is the loading capacity of the 2D system.

For that, we suggest the use of the minimal nearest-neighbor
distance, denoted dimin. The higher the minimal distance, the
higher the loading can be. This minimal distance is of course
relative to specific instrumentation and operating conditions.

■ EXPERIMENTAL SECTION

Reagents and Materials. All solvents were of analytical
grade. 1-Butanol, formic acid, sucrose, and ammonium sulfate
were purchased from Acros Organics (Fisher Scientific,
Illkirch, France). Ethanol and acetonitrile were from Sigma-
Aldrich (Saint-Quentin-Fallavier, France). C. genistoides plant
material (leaves and fine stems) were harvested from a
commercial plantation (Gouritzmond, Western Cape, South
Africa). The plant material was dried, and a hot water extract
was prepared as described by Beelders et al.15

Instrumentation. The HPLC system was an Alliance 2690
system from Waters (Saint-Quentin-en-Yvelines, France) using
a 5.2 mL sample loop and a photodiode array detector Waters
996 set up at 288 nm. Data acquisition was performed by
EmPower 3 software from Waters.
The CPC instrument was set with a SpotPrep II system from

Gilson (Saint-Ave,́ France) connected to a FCPC-A frame
equipped with a 33.1 mL rotor from Kromaton Rousselet-
Robatel (Annonay, France) and a SPD6A detector (Shimadzu,
Noisel, France) set up at 288 nm. Either a 1.1 or 2 mL sample
loop was used. Data were collected with Azur software
(Datalys, Le Touvet, France).
Predictive and experimental 2D plots were processed by

homemade scripts on Matlab (Mathworks, Massachusetts,
United States).
Partition Coefficient Measurement. A suitable amount

of plant extract was added to a test tube, and 2 mL of each
phase of the equilibrated solvent system was added at 30 °C.
After vigorous agitation and decantation, the lower phases
were taken into vials for dilution and analysis by HPLC-UV
(LC1 method, see below). The partition coefficient KD value
was calculated by comparing the peak area of the target
compound in the plant extract and the one in the lower phase
of the evaluated solvent system.

CPC Separation Conditions. Four CPC methods were
fully evaluated in this study and are noted as follows: CPC1 (1-
butanol/water 50/50 (v/v) descending mode; CPC2 1-
butanol/water 50/50 (v/v) ascending mode; CPC3 ethanol/
ammonium sulfate/water 22/21/57 (w/w) descending mode;
CPC4 acetonitrile/sucrose/water 50/13.3/36.7 (w/w) ascend-
ing mode. As a reminder, descending mode means that the
upper phase is the stationary phase and inversely for ascending
mode. Operating conditions are detailed in Table S1. A volume
of 350 μL plant extract (5 mg/mL in water) was injected. The
fractions were evaporated to dryness and then diluted in water
before HPLC analysis.

HPLC Separation Conditions. The conditions for HPLC
methods were as follows: mobile phase water (A)/ acetonitrile
(B) + 0.1% formic acid (A and B); elution composition range
3% to 25% B; normalized gradient slope 1%. Column
temperature 30 °C. The injection volumes were 20 μL for
the plant extract analysis (3 mg/mL in water) and from 620 to
1040 μL for analysis of CPC fractions. Two reversed-phase
columns were evaluated as follows: LC1 method: XSelect CSH
PhenylHexyl column, 150 mm × 4.6 mm i.d., 5 μm, from
Waters; flow rate 2 mL/min, gradient time 17.6 min, total time
25 min. LC2 method: Gemini-NX C18 column, 150 mm × 4.6
mm i.d., 3 μm, from Phenomenex; flow rate 1.5 mL/min,
gradient time 24.2 min, total time 34 min.

■ RESULTS AND DISCUSSION

In Silico Evaluation of 2D Systems Using Predictive
Contour Plots. Two HPLC columns were screened, namely
an XSelect CSH Phenylhexyl (LC1) and a Gemini-NX C18
(LC2) both with a gradient of acetonitrile and water as mobile
phase. To achieve high selectivity and thus high distances
between peaks, HPLC methods were implemented with a
minimum gradient normalized slope of 1%. The two
chromatograms of the HPLC analysis of the crude extract
are shown in Figure S1 (Supporting Information). There is no
significant difference of selectivity between the two HPLC
methods except for the positional isomers D and E, where a
higher selectivity is observed for the LC1 method.
Twenty potential CPC columns were screened by evaluating

the partition coefficient, denoted KD, of the targeted
compounds in 10 solvent systems. Four solvent systems
leading to high selectivity in a KD-value range from 0 to 10
were selected for discussion. The corresponding partition
coefficients are available in Table S.2 (Supporting Informa-
tion). As the partition coefficients are determined by HPLC
analysis, coeluted peaks in HPLC could lead to incorrect KD-
values; hence, it is of importance to base the screening on a
large number of peaks. A full HPLC resolution was not
necessary to determine KD-values of selected compounds, as
peak height can be used to provide a fair estimation.
To evaluate the eight selected 2D-CPC×LC systems (noted

#1−4 with LC1 column and #5−8 with LC2 column), the in
silico 2D plots of the retention volumes in the two dimensions
were generated. The relation between the retention volume
(Vr) of the compounds in 1D-CPC and their KD-value is as
follows: Vr = [(KD − 1)Sf + 1]Vc, with Sf the retention rate of
the stationary phase in the column and Vc the column volume.
These data depend on the retention rate of the CPC stationary
phase which was initially set at 0.5 in the assessment.
Estimation of the peak broadening was also plotted. In 1D-
CPC, a column efficiency of 300 was initially considered. Due
to the isocratic elution mode, peak broadening was simulated
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according to retention extent. The theoretical efficiency of the
HPLC columns was considered to estimate the peak width in
the 2D-HPLC. As no significant difference was observed
between LC1 and LC2 methods, only the 2D plots using LC1
method as second dimension are discussed further (Figure 2).
It is important to notice that only two HPLC injections are
required to realize a full 2D plot: one with the plant sample,
and one with the lower phase of the solvent system containing
the sample. Moreover, peak identification is achieved only by
their HPLC retention time, and no peak tracking is required.
A simple visualization of the four 2D plots illustrates that the

1D-CPC can easily generate different selectivities depending on
the nature of the solvent system. With the systems #1, #2, and
#4, the retention mechanisms in the two dimensions are not
correlated, leading to a potential separation of the eight
targeted compounds (Figures 2a, b, and d). However, this is
not the case of system #3, where the compounds are spread
around a regression line in the 2D separation space, leading to
a coelution of compound E with compound F on the
corresponding 2D plot (Figure 2c). It can be noted that
compound H, with KD-value over 10, is not present in the 2D
separation space. Thereby, a visual estimation of these
predictive 2D plots can very simply help the developer to
exclude sets of conditions that are likely to fail (here system
#3) with a minimal number of experiments. To refine the
predictive 2D plots, a prior knowledge of the plate number in
CPC would be helpful. These data are currently very

dependent on the solvent system, the operating conditions,
and the equipment supplier, for which preliminary tests could
be realized. To illustrate a more generic approach, the in silico
evaluation presented hereafter is based only on the
thermodynamic data.
To discriminate pairs of chromatographic columns, perform-

ance descriptors have to be calculated. Purity is the number
one concern for preparative development, especially when
multiple compounds are targeted in a complex matrix where
impurities may be numerous. Because impurities are not
considered in the representation, it is important for an efficient
preparative 2D system to exhibit a homogeneous spreading of
the peaks in a large occupied separation space. This provides a
better chance to separate a large number of targeted
compounds from impurities. Thus, two criteria related to
purity were evaluated: the occupation rate of the peaks in the
usable separation space, denoted γ, and the system
homogeneity, denoted H̅/A̅.
The occupation space of the peaks is represented in blue on

the 2D plots (Figure 2). A difference in occupancy can be
clearly noted between systems #1, #2, #4, and the system #3,
where the blue shape is much larger for the former than for the
latter. This lower occupied space due to correlated separation
mechanisms between the dimensions leads to the coelution of
compounds E and F. While 5 out of 8 targets appear to be
separated in system #3 during the elution, the impurities have a
high chance to coelute with other target compounds.

Figure 2. Predictive 2D plots of (a) CPC1×LC1 separation, (b) CPC2×LC1 separation, (c) CPC3×LC1 separation, and (d) CPC4×LC1
separation. The blue shape represents the occupation space in the usable separation space, and the red line represents the minimal distance between
nearest-neighbor peaks (peaks D and E).
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The homogeneity of the peak spreading is also of
importance as clustering of peaks in the separation space
may result in peak overlapping and purity loss as soon as
sample loading is increased.
Hence, purity capacity can be understood as a combination

of occupation rate and system homogeneity. Chromatographic
sets can be compared according to these two criteria (Figure
3a). For a given 1D-CPC, no significant difference can be seen
when using LC1 or LC2. The CPC1 and CPC4 systems offer
high occupation rate and high system homogeneity, expecting

to lead to a high purity capacity. The number of pure
compounds may be limited when using CPC2 and CPC3
systems due to the low system homogeneity for CPC2 systems
or the low occupation rate for CPC3 systems.
While the number of peaks to be resolved may be the only

goal for most preparative challenges, the improvement of the
sample load can be a requirement, especially for routine
separations. In this case, the resolution is the key parameter,
and the separation time may be longer than analytical
separations where a large number of samples must be analyzed

Figure 3. Predictive results for the eight 2D systems. (a) Occupation rate versus system homogeneity. (b) Purity capacity versus minimal distance
between peaks. Combinations #1−4 are made with the phenyl hexyl column, combinations #5−8 with the C18 column.

Figure 4. 2D-contour plots of off-line comprehensive (a) CPC1×LC1 separation, (b) CPC2×LC1 separation, (c) CPC3×LC1 separation, and (d)
CPC4×LC1 separation. Injection of 350 μL of the Cyclopia genistoides sample (5 mg/mL in water). The red circles highlight peak overlapping.
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in a given time. Thus, we propose to evaluate the sample
loading capacity of the 2D system by measuring the minimal
distance dimin between peaks (red line in Figure 2). However,
lengthening distances means increasing time and solvent
consumption and therefore the running cost, especially if the
separation is supposed to be scaled up to some extent. Thus,
for each 2D system, the minimal distance has to be considered
regarding to the overall separation time, which depends on the
separation time in each dimension and on the fractions
number. We acknowledge that the relationship between dimin

and load is much more complex than a simple proportionality,
because (i) it may depend on sample solubility in CPC mobile
phase and (ii) the distances are not equivalent in isocratic and
gradient methods in terms of loading ability. Nevertheless,
comparing distances provides a first estimation of loading that
is actually lacking for column selection in 2D preparative
method development. The purity capacity (considered as the
occupation rate times the homogeneity) can be plotted with
regard to the minimal distance dimin reflecting the loading
capacity (Figure 3b). Not surprisingly, CPC1 and CPC4
systems display high purity capacity and consequently
interesting loading capacity. This graph enables discrimination
between two combinations that exhibit different features. For
example, system #2 offers a large occupation rate and hence
can handle impurities more easily, while the clustering makes
sample loading challenging. On the opposite, system #3 can
manage a higher load due to a more homogeneous spreading,
but in a smaller separation space. This plot aids decision
making, showing that system #3 is more interesting than the
clustering system #2 in terms of loading capacity.
To choose the most suitable system between those

presenting high purity and loading capacity, the three in silico
criteria can be combined. This workflow could be fully
automated so as to propose to the developer the best two
combinations to test experimentally, discarding unsuitable
combinations. In our example, the system #1 (CPC1×LC1
system) was found as the most suitable 2D system for the
isolation of the eight targeted compounds. The system #4
(CPC4×LC1 system) comes in second position due to a lower
dimin value. Of course, this combination can be adapted to the
purification specifications by prioritizing one criterion over
another.
Experimental 2D-CPC×LC Separations. To validate the

predictive screening, the four 2D-CPC×LC systems using LC1
as second dimension were experimentally implemented in off-
line comprehensive mode for a preparative purpose (Figure 4).
The CPC operating conditions were optimized for an effective
stationary phase retention close to 50%. Because the in silico
screening is based on retention data, the predictive 2D
separation does not take into account the issue of transfer from
the first to the second dimension. For the preparative
separation to remain comprehensive, some conditions are
required.27 Each peak from the first dimension has to be cut at
least in three fractions into their 6σ-width to maintain 1D-
resolution. Depending on the efficiency of the 1D-CPC
separation and therefore the operating conditions, CPC1 was
implemented with a sampling time of 0.5 min and CPC2,
CPC3, and CPC4 with a sampling time of 1 min. With a
preparative objective, the entire sample has to be subjected to
the two dimensions without any split or loss, i.e. the full
volume of the fraction coming from the first dimension has to
be injected in the second dimension. For the development of
the 2D-CPC×LC separations, the second dimension was

implemented at a smaller scouting scale. In our lab, HPLC
column was used to simulate the full transfer of the 1D-
fractions on larger LC column (10 mm i.d. × 150 mm), as
previously described.28 Thereby, an injection volume of 52% of
the column void volume was considered for the transfer of
CPC1 fractions, 65% for CPC2 and CPC3 fractions, and 39%
for CPC4 fractions. The peak band broadening due to
injection effects being inversely related to the compression
factor,29 an off-line substitution of organic solvent by water in
1D-fractions was considered to provide a 2D-on-column
refocusing.30 Obviously, a preconcentration step could be set
at this stage, but this was not the purpose of this study.
Fraction concentration was kept constant during transfer, and
focusing was occurring only on the head of the 2D column.
When Figure 4 is compared with Figure 2, the experimental

2D separations are obviously concordant with the predictive
ones. Only some differences can be noted in 1D-CPC retention
times due to the discrepancy between simulated and effective
stationary phase retention and eventually between predicted
and effective KD-values. Hence, in system #1 (CPC1×LC1),
the compounds D, E, G, and H are more retained than
expected (KD > 1; effective Sf 75%). The phenomenon is even
more visible on CPC3, where the effective Sf of 28% leads to a
significant decrease in retention.
Concerning the separation quality, it is important to note

that no peak distortion is observed in both dimensions for the
targeted compounds. Our screening features (Figure 3)
indicated that system #1 (CPC1×LC1) and system #4
(CPC4×LC1) provide the best performances in terms of
number of isolated compounds. This was confirmed by the
experiments, as seven compounds of interest exhibit baseline
return with these 2D systems, while this was the case for only
five compounds with the CPC2×LC1 combination and five
with the CPC3×LC1 combination.
In preparative separations, it is important to improve the

sample load when possible to maximize the productivity for the
isolation of major targeted compounds but also to recover
minor compounds for structural elucidation. However,
monodimensional HPLC methods are subjected to stationary
phase overloading, leading to peak distortion,31 while CPC
methods are only subjected to stationary phase loss.32 While
2D LC×LC resolution can be strongly deteriorated with
sample load, no peak distortions are noticed in 2D CPC×LC,
thanks to the dilution effect of CPC.28 When the sample load
is increased (Figure S2, Supporting Information), only CPC
resolution is affected. Besides, the stationary phase loss can be
avoided by studying the injection conditions in depth.32

Of course, the specificity of CPC, namely stationary phase
content Sf, can be changed in our model to simulate its
influence on the performance quality of the 2D separation
(Figure S3, Supporting Information). For compounds with KD-
value over 1, the retention volume strongly increases with the
retention rate of the stationary phase, while it decreases for
compounds with low retention. Because the occupation rate is
a ratio of areas which usually evolve in the same way, this
criterion was found not to be affected by changes in stationary
phase retention. The peak spreading is much more dependent
on the KD-values. When KD-values are lower than 1, which is
the case for system #2, users intuitively tend to increase the
stationary phase amount to increase resolution of these poorly
retained compounds. But, this has the adverse effect of creating
clusters, as the arithmetic mean is much higher than the
harmonic mean, leading to a substantial decrease in system
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homogeneity. In separations where compounds have KD-values
around 1 and few compounds with higher KD-values, which is
the case for systems #1 and #4, the arithmetic mean A̅ will be
more important than the harmonic mean H̅ for small Sf leading
to a decrease of the system homogeneity when the retention
rate is also decreased. In that case, working at high Sf is more
advantageous. Finally, where compounds with large KD-values
are present (as in system #3 with KD-values between 2 and 10),
the system homogeneity is not affected by a stationary phase
change. The minimal distance is dependent to the stationary
phase changes because the distance between peaks depends on
their retention volumes and thus the stationary phase
retention. When the minimal distance comes from compounds
with low KD-values (system #2), this distance is not affected.
Conversely, the minimal distance is even more affected when
the KD-values are higher than 1. Thus, developing methods
with high KD-values should be desirable to provide higher
method robustness.

■ CONCLUSION

While the interest in 2D preparative chromatography is
growing, it is urgent to facilitate the selection of suitable
combinations to isolate as many compounds as possible in a
minimum number of experiments. The main purpose of this
work is to provide a proof-of-concept for the 2D combination
screening methodology rather than precise optimization of the
2D preparative separation for all analytes in a particular
application. Through the introduction of 2D plots, it is possible
to screen for a large set of 2D combinations using a minimal
number of experiments to collect retention data and evaluate
their preparative performances either visually or using in silico
calculations based on the nearest-neighbor distances between
peaks. We selected performance metrics to be more adequate
to preparative purposes than the conventional analytical 2D
evaluation features. It appears from our example that while the
separation mechanism orthogonality is a prerequisite, cluster-
ing is the most important preparative challenge to overcome.
Though errors can occur for KD estimation and the

equivalence of distances between each dimension, the
proposed criteria have proven to be sufficient to screen and
select adequate combinations for the efficient isolation of
multiple compounds. Besides, in the case of a highly complex
sample, it is possible to select a much larger number of target
analytes to help with the orthogonality assessment.
In a similar manner, other 2D preparative setups such as

LC×LC could be compared using relevant models. However,
peak distortion during sample loading may be more difficult to
predict.
Last but not least, with retention and kinetic data available, it

is now also possible to compare various operating conditions
(Sf and rotation speed for CPC, gradient slope and
composition for LC) virtually and hence run only the
optimized conditions.
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(25) Nowik, W.; Heŕon, S.; Bonose, M.; Nowik, M.; Tchapla, A.
Anal. Chem. 2013, 85, 9449−9458.
(26) Nowik, W.; Bonose, M.; Heŕon, S.; Nowik, M.; Tchapla, A.
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