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a b s t r a c t

The interest in two-dimensional liquid chromatography (2D-LC) has been growing up since the last

decades. This promising technique appears as a relevant solution for various analytical challenges encoun-

tered in pharmaceutical analysis.

The objective of this review is to give an overview of past, current and emerging trends in 2D-LC

techniques applied to pharmaceutical compounds. The referenced studies cover the late 1980s to the

present. Information regarding the different aspects of this analytical technique, including chromato-

graphic conditions, instrumental setup and compounds of interest, was compiled and summarized into

a synoptic table. Particular attention is paid to key features including (i) the interfaces used for coupling

the two dimensions, (ii) the application fields, and (iii) the chromatographic modes that can be combined

together. Finally an attempt is made to predict future advances in two-dimensional separation techniqes

for pharmaceutical analysis.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In the pharmaceutical area, “safeness and efficacy” are of prime

importance for drug development. The safeness of a drug product

is dependent not only on the toxicological properties of the active

substance itself, but also on the impurities and degradation prod-

ucts that it contains. Thus, according to International Conference on

Harmonization (ICH) guidelines, it is advisable to consider 0.05% as

reporting limit, 0.1% as identification limit and 0.15% as quantifi-

cation limit for impurity control of both drug substance and drug

products [1,2]. In the cases where a chiral drug substance is devel-

oped as a single enantiomer, the control of the second enantiomer

has to be considered in the same manner as for other impuri-

ties. In term of “specificity”, identification methods should be able

to discriminate between compounds of closely related structures

which are likely to be present. As a result, the use of either two

different chromatographic techniques offering different retention

mechanisms [3] or a combination of analytical techniques such as

chromatography and mass spectrometry [4] into a single analytical

procedure is highly recommended by ICH guidances [5].

High-Performance Liquid Chromatography (HPLC) hyphenated

to different detection techniques (DAD, MS, . . .) has been proved

to be an analytical technique of choice for forced degradation

and impurity profiling [6,7], as well as for pharmacokinetics and

metabolism studies [8,9]. The continuous introduction of new RPLC

columns with more stable packing materials allows larger applica-

ble pH and temperature ranges and the possible use of fully aqueous

mobile phases. For these reasons, RPLC has become the most widely

used separation technique in the pharmaceutical area [10–13].

However, a unique separation is often insufficient to identify impu-

rities whose number can be unknown and whose structures are

usually similar to that of the active substance. In this regard, addi-

tional data obtained from different orthogonal separations can be

very useful to enhance the whole separation power although this

is done at the expense of substantial additional time and costs.

Furthermore, quantifying impurities usually present in very small

amounts can be challenging. In this case, the need for preconcen-

tration and/or sample treatment is required in order to improve the

limit of detection and to reduce matrix effects (e.g. ion suppression

in LC–MS).

Two-dimensional liquid chromatography (2D-LC) has been used

for several years now in pharmaceutical analysis to overcome

the above issues and also to increase the separation speed com-

pared to 1D-LC separation [14,15]. According to Giddings [16],

the term « multi-dimensional separation» (including 2D-LC) refers

to a technique in which: (i) components are subjected to two or

more largely independent separative displacements and (ii) com-

ponents adequately resolved in one displacement step, remain

resolved throughout the separation process. This second require-

ment excludes tandem arrangements in which the mobile phase

Fig. 1. Year-wise publications dealing with 2D-LC separations of pharmaceutical

compounds based on Scopus (from 1980 to April 2017).

emerging from one column is sent directly to another one. The

present review focuses on 2D-LC as defined by Giddings. Con-

sequently, both on-line sample treatment and in series-coupled

columns (e.g. [17–21]) were not considered here. Our objective was

to give an overview of 2D-LC applications in the pharmaceutical

field, with a critical regard on both the current trends in this field

and the main issues involved by such separation techniques. Some

theoretical considerations on 2D-LC are proposed at the begin-

ning of this review. However, for more extensive information, we

refer the interested reader to recent relevant reviews and published

books [15,22–28].

The graph shown in Fig. 1 shows the number of articles, for each

decade, dealing exclusively with 2D-LC for pharmaceuticals. For

this purpose, literature research via Scopus was carried out from

1980 to April 2017, with “two dimensional liquid chromatography”

and “pharmaceutical analysis” or “pharmaceutical compounds” or

“pharmaceuticals” as keywords. Resulting data were cross tabu-

lated with those of different websites (Scifinder; Wiley; Direct

Science. . .). It should be underlined that this review exclusively

concerns the field of pharmaceuticals. As a result; the numerous

studies that have been reported in the field of Chinese medicine

(e.g. [29–32]) are not discussed here; considering that the related

application fields are mainly natural products rather than phar-

maceuticals. Furthermore only small molecules were considered;

biopharmaceuticals being out of scope in this paper. Fig. 1 under-

lines the growing interest in 2D-LC for pharmaceuticals since the

early 1980s. In the 1980s the number of publications was still small

but in the 1990s the total number reached up to 30. The decreas-

ing number of publications in the 2000s could be explained by the

context of this period which saw a huge development of LC–MS

instruments; LC–MS technique having evolved during that time

from an experimental to a mature state. At the same time; ultra

high-performance liquid chromatography (UHPLC) emerged as an

alternative technique to reach very high separation power in LC.
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Considering the potential of these new techniques; the analysts

started to work with them at the expense of 2D-LC methods; much

more difficult to set up. However; since the 2010′s; a renewed

interest for 2D-LC can be observed; probably due to advances in

both hardware and software resulting in efficient commercially

available instrumentation.

The first section of this paper delivers a short reminder of some

general aspects related to two-dimensional liquid chromatogra-

phy in order to make the rest of this review clearer. In a second

section, different instrumental setups and interface designs are pre-

sented. The different application fields for 2D-LC in pharmaceutical

analysis are discussed in the next section and the different chro-

matographic modes used for the two dimensions are presented.

Finally current trends of 2D-LC in pharmaceutical areas are sum-

marized and an attempt to predict the future ones is made. Articles

dealing with the 2D-LC separations of pharmaceuticals have been

extensively reviewed since the early 1980′s until today. For sake

of clarity, the whole discussion is supported by a synoptic table

(Table 1). Compounds of interest, chromatographic conditions in

each dimension, interface designs and detection techniques were

considered to build Table 1. The cited references were first sorted

by analytical purposes and applications (see Section 4) and then

by chromatographic modes used in both dimensions. Trends and

statistics given in this paper were drawn from this table.

2. General aspects of two-dimensional liquid

chromatography

2D-LC separations can be carried out either in off-line or in on-

line mode. Off-line 2D-LC can be performed with a conventional

HPLC system. Fractions from the first column are collected and rein-

jected into a second dimension at a later time. The same instrument

can be used for both dimensions by only changing stationary phase

and/or mobile phase. The off-line mode is convenient with no time

constraint in the second dimension. Moreover a fraction treatment

is technically possible between the first and the second dimension.

However, this mode is time consuming, not suitable for automation

and little reproducible. Furthermore, there is a high risk of sample

loss and/or carry-over. In contrast, on-line 2D-LC is faster, easy to

automate and, in any case, more reproducible. Fractions from the

first dimension are continuously transferred via a specific interface

to the second dimension in order to be further separated. The peak

capacity in on-line 2D-LC is usually lower than in off-line 2D-LC.

However it is far much higher than in 1D-LC. The main drawback of

this approach is its more complex method development. In addi-

tion, unlike in off-line 2D-LC, solvent compatibility issues can be

encountered depending on the conditions in both dimensions. An

intermediate way was proposed [33]. It consists in stopping the

first dimension flow-rate (stop-flow mode) while analyzing the

transferred fraction. This is usually done without sampling loops by

directly sending the first dimension fraction to the head of the sec-

ond column. On-line mode is maintained thereby avoiding sample

loss and carry-over. The main advantage of this approach is its peak

capacity which can be increased since the analysis time of the sec-

ond dimension is not limited. However, it is more time consuming

and problems of solvent compatibility may still exist.

2D-LC separations can be heart-cutting (LC-LC) or comprehen-

sive (LCxLC) in approach [16]. The selective comprehensive mode

(sLCxLC) introduced by Groskreutz et al. [34] is a trade-off between

both approaches. Fig. 2 shows an illustration of these 2D-LC tech-

niques. In LC-LC, only a limited number of 1D-fractions (most

often a single fraction) are transferred to the second dimension.

This approach is generally used when only a few compounds of

the sample are of interest. In LCxLC, the entire sample is sub-

jected to separations in both dimensions. In addition, the separation

obtained in the first dimension has to be essentially maintained

in the second dimension [35]. Successive small fractions from the

first dimension are stored and analyzed turn by turn in the second

dimension. In this approach, the whole LCxLC analysis time being

that of the first dimension, very fast 2D- separations have to be

performed. In sLCxLC, selected regions of the first dimension sepa-

ration are sampled according to a comprehensive two-dimensional

approach.

3. Instrumental aspects for on-line 2D-LC

In on-line 2D-LC, two LC systems are connected via an appro-

priate interface. This latter consists in one or several two-position

switching valves with either 6, 8, 10 or 12 ports. A 6-port switch-

ing valve can be only used in LC-LC. Other valves have been used

in on-line LCxLC as can be seen in Fig. 3a showing the relative dis-

tribution of interfaces used in on-line 2D-LC for pharmaceutical

analysis. Dual 6-port and even more rarely, dual 10-port switch-

ing valves are barely used in comprehensive 2D-LC. It appears in

Fig. 3a that about 50% of 2D-LC systems are configured with one

single 2-position 6-port switching valve. This can be explained by

the fact that, the analysts started to develop 2D-LC methods with

their available instrumentation and most instruments were already

configured with such valves for on-line sample enrichment or sam-

ple treatment (heart-cutting). 8- port, 10-port and even dual 6-port

switching valves were used from the beginning of the 90′s.

Three different methods can be used to transer the fractions

from the first to the second dimension [36]: (i) direct transfer, (ii)

temporary storage in sample loops and (iii) temporary storage in

trapping columns. Fig. 3b shows the relative distribution of these

three on-line approaches. It is noteworthy that just a few applica-

tions (9%) make use of off-line 2D-LC, suggesting that on-line 2D-LC

(with either comprehensive or heart- cutting approach) is more

suitable and hence more attractive than off-line 2D-LC for phar-

maceutical analysis. This is probably due to the fact that despite

some advantages previously discussed, off-line 2D-LC is very time

consuming and overall cannot be automated. As can be observed in

Fig. 3b, temporary loop storage is the most widely used approach

(40% of the 2D-LC separations reported in the pharmaceutical area).

This is likely due to the great convenience of this transfer mode

compared to the two other ones. Actually column focusing becomes

less mandatory with loop storage, than with direct transfer mak-

ing method development less complex since in the latter case, the

use of trapping columns requires an evaluation of their trapping

efficiency.

3.1. Direct transfer

Direct transfer is exclusively used in LC-LC, generally with a 2-

position 6- port switching valve (Fig. 4). By switching the valve

from position 1 to position 2, a fraction of 1D-eluent is transferred

and focused onto 2D-column. After switching the valve back to its

initial position (position 1), the compounds are eluted by 2D elu-

ent. Direct transfer was widely used until the 2000′s with about

40% of 2D-LC set-ups [37–53] . Actually, at that time more than 90%

of 2D-LC separations were developed in the heart-cutting mode

under isocratic conditions in at least one dimension which probably

explains the extensive use of direct transfer. Indeed, finding con-

ditions that favor on-column focusing can be challenging, but still

easier under isocratic conditions. Furthermore, the optimization

of 2D-conditions is more straightforward compared to alternative

transfer modes (sample loops, trapping columns) for which sample

loop volumes or focusing power have to be considered. Nowadays,

the widespread use of gradient elution in both dimensions led to a

decreased use of direct transfer. Yet it is still applied to specific sep-
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Fig. 2. Schematic representation of (a) Heart-cutting, (b) Comprehensive 2DL-LC and (c) Selective comprehensive 2D-LC.

Fig. 3. Relative use (a) of two-position switching valves and (b) of transfer methods, in on-line 2D-LC publications dealing with the separation of pharmaceuticals based on

Scopus (from 1980 to April 2017).

arations [54,55] such as chiral separations, generally carried under

isocratic conditions. The increasing interest for multi heart-cutting

and comprehensive analyses might also explain the declining use

of the direct transfer mode.

3.2. Loop storage

Unlike direct transfer, loop transfer can be used both in isocratic

and gradient elution mode. In this setup, the valve is equipped with

one (in LC-LC) or several (in LC × LC) loop(s), thereby allowing to

collect the fractions from the first dimension and to store them

before injection in the second dimension. Interfaces based on a 6-

port switching valve equipped with a single loop are well adapted

to LC-LC analyses where only one fraction of the first dimension

has to be transferred to the second dimension. Such equipments

have been used for trace analysis or for chiral applications [56–65]

for which, only one first dimension peak is usually of interest.

Interfaces designed with 8-port, 10-port and two 6-port switch-

ing valves have been also used. The main advantage compared to

a single 6- port valve is that two loops can equip the interface,

thereby providing numerous possible set-ups for 2D-LC analysis.

Indeed, such interfaces can be used for heart-cutting and multi

heart-cutting 2D-LC [51,66–75] as well as for comprehensive and

selective comprehensive 2D-LC [72,76–82].

It should be highlighted that sample loops are less suitable when

two chromatographic systems with non miscible mobile phases
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Fig. 4. Schematic representation of the two positions of a 6-port switching valve (direct transfer). Adapted from [36] .

(typically NPLC and RPLC) are combined, or when there is a signifi-

cant difference in eluent strengths between 1D and 2D (for example

HILIC and RPLC). In this case, system peaks, artifacts and/or peak

broadening can occur in the second dimension which may seriously

affect the separation power of the 2D-LC system [83].

Fig. 5 shows two 2D-interfaces with two different 8-port valves,

both designed for comprehensive on-line 2D-LC in the loop transfer

mode. Nowadays, the conventional 8-port valve shown in Fig. 5a

has become rarely used due to its asymmetric configuration, one

loop being emptied in the forward-flush mode and the other one in

the back-flush mode. As pointed out [84,85], this asymmetry results

in slight differences in retention times, which may complicate data

treatment. Recently, a 8-port valve (Fig. 5b) was designed as a dual

4-port valve which allows working in symmetrical configuration

[86].

3.3. Trap columns

Sample loops can be replaced by trap columns as illustrated in

Fig. 6 with a 10-port valve. The choice of the adsorbent depends on

both the analyte properties and the solvents used in both dimen-

sions. Compared to sample loops, trap columns are expected to

enhance sensitivity (by sample enrichment) and to reduce injec-

tion issues. However, method development is less straightforward

because a good trade-off between trapping efficiency and rapid

compound desorption has to be found [28].

Some examples of 2D-LC separations using trap columns were

reported, either with one single 6-port switching valve [87–93], one

8-port, one 10-port or two 6-port switching valves [94–99]. This

approach has been generally used to enhance the sensitivity of 2D-

LC methods. The compounds eluted from 1D-column are focused

on the trap column before being backflushed to 2D column. Kam-

merer et al. [97] went further on the use of this transfer mode by

developing the so-called “peak parking system” based on chiral car-

tridges connected to multiposition switching valves in addition to

the two 6-port switching valves of the interface. Such a system was

able to perform multi heart-cutting achiral-chiral analysis in a sin-

gle step. Each compound separated on 1D column was individually

stored on a chiral cartridge and then analyzed on 2D chiral column.

Another attractive application was proposed by Li et al. [95]. They

developed a 2D-LC set-up for the analysis of Vancomycin. This ana-

lyte has several pKa values, making its retention sensitive to mobile

phase pH variation in RPLC. A first RPLC separation was therefore

performed at a low pH value in order to separate protonated Van-

comycin and its impurities. The fraction containing Vancomycin

was trapped on IEX column where nonionic and anionic coeluted

impurities were removed. Finally, a second RPLC separation was

carried out at a higher pH value thereby achieving quantitation of

Vancomycin. This 2D-LC system was found to drastically reduce

matrix interference.

3.4. Additional set-ups

3.4.1. Parallel columns in the second dimension

Parallel columns in the second dimension offer the possibil-

ity of performing analysis of consecutive fractions in parallel. This

setup is generally achieved by using either two 10-port or one 12-

port switching valves as shown in Fig. 7a and b respectively. The

main advantage of this configuration is that the separation time

in the second dimension can be twice as long, allowing significant

increase in effective peak capacity. The use of two parallel columns

was reported for pharmaceutical compounds [80–82,99,100]. The

main limitation of this approach is that the two columns must be

strictly identical in terms of both retention and efficiency. More-

over, the use of two parallel columns in the second dimension

enhances the complexity of 2D-instrumentation with a need for

both additional gradient system and additional detector, as high-

lighted in Fig. 7.

3.4.2. Make-up flow technique

Make-up flow (also called Assistant flow) technique consists in

adding a post-column flow after the first separation in order to

reduce the eluent strength of 1D mobile phase before sending the

fractions in 2D, thereby limiting injection issues by better focus-

ing the sample onto the column. Fig. 8 illustrates the principle

of this technique. This approach was used with sample loops and

direct transfer to promote peak focusing at the head of 2D column

[55,69,70,78,96]. The make-up flow technique was also used with

trap columns [94,97,101] to enhance trapping efficiency of trap

columns thanks to better focusing of the compounds at the col-

umn inlet. However, it should be noted that an additional pump is

required and needs to be controlled and synchronized with other

instruments.

4. Applications in pharmaceutical area

As mentioned above, Table 1 gives an extensive overview of

2D-LC applications found in the literature for pharmaceutical com-

pounds.
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Fig. 5. Schematic representation of two different two position switching valves equipped with two identical loops for on line comprehensive 2D-LC (loop transfer): (a)

conventional 8-port valve and (b) dual 4-port valve. Adapted from [86].

Fig. 6. Schematic representation of a two position 10-port switching valve equipped with two identical trap columns for on line comprehensive 2D-LC (trap column transfer).

Adapted from [85].

Fig. 7. Possible setups for parallel columns in the second dimension with (a) two 10-port switching valves and (b) one 12-port switching valve. Adapted from [82] and [99],

respectively.
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Fig. 8. Scheme of make-up flow for 2D-LC. Adapted from [78].

4.1. Interest of 2D-LC for pharmaceutical analysis

The interest of 2D-LC for pharmaceutical analysis has signifi-

cantly grown during this last decade. Whereas these techniques

have been used for a long time in chiral analysis as well as for trace

analysis, new trends have emerged since 2000, including sample

profiling and micro preparative separation. In addition to the fore-

going, the growing need for mass spectrometry detection can make

a suitable second dimension very useful as soon as a given separa-

tion is not achieved in MS compatible conditions. Fig. 9 shows the

relative distribution of 2D-LC applications in the pharmaceutical

area and the importance of them over the years. Trace analysis and

chiral analysis are historically the most common fields for utilizing

2D-LC techniques in pharmaceutical analysis. This can be explained

by the fact that the heart-cutting mode is usually sufficient for such

applications and of course much easier to set up and to develop

than the comprehensive mode. Advances in both theoretical con-

cepts [102–108] and instrumentation have been made during the

2000′s. As a result, LC × LC which is essential for sample profiling,

began to be used at this time. However since LC × LC remains much

more difficult to develop than LC-LC, the number of applications

increases slowly. Along with the need for identifying and charac-

terizing impurities at increasingly low levels, new demands have

appeared that required 2D-LC techniques. Those include the need

for micro preparative or semi-preparative separations before struc-

tural analysis and the more recent growing need for MS detection.

In this latter case, the use of MS-compatible mobile phases in 2D

allows MS coupling while developing non compatible-MS condi-

tions in 1D.

4.1.1. Trace analysis

In pharmaceutical analysis, peak co-elution is a major concern

since impurities can co-elute with API or with other components.

A major application of 2D-LC is directed towards the separation

of peaks which co-elute in conventional 1D-LC methods. This is of

prime importance, for example, for peak purity assessment. LC-LC

with a heart cut of the fraction containing API and its co-eluted

impurities can address this problem. Two different approaches

were found. Some authors used LC-LC for the assay of trace level

of drugs in biological matrices [37–48,56,57,61–63,87–90,101],

reaching detection limit as low as 50 ng/L with UV detection. This

first approach allowed the development of sensitive methods in

the context, for example, of pharmacokinetics or therapeutic drug

monitoring (TDM) studies. Others applied 2D-LC techniques for

separation, detection and sometimes identification of low level

impurities [66–68,71,80,81,91,94,109,110] during the early stages

of drug development.

4.1.2. Chiral analysis

For separating enantiomers, heart-cutting (or multi heart-

cutting) can be useful. Fig. 10 illustrates an example of achiral-chiral

2D-LC analysis. In this case, although the compounds were well

separated on the chiral column, a first C18-dimension with only a

small sample fraction sent to 2D, allowed to significantly extend the

lifetime of the chiral column. The first dimension is generally used

to separate the compounds of interest from other components. Tar-

geted chiral compounds are either collected and stored into loops or

cartridge before transfer or directly transferred to an enantioselec-

tive second dimension column that can separate their enantiomers

[49–54,58–60,64,65,69,70,72,73,92,93,96,97,100,109,111–115].

The main benefit of this method is that the chiral separation

can be enhanced by excluding interfering substances from the

second column. For example, with the 2D-LC system proposed

by Liu et al. [73], the enantiomeric excess was directly obtained

from crude reaction mixtures in 30 min only, without carrying

out laborious prepurification. A reversal set-up was also used to

enhance the sensitivity of the chiral separation for low concentra-

tions of enantiomers, thanks to on-column focusing in the second

dimension [98,100]. Finally, an elegant approach in LC-SFC was

recently developed by Venkatramini et al. [116]. Although SFC

(supercritical fluid chromatography) is not strictly speaking a LC

technique, it should be mentionned. This approach consisted in

separating diastereosisomers in 1D RPLC while separating their

enantiomers in 2D-chiral by multi-heartcutting. Such a coupling

can be of prime interest in the future as it combines the high

separation power of RPLC for non enantioselective species with

the high separation power of SFC for enantiomers.

4.1.3. Sample profiling

Operated in the comprehensive mode, 2D-LC can provide a

powerful information with compounds distributed over a large

two-dimensional separation space. 2D-LC separations must there-

fore be taken into consideration for impurity profiling during

pharmaceutical degradation studies as well as for the analysis

of drug mixtures. Some related applications can be found in the

literature [76–79,82,99,117]. For example, Huidobro et al. [117]

developed an off-line RPLCxRPLC system for the analysis of impuri-

ties during stress and stability studies on Alprazolam tablets. More

recently, an on-line RPLCxRPLC-UV/MS approach was proposed for

the analysis of API and related impurities [118]. A preliminary study

was carried out to search for two suitable generic LCxLC systems

among a panel of 20 different LC systems (around 200 possible

2D-LC systems). As can be seen in Fig. 11 good separation of API,

synthetic intermediates and other related impurities was obtained.

Furthermore, a practical peak capacity of 1000 was achieved in less

than 50 min with a number of impurity detected in RPLCxRPLC-

UV/MS, 40% higher than in conventional 1D-LC-UV/MS.
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Fig. 9. Year-wise reported studies in the five main application areas and their relative distribution. This graph only relates to 2D-LC for pharmaceuticals (see Table 1).

Fig. 10. Simultaneous analysis of Paracetamol and Ketorolac enantiomers based on achiral-chiral 2D-LC approach. Adapted from [53].

Fig. 11. On-line LCxLC separation of an API and its related impurities, (a) being the MS 2D-Contour plot and (b) the MS 3D-Chromatogram. Adapted from [118].
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4.1.4. Use of a second dimension for MS detection

When an efficient LC method with UV detection has been devel-

oped with non volatile buffers, compound identification is not

possible without investing huge additional time to develop an

equivalent LC method with MS compatible mobile phases. Using a

2D-LC approach to transfer compounds from the original 1D separa-

tion to MS-compatible 2D separation is an attractive option which

permits to keep the original method for routine analysis [55,66].

Changing the mobile phase additive in the second dimension while

keeping the same elution order for impurities as in the first dimen-

sion can be convenient. An additional benefit of 2D-LC is that the

second separation can enhance MS sensitivity for low level impuri-

ties by reducing ionization suppression due to their proximity with

major components [119].

4.2. Preparative 2D-LC

Micro preparative or semi-preparative 2D-LC can be useful to

isolate and eventually concentrate compounds of interest with a

view to perform structural analysis. Only two different approaches

were proposed so far. The first one consists in coupling together

preparative and analytical techniques [74]. The preparative 1D sep-

aration is used to isolate the compounds of interest from a complex

matrix, thereby allowing the 2D column to separate a few compo-

nents from a simpler matrix. Same conditions were used in both

dimensions since the final goal was not to improve the separation

in the second dimension but to structurally characterize low level

impurity by NMR.

The second approach consists in using a preparative separa-

tion in each dimension for the purification of target compounds

in complex mixtures. This was done for the purification of stan-

dard pharmaceutical compounds by changing the mobile phase pH

between both dimension to ensure orthogonality [75]. High levels

of purity (>95%) were obtained in 23 min only using a heart-cutting

technique without intermediate treatment.

5. LC techniques for 2D-LC

From a theoretical point of view, all chromatographic tech-

niques may be used in 2D-LC, the main objective being to find

the highest degree of orthogonality between both dimensions. The

selection of first and second dimension systems can therefore be

critical. Fig. 12 shows the relative distribution of the different chro-

matographic techniques that have been used in achiral (Fig. 12a)

and chiral (Fig. 12b) 2D-LC. It clearly appears that RPLC has been

extensively used since the beginning of 2D-LC studies, with more

than 80% of 2D systems using RPLC in at least one dimension. In

achiral 2D-LC, the two most common 2D systems are (i) either IEX

or IPC combined with RPLC (30%) or (ii) two RPLC systems com-

bined together (50%). In chiral 2D-LC, 85% of 2D-systems are based

on the same chromatographic mode in both dimensions, the objec-

tive being to separate, in 1D, a chiral compound from other sample

components and to further separate its two enantiomeric forms in
2D. Thus, a high degree of orthogonality is not essential. The only

requirement is that one of the two dimensions be enantioselective,

usually the second one.

5.1. Coupling IEX or IPC with RPLC

Such 2D-systems were widely used in the 1990′s for trace anal-

ysis. They were also applied to chiral analysis. The combination of

RPLC with IEX or IPC usually provides a high degree of orthogonal-

ity in case of ionizable compounds due to a significant difference

in retention mechanisms. This configuration was therefore widely

used for the straightforward analysis of complex biological fluids

(plasma, blood, urine). By removing interferences between analytes

and the rest of the matrix, IEX or IPC in 1D makes the injection

of the sample possible without or with reduced sample treatment

[37–42,49,50,56,63]. IEX or IPC in 2D and RPLC in 1D was found to

be convenient to focus the analytes at the head of 2D column thanks

to the lower ionic strength in RPLC [43,44,57,62,88]. A few studies

report the use of IPC and/or IEX in both dimensions. For instance,

such 2D-systems were applied to the analysis of Efletrizine [45] and

Vanillylmandelic acid [46]. In both cases, 2D-LC allowed to reach

detection limits of less than 20 ng/L, despite the direct injection of

urine samples. Unlike in RPLC, method development in IEX is often

based on either trial and error or one factor-at-a-time approaches,

both being time consuming and tedious [120]. In addition, ion pair

reagents for IPC are generally expensive and not MS compatible.

Furthermore column equilibration can take a long time. These rea-

sons explain why IEX and IPC have almost disappeared in 2D-LC for

pharmaceuticals.

5.2. HILIC or NPLC in one or both dimensions

Coupling RPLC with NPLC is very attractive in term of orthog-

onality as retention mechanisms are quite different. This can be

useful for the analysis of mixtures of compounds with very different

chemical properties. However, the solvents used are generally not

fully miscible, thereby leading to artifacts and system peaks in the

chromatogram [76]. Only three applications were reported in RPLC-

NPLC, two of them being carried out in off-line 2D-LC [109,111]

and the third one in on-line 2D-LC [76]. During the recent years,

HILIC separations have been receiving greater attention mainly

due to their versatility for the analysis of polar drugs, metabo-

lites and biological compounds [121]. In HILIC the stationary phase

is polar as in NPLC while the mobile phases remain similar to

those employed in RPLC [122,123]. As a result, a high degree of

orthogonality is expected between HILIC and RPLC whereas sol-

vent miscibility issues as those encountered with the coupling of

NPLC and RPLC are avoided. Furthermore, using RPLC in 1D and

HILIC in 2D provides favorable conditions for MS detection, the

mobile phase in HILIC being rich in acetonitrile which is beneficial

for ionization [124]. However, severe band broadening due to dif-

ference in eluent strength between first and second dimension can

be observed [83]. Consequently only one study [66] deals with the

coupling of HILIC with RPLC in the field of pharmaceutical analysis.

In contrast, some 2D-systems using NPLC or HILIC in both

dimensions were developed [54,59,73,89,90,93,115]. The main

advantage of such coupling is the absence of mobile phase incom-

patibility. However, the resulting degree of orthogonality is low

and this coupling is therefore generally reserved for specific appli-

cations such as chiral analysis.

5.3. RPLC in both dimensions

RPLC in both dimensions is the most widely used approach

for 2D-LC in pharmaceutical analysis and represent about 60%

of the reported applications [38,47,48,51–53,55,58,60,61,64–

72,74,75,78–82,87,91,92,94,96–101,109,110,112–114,117]. As

highlighted by Li et al. [86], such a success can be attributed to

the following reasons: (i) RPLC is applicable to a large variety of

samples and the retention mechanisms have been well known

since several decades; (ii) RPLC columns require short equilibra-

tion times and furthermore generate high efficiency and hence

high peak capacity, which is of prime interest in the context of

2D-LC analysis; (iii) several hundred stationary phases with a

large variety of selectivity are commercially available. Those are

different in terms of material (silica, polymer or inorganic oxide),

functional groups (C18, Cyano, Phenyl, polar embedded. . .) and
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Fig. 12. Relative distribution of reported 2D-LC techniques in (a) achiral and (b) chiral separations of pharmaceuticals. The symbol “*” is related to chiral dimension. Based

on Scopus (from 1980 to April 2017).

bonding density. Moreover, RPLC mobile phases are most time

compatible with MS detection.

The main issue is the lack of orthogonality between RPLC sys-

tems which may lead to lesser degree of orthogonality compared

to the combination of RPLC with HILIC, NPLC or IEX [125]. How-

ever, it was shown [126] that high effective peak capacities can be

obtained with some RPLC/RPLC-systems despite their rather low

degree of orthogonality thanks to high column efficiency.

5.4. Other couplings

A mixed-mode stationary phase in 2D (acidic functional group

embedded to the hydrophobic chain) and a RPLC stationary phase in
1D (conventional C18-column) were recently used for pharmaceu-

ticals in selective comprehensive 2D-LC [81]. Coeluted impurities

in 1D were resolved and detected in 2D at levels <0.05% of the major

component. Only a few mixed-mode columns are commercially

available so far but an increasing number of such 2D-systems can

be expected in the future with further developments in this column

technology.

More recently, a 2D-LC system was developed for the simul-

taneous separation and toxicity assessment of pharmaceuticals

and related substances [77]. Ibuprofen and its impurities were

separated in 1D RPLC while LC50 values (i.e. lethal concentra-

tions at 50%) of individual impurity were further obtained in 2D

BMC (biopartitioning micellar chromatography) from quantitative

retention–activity relationships.

6. Conclusions and perspectives in the field

Since the early 1990′s, the heart-cut mode has been extensively

used for 2D-analysis of pharmaceutical compounds. Such a suc-

cess is explained by different factors: (i) By adding a multiport

valve, it is quite easy to transform a conventional HPLC system

into a 2D-LC system; (ii) Method development is straightforward

and does not require complex procedures as in the comprehensive

mode; (iii) Application fields are various (trace analysis, chiral anal-

ysis, preparative 2D-LC, MS detection) and (iv) data processing is

much easier than in comprehensive 2D-LC. However, the effective

peak capacity is very poor compared to that usually obtained in

comprehensive 2D-LC. LC-LC is therefore well adapted to enhance

sensitivity or to search for alternative selectivity for one compound

or a limited number of compounds of interest. In contrast, when

many compounds are to be analyzed, a very high separation power

is required and LC-LC is no longer suitable.

Unlike LC-LC, LC × LC can generate very high peak capacities,

which makes it very attractive for the screening of complex sam-

ples. Recent progress in both theoretical apects and optimization

approach have made LC × LC analysis more affordable, suggest-

ing that the number of applications should increase in the coming

years. The use of LC × LC could be expanded and generalized in the

pharmaceutical area, first for impurity profiling and maybe later for

quality control. However, some efforts have to be made in term of

data processing since LC × LC generates a massive amount of data

which requires sophisticated computing tools. Dedicated softwares

are still uncommon, which currently represents a potential bar-

rier to the implementation of LC × LC, especially for quantitative

analysis.

RPLC in both dimensions has long been proved to be a good

choice due to high column efficiencies and the reliability of the

technique in the context of 2D-LC analysis. Although the interest for

the combination of RPLC and HILIC remains poor, it should increase

in the future since HILIC is wellknown to be a valuable alternative

to RPLC for separating small polar compounds [121] such as those

encountered in the pharmaceutical area. Furthermore, the need

for identification by hyphenating 2D-LC to Mass Spectrometry, is

growing up and HILIC can provide ideal mobile phase conditions

for this hyphenation. For these reasons, the number of papers deal-

ing with RPLCxHILIC analysis should probably increase in the near

future. Nevertheless, some efforts should be done to avoid band

broadening (due to injection effects), and hence to maximize the

potential of such 2D-LC systems. The use of trapping columns seems

to be a promising solution, but that needs further theoretical studies

to rationalize the choice of both the stationary phase and the col-

umn geometry. Nowadays only a few papers deal with this topic,

as the study of Cao et al. [127] who proposed the development of a

method for evaluation and optimization of trapping columns used

in the case of 2D-LC analysis.

A final interesting point, in our opinion, is the potential use of on-

line LCxSFC for 2D-LC pharmaceutical analysis. SFC has been widely

used in the pharmaceutical area [128–131] and very recently, LC-

SFC has been used for the simultaneous achiral-chiral analysis of

pharmaceutical compounds with multiple chiral centers within a

single run [116]. Unfortunately, the combination of LC and SFC in

a comprehensive way has never been applied to pharmaceuticals

although there are a few reported studies, in alternative fields, deal-

ing with off-line or on-line approach with SFC either in the first

[132–134] or in the second dimension [135,136]. These separations

were essentially obtained in the fields of bio-oils and food analysis.

The obtained results highlighted the high degree of orthogonality

between the two techniques as well as the interest of using SFC

in the second dimension (high speed analysis, low mobile phase

viscosity, solvent compatibility).
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a b  s  t r a  c t

Comprehensive on-line  two-dimensional liquid chromatography  (LCxLC)  is  expected  to generate  impres-

sive  peak  capacities,  which  makes  it a method of choice for the analysis  of complex  samples  such  as

pharmaceuticals.  A  comparative  study  of  different sets  of chromatographic  conditions  including  station-

ary  phase, pH  additive  and  organic modifier was  carried out  with  two real  pharmaceutical  samples  in

order  to  find out  the best analytical conditions  for  implementation  of one or  several  generic  on-line  LCxLC

separations.  Our choice  was  based on  the  evaluation  of both  degree  of orthogonality  and  practical  sample

peak  capacity  under linear  gradient  conditions. The  potential of 190  combinations of chromatographic

systems  was compared. A  set  of 3  RPLCxRPLC  configurations  was found  to be very  attractive for  both

samples  and  in good agreement  with  the  findings  of a  previous study carried  out  with  17  model com-

pounds,  thereby  supporting  the idea  of using generic LCxLC  conditions in the  pharmaceutical area. The

three  selected  2D-systems were implemented  for  the  on-line  RPLCxRPLC-UV/MS  analysis  of two pharma-

ceutical  samples. It was  shown, for each  sample,  that  these  2D-systems were  able  to generate an effective

peak  capacity close  to 1000  in less than  50 min.  For  each sample, baseline  separation  was obtained  for

every  known compound  and furthermore  a  large number  of  unknown impurities could  also  be separated

and  identified. Finally, in the  proposed  conditions, the  total  number of compounds  detected was signif-

icantly  improved  from one RPLC  separation  to one RPLCxRPLC  separation. Only  a  small additional gain

was observed  by  performing  a second  RPLCxRPLC separation  or  even  a third  one.

©  2017  Elsevier B.V.  All  rights reserved.

1. Introduction

For pharmaceuticals, safeness and efficacy are mandatory. This

naturally places high  demands on drug development to consider

these guarantees of quality. The safeness of  a drug product is depen-

dent not only on the  toxicological properties of the active substance

itself, but also on  the impurities and degradation products that

it contains. Thus, according to  International Conference on Har-

monization (ICH) guidelines, it  is  advisable to consider 0.05% as

reporting limit, 0.1% as  identification limit and 0.15% as quantifi-

cation limit for impurity control of  both drug substances and drug

products [1,2].  The specificity is also of  prime importance. Identifi-

cation methods have therefore to be able to  discriminate between

compounds having similar structures. The coupling of  High Perfor-

mance Liquid Chromatography (HPLC) or Ultra High Performance

∗ Corresponding author.

E-mail address: sabine.heinisch@univ-lyon1.fr (S. Heinisch).

Liquid Chromatography (UHPLC) with different detection tech-

niques (DAD,MS, . . .)  has been proved to be a technique of choice for

both impurity analysis [3,4], and pharmacokinetic or metabolism

studies [5,6]. Indeed, new efficient RPLC  columns with more stable

packing materials are continuously introduced by  manufacturers.

Such columns can withstand extreme chromatographic conditions

(i.e. large pH and temperature ranges and/or fully aqueous mobile

phases). However, a unique separation is often insufficient to be

sure that all impurities, whose number is unknown and whose

structures are usually similar to that of  the active substance, were

identified. Thus, ICH guidelines [7] recommends the use of several

different chromatographic techniques, offering different reten-

tion mechanisms. Indeed, additional data obtained from different

separations can be very useful to  enhance the separation power

provided that the  separation conditions are orthogonal enough [8].

However this approach results in long development time and addi-

tional costs. Actually a set of  generic 1D-LC conditions able to deal

with a large amount of analytical problems associated with  drug

development has not been established so far.

https://doi.org/10.1016/j.chroma.2017.08.070

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



196 M. Iguiniz et  al. /  J. Chromatogr. A 1536 (2018) 195–204

Two-dimensional liquid  chromatography (2D-LC) can be  help-

ful to solve these analytical problems. This technique has been

used for several years in  pharmaceutical analysis for various pur-

poses: (i) increasing the separation power within an  acceptable

analysis time [9], (ii)  enhancing the  specificity of  the method in

the early phase of drug development [10],  or (iii) reducing matrix

effects such as ion suppression in LC–MS analysis [11,12].  However,

most 2D-separations, in the pharmaceutical area, were developed

in the heart-cutting mode (LC-LC) whereas on-line comprehen-

sive two-dimensional liquid chromatography (LCxLC) has received

very little attention. Yet, LCxLC can be  very attractive, due to its

large separation power. Furthermore this  technique could be  very

useful to support degradation studies by comparing resulting 2D-

contour-plots obtained for the same sample before  and after forced

degradation, as illustrated in some recent studies [13–15].

The main challenge when developing LCxLC methods is to find

orthogonal conditions between both dimensions. Whereas there is

no controversy about the  concept of full orthogonality, quite differ-

ent approaches were proposed to  assess the degree of orthogonality

which results in distinct ways to  consider orthogonality. A certain

degree of orthogonality is  achieved as soon as there are some dif-

ferences in selectivity between both dimensions. The problem is

to define a suitable tool to quantify the  difference in  selectivity

between two LC conditions, in order to compare several possibili-

ties and combinations for 2D-LC development. Different methods

to evaluate the degree of orthogonality can be found in the litera-

ture. These methods can be divided into two different categories.

First category corresponds to methods which consider retention

data only (thermodynamic approach), including linear regression

of retention data as well as more complex chemometric methods

[16–18], but needing visual information of retention data to avoid

ambiguous conclusion resulting, for  example, from clustered data.

The second category includes methods which also take into account

peak band broadening (thermodynamic and kinetic approach).

Those are generally based on  a geometric approach [19–21]. They

consist in assessing the two dimensional space occupied by  peaks

in the retention diagram. However they require a large number of

representative compounds, which make their implementation not

straightforward. Recently, an  alternative method was  proposed for

selecting LCxLC conditions from a limited number of  representative

compounds [22]. The potential of various possible LCxLC configura-

tions was evaluated, based on the  use of two descriptors, the degree

of orthogonality and the practical sample peak capacity. The prac-

tical sample peak capacity, n*2D, was used to assess the separation

power of a given LCxLC configuration. Based on the assumption

that the degree of  orthogonality must reflect the  extent to which

the selectivity between two  given LC conditions is different, a new

descriptor, Od, based on the gradient theory, was  proposed to

assess the potential change in selectivity between two LC chro-

matographic systems that  can be combined [22].  Both descriptors

were used to evaluate various combinations of RPLC  and HILIC

systems with the aim of separating charged compounds (pharma-

ceuticals or peptides) in LCxLC. The most promising RPLCxRPLC and

RPLCxHILIC combinations that were found for peptides, were fur-

ther compared in the case of the  separation of a tryptic  digest of

proteins [23]. More recently, the optimization of 2D parameters for

the on-line RPLCxRPLC separation of  peptides, permitted to achieve

in 30 min  a 3-fold higher effective peak capacity (i.e. 900) than the

one obtained in optimized RPLC conditions [24].  This approach was

also successfully applied to the selection of  a RPLCxRPLC configu-

ration for the separation of complex samples containing neutral

compounds such as  bio-oils [25].

The objective of this work was to find one or more  generic 2D-

systems able to significantly improve the knowledge on impurities

in the course of drug development while keeping acceptable anal-

ysis times. The search for 2D-systems was carried out by applying

the  above approach on two  real pharmaceutical samples, both orig-

inated from the early stages of  drug development. The first part of

this work was  dedicated to  the orthogonality study, considering

a set of several LC-systems. Both the  degree of  orthogonality and

the practical peak capacity were considered for the choice of  the

RPLCxRPLC configurations. The obtained results were compared

to those previously obtained on a sample of  representative com-

pounds. In  the second part,  three RPLCxRPLC configurations were

selected according to appropriate considerations and hyphenated

to a simple quad mass spectrometer (RPLCxRPLC-UV/MS) for impu-

rity identification in the two real samples. Finally this 2D-approach

is  compared to the  usual LC-approach and an  analysis strategy is

proposed for drug development.

2. Material and methods

2.1. Chemical and samples preparation

Organic solvents (acetonitrile and methanol) were LC–MS grade

from Sigma–Aldrich (Steinheim, Germany). Water was  obtained

from an  Elga Purelab Classic UV purification system (Veolia water

STI, Le  Plessis Robinson, France). Various additives were added in

mobile phase: formic acid (0.1% –  pH 2.7 measured in aqueous

phase), methanesulfonic acid (MSA) (0.1% –  pH 2.0 measured in

aqueous phase), ammonium acetate (AA) (5 mM in  aqueous phase

– pH 6.8),  ammonium hydroxide (0.1% – pH 10.4 measured in

aqueous phase) and ammonium formate (5  mM in aqueous phase)

adjusted with formic acid (FA) at pH 3.5. All these additives were

obtained from Sigma–Aldrich (Steinheim, Germany). Aqueous elu-

ents prepared from salts were filtered on 0.22 �m nylon filter

before use. This study was  performed with  real pharmaceutical

samples provided by  Oril Industrie (Servier laboratories, Bolbec,

France). Due  to  confidentiality agreement, the molecular struc-

tures cannot be provided. Both samples (Sample #1 and Sample

#2) consisted in  a  mixture of  active pharmaceutical ingredient

(API) and related synthesis intermediates. Solutions were prepared

every month at a concentration of  0.1 mg/mL  in water/acetonitrile

(50/50 v/v) and (20/80 v/v) for  Sample #1 and Sample #2 respec-

tively. Solutions were stored at 4 ◦C. Sample stability was checked

every week with Oril quality control method.

2.2. Instruments

The preliminary screening of LC conditions was carried out

with an  IClass liquid chromatographic system hyphenated to a

QDA mass detector, both from Waters (Milford, United States). I-

class instrument includes a high-pressure binary solvent pump, an

autosampler with  a flow-through needle of  15 �L, a column man-

ager composed of  two  independent column ovens with  a maximum

temperature of 90 ◦C, and a diode array detector, equipped with

500 nL flow-cell withstanding pressure up to 70  bar. The measured

dwell volume was  110 �L. The measured extra-volume was  12 �L.

Detector wavelength was set at 210 nm,  with an acquisition rate

of 40 Hz. Data acquisition and instrument control were performed

with Masslynx software (Waters).

LCxLC separations were performed with  an Infinity 1290 2D-

LC system from Agilent Technologies (Waldbronn, Germany). This

instrument includes two high-pressure binary solvent delivery

pumps, an autosampler with a flow-through needle of 20 �L, a col-

umn  oven with a maximum temperature of  100 ◦C,  a  UV detector

and a  diode array detector equipped with 2  �L and 0.6 �L flow-cells

respectively. A 2-position/4-port duo  valve was used as interface

between the two  dimensions, and was  equipped with two  20 �L

sampling loops. Dwell volumes, extra-column volumes and extra-

column variances were determined using a zero dead volume union
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connector in place of  the column. The measured dwell volumes

were 140 �L in the first and 65 �L in the  second dimension (mea-

sured without the  interface between both dimensions). A total

extra-column volume of 22  �L  and 8.5 �L  and an extra-column

variance of 12 �L2 and 4.5 �L2 were determined in first and second

dimension respectively. Detector wavelengths were set at 210 nm.

The acquisition rates were set at 10  Hz  and 80 Hz in the  first and

second dimension respectively. Data acquisition and instrument

control were performed by  OpenLab software (Agilent). LCxLC data

were processed using Excel sheet and Matlab V7.12.0635.

In addition to  UV, both LC and LCxLC systems were hyphenated

to a QDA mass spectrometry detector from Waters (Milford, United

States), working in scan  mode with an  acquisition rate of 20 Hz.

2.3. Columns and gradient conditions

Various columns and mobile phases were investigated for

preliminary screening. Column characteristics, and operating con-

ditions can be found in Table 1.  All experiments were performed

under linear gradient conditions from 5% B to 95% B in RPLC  (A:

water + additive and B:  organic solvent +  additive) and from 2% B

to 35% B in HILIC (A: Acetonitrile and B:  water + additive). Five  col-

umn volumes were used for column equilibration in initial gradient

conditions. The injected volume represented 0.5% of  the column

dead volume. Flow-rates were close to optimum values and hence

dependent on both column dimensions and temperature. An initial

isocratic step was programmed. Its  duration, tini, was adjusted so

that the ratio (tD + tini)/t0 (tD and t0 being the dwell time and the

column dead time, respectively) was kept constant for all columns

conditions. Other operating conditions are  given in Table 1.

2.4. Calculations

The volume fraction of  strong eluent at elution, �e,  for  a given

solute was calculated using the following relationship:

�e =  �i + s ×

(
tR

t0
−

tD + tini

t0
− 1

)
(1)

Where tR, tD,  tini and t0 are the  solute retention time, the system

dwell time, the initial isocratic step duration and the  column dead

time respectively. �i is the initial composition and s  is the  normal-

ized gradient slope given by

s = (�f − �i) ×

t0

tG
(2)

with �f, the final composition and tG, the gradient time.

In this work, we used the Linear Solvent Strength Theory (LSST)

[26,27] where the solute retention (log(k)) is assumed to be  a linear

function of the volume fraction of the  strong eluent “�”:

log (k) = log (k0) −  S� (3)

k0, being the solute retention factor in the  weak solvent and S, the

solvent strength parameter. For each chromatographic system, two

gradient runs with two  different normalized gradient slopes, s (i.e.

s = 0.02 and s = 0.06) were performed for both samples. The nor-

malized gradient slope was kept constant by  changing the gradient

time when the column dimension and hence the  column dead time

changed. The two gradient data series allowed to determine S and

log(k0)  values for each  compound and then, the average S value

for a given chromatographic system. This was  done by  means of a

modeling software (OSIRIS 4.2, Datalys, Grenoble, France) [28].

Experimental sample peak capacities were calculated according

to

n = 1 + (tn − t1) /w (4) T
a
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With tn and t1 being the retention times of  the last and the first

eluted compounds respectively and w, the average 4� peak width

(13.4% of peak height). Sample peak capacities were normalized

to a 5 cm column length and a 1.7 �m particle size for more suit-

able comparison of the different chromatographic systems (except

for the zirconia-based column which did not exist in this particle

format).This was done by multiplying the obtained peak capacities

by

√
5dp
1.7L

, dp being the particle size expressed in �m and, L,  the

column length expressed in cm.

The separation power of each LCxLC configuration was  eval-

uated according to a procedure previously reported [22].  This

procedure involves two descriptors: the degree of orthogonality,

Od and the practical sample peak  capacity, n*2D.  Both were calcu-

lated, for each combination of  two LC chromatographic systems,

using the following Eqs. (5) and (6): The separation power of  each

LCxLC configuration was evaluated according to a  procedure pre-

viously reported [22].  This procedure involves two descriptors: the

degree of orthogonality, Od and the  practical sample peak capac-

ity, n*2D. Both were calculated, for each combination of two  LC

chromatographic systems, using the  following Eqs.  (5) and (6):

Od = � ×
1S ×

2S × �
1�e ×  �

2�e (5)

Where the superscript stands for the  dimension number. � is  the

correction factor corresponding to the retention space coverage

(ratio of the practical to the theoretical retention area). A schematic

representation of the retention space coverage is given in the  sup-

plementary material (Fig.S1). Whereas the theoretical sample peak

capacity of a 2D-system is the product of  sample peak capacities in

each dimension (n
2D,theoretical

=
1n2n), the practical sample peak

capacity is given by

n∗

2D =
1n2n∗ (6)

where 2n* represents the practical sample peak capacity in the

second dimension. It is given by

2n∗
= 1 + �(2

n − 1) (7)

1D-data were exported to an  Excel sheet in order to calculate the

degree of orthogonality and the  practical peak capacity using calcu-

lation tools developed under Excel 2010. 2D-data were exported to

a Microsoft Excel sheet to construct a matrix and were further pro-

cessed with Matlab V7.12.0635 for the construction of 2D-contour

plots.

The conditions of  LCxLC separations (presented in Table 3) were

optimized using a  home-made procedure aiming, for a  given anal-

ysis time, at finding the best compromise between two criteria:

higher peak capacity and lower dilution [24,29]. This calculation

method, developed under Microsoft Excel, consists in a  three input

level procedure based on both theoretical relationships and Pareto-

optimality approach.

The effective sample peak capacity, n2D,effective,  was  evaluated,

for each 2D-separation, from experimental chromatograms accord-

ing to the following equation

n2D,effective =
1
n.˛. (1 −  �) +

1
n.

2
n.˛.� (8)

where � is the undersampling correction factor, introduced by

Davis et al. [30]. It was calculated from the sampling time, ts and

the average peak width, according to

 ̨ =

1√
1 + 0.21(4ts/w4�)

2
(9)

1n  and 2n were calculated according to Eq. (4)  with 1w and 2w

measured in 1D and 2D respectively. �  was graphically measured

in the same way as  in Fig.S1  by replacing compositions at elution

by retention times.

3.  Results and discussion

The first part of this study concerns the  search for two  or more

2D-systems that may each provide a large separation power and

furthermore that are sufficiently different from each other to  pro-

vide complementary information. The search was carried out with

two real samples, both originating from the early stages of  drug

development. The second part  is  devoted to the  evaluation of  the

selected 2D-systems by  way of on-line LCxLC-UV/MS analysis.

3.1. Search for 2D-systems

A large variety of  stationary phases and pH additives was stud-

ied. The resulting different conditions are reported in  Table 1.

Most stationary phases were silica-based. However the possibil-

ity of  using non-silica based stationary phases in RPLC (i.e. porous

graphitic carbon and zirconia based columns) at high temperature

was also investigated. Acetonitrile was  mainly used but Methanol

was also  tested as  solvent B with Acquity CSH PFP and Acquity

BEH Phenyl in order to assess the effect of the  organic modifier.

When mass spectrometry detection was not possible due to non

MS-compatible additives (e.g. MSA  additive), solutes were injected

separately for unambiguous peak tracking.

A first real sample (Sample #1) containing API, synthesis inter-

mediates and related unknown impurities was analyzed with  all

investigated LC-systems under linear gradient conditions and a

normalized gradient slope of  0.06. Some LC-systems were rapidly

abandoned due to either an excess or an absence of retention. The

Hypercarb column was  too retentive for most components. Even

with ACN/THF (80/20, v/v) as strong  solvent, 3 compounds over 9

did not elute during the gradient step but during the  final isocratic

step. Conversely, in HILIC, almost all compounds were eluted in

the dead volume. As a  result, these two columns were not taken

into account for the rest of this study. The compositions at elution

for each solute as well as the sample peak capacity were calcu-

lated for the 20 remaining RPLC-systems according to Eqs. 1 and 4.

A second gradient run with a different normalized gradient slope

(i.e. 0.02) made it  possible to determine average S value for each

RPLC-system. The obtained values are listed in Table 2.  They are

in the  order 4–5 with all stationary phases except with Discovery

Zr-Carbon C18 for which S values were close to  3. For all studied

stationary phases S values appear to be affected to  a very limited

extent by pH additive and/or organic modifier.

The 20 selected LC conditions led  to 190 possible LCxLC con-

figurations. The potential of these combinations was compared by

means of  two  descriptors, the  degree of orthogonality, Od (Eq.  (5))

and the practical sample peak capacity, n*2D (Eq. (6)) [22].  Aver-

age S values were of prime importance because they have a direct

impact on Od as  shown in Eq. (5), high S  values leading to high Od

values. For sake of  consistency, both descriptors were calculated

for all LC-conditions from gradient data obtained with the same

normalized gradient slope of  0.06. It was previously shown that

these descriptors were fully complementary [22], Od being related

to the variation of the selectivity between the first  and the second

RP-system, and n*2D representing the  overall separation power of

the studied 2D-system. Calculated Od and n*2D values are listed in

the supplementary material (Table  S1) for each possible 2D-system.

Fig.  1 gives a representation of n*2D as a  function of  Od for the  190

possible 2D-systems obtained with Sample #1 (blue triangle). Each

spot is related to a  given 2D-system. In  case of Sample #1, Od varies

from 0.5 to 10  while n*2D varies from 500 to 12000. The low value

for the coefficient of determination (i.e. <0.5) supports the idea that

both descriptors can be considered as complementary. As  high-

lighted in Fig. 1,  some data are located along the  best-fit line  while

others deviate significantly from it. These latter can be divided into

3 different groups circled by different colors in Fig. 1. Group A
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Table 2

S values determined from two gradient runs with  two different slopes. Calculated with Osiris software. Abbreviations are given in the text.

Stationary phase Mobile phase conditions

Acetonitrile Methanol

MSA FA  AA NH4OH FA AA NH4OH

Acquity CSH C18 4.4 4.1 5.4 na na na na

Acquity CSH PFP na 4.7 4.9 na 4.7 4.3 na

Acquity BEH C18 na na 4.6 4.4 na na na

Discovery Zr-Carbon C18 na 3.2 3.0  na na na na

Acquity BEH Shield RP18 na 4.4 4.4 na na na na

Xselect HSS CN na 3.0  na na na na na

Acquity BEH Phenyl na 4.9 4.9 5.0  4.7 4.7 4.8

na:  not available.

Table 3

Optimized RPLCxRPLC conditions for the 3 selected 2D-systems. Conditions in 2D differ only by  a slight difference in the gradient time. 2D-systems #24, #25 and #36 are

listed in Table S1.

1D 2D

2D-System #24 2D-System #25 2D-System #36

Stationary

phase

Xselect HSS PFP Xbridge BEH C18 Acquity BEH Phenyl Acquity CSH C18

Column

geometry

50 mm  × 2,1 mm, 3,5 �m 50  mm ×  2,1 mm,  5  �m 50  mm × 2,1 mm, 1,7 �m 30 mm ×  2,1 mm,  1,7 �m

Mobile phase A: Water + AA 5 mM

B: MeOH

A: Water + 0,1% NH4OH

B:  ACN  +  0,1% NH4OH

A: Water + 0,1% NH4OH

B: ACN + 0,1% NH4OH

A: Water + 0,1% FA

B: ACN + 0,1% FA

Flow-rate 0,1 mL/min 0,1 mL/min 0,04  mL/min 1,8 mL/min

Gradient

conditions

27–92% (B) in 60  min 15–100% (B) in 60  min 15–100%  (B) in  60 min  1–86% (B) in 0,17 min (S #24);

0,15 min  (S  #25) and 0,18 min

(S #36)

Sampling time 0.32  min  0.32 min 0.33 min

Split ratio 1:3  1:3 1:3

Temperature 30 ◦C 30 ◦C  30 ◦C 80 ◦C

Injected

Volume

2 �L 2 �L 2 �L 11 �L (S #24); 10 �L  (S  #25);

4.4 �L (S #36)

UV 210 nm 210 nm 210 nm 210 nm

MS  –  –  –  Scan (150–500)

Fig. 1. Plots of the practical peak capacity in 2D versus the degree of orthogonality

for 190 2D-systems tested with Sample #1 (values given  in table S2). Orange squares

correspond to 2D-systems also tested with Sample #2.  (For interpretation of  the

references to color in this figure legend, the reader is referred to the web version of

this article.)

is located below the straight line. It includes 2DLC-systems that

provide a very high degree of  orthogonality (>7) but a rather low

practical peak capacity (<4000). Such 2D-systems present a large

difference in selectivity between the two LC-systems. However at

least one stationary phase provides poor column efficiency, typi-

cally a non-silica based column such as  Discovery Zr-Carbon C18

or a silica grafted to  a pentafluorophenyl group. Carbon phases are

known to be significantly different from silica-based ones in term of

selectivity, but the difference seems to be enhanced with Discovery

Zr-Carbon C18  in acidic mobile phase conditions. The above obser-

vations are in very good agreement with previous ones  obtained

with a set of representative charged compounds [22].  Group B

includes 2D-systems offering high practical peak capacity (>5000)

in spite of rather low degree of orthogonality (<7). It concerns 2D-

systems with two different highly efficient silica-based columns,

typically Acquity BEH phenyl in  the  first dimension and Acquity CSH

C18 in  the second dimension working at two different pH (acidic

and neutral or neutral and basic). Finally Group C includes the most

attractive 2d-configurations offering a high degree of orthogonal-

ity (close to 9) and a very high practical peak capacity (in the range

7000–12000). All  these configurations concern a large difference

in pH between both mobile phases (ammonia in  the  first dimen-

sion and either formic acid or Methane sulfonic acid in  the second

dimension) and highly efficient columns in  both dimensions (typ-

ically Acquity BEH phenyl in the first  dimension and Acquity CSH

C18 in  the second one). 2D-systems with ammonia in one dimen-

sion lead to  high Od values, probably due to the high retention of

basic compounds, mainly present in  drug mixtures, thereby leading

to a large range of  compositions at elution.

The results obtained with  Sample #1 were compared with  those

obtained with a second real sample, Sample #2, quite different

from the  former in terms of  both molecular structures and drug

development. The study was  carried out  with a reduced set of 10

RPLC-systems, carefully selected so  that the  corresponding data for

Sample #1 were spread over  the  graph in Fig. 1.  Since both  n*2D and

Od values are  expected to be dependent on the sample, normalized

values instead of absolute ones were considered to evaluate the

reliability of this approach. The results are shown in Fig. 2.  A  small

difference in  Od can be observed between the two  samples for  2D-
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Fig. 2. Comparison of (a) normalized Od values and (b) normalized n*2D values

between Sample #1 (blue) and Sample  #2 (red) for 10  possible LCxLC configurations

identified by their number on X-axis (see Table S1 for the corresponding LCxLC con-

figurations). (For interpretation of  the references to color  in this figure legend, the

reader is referred to the web version of this article.)

systems #102, #73, #100. This can be easily explained by  the nature

of the compounds in  Sample #1 which contains halogens which

may strongly interact with the Acquity CSH PFP stationary phase

due to its pentafluorophenyl groups, as already mentioned [31,32].

That results for this sample in an  additional change in selectivity

between this stationary phase and another one. Apart from this, it

is very interesting to notice that, for both descriptors, the  trend for

Sample #1 is very similar to that for  Sample #2, suggesting that

a suitable selection of 2D-systems for  a  given sample is expected

to be applicable to  other pharmaceutical samples. This very good

news is also supported by the fact that the present evaluation of

2D-systems from two real samples is in good agreement with  the

conclusions that were drawn from a  previous study  on 17  represen-

tative compounds [22].  The common conclusions of those studies

are: (i) 2D-systems offering a high degree of orthogonality may  lead

to a low practical peak capacity and reciprocally some 2D-systems

are attractive in term of  peak capacity but  not attractive in term of

orthogonality. For example, using ammonium acetate in the first

dimension and formic acid in the second is not very advantageous

in term of orthogonality but  attractive in  term of peak capacity (ii)

considering the studied conditions, the best 2D-system for pharma-

ceutical compounds corresponds to a first dimension with Acquity

BEH Phenyl and ammonia as pH additive and a  second dimension

with Acquity CSH C18 and formic acid as  pH additive (i.e. 2D-system

#36 in Table S1). This first study allowed us  to select  3 RPLCxRPLC

configurations out of  190 possible candidates with a view to provide

3 quite different RPLCxRPLC separations. Our choice was  driven by

the following requirements: (i) the first selected LCxLC configura-

tion had to provide a very  high practical peak capacity, and hence its

corresponding spot had be located in Group C  of  Fig. 1 (i.e. possible

combinations #18, #36,  #53  or #144 in Table S1);  (ii) the two other

selected LCxLC configurations had to provide a sufficient degree of

orthogonality (i.e. >6) between first and second dimensions. Indeed

whereas the practical peak capacity is a  key  descriptor for com-

plex samples, a high degree of  orthogonality (i.e. a large change in

selectivity between both dimensions) is of  prime importance for

pharmaceutical samples to ensure a greater chance of separating

all impurities; (iii) the second dimension column had to withstand

high temperatures (e.g. 80 ◦C), a high temperature being a prereq-

uisite for very fast separation. As a result, ammonia as pH additive

and PFP column should be used in the first dimension only; (iv)

the second dimension conditions had to be MS-compatible making

the use of  MSA  impossible and (v) the same second dimension for

the 3  LCxLC configurations was required in  order to simplify peak

tracking and hence to better assist MS in solute identification. With

this requirements in  mind, the final objective was  to find 1D con-

figurations providing sufficient degree of orthogonality between

themselves.

In view of  all these considerations and of the results presented

in Table S1, our three selected LCxLC configurations were those

reported as #36, #25 and #24 in Table S1.  For all of them, the sec-

ond dimension consisted in an Acquity CSH C18 column performed

at 80 ◦C, with formic acid as  pH additive and acetonitrile as organic

modifier. The relevance of this selection was established by com-

paring their first dimensions two by two, considering the degree of

orthogonality obtained for each combination. As shown in  Table S1,

Od values of  8.0, 8.8  and 3.3 were respectively found for the three

resulting 2D-combinations, (#100, #111 and #123) which was  con-

sidered as in line  with our objectives despite the somewhat low

third value.

3.2.  Application to LCxLC-UV/MS analysis

The operating conditions for  the selected LCxLC configurations

were optimized according to a procedure previously developed for

RPLC x RPLC separations [23,24].  The optimized conditions included

the sampling rate, the  flow-rates in  both dimensions, the gradient

conditions in 2D and the  split  ratio between 1D and 2D.  Some con-

ditions were fixed prior to optimizing. They include 1D gradient

time which was fixed at 60 min, column dimensions and column

temperatures in both dimensions. These conditions were applied

to on-line RPLCxRPLC-UV/MS analysis of two  real pharmaceutical

samples (Sample #1 and Sample #2). Operating conditions for the

three selected 2D-systems are given in  Table 3.

The different steps leading to the  identification of peaks

obtained in the second dimension are reported in Fig. 3  for the par-

ticular case of Sample #1 separated with  LCxLC #25. The first step

consisted in tracking known analytes (API  and synthesis intermedi-

ates) on UV- and MS-2D-chromatograms (Fig. 3a). For this purpose,

we used the  Extracted Ion Chromatograms (EIC) corresponding

to  the  known mass over charge ratio (m/z). EIC data were then

summed, in order to  obtain a full EIC contour-plot. The compari-

son of both UV and TIC contour plots with the full  EIC contour plot,

made it possible to affect retention times to known compounds

(see blue spots in Fig. 3a) and then  to  locate unknown impuri-

ties in UV and MS  contour plots. Fig. 3b  displays several overlaid
2D chromatograms, each corresponding to 1D  fractions contain-

ing impurities of interest. Unknown 2D-peaks, present inside the

coloured area in Fig. 3a, are clearly visible in Fig. 3b  and could be

further identified by  extracting MS  spectra (Fig. 3c). It is  important

to highlight the complementarity of both detection modes (UV and

MS)  which permitted to detect in one mode some compounds that

could not be detected in  the other one.  Finally, once an impurity was

located in the first LCxLC contour plot and its m/z value was  deter-

mined, EIC chromatograms could be  processed from other LCxLC

data in  order  to advance in  the  knowledge of  all detected impuri-

ties. Such a  procedure allowed to monitor impurities from one  set of

RPLCxRPLC conditions to another one, which was helpful for com-

paring several 2D-separations of  the  same sample. Fig. 4  shows the

separations of Sample #1 with the  three selected configurations.

As can be observed, the peak distribution varies depending on the

selected configuration, highlighting the relevance of this selection.

Due to the basic properties of  most components, the change in  both
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Fig. 3. Successive steps leading to the identification of impurities by RPLC x RPLC-UV/MS. (a) First step: Tracking known compounds in  both UV-contour plot and TIC-contour

plot and comparison with  EIC-contour plot, (b) second step: locating unknown impurities; example of overlaid 2D TIC chromatograms of 1D fractions corresponding to the

green area, and (c) third step:  extracting corresponding MS spectra for identification of  unknown impurities. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Table 4

Experimental results obtained from 3 optimized RPLCxRPLC configurations (2D-systems #24, #25 and #36 listed in  Table S1) for the separation of two real pharmaceutical

samples (Sample #1 and #2). Experimental conditions given in  Table 3.

2D-System Sample #1 Sample #2

� �  n2D,theoretical n2D,effective � �  n2D,theoretical n2D,effective

#24 0.66 0.73  1797  891 0.64 0.66  2736 1176

#25 0.66 0.64  2033 893 0.61 0.64  2153 878

#36 0.66 0.7 1719  824 0.66 0.7  1734 822

mobile phase pH and stationary phase chemistry between the  two

dimensions led to a large retention space coverage. The retention

surface, delimited by  dashed lines, is very similar for the three 2D-

systems which is confirmed by the same � value of 0.66 (Table 4).

As expected, the  retention surface is fully diagonalized and no clus-

ter can be observed, thereby validating the present approach for �
calculation. The effective peak capacities are reported in  Table 4.

It is very interesting to note that for the  three LCxLC conditions,

the effective peak capacity was close to 900  while the analysis time

was shorter than 50 min. Some peaks were detected either in UV or

in MS which shows the complementarity of both detection modes.

An example pointing out the advantage of  using both detections,

is given in Fig. 5,  showing overlaid 2D separations of 1D fractions

obtained within a period of  3  min  (coloured areas in Fig.  4a and b).

The comparison of UV (Fig. 5a) and MS (Fig. 5b) chromatograms

shows that two compounds (circled in red in Fig. 5b) were only

detected in MS.  The first peak was not detected in UV because not

retained and hence hidden by  unretained compounds present in

the injection solvent. The second one  was likely to  be not con-

centrated enough for UV detection while correctly detected in MS.

Another interesting point highlighted in Fig.  5  by the  overlay of  the

successive separations, is  the high repeatability in 2D,  absolutely

necessary for the purpose of impurity identification.

Similar conclusions were drawn from the  results obtained with

Sample #2 and  the 3  selected systems (chromatograms given in

the supplementary material in  Fig.S2 and S3).  The peak distribution

seems to be a little more diagonalized compared to that of  Sample

#1 which can be explained by the fact that this sample contained

fewer compounds with basic properties. As a result, unlike with

Sample #1 for which pH was a key  parameter, the  change in sta-

tionary phase between both dimensions, played the  predominant

role with Sample #2, by varying selectivity and hence maximizing

the retention surface coverage. As reported in  Table 4,  the  use of

a Phenyl column in 1D and a C18 column in 2D (system #36) pro-

vides the highest � value (about 0.7) whereas changing pH while

using similar stationary phases in  both dimension (Configuration

#25) leads to slightly lower �  values (about 0.6). Nevertheless, a

value of  0.6 is very attractive considering the fact that the  same

retention mechanism (i.e. RPLC) was  applied in both dimensions.

Effective peak capacities in the  range 800–1200 were obtained in

less than  50 min which is quite impressive compared to those that

can be obtained in 1D-LC for the same analysis time. It should be

noted that, for both samples, these experimental values are much

lower than those predicted in Table S1. This is easily explained by

the fact that predicted practical peak capacities were calculated

in both dimensions with a normalized gradient slope of  0.05, sub

2 �m particles, 5  cm as  column length and under optimum flow-

rate conditions. However, such ideal conditions cannot be used in

on-line LCxLC as shown in Table 3. In  addition, both undersam-

pling in 1D and injection effects in 2D also contribute to lessen peak
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Fig. 4. Contour plots of optimized on-line RPLCxRPLC separations of Sample #1 performed with LCxLC configurations (a, b)  #24, (c, d) #25 and (e, f) #36. UV detection at

210 nm (a, c, e) and MS-TIC (b, d, f). Dotted lines represent the retention area  for the calculation of � (see Fig.S1 for explanation). Experimental conditions are given in Table 2.

capacity in LCxLC. As  a result of  this,  despite the optimization of  2D-

parameters, effective peak capacities are always much lower than

practical peak capacities. Consequently, in the research of  best 2D-

systems, relative values for  practical peak capacity (Fig.  2) are more

relevant than absolute ones. As for  Sample #1, the observation of

overlaid 2D separations of 1D fractions (Fig.S3) highlights the inter-

est of combining both UV and MS detection modes for the research

of unknown impurities. Indeed, some peaks were not detected in

UV but detected in  MS  while others could be detected in UV only.

The absence of signal in  MS  for some impurities present in Sample

#2 was further attributed to their specific structure which include

nitrile functions, not easily ionizable in the  electrospray source.

Finally, by cross-checking the data (i.e. extracted mass spec-

tra and 2D-retention times), obtained in the three 2D-systems, it

was possible to know the exact number of impurities detected. It

appears, for  both samples, that most impurities could be detected

with each of the  three sets of 2D-conditions, a  few of  them being

detected with one set only, Configuration #36  being the most

attractive in this respect. As an example, only one LCxLC configura-

tion (i.e. #36) was sufficient, for Sample #1, to detect 84% of the  total

number of compounds while an additional LCxLC configuration (i.e.

#24) increased this percentage to 97%. For Sample #2, in  spite of

the difficulty to extract mass spectra of some impurities present at

a very low concentration, the  results were similar for the remaining

identified impurities. It was  interesting to assess the contribution

of 1D-LC alone. This was  done by counting the number of  com-

pounds detected in  1D-LC, for Sample #1, underbest 1D-conditions

(Fig.S4). These conditions were those used for the study on orthogo-

nality. In all cases, LCxLC configuration #36 outperformed by  about

40% the number of compounds detected in 1D-LC as  highlighted
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Fig. 5. Overlaid 2D separations of 1D fractions, indicated by blue  areas in Fig. 4. (a) UV detection and (b) MS-TIC detection. Circled are detected in MS  while not detected in

UV. (For interpretation of the references to color in  this figure legend, the reader is  referred to the  web  version of this article.)

Fig. 6. Increase in the total number of compounds detected in  Sample #1 depending on the type and the number of LC-configurations used.  The results for one LC set-up

were those obtained with best 1D-LC-UV/MS conditions. Cumulative results for RPLCxRPLC set-ups correspond to (1) configuration #  36, (2) configurations #36 and #24,  (3)

configurations #36, #24 and #25. See  Table 2  for experimental conditions.

in Fig. 6. The additional increase is reduced to 12% and 3% with

one and two additional LCxLC separations respectively. From the

above results, it  can be concluded that  one or possibly two of the

three proposed RPLCxRPLC configurations could be efficiently used

as generic systems for pharmaceutical analysis throughout drug

development.

4.  Conclusions

The objective of this study was to find  suitable on-line LCxLC

conditions able to separate pharmaceutical samples with a view to

detecting and identifying impurities.

An orthogonality study based on the screening of many differ-

ent LC conditions was  performed with two  real pharmaceutical
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samples. Both the degree of orthogonality and the  practical peak

capacity were used as descriptors for assessing the separation

power of two given LC conditions. The present study  leads to similar

conclusions as those previously drawn from an  experimental study

on representative compounds. These conclusions suggest that a few

combinations of LC-systems could be appropriate for any pharma-

ceutical sample. In particular, the  use  of a  phenyl hexyl column with

ammonia as pH additive in 1D and an  Acquity CSH C18 column with

formic acid in 2D is found to be one  of  the most promising combi-

nations over the 190 studied. More generally, any combination of

a C18 column and a different stationary phase chemistry, associ-

ated with a variation in  mobile  phase pH between both dimensions

represent the most attractive 2D-systems for defining generic ana-

lytical 2D-conditions. Considering the  descriptor values of 190

possible 2D-systems, this study permitted to  define three relevant

ones to be used in an analytical strategy for drug development. A

C18 column with formic acid is recommended as  second dimen-

sion for the three 2D-systems in order to facilitate peak tracking in

2D-contour plots.

These selected 2D-LC conditions were applied to  on-line LCxLC

separations of two real pharmaceutical samples. An effective peak

capacity close to 1000 in less than  50  min  was achieved in all

cases, thereby highlighting the relevance of these systems. Thanks

to a dual UV/MS detection, a large number of  impurities could be

detected. Finally it  was that one LCxLC-UV/MS system outperforms

by 40% the number of  compounds detected with one 1D-LC-UV/MS.

An additional increase of 12% with a second 2D-system and again

3% with a third one suggest that a good analytical strategy through-

out drug development may  be to use one or possibly two different

sets of LCxLC conditions as  those proposed in  this study.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in

the online version, at http://dx.doi.org/10.1016/j.chroma.2017.08.

070.
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A B S T R A C T

On-line comprehensive two-dimensional liquid chromatography (on-line LCxLC) is expected to offer impressive

effective peak capacity. That makes it an attractive technique for the analysis of complex samples such as

pharmaceuticals, for which impurities are often unknown both in number and in structure, and can be either

totally different or similar to the active substance. A study on comprehensive on-line RPLCxRPLC (reversed

phase liquid chromatography in both dimensions) with respect to quantitative aspect at low concentration levels

was carried out with the objective of finding conditions able to meet regulatory requirements for the control of

pharmaceutical impurities. Preliminary studies showed that the best approach for quantitative purpose was to

relate the impurity concentration to the sum of the second dimension peak areas. RPLCxRPLC conditions were

optimized according to a Pareto-optimality approach with a focus on sensitivity, thereby favouring low dilution

factor. The resulting RPLCxRPLC separation led to a detection limit below 0.05% for impurities (compared with

API). Furthermore, the properties of this analytical method was found to be satisfying in terms of linearity

(R
2

> 0.999), repeatability (RSD < 1% for second dimension retention times) and precision (RSD < 1.5% for the

sum of second dimension peak areas). Finally, this on-line RPLCxRPLC approach was applied to the analysis of a

batch of drug substance in the early stages of drug development. The method was able to detect impurities at

concentrations as low as 0.04% (signal-to-noise ratio of 3). All these results clearly demonstrate the power of on-

line RPLCxRPLC for the quantitative analysis of pharmaceutical samples.

1. Introduction

On-line comprehensive two-dimensional liquid chromatography

(on-line LCxLC) has been applied to the analysis of complex samples in

many application fields over the last decades [1–3]. In LCxLC, the

whole sample is subjected to two different separations. The theoretical

peak capacity represents the product of the peak capacities in both

dimensions. As a result this may lead to impressive theoretical values

which cannot be reached with conventional one-dimensional chro-

matography (1D-LC) [4]. This has made LCxLC a very attractive

technique for the analysis of biological samples, natural products,

peptides or bio-oils [5–8]. In the past few years, a number of scientists

have worked on the theoretical understanding of LCxLC separations as

well as on the optimization of chromatographic conditions [9–13].

However, in most studies, the primary objective was to achieve very

large peak capacities whereas solute dilution was of less concern. The

dilution in on-line LCxLC is often more critical than in 1D-LC as

highlighted by Schure [14] who pointed out that, under isocratic

conditions in both dimensions, an analyte band could be 100-fold less

concentrated when it reached the second dimension detector than

when it reached the detector in conventional 1D-LC. Usual strong

dilution along with far more complex implementation can explain why

on-line comprehensive approach remains very little used for phar-

maceutical analysis compared to a heart-cut approach (LC-LC) [15].

Pharmaceutical samples are generally composed of an active phar-

maceutical ingredient (API) and its related impurities, comparatively

present at very low concentrations. For sake of safeness, the regulation

for the control of impurities and degradation products imposes strict

limits. According to ICH guidelines [16,17], it is recommended, for

impurities and related substances of both drug substances and drug

products, to consider 0.05% (compared with API) as reporting

threshold, 0.1% as identification limit and 0.15% as qualification

limit. Such requirements imply that any developed method should

achieve a limit of quantitation (LOQ) of at least 0.05% (compared

with API) which makes the high dilution involved in on-line LCxLC a

major obstacle although this technique is expected to be the technique
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of choice in the pharmaceutical field with respect to both orthogon-

ality and selectivity [18].

Parameters that were recommended to consider for reducing the

analyte dilution include, the sampling rate, the split ratio and the me-

chanisms used in both dimensions [19]. The use of more complex in-

terfaces between both dimensions, with either trapping columns or

make-up flow or both [20–22] was also shown to be an efficient way to

limit injection issues in the second dimension and thus, to reach low

limits of detection and quantitation. Although such interface config-

urations were first developed to circumvent solvent compatibility issues

between the mobile phases of first and second dimensions [23–25],

they are also currently used to improve peak intensity by promoting

analyte focusing on the second dimension column inlet [26,27]. How-

ever, they involve additional instrument devices, and also additional

parameters that need to be optimized including the make-up flow rate,

the make-up composition, the stationary phase and the dimensions of

the trapping columns.

The aim of this study was to minimize the dilution on the basis of an

optimization approach previously proposed for on-line LCxLC with re-

versed phase liquid chromatography (RPLC) in both dimensions

[10,12]. This approach is attractive since it does not require additional

devices for the interface but only a 2-position/4-port dual switching

valve with two similar empty loops. The objective of the developed on-

line LCxLC separation was to meet the ICH recommendations for

pharmaceutical compounds, using usual UV detection, while keeping a

peak capacity significantly higher than the one achieved in 1D-LC. After

carrying out preliminary tests to select the best method for quantitative

analysis, two different sets of optimized RPLCxRPLC conditions were

compared. The first set was designed to provide a good trade-off be-

tween a large peak capacity and a low dilution factor as usually re-

commended for the analysis of complex samples such as proteins and

peptides [10]. The second set was designed to minimize the dilution

factor regardless of the peak capacity. Finally, the second approach was

applied to three generic 2D-systems proposed in a previous work [18].

The best RPLCxRPLC conditions were applied to the quantitative ana-

lysis of a batch of drug substance in the early stages of drug develop-

ment.

2. Material and methods

2.1. Chemical and samples preparation

Acetonitrile (ACN) and methanol (MeOH) were LC-MS grade from

Sigma–Aldrich (Steinheim, Germany). Water was obtained from an Elga

Purelab Classic UV purification system (Veolia water STI, Le Plessis

Robinson, France). Several additives were added in the mobile phase:

formic acid (0.1% - pH 2.7 measured in aqueous phase), ammonium

acetate (AA) (5 mM in aqueous phase - pH 6.8), and ammonium hy-

droxide (0.1% - pH 10.4 measured in aqueous phase). All of them were

obtained from Sigma–Aldrich (Steinheim, Germany). Aqueous eluents

prepared from salts were filtered on 0.22 μm nylon filter before im-

mediate use.

For preliminary study, methylparaben and ethylparaben were used

as model compounds. They were obtained from Sigma–Aldrich

(Steinheim, Germany). First quantitative study was performed with

methylparaben solutions at concentrations ranging from 0.01 to

0.5 mg/mL in H2O/ACN 50/50 (v/v). The comparative study between

the peak volume and the sum of peak areas for quantitative analysis

was carried out with 3 different samples of 0.5 mg/mL methylparaben

in water/ACN 50/50 (v/v) containing 50% ethylparaben (i.e. 0.25 mg/

mL), 1% ethyl paraben (i.e. 5 μg/mL) and 0.05% ethylparaben (i.e.

0.25 μg/mL).

Pharmaceutical compounds (Drug substance A and Drug substance

B) where provided by Oril Industrie (Servier laboratories, Bolbec,

France). Due to confidentiality agreement, the molecular structures

could not be given. Samples of Drug substance A at 0.5 mg/mL in

Water/ACN 50/50 (v/v) containing different concentrations of three

synthetic intermediates were used first to evaluate the impact of opti-

mized 2D-LC separation on sensitivity, and then to assess some critical

parameters such as linearity, limit of detection (LOD), limit of quanti-

tation (LOQ), accuracy and precision. Finally, LCxLC-UV/MS analysis

were carried out on a real sample (batch analysis) of Drug substance B

at concentration of 0.5 mg/mL in ACN.

2.2. Instruments

LCxLC separations were performed with an Infinity 1290 2D-LC

system from Agilent Technologies (Waldbronn, Germany). This instru-

ment includes two high-pressure binary solvent delivery pumps, an

autosampler with a flow-through needle of 20 μL, a column oven with a

maximum temperature of 100 °C, a UV detector and a diode array de-

tector equipped with 2 μL and 0.6 μL flow-cells, respectively. A 2-po-

sition/4-port dual valve was used as interface between the two di-

mensions, and was equipped with two 80 μL sampling loops. Dwell

volumes, extra-column volumes and extra-column variances were de-

termined using a zero dead volume union connector in place of the

column. The measured dwell volumes were 140 μL in the first and 65 μL

in the second dimension (measured without the interface between both

dimensions). A total extra-column volume of 22 μL and 8.5 μL and an

extra-column variance of 12 μL
2

and 4.5 μL
2

were determined in first

and second dimension respectively. Detector wavelengths were set at

210 nm or 254 nm depending on the experiments. The acquisition rates

were set at 10 Hz and 80 Hz in the first and second dimension respec-

tively. Data acquisition and instrument control were performed by

OpenLab software (Agilent).

For the analysis of batch sample, LCxLC systems were hyphenated to

a QDA mass spectrometer from Waters (Milford, United States),

working in scan mode with an acquisition rate of 20 Hz. Data acquisi-

tion and instrument control were performed by MassLynx software

(Waters). Synchronization between both instruments was obtained by

electrical connection.

2.3. Chromatographic conditions

For the comparison of the linear range between 1D-LC-UV and on-

line LCxLC-UV, experiments were carried out without columns (i.e.

replaced by zero-dead volume unions). In the first dimension, the

temperature, the flow rate, the wavelength and the acquisition rate

were 30 °C, 0.01 mL/min, 254 nm and 20 Hz respectively. The mobile

phase in both dimensions was a mixture of water/Acetonitrile 50/50

(v/v). The sampling time was 0.3 min (i.e. 3 μL injected in the second

dimension). In the second dimension and in 1D-LC-UV, the tempera-

ture, the flow rate, the wavelength and the acquisition rate were 30 °C,

1.5 mL/min in, 254 nm and 80 Hz respectively. 1 μL of a solution of

methylparaben was injected with concentrations ranging from 0.01 to

0.5 mg/mL. The comparison of the results obtained from the peak vo-

lumes and the sum of peak areas was carried out under isocratic con-

ditions in both dimensions. In the first dimension, the conditions were

similar to those mentioned above. In the second dimension, an Acquity

CSH C18 column (30 mm x 2.1 mm; 1.7 μm) from Waters (Milford, MA,

USA) was used. The temperature, the flow rate, the wavelength and the

sampling rate were 30 °C, 1.5 mL/min, 254 nm and 80 Hz respectively.

The mobile phase was a mixture of water/acetonitrile 70/30 (v/v) with

0.1% formic acid. The sampling time was 0.5 min and the injected

volume was 1 μL.

For the rest of the study, three different sets of conditions (sta-

tionary phases, mobile phases, additives) were used as optimized in a

previous work [18] with a view to define a generic analytical strategy

for pharmaceuticals (2D-systems #1, #2 and #3, respectively). 2D-

system #2 was used to evaluate the impact of optimized chromato-

graphic conditions on the sensitivity in on-line LCxLC. The conditions

used in the two different set-up are given Table 1. Finally, a
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pharmaceutical sample was analyzed using the three 2D-systems with

optimized conditions (Table 2).

2.4. Calculations

The conditions for LCxLC separations were optimized using a home-

made procedure developed with Microsoft Excel [10,12]. This calcu-

lation method consists in a three input level procedure based on both

theoretical relationships and Pareto-optimality approach.

The dilution factor, Df, was calculated in each dimension with

=
×

Df
V

2v

i (1)

σv being the peak standard deviation in volume units and Vi, the

injected volume. The dilution factor in LCxLC was assumed to be the

product of the dilution factors in each dimension [14].

The effective peak capacity (n2D,eff) in LCxLC was predicted using

the following relationship [12]

= × × × ×n n nD eff2 ,

1 2

(2)

where
1
n and

2
n are the peak capacities in the first and second di-

mension respectively. The coefficients α, β and γ are correction factors

between 0 and 1. α corrects
1
n for undersampling [28], β corrects

2
n for

non-ideal transfer of the sample fraction from
1
D to

2
D [12] and γ al-

lows to takes into account the retention surface coverage [29].

Both peak standard deviations and peak capacities were predicted

according to relationships given in previous studies [10,12].

The signal-to-noise ratio (S/N) was calculated for minor com-

pounds, according to

=S N H h/ 2 / (3)

where H is the peak height and h, the difference between the highest

and the lowest noise values observed over a distance ≥ 5 peak widths

(measured at half peak height) around the peak of interest.

LCxLC data were processed using Microsoft Excel and Matlab

V7.12.0635. Azur software (Datalys, Grenoble, France) was used to

measure peak areas and peak heights. Peak volumes were obtained

from LC Image software (GC Image, LLC, Lincoln, USA).

3. Results and discussion

3.1. Preliminary study on quantitative aspects

One major question raised by quantitative analysis in on-line LCxLC

is how to perform data processing. According to published results, there

are two different ways to proceed. The first approach consists in sum-

ming the successive second dimension peak areas related to the same

first dimension peak [30,31]. The second approach consists in calcu-

lating the volume of the three dimensional peak by considering it as a

cone [32]. A third method might consist in considering the peak area of

the main fraction but it is clear that an excellent repeatability from run

to run should be required in this case. The three methods were first

evaluated through a simple LCxLC set-up with the columns in both

dimensions replaced by zero dead volume unions. LCxLC experiments

were carried out with samples containing methylparaben in various

concentrations. In addition to the results obtained from the three above

methods, Fig. 1 also shows the variation of the detector response in the

first dimension as a function of the solute concentration. Fig. 1 leads to

the following comments: (1) not surprisingly, whereas the response in

the first dimension is no more linear above 0.2 mg/mL, it is still linear

Table 1

Optimized RPLCxRPLC conditions for the separation of API and related impurities. Set-up #1 focuses on peak capacity while Set-up #2 focuses on sensitivity. See text

for more explanations on the condition selection.

Set-up #1 Set-up #2

1
D

2
D

1
D

2
D

Stationary phase Xbridge BEH C18 Acquity CSH C18 Xbridge BEH C18 Acquity CSH C18

Column geometry 50 mm x 2.1 mm, 5 μm 30 mm x 2.1 mm, 1.7 μm 50 mm x 2.1 mm, 5 μm 30 mm x 2.1 mm, 1.7 μm

Mobile phase A: Water + 0,1% NH4OH A: Water + 0,1% FA A: Water + 0,1% NH4OH A: Water + 0,1% FA

B: ACN + 0,1% NH4OH B: ACN + 0,1% FA B: ACN + 0,1% NH4OH B: ACN + 0,1% FA

Flow-rate 0.1 mL/min 1.8 mL/min 0.15 mL/min 1.8 mL/min

Gradient conditions 15–100% (B) in 60 min 5–90% (B) in 0.15 min 15–100% (B) in 60 min 5–90% (B) in 0.11 min

Sampling time 0.3 min 0.3 min

Split ratio 1:3 1:1

Temperature 30 °C 80 °C 30 °C 80 °C

Injected Volume 3 μL 10 μL 3 μL 45.58 μL

Table 2

RPLCxRPLC conditions for the separation of pharmaceutical samples using the three 2D-systems previously proposed [14] with identical conditions in the second

dimension. See text for more explanations on the condition selection.

First dimension Second dimension

2D-System #1 2D-System #2 2D-System #3 2D-Systems #1, #2 and #3

Stationary phase Xselect HSS PFP Xbridge BEH C18 Acquity BEH Phenyl Acquity CSH C18

Column geometry 50 mm x 2,1 mm, 3,5 μm 50 mm x 2,1 mm, 5 μm 50 mm x 2,1 mm, 1,7 μm 30 mm x 2,1 mm, 1,7 μm

Mobile phase A: Water + AA 5 mM A: Water + 0,1% NH4OH A: Water + 0,1% NH4OH A: Water + 0,1% FA

B: MeOH B: ACN + 0,1% NH4OH B: ACN + 0,1% NH4OH B: ACN + 0,1% FA

Flow-rate 0,15 mL/min 0,15 mL/min 0,3 mL/min 1,8 mL/min

Gradient conditions 27–92% (B) in 60 min 15–100% (B) in 60 min 15–100% (B) in 60 min 5–90% (B) in 0,13 min (S #1 and #3); and 0.11 min (S #2)

Sampling time 0.33 min 0.3 min 0.33 min

Split ratio – – 1:2

Temperature 30 °C 30 °C 30 °C 80 °C

Injected Volume 3 μL 3 μL 3 μL 49.35 μL (S #1); 45.58 μL (S #2);

49.15 μL (S #3)

UV 210 nm 210 nm 210 nm 210 nm

MS – – – Scan (100–700)
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above 0.5 mg/mL in the second one. This can be easily explained by the

dilution due both to the sampling of the first dimension peak and to the

band broadening due to the injection process in the second dimension;

(2) the coefficients of determination are higher than 0.999 for methods

involving either the sum of the peak areas or the peak volume; (3) the

third method involving the area of the main fraction seems to be less

suitable with a determination coefficient lower than 0.999. This is

likely to be due to some very small variations of the fractions between

the different LCxLC runs. This third method was therefore abandoned.

In order to choose between the two other methods, samples com-

posed of methylparaben and ethylparaben in different proportions were

injected in on-line LCxLC without column in the first dimension but

with a reversed phase column in the second one. The absence of column

in the first dimension allowed to ensure a constant ratio, all along the

first dimension peak, between the weight concentrations of ethylpar-

aben and methylparaben. As a result, any fraction and, in particular the

most intense one, can be considered as representative of the whole

sample. As a result, the reference concentration ratio was considered as

the ratio of the peak areas obtained during the separation of the most

intense fraction. Three samples composed of methylparaben (0.5 mg/

mL) and of various concentrations of ethylparaben (i.e. 47.9%, 0.9%

and 0.04% compared to methylparaben) where separated with the

objective of (1) evaluating both LOD and LOQ, (2) comparing the two

studied methods (i.e. based on the sum of peak areas and on the peak

volume) under conditions similar to those encountered in pharmaceu-

tical analysis and (3) evaluating the impact of the concentration ratio

on the resulting error. Fig. 2 shows the first dimension separation with

the fractions sent to the second dimension delimited by dotted lines

(Fig. 2a) along with the overlaid second dimension separations of the

different fractions for the three samples (Fig. 2b, c and d). The Signal-

to-Noise ratios (S/N), calculated from the peak of ethylparaben in the

most intense fraction were found to be 6170, 130 and 7 respectively,

thereby suggesting that LOD was lower than 0.04% while LOQ was

slightly higher. Calculated concentration ratios were obtained from the

two studied quantitation methods and compared to the reference values

provided by the ratio of the two peak areas in the most intense fraction

as shown in Table 3. Not surprisingly, the error increases for both

methods when the concentration ratio decreases due to the fact that the

impact of the baseline noise on the calculation of the peak area (or the

peak volume) is more significant for less intense peaks. However, the

results in Table 3 clearly show that the error with the sum of the peak

areas was lower than 5% in the worst case (i.e. a concentration ratio of

0.04%) while it attained 30% with the method based on the peak vo-

lume. It should be noticed that quantitation based on the peak volume

tends to overestimate the ehtylparaben concentration because (1) a

cone is likely to be inappropriate for representing a three-dimensional

gaussian peak and (2) the number of fractions per
1
D-peak is small (i.e.

from 2 to 5 only) which is probably not sufficient to properly define the

peak, leading to a significant underestimation of the major peak volume

(i.e. methylparaben) and hence an overestimation of the concentration

ratio.

This first study points out that on-line RPLCxRPLC can meet some of

the ICH recommendations and that the method based on the sum of

peak areas is much more reliable than the two other studied ones and

hence should be used for quantitation purpose in pharmaceutical ana-

lysis.

3.2. Quantitative results on pharmaceutical samples

3.2.1. Optimization of RPLCxRPLC conditions

Most often, on-line LCxLC has been applied to the analysis of very

complex samples such as natural products, peptides or bio-oils

[5,6,23,33]. Once a combination of two LC-systems has been selected,

with both dimensions (mobile and stationary phases) defined with re-

spect to their degree of orthogonality, the key objective in optimizing

the conditions of LCxLC, usually consists in finding the best compromise

between a high peak capacity, a low dilution and a short analysis time

[10,12,13]. We recently defined, three combinations of two RPLC-sys-

tems (three 2D-systems) able to meet most analytical needs in phar-

maceutical development [18]. It was shown on real pharmaceutical

samples that any of these combinations can achieve an effective peak

capacity of 1000 in less than 60 min. Furthermore it was suggested that

using one or possibly two 2D-systems, with both UV and MS detection,

represented a good analytical strategy throughout drug development. In

the present study 2D-conditions were optimized for these 2D-systems,

according to a predictive approach recently developed for peptide

analysis [10,12]. The objective was to achieve a maximum level of

sensitivity for quantitative analysis by minimizing the dilution factor

while keeping a high enough effective peak capacity. The optimization

procedure, based on both predictive calculation tools and a Pareto-

optimality approach, defines, for a given analysis time, the best set of

2D-conditions, considering both the effective peak capacity and the

dilution factor. In this approach, it was shown that β (Eq. (2)) and

hence the additional band broadening due to strong injection solvent

(Compression factor < 1) or the focusing effect due to weak injection

solvent (Compression factor > 1) could be correctly predicted, for

peptide mapping, using the following equation for the compression

factor [10]:

=C
k

k
F

e

e

,1

2

,2

2

(4)

Where CF, is the compression factor,
2
ke,1 and

2
ke,2 are the solute re-

tention factors obtained with the second dimension stationary phase,

the injection solvent (first dimension mobile phase) and the second

dimension mobile phase respectively.

The same approach was applied to pharmaceutical compounds,

considering an analysis time of 60 min. The parameters that were si-

multaneously optimized included the first dimension flow-rate (from 15

to 1000 μL/min), the split ratio between both dimensions (from

1:1–1:10), the second dimension flow-rate (from 1000 to 3000 μL/min

with a maximum pressure of 1000 bar), the sampling rate (from 1 to 3

fractions per peak) and the second dimension column length (3 cm and

5 cm). For calculations, a value of 0.6 was used for γ (Eq. (2)) according

to previous results on pharmaceuticals [18]. Furthermore the extra-

column band broadening in both tubing and detector cell was

Fig. 1. Illustration of the response in the second dimension depending on the

calculation method. Normalized response values against solute concentration

considering the first dimension and the peak area (black) or the second di-

mension and the peak area of the main fraction (green), the sum of the peak

areas (blue) or the peak volume (red). Determination coefficient are specified in

the figure. Solute: methylparaben; 1 μL injected; 254 nm; no column in both

dimensions. Other conditions given in Section 2.3. (For interpretation of the

references to color in this figure legend, the reader is referred to the web ver-

sion of this article.)
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considered depending on the second dimension flow-rate. The resulting

partial and full Pareto-curves are shown in Fig. 3. It can be concluded

from these curves that reducing the second dimension flow-rate is

beneficial to low dilution but at the expense of a severe decrease in

effective peak capacity. In contrast, reducing the column length while

increasing the flow-rate until the maximum pressure is reached, is very

attractive for the effective peak capacity but detrimental for the dilu-

tion factor. In order to have a good trade-off between dilution and ef-

fective peak capacity, we selected two sets of conditions, the first one

favoured a high effective capacity while the second one favoured a low

dilution factor. Both are indicated by black circles in Fig. 3. Their

corresponding conditions are listed in Table 1. On-line RPLCxRPLC

separations (Fig. 4) were carried out with Drug substance A containing

0.5 mg/mL of API and 3 isolated impurities with concentrations relative

to API varying from 2% to 0.05%. The two 3D-representations in Fig. 4

illustrate the significant difference in sensitivity depending on the set of

conditions. The peak intensities of impurities #1, #2 and #3 are indeed

three to four-fold higher with Set-up #2 compared to with Set-up #1

(for impurities at 1% level), which was in good agreement with the

expected increase in dilution factor (i.e. from 2.7 to 10) shown in Fig. 3.

It is important to note that, at the same time, the predicted effective

peak capacity decreases from 2500 to 1500, 1500 being still much

higher than the effective peak capacity that can be achieved in 1D-LC.

S/N values were calculated for the three impurities at different con-

centration levels for the two RPLCxRPLC separations. As shown by the

resulting values in Table 4, impurities at a concentration level as low as

0.05% could not be detected with Set-up #1. A three-fold and a four to

five-fold increase in S/N was observed with Set-up #2 for impurity #2

and #3 respectively. The increase was less significant for impurity #1

(less than two-fold), which might be due to its low absorbance, thereby

enhancing the noise impact. According to ICH guidelines [34] which

recommend S/N values of 10 for LOQ and 3 for LOD, it appears that

LOD with Set-up #1 was between 0.05% and 0.1% (impurity #2 and

#3) and even higher than 0.1% (impurities #1) while it is always lower

than 0.05% with Set-up #2. Similarly, LOQ was higher than 0.2% with

Set-up #1 while between 0.05% and 0.1% with Set-up #2 and even

lower for impurity #3. These results emphasize the great benefit of this

predictive approach in RPLCxRPLC to maximize sensitivity in order to

meet ICH requirements for the control of impurities [16,17,34] while

keeping the impressive separation power offered by on-line LCxLC.

Fig. 2. LCxLC separations of samples composed of methyparaben and ethylparaben in various proportions. (a) First dimension peak with the fractions sent to the

second dimension delimited by dotted lines (the most intense fraction is colored in green) and overlaid second dimension separations of the fractions for samples

composed of (b) 50% methylparaben and 50% ethylparaben, (c) 99% methylparaben and 1% ethylparaben, and (d) 99.95% methylparaben and 0,05% ethylparaben.

MP and EP refer to methylparaben and ethylparaben, respectively. Other conditions given in Section 2.3. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Table 3

Comparison of two methods of quantitation in on-line LCxLC. Determination of

the concentration ratios between ethylparaben and methylparaben. The re-

ference concentration ratio is assumed to be the ratio of the peak areas obtained

from the separation of the most intense fraction.

Reference

ratio

Method based on the

sum of peak areas

Method based on the

peak volume

Calculated

ratio

Error

(%)

Calculated

ratio

Error

(%)

Sample #1 47.89% 47.90% 0.02 48.81% 1.92

Sample #2 0.89% 0.91% 2.25 1.03% 15.73

Sample #3 0.04% 0.039% − 2.50 0.05% 32.50

Fig. 3. Full Pareto plots of the dilution factor versus the effective peak capacity

for an analysis time of 60 min. Partial Pareto-curves are given for different sets

of second dimension column length and flow-rate: (----) 5 cm and 1 mL/min;

(——) 3 cm and 1 mL/min; (----) 5 cm and 1.8 mL/min; (----) 3 cm and

1.8 mL/min and (----) 3 cm and 3 mL/min. Empty and full symbols correspond

to a second dimension column length of 5 cm and 3 cm respectively. The full

Pareto curve is in black. Black circles correspond to the two selected sets of

conditions (Set-up #1 and Set-up #2). See the text for explanations and Sections

2.3 and 2.4 for calculations and other conditions. (For interpretation of the

references to color in this figure legend, the reader is referred to the web ver-

sion of this article.)
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3.2.2. Some validation aspects

The above RPLCxRPLC-UV method was evaluated with respect to

some critical validation parameters (linearity, precision, retention time

repeatability, LOD and LOQ) in order to test the reliability of this 2D-LC

method with respect to quantitative analysis. Each impurity peak pre-

sent in the first dimension was distributed into several peaks in the

second dimension corresponding to the different cuts. These second

dimension peaks have to be merged for calculations. In view of the

above study, the sum of the peak areas was applied to quantitative

analysis. Linearity was evaluated by plotting the sum of 2D peak areas

against the impurity concentration (ranging from 0.2% to 2% for im-

purity #1 and from 0.05% to 2% for impurities #2 and #3). The re-

tention time repeatability and the precision of the method was tested

from six on-line RPLCxRPLC-experiments carried out with six mixed

standard solutions prepared independently. The resulting straight line

equations, R
2

values, LOD, LOQ and RSD values for both the second

dimension retention times and the sum of peak areas are summarized in

Table 5. As previously discussed, LODs and LOQs meet ICH require-

ments. In all cases, R
2

values were higher than 0.999, which confirms

(1) the ability of RPLCxRPLC to provide quantitative results, and (2) the

reliability of the sum of second dimension peak areas for quantification

with RSD values lower than 1% for second dimension retention times,

thereby highlighting a good repeatability from run-to-run in

RPLCxRPLC while RSD values were lower than 1.5% for the sum of

peak areas, thereby showing a good precision in quantitative results. In

conclusion, all these results showed that the present RPLCxRPLC

method leads to appropriate linearity, sensitivity and precision for

quantitative analysis of pharmaceutical compounds. The last step of this

study was to apply this optimization approach to the analysis of a real

pharmaceutical sample using one of the three generic 2D-systems pre-

viously selected [18].

3.3. Application to the analysis of a pharmaceutical sample

The optimized conditions found above (Set-up #2) were applied to

the three combinations of RPLC systems previously proposed as a

generic analytical strategy in drug development [18] for analyzing a

real batch of Drug substance B. 2D-conditions are given in Table 2 for

the three 2D-systems. Fig. 5 shows MS-TIC contour plots for the 3

RPLCxRPLC separations. As can be seen, the first 2D-system (Fig. 5a) is

not suitable for the analysis of this Drug substance B as highlighted by

the intense non retained peak which might be due to a breakthrough

phenomenon in case of API. This made quantitative analysis impossible

since a significant part of this analyte was eluted in the column dead

time. Such phenomenon can be explained by the fact that API is

strongly retained on the first dimension column, hence eluted with a

high acetonitrile content in the mobile phase (i.e > 65%). This latter

becomes a strong injection solvent in the second dimension, thus

leading to a breakthrough phenomenon. In addition to this, the number

of detected compounds is much lower than with the two other 2D-

systems (Fig. 5b and c), probably due to strong interactions between the

fluorinated compounds present in Drug substance B and the

Fig. 4. On-line RPLCxRPLC separations of a synthetic sample (Drug substance A) containing 3 impurities at 1% level with (a) set-up #1 and (b) set-up #2. UV

detection at 210 nm. See Table 1 for RPLCxRPLC-conditions.

Table 4

S/N values obtained for three impurities of Drug Substance A, with con-

centrations (relative to API) in the range 2–0.05%. On-line RPLCxRPLC con-

ditions given in Table 1.

Set-up #1 Set-up #2

Concentration Imp #1 Imp #2 Imp #3 Imp #1 Imp #2 Imp #3

2% 76 177 99 98 512 690

1% 33 84 64 42 294 344

0.5% 16 56 35 19 126 192

0.2% 8 18 11 9 55 66

0.1% 2 6 8 4 19 36

0.05% – – – 3 9 18

Table 5

Quantitative performance of on-line RPLCxRPLC for the analysis of three impurities in Drug sample A at 0.5 mg/mL. 2D-Conditions given in Table 1 (Set-up #2).

Impurity
1
tr

a 2
tr

b
Linearity LOD LOQ RSD (%)

(min) (s) Standard curve
c

Range R
2 2

tr
b

Sum of peak areas

# 1 6 10.85 y = 43394x− 41.296 0.2% − 2% 0.9996 0.05% 0.2% 0.88 0.91

# 2 17 11.96 y = 259884x− 122.04 0.05% − 2% 0.9992 < 0.05% 0.05% 0.38 1.09

# 3 22 14.16 y = 218422x−34.108 0.05% − 2% 0.9991 < 0.05% < 0.05% 0.27 1.32

a
: Retention time in the first dimension.

b
: Retention time in the second dimension.

c
: Based on 4 points (impurity #1) and 6 points (impurities #2 and #3).
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pentafluorophenyl groups of the stationary phase. As a result, most

impurities were probably not eluted from the first dimension stationary

phase. This first 2D-system cannot be therefore selected for quantitative

analysis. The two other RPLCxRPLC separations show quite similar

peak distribution over the separation space which was not surprising

considering that the two 2D-systems only differ by their first dimension

stationary phase (see Table 2) and that, in the present specific case

where API and most impurities are basic, selectivity is expected to be

essentially governed by the difference in pH between both mobile

phases. However, some impurities, circled in red in Fig. 5b and c, were

well separated with 2D-system #2 while not separated with 2D-system

#3. 2D-system #2 was therefore considered as the most appropriate for

the quantitative analysis of Drug substance B. Fig. 6 shows the contour

plots obtained with UV (Fig. 6a) and MS (Fig. 6b) detection, all detected

impurities being specified in the figure. The comparison of both contour

plots shows that some too little concentrated impurities (e.g. #9 and

#10), were detected with MS only. On the other hand, due to ionization

issues, impurity #3 were detected with UV only. These observations

Fig. 5. On-line RPLCxRPLC-MS-TIC of a real sample (Drug substance B) with conditions optimized for (a) 2D-system #1, (b) 2D-system #2 and (c) 2D-system #3. The

impurities circled in red are well separated with 2D-system #2 while not 2D-system #3. Experimental conditions for the three 2D-systems are given Table 2. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. On-line RPLCxRPLC separation of Drug substance B using 2D-system #2 with (a) UV detection (210 nm), and (b) MS-TIC detection. Experimental conditions

are given Table 2.
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highlight the benefit of combining both UV and MS detection when

looking for impurities in pharmaceutical samples, as previously re-

commended [18]. Furthermore, the advantage of using on-line LCxLC

instead of 1D-LC is emphasized by the observation of some coelutions in

each dimension (e.g. API and impurity #4 in
1
D; impurities #7 and #8

in
2
D) whereas all the peaks are well separated in RPLCxRPLC (Fig. 6).

The concentration ratio of the detected impurities (compared with API)

was estimated with the sum of peak areas using UV data. API purity was

estimated at 91.82%, which is close to the known value provided by

Oril industrie for this batch. Some impurities (i.e. #1, #4 and #6), with

S/N > 10, could be quantified (assuming that all of them had the same

UV molar absorptivity, as usually done for pharmaceuticals). Their

concentrations (compared with API) were found to be 0.12%, 0.10%,

and 7.64% respectively. Impurities #2, #3, #5, #7 and #8 with S/N

ratios between 4 and 8.5 could be detected. Their concentrations were

estimated between 0.04% and 0.09%. Finally, impurities #9 and #10

could only be detected with MS detection since they were present at too

low concentration (< 0.02%) for UV detection. These quantitative re-

sults, in good agreement with the conclusions of Section 2.3, clearly

show that on-line RPLCxRPLC is able to meet ICH requirement for the

control of impurities in pharmaceutical samples.

4. Conclusions

The objective of this study was to assess the quantitative perfor-

mances of on-line RPLCxRPLC in the context of pharmaceutical analysis

considering the low detection and quantitation limits required by ICH

guidelines.

Preliminary studies showed that (1) summing the second dimension

peak areas was more reliable than calculating peak volumes for quan-

titative purpose, particularly at low concentration levels, and (2) on-

line LCxLC could achieve LOD below 0.04%, in good agreement with

ICH guidelines for the analysis of impurities and related substances of

APIs.

A home-made procedure, based on both predictive calculation tools

and Pareto-optimality approach, was applied to the optimization of

RPLCxRPLC conditions. Two sets of conditions were selected, one in

favour of high effective peak capacity, the other one in favour of low

dilution (Set-ups #1 and #2, respectively). The resulting RPLCxRPLC

separations showed that (1) peak intensities, for impurities at low level,

were three to four-fold higher with Set-up #2 compared to Set-up #1,

(2) unlike Set-up #1, Set-up #2 was able to detect impurities at con-

centrations as low as 0.05% with LOQ between 0.05% and 0.1%

(compared with API). The evaluation of quantitative performances al-

lowed to highlight (1) a good linearity (R
2

> 0.999) provided that the

sum of peak areas was used for quantitative analysis; (2) a good re-

peatability on the retention times in both dimensions (RSD < 1%); and

(3) a good precision on the sum of peak areas (RSD < 1.5%).

The optimized conditions were applied to the analysis of a real

pharmaceutical sample (Drug substance B). Impurities present at con-

centrations as low as 0.04% (relative to API) were successfully detected

with S/N ratios higher than 3 while impurities present at concentrations

as low as 0.1% were detected with S/N ratios higher than 10. This real

application made it possible to confirm the great potential of

RPLCxRPLC-UV/MS for impurity control in drug development. Finally,

it is important to note that this 2D-LC approach does not need complex

additional set-up such as make-up solvent and/or focusing columns,

thereby making the implementation of 2D-LC much easier in an in-

dustrial environment.
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a b s t r a c t

On-line selective comprehensive two-dimensional chromatography combining Reversed Phase Liquid

Chromatography and Supercritical Fluid Chromatography (sRPLCxSFC) was investigated for the analysis

of chiral pharmaceutical compounds. Preliminary studies were carried out with the aim of overcoming

instrumental constraints which are related to such 2D-coupling. The impact of both injection solvent

and injection volume on the chiral SFC second separation was assessed with a view to limiting injec-

tion effects due to mobile phase compatibility issues between both dimensions. The resulting on-line

sRPLCxSFC system was applied to the achiral x chiral analysis of a pharmaceutical sample. Using an

Acquity BEH C18 column in the first dimension and a Chiralpak IC column in the second one, both chem-

ical (achiral) and enantiomeric (chiral) purities could be evaluated in less than 50 min within a single

run. Under such conditions, a detection limit of about 0.5% for R-enantiomer could be obtained with UV

detection. The results obtained in sRPLCxSFC were compared to those obtained in conventional chiral

1D-SFC. Baseline resolution was obtained in both cases and the linearity in the detector response was

on the same order of magnitude (R2 > 0.99). Finally, despite current instrumental limitations (no com-

mercially available system for sLCxSFC, large dwell volume and large extra-column volume in SFC), the

on-line coupling of RPLC and SFC appears to be attractive and promising for rapid achiral/chiral analysis

of complex pharmaceutical samples.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Chirality is a fundamental characteristic of living organisms.

That is why our body is able to recognize a chiral component and

why essential physiological processes are based on enantioselectiv-

ity. There can be marked differences between the pharmacological

activity of enantiomers. In many cases, whereas one enantiomer

generates the desired therapeutic response (eutomer), the other

one is either less active, inactive or even toxic (distomer) [1].

Several examples were reported in the literature, including some

of the most famous, such as the thalidomide disaster [2] or the

amphetamine case [3].

Nowadays, regulatory authorities impose strict guidelines for

the commercialization of chiral drug substances [4–6]. First of

all, it is recommended that only the therapeutically active enan-

tiomer of a chiral drug can be brought to market. It is therefore

∗ Corresponding author.

E-mail address: sabine.heinisch@univ-lyon1.fr (S. Heinisch).

necessary to study the pharmacological properties and metabolic

pathways of each enantiomer separately before making a decision.

Furthermore, in pharmaceutical industry, Active Pharmaceutical

Ingredients (APIs) have to be fully characterized according to ICH

guidelines [7]. For chiral compounds, such requirement leads to the

development of, at least, two different analytical methods: an achi-

ral (most often RPLC) method, generally used to assess the chemical

purity (amount of achiral impurities and related substances) and a

chiral method to assess the enantiomeric purity (amount of unde-

sired enantiomer). However, such analytical procedure makes the

API process development time consuming and laborious as soon as

API and/or related compounds are chiral, which is often the case.

Over the last decades multidimensional chromatography has

emerged as an alternative for the analysis of complex samples

when one-dimensional chromatography fails to obtain satisfac-

tory separation. 2D-LC separations can be heart-cutting (LC-LC),

comprehensive (LCxLC) or selective comprehensive (sLCxLC) in

approach [8,9]. In LC-LC, a fraction of the first dimension separa-

tion is transferred to the second one whereas in LCxLC the entire

sample is subjected to a separation in both dimensions. This is done

https://doi.org/10.1016/j.jpba.2018.06.058

0731-7085/© 2018 Elsevier B.V. All rights reserved.
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by storing and analysing, one after the other, the successive frac-

tions from the first dimension. In sLCxLC, a selected region of the

first dimension is sampled in a comprehensive way and transferred

to the second dimension. In the pharmaceutical industry, 2D-LC has

been successfully applied to enantioselective analysis as well as to

the direct determination of enantiomeric excess in reaction mix-

tures [10–13]. However, the achiral quantitative analysis in the first

dimension has been little considered so far. 2D-LC approach able

to assess both chemical and enantiomeric purities together should

be very advantageous during API process development thereby

significantly reducing sample preparation, analysis time and data

treatment. Furthermore, its development should be facilitated by

ultrafast chiral chromatography which has been recently proposed

[14]

Whereas SFC is becoming the preferred choice, some chiral sepa-

rations are still performed in Normal Phase Liquid Chromatography

(NPLC). However this separation technique is poorly compatible

with RPLC for a RPLCxNPLC separation perspective. Firstly, the non-

miscibility of solvents can cause severe band broadening, peak

distortions or artifacts [15]. Secondly, potentially long equilibra-

tion and analysis times are usually required in chiral NPLC and

thirdly the use of large volumes of toxic solvents in NPLC can also

be mentioned as an environmental issue. In the recent past years,

SFC has been found to be an excellent alternative to NPLC for the

enantioseparation of pharmaceutical compounds, and has gradu-

ally replaced NPLC in both analytical and purification areas [16–20].

In addition to being a greener technique compared to NPLC, SFC

provides higher efficiency with faster analyses and requires much

lower equilibration times. Furthermore chiral SFC usually outper-

forms chiral RPLC in terms of selectivity and analysis time [21].

The potential of on-line RPLCxSFC was first investigated by Sar-

rut et al. for bio-oil analysis using conventional sample loops [22]

and more recently for depolymerised lignin samples using trapping

columns [23]. In both cases, the authors highlighted the very high

degree of orthogonality between first and second dimension, but

also the difficulties involved by CO2 depressurization that requires

full loop injection and also by the presence of hydro-organic sol-

vents in RPLC that requires low injection volumes in SFC. Recently,

achiral RPLC and chiral SFC were combined for on-line multiple

heart-cutting analysis (mRPLC-SFC) of pharmaceutical compounds

using trapping columns for the interface [24]. This 2D approach was

successfully applied to the separation of 8 stereoisomers of a drug

substance containing multiple chiral centers.

The objective of our work was to develop a selective compre-

hensive set-up for the achiral/chiral analysis of pharmaceuticals.

The main advantage of using a selective comprehensive approach

is that the resolution achieved in the first dimension can be essen-

tially maintained in the second dimension. This is necessary in case

of complex samples containing achiral impurities which may co-

elute with the chiral API in the first dimension. Preliminary studies

were carried out to address injection effects in chiral SFC with

hydro-organic sample solvents and to assess the interface com-

ponents with respect to quantitative analysis. A proof-of-concept

was first successfully carried out on a simple sample, with an

attempt to compare the achieved sensitivity between 1D-SFC-

UV and sLCxSFC-UV. Then, the developed sLCxSFC separation was

applied to the achiral/chiral analysis of a complex pharmaceutical

sample.

2. Experimental

2.1. Material and reagent

Acetonitrile (ACN), methanol (MeOH) and acetone were LC

grade from Sigma–Aldrich (Steinheim, Germany). Water was

obtained from an Elga Purelab Classic UV purification system (Veo-

lia water STI, Le Plessis Robinson, France). Methanesulfonic acid

(MSA) (0.1% – pH 2.0 measured in aqueous phase), was obtained

from Sigma–Aldrich (Steinheim, Germany). Pressurized liquid CO2

(99.9%) was obtained from Air Liquide (Pierre Bénite, France).

The pharmaceutical sample was provided by Oril Industrie

(Servier laboratories, Bolbec, France). It consisted in a chiral active

pharmaceutical ingredient (API) and its related impurities, S enan-

tiomer being the active form of the drug. Due to confidentiality

agreement, the molecular structures cannot be provided. Solu-

tions were prepared every month at concentrations of 0.4 mg/mL,

0.2 mg/mL or 0.1 mg/mL (depending on the assays) in ACN and were

Fig. 1. sLCxSFC setup using Multiple Heart-Cut (MHC) valve system, equipped with 12 sample loops. (a) The fractions from the first dimension are successively stored in the

loops #2 to #6 (Deck A) while the contents of the loops #1 to #5 (Deck B) are successively analyzed in the second dimension and (b) vice versa after valve switching. Loop

#1 (Deck A) and loop #6 (Deck B) are only used to ensure uninterrupted mobile phase flow.
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stored at 4◦C. Sample stability was checked every week according

to the Oril quality control method.

2.2. Instruments

2.2.1. 1D-SFC system

The Agilent 1260 Infinity II SFC system (Agilent Technologies,

Waldbronn, Germany) was equipped with a binary solvent deliv-

ery pump, a 400 �L mixing chamber, an autosampler with the Feed

Injection Technology, allowing injection volumes from 0.1 to 90 �L,

a column oven compatible with temperature up to 85 ◦C, a diode

array detector with a 2 �L flow-cell withstanding pressure up to

400 bar and a SFC control module whose functions are (i) CO2 condi-

tioning upstream of the SFC pump and (ii) backpressure regulating

downstream of the detector. The maximum allowable flow rate is

5 mL/min. The maximum allowable pressure is 600 bar with flow-

rates up to 5 mL/min. Data acquisition was performed by OpenLab

CDS software (Agilent Technologies). The extra-column volume and

the extra-column variance, measured under supercritical condi-

tions, are 40 �L and 30 �L2 respectively. The system dwell volume

was estimated at 600 �L, using CO2 as solvent A and MeOH + 0.1%

acetone as solvent B. The gradient was started with a high per-

centage of B (i.e. 69% B) to ensure a quasi-liquid phase from initial

gradient composition as previously recommended to get reliable

measurements [22].

2.2.2. sLCxSFC system

The sRPLCxSFC setup is shown in Fig. 1. The first dimension is

the first dimension of the 1290 Infinity I 2D-LC system from Agilent

technologies. It includes a high-pressure binary solvent delivery

pump, an autosampler with a flow-through needle of 20 �L, a

column oven with a maximum temperature of 100 ◦C, and a UV

detector equipped with a 2 �L flow-cell. The maximum allowable

pressure is 1200 bar up to 5 mL/min. The second dimension is com-

posed of the binary solvent delivery pump, the column oven, the

diode array detector and the SFC control module of the 1260 Infinity

II SFC apparatus. The interface between the two dimensions is the

“Multiple Heart-cutting” (MHC) system from Agilent Technologies.

It consists in a 2-positions/4-port duo valve with two parking decks,

each equipped with six 10 �L sampling loops. Data acquisition and

instrument control were performed by OpenLab software (Agilent

Technologies). The synchronization between both dimensions was

obtained by electrically connecting the two systems.

2.3. Chromatographic conditions

An Acquity BEH C18 column (50 mm × 2.1 mm; 1.7 �m) from

Waters (Milford, MA, USA) was used in the first dimension. Two Chi-

ralpak IC columns (100 mm × 3 mm; 3 �m and 150 mm × 4.6 mm;

3 �m) from Chiral Technologies (West Chester, PA, USA) were used

in SFC conditions for preliminary 1D-SFC study and for the second

dimension in sLCxSFC.

2.3.1. 1D-SFC experiments

The compatibility of the Chiralpack IC column (100 mm × 3 mm;

3 �m) with the injection solvent (RPLC eluent) was studied in

isocratic conditions. In the Oril quality control separation, the com-

position at elution of the compound of interest was nearly 70% ACN.

A solution of S enantiomer at 0.1 mg/mL in this solvent compo-

sition was prepared. Different volumes were injected (from 1 �L

to 5 �L). Temperature, flow rate, BPR, wavelength and frequency

were set at 40 ◦C, 2 mL/min, 130 bar, 210 nm and 20 Hz respectively.

Pure MeOH and a mixture of MeOH/H2O 98/2 (v/v) were used as

co-solvent B.

SFC chiral experiments were carried out on the Chiralpack IC col-

umn (150 mm × 4.6 mm; 3 �m) in order to compare conventional

SFC and sLCxSFC. The flow rate was 2.5 mL/min. Other conditions

were the same as above. The solvent B was a mixture of MeOH/H2O

98/2 (v/v) and the gradient was 0 min, 1% B; 2.9 min, 30% B; 3.4 min,

1% B; 6 min, 1% B. Standard solutions of API containing different lev-

els of undesired enantiomer (0.5–5%) were prepared in ACN. The

injection volume was 2 �L.

2.3.2. 2D sLCxSFC experiments

2D experiments were carried out under isocratic conditions in

both dimension in order to assess the repeatability of full sample

loop injections. The columns were replaced by zero-dead vol-

ume unions. Acetone was used as model compound. In the first

dimension, the temperature, the flow rate, the wavelength and the

sampling rate were 30 ◦C, 0.1 mL/min, 270 nm and 20 Hz respec-

tively. The mobile phase was a mixture of 5% acetone in MeOH. In

the second dimension, the flow rate was 2 mL/min with a BPR of

140 bar. The temperature, the wavelength and the sampling rate

were 40 ◦C, 270 nm and 20 Hz respectively. The mobile phase was

composed of CO2/MeOH 95/5 (v/v). The sampling time was 6 s.

The conditions for the sRPLCxSFC achiral/chiral separations are

given in Table 1. A proof-of-concept was carried out with a simple

sample under isocratic conditions in 2D while a pharmaceutical

sample was analyzed under gradient conditions in 2D.

3. Results and discussion

3.1. Optimization of injection volume in 2D-SFC

In SFC, recent studies [22,25,26] showed that both the sam-

ple solvent and the injection volume have a strong effect on peak

shapes. Polar solvent such as dimethyl sulfoxyde or methanol were

generally found to be the worst option, leading to significant peak

distortions even for small injection volumes. On the other hand,

aprotic solvents (e.g. methyl tert-butyl ether, dichloromethane)

were found to be more adapted to large injection volumes. It was

also highlighted that the obtained results were dependent on both

the nature of the analyte and the nature of the stationary phase

[22,26]. Abrahamson and Sandhal [27] recently showed that the

injection solvent may interact with the stationary phase and that

can lead to either positive or negative effect on peak shapes depend-

ing on the hydrogen bonding capabilities of both injection solvent

and stationary phase (e.g. with grafted-silica polar injection solvent

may interact with free silanols, thereby locally limiting secondary

interactions). Solubility issues of the injection solvent into the

methanol-modified carbon dioxide were also highlighted [22,27].

We therefore studied the effect of injection solvent on SFC peak

shapes in our 2D-conditions with the aim of injecting the largest

possible volume onto the SFC column. In on-line LCxSFC, the injec-

tion solvent in 2D-SFC is the mobile phase coming from 1D-RPLC,

namely a mixture of water and acetonitrile. The volume fraction of

the strong eluent at peak elution, �e, was calculated for API using

the following relationship:

�e = �i + s × (
tR

t0
−

tD + tini

t0
− 1) (1)

Where tR, tD, tini and t0 are the solute retention time, the sys-

tem dwell time, the initial isocratic step duration and the column

dead time respectively. �i is the initial composition and s is the

normalized gradient slope (i.e. t0x�C/tG were �C and tG are the

composition range and the gradient time respectively). In the orig-

inal RPLC quality control separation, used in this study as first

dimension, �e value was 70% ACN for API. We therefore studied

the impact of the injection volume on the peak shape with API

dissolved in 70% ACN. Based upon a preliminary study on several

alcohols (ethanol, methanol, isopropanol) with the Chiralpak IC

column (100 mm × 3 mm; 3 �m), pure methanol was first chosen
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Table 1

Experimental conditions used for sRPLCxSFC separations.

1D RPLC 2D Chiral SFC

Stationary phase Acquity BEH C18 Chiralpack IC

Column geometry 50 mm × 2.1 mm 1.7 �m 150 mm × 4.6 mm 3 �m

Mobile phase A: H2O/ACN 98/2 (v/v) + 0,1% MSA

B: ACN/H2O 98/2 (v/v) + 0,1% MSA

A: CO2

B: MeOH/H2O 98/2 (v/v)

Flow rate 0.2 mL/min 2.5 mL/min

Elution mode Gradient 5 to 95% (B) in 14 min (1) preliminary study: 6% (B)a

(2) real sample: gradient 1 to 30% (B) in 2.9 min

BPR / 130 bar

Temperature 40 ◦C 40 ◦C

UV wavelength 210 nm 210 nm

Injected volume 2 �L 10 �Lb

a 2D analysis time : 3 min.
b 0.05 min as sampling time.

Fig. 2. Effect of both injection solvent and injected volume on the peak shape. Solute: S-enantiomer. Injection solvent composition: H2O/ACN 30/70 (v/v). Column: Chiralpak

IC (100 × 3mm; 3 �m); mobile phase: CO2/co-solvent 94/6 (v/v) with co-solvent: (a) MeOH and (b) MeOH/H2O 98/2 (v/v); 2 mL/min; 40 ◦C; BPR 130 bar; 210 nm.

as co-solvent. The obtained results for injection volumes ranging

from 1 �L to 5 �L are displayed in Fig. 2a. As can be seen, the

volume that can be injected in these conditions, without strong

peak distortion, should not exceed 2 �L which is very low consid-

ering the column dead volume (i.e. less than 0.5% of the column

dead volume). That can be critical for sensitivity. In on-line two-

dimensional chromatography, modifying the injection solvent or

decreasing the injection volume while keeping the same injected

amount is possible only by adding a suitable make-up solvent or

by using appropriate trapping columns respectively. Provided that

such actions can improve the peak shapes, they require more com-

plex interface which may add further element of uncertainty in

quantitative analysis.

In order to increase the injection volume without modifying the

interface and hence without modifying the injection solvent, we

studied the effect of the nature of the co-solvent on the peak shape.

A small content of water (i.e. 2%) was added to methanol thereby

slightly increasing the co-solvent polarity. The peaks obtained in

these mobile phase conditions are shown in Fig. 2b and can be com-

pared to those obtained with pure methanol as co-solvent (Fig. 2a).

As can be observed, the peak shapes are significantly improved

by a low content of water in the co-solvent. Although broader for

large injection volumes, the peaks are kept symmetrical up to 5 �L

injected. The beneficial effect of a small amount of water in the co-

solvent, reducing secondary interactions is now well known and

has been reported in different studies [28–30]. This phenomenon

can be ascribed to the fact that the surface chemistry of the station-

ary phase is slightly altered by the presence of water. At the same

time, this may lead to a slight change in solute retention as can be

observed by comparing Fig. 2a and b. However, in our present case,

peak shapes are not degraded, in the absence of water, as long as

the injection volume is kept low enough (i.e. ≤2 �L). The presence

of water becomes clearly advantageous for larger volumes. This

suggests that the present peak broadening caused by large injec-

tion volumes in polar solvent is quite different to that caused by

secondary interactions with the stationary phase. We think that

this may result from two distinct phenomenon, both involving the

adsorption of water onto the stationary phase:

(1) A large and polar injection volume is expected to be poorly sol-

ubilized in a mobile phase mainly composed of apolar CO2. The

presence of a small amount of water may result in a thin layer of

water dynamically adsorbed onto the stationary phase which

could enhance the solubility.

(2) The injection solvent plays the role of a strong eluent during the

injection duration. With pure MeOH as co-solvent, the small

amount of water contained in the injection solvent is gradu-

ally adsorbed onto the stationary phase surface which in turn

is gradually deactivated, thereby leading to a decrease in solute

retention during the injection process. This phenomenon could

cause severe injection effects. The water-rich layer formed with

the presence of water in the co-solvent could avoid the progres-

sive reduction of retention during the injection process, thereby

limiting peak distortions.

In view of these results, MeOH/H2O 98/2 (v/v) was used as

co-solvent, and an injection volume of 5 �L on the Chiralpak IC

(100 mm × 3 mm; 3 �m) was considered as the best option. How-

ever, due to the fact that the smallest loop volume commercially

available for the “Multiple Heart-cutting” interface was 10 �L, a

150 × 4.6 mm column was used thereby allowing to inject 10 �L

instead of 5 �L. It is important to note that due to CO2 depressuriza-

tion, flow splitting between 1D and 2D was not possible. As a result,

the injection volume in 2D, 2Vi, is directly related to the flow-rate

in the first dimension, 1F, and to the sampling time, ts according to:

2
Vi = ts ×

1
F (2)

The 1F and ts were set at 0.2 mL/min and 0.05 min respectively

in order to inject 10 �L in 2D. The gradient time in the first dimen-

sion was scaled up from original gradient conditions to fit with the
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Fig. 3. Overlay of 3 chromatograms obtained in sLCxSFC conditions with zero dead volume unions in place of columns in both dimensions. 1D: no injection; mobile phase:

MeOH + 5% Acetone; 0,1 mL/min; 30 ◦C; 270 nm −
2D: mobile phase: CO2/MeOH 95/5 (v/v); 2 mL/min; 40 ◦C analysis time: 0.2 min; BPR: 130 bar; 270 nm; sampling time = 6 s.

flow-rate of 0.2 mL/min. In these conditions, the sampling rate was

approximatively 4–5 fractions per peak for the main compound

hence allowing to maintain the first dimension separation without

too much dilution. It is also important to specify that in selective

LCxLC the sampling time does not necessarily correspond to the

analysis time in the second dimension. Thus, it is possible to work

with a very short sampling time (i.e. a few seconds) while keep-

ing an acceptable analysis time in the second dimension (i.e. a few

minutes).

3.2. Impact of full loop injection on sample volume repeatability

In LCxLC, partial loop injection is usually preferred in order to

avoid any sample loss due to parabolic flow profile. In LCxSFC, full

loop injection is mandatory. In case of partial loop injection and due

to CO2 depressurization after valve switching, a portion of the loop

is filled by the sample while the other one is filled by both air and co-

solvent droplets which cover the loop walls. That may lead to some

severe issues as highlighted by Sarrut et al. [22]. Full loop injection

in the second SFC dimension is expected to be less detrimental than

in LC since the presence of air provides a flow with nearly flat pro-

file, allowing to entirely fill the loop with one volume only whereas

3 to 5 volumes are required in LC due to parabolic profile. The inter-

face provided for sLCxSFC is equipped with 12 sample loops which

should be strictly identical for the purpose of quantitative analysis.

We therefore studied the repeatability of the collected sample vol-

umes, under full loop injection conditions with our sLCxSFC setup.

It is important to specify that here the term repeatability is not

used in the sense of method validation, but only to check that the

10 loops (among 12) used for the collection of the fractions have

the same volume. Thus, the acceptance criteria from ICH guidelines

or equivalent are not those required in this study.

Three consecutive sLCxSFC experiments were carried out, with

acetone dissolved in 1D- mobile phase, and zero-dead volume

unions in place of columns in both dimensions, for peak area

assessment. As can be seen in Fig. 3, the resulting overlaid 2D

chromatograms are very similar. The peak area relative standard

deviations (RSD), calculated by considering (i) all the loops of the

two decks (10 loops) and (ii) the loops of each deck separately (5

loops) are given in Table 2. The RSD value for Deck B (9.5%) is twice

as high as that for Deck A, suggesting some differences in loop

sizes in Deck B. Nevertheless, when the two decks are considered

together, the RSD value is below 10% which was quite satisfy-

ing considering the two major issues we faced: (i) Only one loop

volume was expected to entirely fill the loop as discussed above;

(ii) Compared to 1D-instruments, additional tubing and additional

valves were likely to introduce further uncertainties on peak area

measurements.

Table 2

Peak areas and RSD values obtained from the 10 identical sample loops of 10 �L

equipping the two parking decks of the MHC interface. Acetone used as model

compound. Experimental conditions given in Fig. 3.

Deck A Deck B Deck A + Deck B

Average peak area 58527 53837 56182

Standard deviation 2202 5092 4533

RSD (%) 3.8 9.5 8.1

Fig. 4. Detailed achiral-chiral analysis of simple API sample by sRPLCxSFC with iso-

cratic elution in 2D-SFC: 1D-RPLC chromatogram (top) and 2D-SFC chromatograms

of the 5 five consecutive fractions (bottom); Sample: 0.4 mg/mL of S-enantiomer

with 5% R-enantiomer. All experimental conditions are given in Table 1.

In view of these results, the MHC interface was considered as

suitable for sLCxSFC analysis.

3.3. Application to achiral-chiral sLCxSFC analysis

3.3.1. Preliminary study on a simple sample

In order to validate our choices, a preliminary study was carried

out in on-line sRPLCxSFC with a simple sample containing 5% of

undesired R-enantiomer and the Chiralpak IC column (4.6 mm i.d.).

The experimental conditions are given in Table 1 and the result-

ing separation is presented in Fig. 4. It is interesting to notice the

absence of significant injection effects, with quite satisfactory peak

shapes in all the five 2D-separations (see Fig. 4 bottom) correspond-

ing to the five fractions of the API peak (see Fig. 4 top). These results
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Fig. 5. Achiral-chiral analysis of a pharmaceutical sample by sRPLCxSFC with gradient elution in 2D-SFC: 1D-RPLC chromatogram for chemical purity (top); zoom on chiral

compound peaks (middle) and 2D-SFC chromatograms of the different consecutive fractions for enantiomeric purity (bottom). An impurity separated from API in SFC is

circled in pink. All experimental conditions are given in Table 1.

are in very good agreement with the preceding study. Further-

more, baseline resolution between the two enantiomers could be

obtained in less than 3 min. Finally, using this sLCxSFC setup it was

possible to separate in 1D-RPLC, API from its synthetic intermediate

(see Fig. 4top) and to separate, in 2D-SFC, S-enantiomer from unde-

sired R-enantiomer (see Fig. 4 bottom), within a single experiment

lasting less than 40 min.

3.3.2. Achiral-chiral analysis of a pharmaceutical sample

A complete characterization of active principle is mandatory to

ensure the quality of drug products. As previously pointed out, for

chiral compounds, the characterization can be both time consum-

ing and laborious. RPLC techniques are most often used to assess

the chemical purity of drug products. However, enantiomers can-

not be differentiated by conventional RPLC. Chiral stationary phases

are able to separate enantiomers but usually, they offer poor selec-

tivity for achiral compounds. As a result, whereas both techniques

are required for a complete characterization, their successive use

can be troublesome due to the necessity of performing two differ-

ent sample preparations (one per method) and/or to the risk of not

separating API from achiral impurities in chiral analysis. An illus-

tration of this issue is given in supplementary section with two

1D-separations: achiral RPLC (Fig. S1) and chiral SFC (Fig. S2). In

the present study, the use of a 2D approach to overcome these

drawbacks was investigated. The conditions of the first dimension

were those of the validated method developed for API quality con-

trol. The flow-rate was slowed down to 0.2 mL/min in order to fit

with on-line sLCxSFC implementation and the gradient time was

increased so that the normalized gradient slope (gradient slope x

column dead time) was kept constant. Unlike the preceding separa-

tion (Fig. 4) for which 2D-SFC experiments were carried out under

isocratic elution, a gradient elution from 1% to 30% MeOH/H2O 98/2

(v/v) was necessary in order to elute all compounds in appropriate

retention conditions on the Chiralpak IC column (4.6 mm i.d.). The

obtained results are shown in Fig. 5. The RPLC separation (top chro-

matogram) allowed to separate a chiral synthetic intermediate as

well as other process-related impurities from API, hence provid-

ing chemical purity (also called achiral purity). From the obtained

chromatogram, the calculated API chemical purity was found to

be 86.0%. API and the chiral synthetic intermediate were trans-

ferred and then analyzed in the second chiral dimension. As can be

observed in Fig. 5, S-enantiomer is well separated from undesired

R-enantiomer for both chiral compounds (bottom chromatograms).

The two enantiomers are eluted in reversed order for the synthetic

intermediate and API, not surprising with compounds of different

nature. From these second dimension chromatograms, the calcu-

lated enantiomeric purities for synthetic intermediate and API were

found to be 94.0% and 93.1% respectively. The peak circled in pink

(Fig. 5) corresponds to an achiral impurity that was not separated

from API in RPLC but was well separated in SFC. It is important to

underline that, while this result is achievable with a comprehen-

sive approach, it is unlikely that a heart-cutting approach could

have permitted such good separation because its principle consists

in sending only one fraction of the first dimension to the second one

and of course, the sent fraction may not contain the searched impu-

rity. Furthermore, the impurity may be partially separated in RPLC

(as is the case here wherein the impurity appears in the third frac-

tion only). The large fractions generally sent to 2D in heart-cutting

may remix the compounds, making the separation in the second

dimension more difficult to achieve, considering the poor selectiv-

ity of chiral columns for achiral separation In sLCxLC, the resolution

achieved in 1D is essentially maintained in 2D due to an appropriate

sampling rate (3–4 fractions per peak), which enhances the chance

of separating the compounds. And last, but not least, the obser-

vation of this additional impurity in the second dimension made it

possible to correct the calculated chemical purity which was finally

found to be 84.1% instead of 86.0% as first calculated.

3.4. Comparison of sLCxSFC and 1D-SFC

To assess the possibilities offered by on-line sLCxSFC for achiral-

chiral analysis, we compared both sensitivity and peak resolution

between on-line sLCxSFC and conventional 1D-SFC, using the same

Chiralpak IC column (4.6 mm i.d.). 2 �L of solutions of S-enantiomer

with 5 different percentages of undesired R-enantiomer were ana-

lyzed, on the one hand, by conventional 1D-SFC operated in the

same conditions as in 2D-SFC and on the other hand, by sLCxSFC. The

corresponding overlaid chromatograms are shown in Fig. 6a and
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Fig. 6. Comparison of the separations of R and S with different concentration ratios of R over S (0.5%–5%) using (a) 1D-SFC and (b) sLCxSFC (most intense 1D-fraction shown).

Experimental conditions are given in Section 2.3 for 1D-experiments and Table 1 for 2D-experiments. For a better comparison, the same volumes of 2 �L were injected in

both cases.

b respectively. In both cases, the two enantiomers were baseline

resolved and the detector response was linear within the studied

range of concentrations (R2 values upper than 0.999). The resulting

linear curve equations were quite similar (i.e. 279.16x + 121.85 and

279.45x + 110.74 respectively). A notable difference in peak inten-

sity can be observed depending on the separation technique (i.e.

factor 3–4 in favor of 1D-SFC). This result is not surprising con-

sidering that: (i) Extra-column dispersion is more significant in

sLCxSFC, due to additional extra-column volumes (tubing, valves

and loops) and to larger injection volumes, resulting in larger

peaks as highlighted by comparing the average 4� peak widths in

both chromatograms (i.e. 0.045 min in 1D-SFC while 0.085 min in

sLCxSFC). This difference is significant enough to have an impact on

both resolution and sensitivity in sLCxSFC; (ii) 2D-chromatography

is a dilutive technique with 1D peaks divided into several fractions

that are injected in 2D. The resulting dilution factor is close to the

product of the dilution factors in each dimension.

The signal-to-noise ratios (S/N) were calculated, according to

US pharmacopeia (S/N = 2xH/h, with H and h being the peak height

and the noise amplitude respectively), for both techniques from

the peak corresponding to the lowest R-concentration (i.e 0.5%).

The obtained S/N values were 3.2 in sLCxSFC while 8.7 in 1D-SFC.

Thus 0.5% R seems to be the detection limit in the former case. This

value is slightly higher than the limit value usually requested in

the pharmaceutical area (0.1% as quantitation limit). Nevertheless,

this value was found to be quite satisfying considering that (i) the

requirement for this specific sample was to detect at least 1% of the

undesired enantiomer, and (ii) the detection limit of 0.5% was found

with UV detection and it is likely that MS detection operated in SIM

mode would significantly reduce this value to reach the detection

limit recommended in pharmaceutical analysis.

4. Conclusions

The goal of this work was to evaluate the potential of on-line

sRPLCxSFC for the achiral/chiral analysis of pharmaceutical com-

pounds. The key device of this 2D setup is the interface which

includes parking decks equipped with several sample loops. This

interface enables to work in selective comprehensive mode with

less constraints than in comprehensive mode, thanks to a tem-

porary storage of the collected fractions into ten sample loops.

Preliminary studies were carried out with the aim of limiting injec-

tion effects in 2D chiral SFC, due to the lack of compatibility between

mobile phases used in first and second dimension. With a mixture

of water/acetonitrile as sample solvent, it was shown that the addi-

tion of only 2% water in the co-solvent (MeOH) allowed to inject

larger volumes than with pure MeOH as co-solvent. The adsorp-

tion of a thin layer of water onto the stationary phase was given as

tentative explanation.

The on-line achiral/chiral sRPLCxSFC separation of a complex

pharmaceutical sample was successfully achieved in less than

50 min

The performance of achiral/chiral sRPLCxSFC, as presently

developed, was compared to that of conventional chiral 1D-SFC.

In terms of resolution and linearity, we found that the two tech-

niques were similar with satisfying resolution between R and S

enantiomers in both cases. Furthermore the resulting calibration

curves could be overlaid suggesting that sLCxSFC was quite reli-

able in term of quantitative analysis. However, the peak intensities

in sLCxSFC were found to be lower by a factor of 3 to 4 than those in

1D-SFC. This difference can be explained by extra-column disper-

sion in the interface (additional valves and tubing) and by dilution

arising from the two-dimensional process. Despite this, a detec-

tion limit as low as 0.5% was reached in sLCxSFC with UV detection

which was in good agreement with the specific recommendations

for this sample (i.e. LOD of 1%).

Finally, in the light of these results, the on-line coupling of RPLC

and SFC can be considered as an attractive solution for the simul-

taneous achiral/chiral analysis of pharmaceuticals.
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a b  s  t r  a  c t

Supercritical Fluid  Chromatography  (SFC) has  known a  strong  regain  of interest for  the last 10 years,

especially  in the field of pharmaceutical  analysis. Besides the development  and validation  of  the  SFC

method  in  one individual laboratory,  it  is  also important  to demonstrate its  applicability  and  transfer-

ability  to various  laboratories  around  the  world. Therefore,  an  inter-laboratory  study  was conducted

and  published  for  the  first time in SFC,  to  assess method  reproducibility, and evaluate whether this

chromatographic  technique could become a  reference method for  quality  control  (QC)  laboratories.
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This study  involved 19  participating laboratories  from 4  continents and  9 different countries.  It  included

5  academic  groups,  3 demonstration  laboratories  at  analytical  instrument companies,  10 pharmaceutical

companies  and 1 food company. In  the  initial analysis  of the study results, consistencies within-  and

between-laboratories  were deeply examined.  In  the  subsequent  analysis,  the method  reproducibility

was estimated  taking  into account  variances in replicates,  between-days  and  between-laboratories.  The

results  obtained  were  compared  with the literature  values for liquid  chromatography  (LC) in  the context

of  impurities determination. Repeatability and  reproducibility variances  were found  to be similar  or better

than  those  described  for  LC  methods,  and  highlighted the  adequacy of the  SFC method  for QC analyses.

The  results demonstrated  the  excellent and  robust quantitative  performance of SFC.  Consequently, this

complementary  technique  is recognized on  equal merit to other  chromatographic techniques.

©  2018 Elsevier  B.V. All rights reserved.

1. Introduction

From its first commercialization in the 1980s, SFC has the

reputation to be  poorly reproducible and robust. However, the per-

formance of modern SFC instruments has significantly improved

since 2012 and it  can now be considered as a well-established tech-

nology in pharmaceutical research/discovery environments [1,2].

Despite these instrumental advances, its application in more reg-

ulated laboratories still seems to be considered risky and this

perception may  continually hamper the implementation of routine

SFC methods in QC environments.

Recently, several studies highlighted the  excellent quantitative

performance of  SFC in the pharmaceutical domain [3–6]. The pub-

lished methods were fully validated according to ICH Q2 guidelines

and demonstrated the  applicability of  modern SFC in the context

of pharmaceutical quality control. Nevertheless, the evaluation of

method precision was limited to repeatability and intermediate

precision, as the validation protocol included only one equip-

ment/laboratory. To  properly evaluate method reproducibility, the

between-laboratories variability should also be  studied by means

of an inter-laboratory assay [7,8]. This evaluation is required when

the analytical method has  to be transferred and used in  different

laboratories, or is introduced as  a  reference method in a mono-

graph. Inter-laboratory studies are well described in  the literature

for chromatographic techniques, especially liquid chromatography

[9–11]. To the best of our knowledge, such data have never been

published for SFC.

In a previous paper, a robust SFC method was developed for the

determination of salbutamol sulfate related impurities according to

the Quality by Design principles [6]. For this purpose, Design Space

determination was employed to find  out a robust working zone

[12]. The optimization of  a robust method was indeed a keystone to

guarantee successful method transfer to several laboratories. More-

over, the developed method was fully validated according to the

total error approach for the quantitative determination of impuri-

ties B, D, F and G, down  to a concentration level of 0.3% of active

pharmaceutical ingredient, in agreement with the specifications of

pharmacopoeai method. This predictive validation strategy follows

the requirements of  ICH Q2 (R1) guideline and ensures that every

future analysis result will  fall within the acceptance limits (i.e. +−

15% for impurities determination) with at least a probability of 95%.

Method development and validation were performed considering

the salbutamol impurities available as  chemical reference standard

(namely impurity B,  D, F, I and G). To propose this  method as a

normative method, an inter-laboratory study is  a mandatory step.

The objective of  the present study was to estimate the precision

(repeatability and reproducibility) of the results obtained for the

determination of impurity D in salbutamol sulfate samples. The

study protocol was proposed following the ISO 5725-2 interna-

tional standard [8]. A detailed protocol was established to study

the sources of variability at different levels, i.e.  replicates, days and

laboratories. In this study, all experiments were conducted on one

single type of  instrument to avoid potential problems related to the

delivery of  a compressible fluid, backpressure control, and injection

mode, often observed in  SFC. Several academic, demonstration and

industrial laboratories equipped with SFC technology were selected

to take part in  this study.

To ensure proper instrument handling and method set-up, a pre-

liminary method test was organized to  get familiar with the method

and to verify various criteria, i.e.  method selectivity, sensitivity

and system repeatability. The results of this test were collated and

evaluated by the study coordinator before  starting the  quantitative

study.

In the  following study the content of impurity D was evaluated

in three independent salbutamol sulfate samples. These samples

at different concentration levels for impurity D aimed at covering

the validated dosing range. The results of  this study were analysed

according to  the  ISO guidelines [8]. Finally, the  quantitative data

issued from this study were used to assess measurement uncer-

tainty.

2. Material and methods

2.1. Chemicals and reagents

Salbutamol hemisulfate (> 98.0%) was  purchased from TCI

Europe (Zwijndrecht, Belgium) and used as  salbutamol hemisul-

fate standard. Related impurities B, D, F, G and I were provided

by EDQM (Strasbourg, France). Salbutamol hemisulfate was  split in

three batches and each batch was  spiked with different amount of

related impurity D to get three salbutamol samples.

The minimal quality requirements for solvents and reagents

were: methanol gradient grade, 2-propanol analytical grade, water

ULC-MS/SFC grade, ammonium hydroxide 25  or 28% w/w  analytical

grade, carbon dioxide 99.995%.

2.2. Instrumentation

Each laboratory used a Waters Acquity UPC2®
equipped with a

PDA detector (Waters, Milford, MA,  USA). If  MS  or another detec-

tors were hyphenated to  the chromatographic system, they were

disconnected prior to  the  experiments. The injector was equipped

with a 5  or 10  �L loop operating in the partial loop with needle

overfill mode. 2-propanol (900 �L) and water/methanol (50/50,

v/v) (500 �L) were used as weak and strong needle wash solvents,

respectively. Chromatograms were recorded at 220 nm in compen-

sated mode (310–410 nm)  with an  acquisition frequency of  20  Hz,

a resolution of  1.2 nm  and a filter time constant of  0.5 s.

Masslynx
TM

or Empower
TM

software was used to control the

system and acquire the data.
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2.3. Chromatographic conditions

SFC conditions were reported in a  previous publication [6].

The UPC2 Torus Diethylamine (DEA) 100 ×  3.0 mm  (particle size of

1.7 �m)  analytical column was used. One new  column was pro-

vided to each laboratory and was used immediately to  perform the

present study. The experiments were executed at a flow  rate  of

1.5 mL/min and 0.1% v/v ammonium hydroxide in methanol was

used as modifier. The gradient mode was applied, with an initial

modifier fraction of 2%, followed by  a  linear increase to  35% in

6.5 min. Post-run: the initial mobile phase conditions were reached

within 0.5 min  followed by 3  min  of re-equilibration (total run  time

10 min). The backpressure regulator was set at 135 bar (1958 psi).

The autosampler temperature and the  injected volume were set at

6 ◦C and 2 �L,  respectively.

2.4. Sample preparation

All solutions were prepared in water/methanol 20/80 v/v.  After

preparation, all solutions were stored in  the dark at 5 ◦C ( ±  3 ◦C).

2.4.1. Preliminary testing

Stock solution containing impurities was  prepared by  transfer-

ring accurately weighed amounts of  5  mg  impurity B, 5 mg impurity

D, 5 mg  impurity F and 5  mg  impurity G in a volumetric flask

of 50.0 mL.  Intermediate solution was prepared by weighing an

accurate amount of  20 mg salbutamol sulfate and adding 600 �L

stock solution in a  volumetric flask of  10.0 mL.  Then the content

of one vial of impurity I was  dissolved with  1.0 mL  of intermediate

solution. This latter solution containing salbutamol sulfate and all

related impurities is used to perform the preliminary test (system

suitability test (SST) solution).

2.4.2. Inter-laboratory study

Stock solution of  impurity D was prepared by  adding an accu-

rately weighed amount of 5  mg of  impurity D in a volumetric flask

of 5.0 mL.  Then, calibration standards at 4,  6  and 8  �g mL−1 were

prepared by means of  dilutions (40, 60  and 80  �L  of stock solution

respectively in a  volumetric flask of  10.0 mL).

Each lab received three salbutamol samples labelled sample A,

B and C. These latters contained different amount of  impurity D to

evaluate the validated dosing range during this study:  0.2% of  impu-

rity D in salbutamol sulfate (sample B), 0.3% of impurity D (sample

C) and 0.4% of impurity D (sample A). The study  was performed in  a

blind way as the laboratories did not known samples concentration

and level. Sample solution was prepared by  adding an  accurately

weighed amount of  20 mg  salbutamol sulfate unknown solid sam-

ple in a volumetric flask of 10.0 mL.  Three independent solutions

were prepared for each sample and this protocol was repeated on

three days.

2.5. Preliminary testing

The first step of this collaborative study was  to perform a famil-

iarisation experiment, which allowed also checking the reliability

of SFC instruments for further quantitative analysis. This pre-

liminary testing was  implemented to verify several performance

criteria: selectivity, retention times stability, peak area variabil-

ity and sensitivity. To verify method selectivity and sensitivity,

SST solution was  injected 6  times using the above described SFC

method. The RSD values should be <  1% for retention times (for

all compounds) and <  2% for peak areas (only for impurities).

The signal-to-noise ratio (S/N) was calculated for impurity D as

described by USP:

S/N=2H/h (1)

where H is  the height of the peak measured from the peak apex to

a baseline extrapolated over a distance ≥5  times the peak width at

its half-height; and h is the amplitude of the  noise values observed

over a  distance ≥ 5  times the peak width at half-height and, if pos-

sible, situated equally around the peak of interest. The S/N ratio

should be higher than 25.

2.6. Set-up of the inter-laboratory study

The study  involved 19  participating analytical laboratories

(p =  19): 5 academic (universities), 3 demonstration laboratories

at analytical instrument company, 1 food and 10 pharmaceuti-

cal companies. These laboratories are located on 4  continents and

in 9  countries. These 19 sites present different quality standard:

GMP for the  sending lab, ISO 9001 for the food company lab,

GMP for several pharmaceutical companies and R&D instrument

in GMP  environment for the others. One demonstration lab has

ISO 9001 and ISO 13485 certifications. Academic and the two other

demonstration laboratories do  not have any certification. Each lab-

oratory performed the analyses in  three different days (series)

(c =  3).  Per day, the samples were prepared and analysed indepen-

dently in triplicate (g =  3)  considering 3  concentrations levels (q =  3)

by means of samples A, B and C.  The study layout per concentration

(sample) is summarized in  Fig.  1.

This study layout enables the  inclusion of  day/series variability

as generally done in a  method validation protocol. It allows esti-

mating the intermediate precision for each laboratory, which is  the

sum of  intra-day and inter-day variances. The study layout pro-

vides information on three sources of variability (i.e. replicates,

days, laboratories), which are the main components of  method

reproducibility. Each laboratory reported raw data in a validated

Fig. 1. Set up of  the collaborative study per sample: p = 19 laboratories, c  = 3 series (days), g  = 3 replicate measurements.
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and locked Excel file. The study coordinator performed all data

and statistical analyses using Excel (Microsoft Excel® for Mac  2011)

followed by a  report verification by the study  supervisors.

2.7. Statistical analysis

2.7.1. Scrutiny of  results for  consistency and outliers

First, the results were critically examined for  outliers and

stragglers regarding between-laboratory and within-laboratory

consistency. This examination was done by graphical consistency

techniques and numerical outlier tests specified in the ISO guide-

lines [8,13]. Tables with critical values for all mentioned tests can

be found in the ISO guidelines [8]. Mandel’s k plotting and Cochran’s

test were used to verify whether the within-laboratory variances

of some laboratories were not considerably larger than in the other

participating laboratories. Mandel’s k  statistic was calculated as:

kij =

sij

√
pj√

˙s2
ij

(2)

where sij is the standard deviation within one cell (laboratory) at

concentration level j and pj is the number of laboratory reporting

test result for concentration level j.

Mandel’s k  values were plotted to graphically evaluate the

within-laboratory variation. The indicator values at  1% and 5% sig-

nificance levels were drawn on the Mandel’s plots.

The Cochran’s test was applied as  numerical outlier test and

calculated as followed:

C =

s2
max

p∑
i=1

s2
i

(3)

where smax is the  highest variance obtained for one  sample and s2
i

is the variance within one  laboratory for this sample. The variance

is considered to  be an outlier when C is larger than  the 1% critical

value and a straggler when C is smaller  than the 1% critical value

but larger than the  5% one. Outliers were noted **  and stragglers *

in the results tables.

Mandel’s h plotting and Grubb’s tests were used to verify

whether laboratories with deviating results compared to those of

the others (between-laboratory variance consistency) occur. Man-

del’s h  statistic was calculated as:

hij =

x̄ij −  xj√√√√ 1
pj−1

pj∑
i=1

(x̄ij −  xj)
2

(4)

where x̄ij represents a  cell (laboratory) mean and xj the general

mean for concentration level j. Mandel’s h values were also plot-

ted to graphically evaluate the  between-laboratory variation. The

Grubb’s tests were finally used as a  numerical outlier tests. They

are structured in four subsequent tests. First, the test to  determine

whether the largest observation (x̄p) is  an outlier:

Gp =

x̄p −  xj√√√√ 1
pj−1

pj∑
i=1

(x̄ij − xj)
2

(5)

Simultaneously, the  test is  used to determine whether the small-

est observation (x̄1) is an outlier:

G1 =

xj − x̄1√√√√ 1
pj−1

pj∑
i=1

(x̄ij −  xj)
2

(6)

When the  single Grubb’s test is negative, then the equivalent

double Grubb’s test is performed. This Grubb’s test is used to  exam-

ine whether either the two  largest (Gp-1,p) or two smallest (G1,2)

observations are outliers

Gp−1,p =

p−2∑
i=1

(x̄ij − xp−1,p)2

pj∑
i=1

(x̄ij − xj)
2

(7)

G1,2 =

p∑
i=3

(x̄ij − x1,2)2

pj∑
i=1

(x̄ij − xj)
2

(8)

where xp−1,p is the average of the  two  largest observations and

x1,2 of  the two smallest observations in the  data set. For the single

Grubb’s test, outliers and stragglers gives rise to values exceeding

the 1% and 5%  critical values respectively. For the double Grubb’s

test, outliers and stragglers gives rise to values smaller than the  1%

and 5% critical values respectively.

2.7.2. Variances estimation

After testing and discarding the outliers, the  mean squares

between laboratories (MSlaboratories), between days (MSdays) and

between replicates (MSreplicates) were calculated applying the vari-

ance analysis detailed in Table 1.

From the means squares, the  repeatability (s2
r),  between-

laboratories (s2
laboratories) and reproducibility variances (s2

R) were

estimated [9].

According to  the ISO 5725-2 guidelines, the calculation of the

repeatability (s2
r) and reproducibility (s2

R) estimates were per-

formed using the following equations:

s
2
r =  s

2
replicates

(9)

s
2
R

= s
2
replicates

+ s
2
laboratories

(10)

Table 1

Analysis of variance components (p  = number of  laboratories, c = number of  days per laboratory, g = number of  replicates per day).

Sources of variability Mean squares Estimated variance

Laboratories MSlaboratories =
cg˙(x̄

i
−x̄)2

p−1
s2

laboratories
=

MS
laboratories

−MS
days

cg

Days MSdays =

g˙˙(x̄
ij
−x̄

i
)2

p(c−1)
s2

days
=

MS
days

−MS
replicates

g

Replicates MSreplicates =

˙˙˙(x̄
ijk

−x̄
ij

)2

pc(g−1)
s2

replicates
= s2

r
= MSreplicates
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Fig. 2. Representative SFC chromatogram of salbutamol sulfate and its related impurities. Experimental conditions: see text.

In the present study, the  protocol layout involved three inde-

pendent series for each laboratory by means of three different days.

Consequently, reproducibility was estimated according to [9]:

s
2
R

= s
2
replicates

+ s
2
days

+ s
2
laboratories

(11)

2.7.3. Uncertainty estimation

The reproducibility variance allowed the estimation of  the stan-

dard uncertainty ux using the following equation:

ux =

√
s2

R
(12)

Therefore, the expanded uncertainty Ux could be  calculated as:

Ux = 2ux (13)

using a coverage factor k =  2 [14].

2.7.4. Trueness criterion

The z-score gives a  bias estimate of the  results. An  absolute

z-scores below 2 are  acceptable. A  zone of  doubtful performance

exists for absolute Z-scores between 2  and 3. Those results do not

necessarily have to be unacceptable, since there is some uncertainty

on how close the assigned sample value is to the unknown true

value. However, an absolute Z-score of 3 or more can be  interpreted

as an unacceptable performance [15].

For the present study, Z-score was calculated for each laboratory

according to:

z =

x̄i − x̂

�
(14)

where x̄i is the mean value reported by  an individual laboratory, x̂

is the assigned sample value, � is the standard deviation (without

outlier lab).

3. Results and discussion

3.1. Preliminary testing –  performance criteria

The first step of  this collaborative study was checking the ability

of each laboratory to perform quantitative analysis of the salbu-

tamol sulfate samples. A preliminary testing was  done to verify

several performance criteria: selectivity, retention times stability,

peak area variability and sensitivity. A typical chromatogram is pre-

sented in Fig. 2.  In terms of sensitivity, the signal-to-noise ratio

was measured for impurity D and was  always higher than 25, as

highlighted for each laboratory in supplementary data Table 1. Nev-

ertheless, a large variability in the S/N values was observed, varying

from 34 to 918 with an average of 143. The UV lamp power (depend-

ing on  its rated life) may partly explain this variability. A difference

of noise  measurement could also be suspected, especially con-

sidering that different software was  used  within the participant

laboratories. As all laboratories fulfilled the  sensitivity and vari-

ability criterion for impurity D (see below), this S/N difference was

not further investigated.

Besides sensitivity, each individual laboratory also reported an

adequate separation of API  and related impurities (baseline separa-

tion of all peaks). The observed retention times variability with six

replicates was always lower than  0.2%, as shown in supplementary

data Table 1. Finally, the  RSD values on the peak  area for six consec-

utive injections was  below 2.0%, except for  a few values. The higher

variability observed for  impurity F  could be  explained by the more

difficult peak integration (more tailing of  this peak). The integration

of impurity B is harder due to the baseline slope at the end of the

gradient leading to higher variability. Nevertheless, this criterion

was satisfied by each lab for  impurity D (RSD values between 0.27

and 1.89%), which is the target analyte in the present study. All lab-

oratories successfully passed the preliminary step and performed

the collaborative study.

3.2. Inter-laboratory study –  quantitative results

Using a validated and locked Excel sheet, each laboratory

reported the mass content (% m/m)  of  impurity D in salbutamol

sulfate A,  B  and C samples. The results are summarized in supple-

mentary data Table 2  and supplementary Fig. 1.

3.2.1. Scrutiny of results for consistency and outliers

Within- and between-laboratories consistencies were exam-

ined by  means of  the graphical Mandel’s methods and with

numerical outlier tests.
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Table 2

Within-laboratory results consistency (**outlier, *straggler).

Mand el’s k stat istics

Lab number Sample A Sample B Sample C

01 2.481 ** 2.197** 2.130**

02 0.386 0.213 0.391

03 0.640 0.961 0.662

04 0.797 1.123 0.975

05 0.947 1.193 0.631

06 0.494 0.613 0.370

07 0.824 1.479* 0.854

08 0.900 0.823 1.074

09 1.188 0.891 1.396

10 0.963 0.565 0.585
11 1.628 ** 0.924 1.248

12 0.825 0.874 0.658

13 0.642 0.595 0.869

14 0.543 0.616 0.877

15 0.494 0.930 0.834

16 1.165 1.065 1.112

17 0.379 0.715 1.173

18 0.672 0.751 0.562

19 0.668 0.859 1.036

Indicator values fo r Mandel’s k stati sti cs (p=19, n=9)

5 % level 1.38

1 % level 1.56

Cochran’s test

Sample A Sample B Sample C

C 0.324 0**  (outli er lab 01) 0.2540**  (outli er lab 01) 0.2389**  (outli er lab 01)

Critical values (p=19, n=9)

5 % level 0.1500

1 % level 0.1738

Second Cochr an’s test (after eliminati on of  outli ers)

C 0.206 4**  (outli er lab 11) 0.1544 0.1347

Critical values (p=18, n=9)

5 % level 0.1579
1 % level 0.1829

Third Cochr an’s test (after eli minati on of  outli ers)

C 0.1386 nd nd

Critical values (p=17, n=9)

5 % level 0.1658

1 % level 0.1920

0.0 
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1.5 

2.0 

2.5 

01  02  03  04  05  06  07  08  09  10  11  12  13  14  15  16  17  18  19 

Sample A  

Sample B 

Sample C 

Fig. 3. Mandel’s k plotting –  within-laboratory consistency. Samples A,  B  and C  were represented in  orange, purple and blue, respectively. Indicator lines at 1% (red)  and 5%

(black) significance levels. (For interpretation of the references to  colour in this figure legend, the reader is referred to the web  version of this article).
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Table 3

Between-laboratories results consistency.

Mand el’s h statistics

Lab number Sample A Sample B Sample C

01 1.978* 2.260* 2.159*

02 0.560 0.781 0.828

03 0.398 0.318 0.570

04 0.566 1.267 0.841
05 -0.861 -0.404 -0.872

06 -0.036 0.206 -0.246

07 -0.658 0.262 0.075

08 -0.801 -0.371 -0.342

09 -1.344 -1.102 -0.518

10 -0.203 0.213 -0.044

11 2.095* 1.672 2.299*

12 -1.388 -1.611 -1.441

13 0.064 -0.733 -0.374

14 -1.115 -1.035 -1.178

15 -0.942 -0.956 -0.896
16 -0.108 0.160 -0.161

17 -0.605 -0.957 -0.773

18 0.570 0.168 0.252

19 0.691 -0.136 -0.180

Indicator values for Mandel’s h statistics (p=19)

5 % level |2.37|

1 % level |1.88|

Grubb’s test on lab mean (one outlying observation)

Sample A Sample B Sample C

Gp

G1

2.159

1.331

2.624

1.871

2.299

1.441

Critical values (p = 19)

1 % level

5 % level

2.968

2.681

Grubb ’s test on lab mean (t wo outlying obser vat ions)

Sample A Sample B Sample C

Gp-1,p

G1,2

1.099

0.986

1.056

1.034

1.099

0.986

Critical values (p = 19)

1 % level

5 % level

0.3398

0.4214

Grubb ’s test on ind ividual measure ments (one outlying obser vat ion)

Sample A Sample B Sample C

Gp

G1

Outl ier

4.276**

1.863

Lab  01

3.223**

1.988

Lab  01

3.474**

1.877

Lab 01

Critical values (p = 19)

1 % level

5 % level

2.968

2.681

Grubb ’s test on ind ividual measure ments (t wo outlying obser vat ions)

Sample A Sample B Sample C

Gp-1,p

G1,2

0.923

0.922

0.916

0.923

1.001

1.000

Critical values (p = 19)

1 % level

5 % level

0.3398

0.4214

3.2.1.1. Within-laboratory variance tests. Mandel’s k  plotting and

Cochran’s test were used to verify whether the within-laboratory

variance (repeatability) of all laboratories can be considered equal.

These tests were performed considering 9  measurements for each

sample in each laboratory. Results have been reported in Table 2

and Fig. 3.

On the Mandel’s k plot (Fig. 3), indicator lines at 1  and 5%

significance levels were drawn.  Laboratory 01 tends to show a

higher repeatability variance. The same observation was made for

laboratory 11 regarding sample A (borderline case). Numerical out-

lier testing was also performed by means of  a Cochran’s test (see

Table 2). This test highlighted outlier values for laboratory 01  at all

concentration levels (samples A,  B, C). A second Cochran’s test indi-

cated an outlier for sample A at laboratory 11. The third Cochran’s

test did not suggest outlier or  straggler. However, it is important

to keep in mind that the repetition of  statistical tests may  lead to

excessive rejection. Moreover, for laboratory 11, an outlier value

was only observed for one sample and this value was much more

acceptable than in laboratory 01. In this context, laboratory 01 can

be considered as an outlying laboratory, while sample A analysed

in laboratory 11 was not discarded at this stage.

3.2.1.2. Between laboratories variance tests. Mandel’s h plotting and

Grubbs’ tests were used to verify whether laboratories with devi-

ating results occur. Results have been reported in Table 3 and Fig. 4.

On the  Mandel’s h plot, indicator lines at 1 and 5% significance levels

were drawn.

As  illustrated in Fig.  4,  laboratories 01 and 11 tend to report

higher concentrations than the other laboratories, but Mandel’s h

remains below the 5% significance level. The raw data of these two

laboratories were thoroughly investigated. For  laboratory 01, the

three calibration curves obtained were not linear, probably due to

a standard preparation issue when making the dilutions. For lab-

oratory 11,  a systematic lower AUC of calibration standards led to
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Fig. 4. Mandel’s h  plotting –  between-laboratories consistency. Samples A,  B and C were represented in orange, purple and blue, respectively. Indicator lines at 1%  (red) and

5% (black) significance levels. (For interpretation of  the references to colour in  this  figure legend, the reader  is  referred to the web version of this  article).

Table 4

Cochran’s test results without outlying values (**outlier).

Cochran’s test

Sample A Sample B Sample  C

C 0.2148** (outlier lab 01) 0.2353** (outlier lab 01) 0.1918** (outlier lab 01)

Critical values (p = 19, n = 8)

5 % level 0.1583

1 % level 0.1844

an overestimation of  sample content. The preparation of  impurity

D stock solution seemed to be the source of this issue. It is impor-

tant to notice that the  root causes are  not related to the analytical

technique (SFC) but to sample and/or standard preparation.

This Mandel’s h plot also highlighted the  quite balanced dis-

tribution of reported values around the mean value. Grubb’s tests

were performed on the means of the values reported by  each lab-

oratory. As illustrated in Table 3, no outlier or straggler value was

reported.

These Grubb’s tests could also  be performed on the individ-

ual measurements (individual measurements reported) where the

Cochran’s test has shown the lab variance was suspicious. These

results were also reported in Table 4.  Grubb’s test highlighted one

outlying value for an individual measurement reported by labora-

tory 01. Consequently, this  value was discarded and the  Cochran’s

test was repeated on the  remaining data set. Without this individual

outlying value, the  within-laboratory variance of laboratory 01 still

remains significantly higher than in  other laboratories, as shown in

Table 4.

As already mentioned, an  in-depth evaluation of individual lab-

oratory reports showed that laboratory 01 obtained non-linear

calibration curves for two series, but the curve profiles for  both

series were different. According to the laboratory report, accurate

balance and appropriate glassware and pipettes were used. How-

ever, regarding the calibration curves, an inadequate weighing of

standards and/or inappropriate use of the  automatic pipette were

suspected The random errors were mainly explained by  an operator

training/ability to  work with low mass weighing (5  mg)  and accu-

rate dilutions. This observation is also corroborated by the function

of the operator, which was an not a  qualified and fully trained ana-

lyst. Consequently, this laboratory data cannot be considered as

reliable and the lab 01 was  definitively discarded for the  evaluation

of method precision.

3.2.1.3. Results consistency. As required by the ISO guidelines,

results were removed from the  original data set when they were

outliers with the numerical technique, or when they were strag-

glers with the  numerical technique and they exceed the 1% critical

level on the Mandel plot. Table 5  summarized the results and

outliers values. As  above explained, outlier values (lab 01) were

discarded for method variances estimation. The outlier values

obtained were mainly explained by  samples and standards prepa-

ration. This step of the  analytical protocol is  similar whatever the

analytical technique used for the  quantitative analysis (i.e. LC or

SFC or other technique).

3.2.2. Variances estimation

The final objective of this inter-laboratory study was  to estimate

the method variance and variance components. These results were

summarized in  Table 6.

As shown in Table 6,  the  total method variability was mainly due

to the “laboratory” factor (contribution around 70% at all concentra-

tion levels). The contributions from the “day” and “replicate” factors

were quite similar (10  to 15% of  the total variance), with a slightly

larger impact of the  day factor, except at the  highest concentra-

tion level. It is often expected to have the reproducibility about 2  to
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Table 5

Summary of labs results (**outlier).

Average impurity D  content in salbutamol sulfate (% m/m)

Lab number Sample A Sample B Sample C

01 0.4384** 0.2444** 0.3689**

02 0.3960 0.2124 0.3346

03 0.3912 0.2024 0.3280

04 0.3962 0.2229 0.3349

05 0.3536 0.1868 0.2908

06 0.3782 0.2000 0.3070

07 0.3596 0.2012 0.3152

08 0.3553 0.1875 0.3045

09 0.3680 0.1717 0.3000

10 0.3732 0.2001 0.3122

11 0.4419 0.2317 0.3725

12 0.3378 0.1607 0.2762

13 0.3812 0.1797 0.3037

14 0.3460 0.1731 0.2830

15 0.3511 0.1748 0.2902

16 0.3761 0.1990 0.3091

17 0.3612 0.1748 0.2934

18 0.3963 0.1992 0.3198

19 0.3999 0.1926 0.3087

Mean 0.3790 0.1955 0.3133

4 times higher than the repeatability, when considering the stan-

dard deviations [16].  In the present  study, ratios close to 3  were

observed for the whole dosing range (i.e. from 0.2 to  0.4% of impu-

rity D). Considering variances (s2), ratios between reproducibility

and repeatability were within the range 6–10 (a 4–9 range is often

advised [13]). However, it is important to notice  that both ratios

within or above this range have reported in  the literature for LC

method, including ratios close to 80 for the determination of  impu-

rities [9].

The reproducibility variance was 2–3  times larger than the

intermediate precision (repeatability variance + days variance),

confirming the important contribution of  the “laboratory” to the

total variability. This laboratory contribution to the total variance

could be explained by  (i)  the use of  various SFC systems (not

evaluated during method validation performed using only one

equipment), (ii) the  recent SFC implementation in  many partici-

pating laboratories, (iii) the difficulty to handle low masses and low

dilution volumes, (iv) the CO2 supply that was not evaluated during

method optimization and validation. The contribution of different

equipment/systems and some technical aspects related to samples

and standards preparation are analytical aspects that need to be

considered independent of  the separation techniques. Neverthe-

less the reproducibility values, that take into  account all variability

components, are close to or even lower than those reported for LC

impurities determination. Our results obtained with several mod-

ern SFC systems in several laboratories highlighted the reliability

of this technique.

Finally,  to present some more intuitive values, standard devi-

ations and relative standard deviations were calculated for both

repeatability and reproducibility. The relationship between stan-

dard deviation and impurity D concentration was  presented in

Fig.  5.  As expected, the  standard deviation was  proportional to

the concentration (linear relationship) while the  relative standard

deviation was  rather constant within the validated dosing range

(Table 6).

RSD reproducibility values close to  or below 10% were obtained

in this study. Considering all sources of  variability, i.e. replicates,

days and 18  laboratories (meaning 18  instruments and 18 opera-

tors), these good RSD values again clearly highlighted the reliability

of this SFC method for  the quantification of  salbutamol sulfate

impurity D.

3.2.3. Measurement uncertainty evaluation

The expanded uncertainty values are described in Table 7.  For a

non-conform sample (0.4% of  impurity D), the result  was  expected

to have an expanded uncertainty of  0.058% m/m. Therefore, 95% of

the reported values are expected to be comprised between 0.342

and 0.458%. As illustrated in  supplementary Table 2,  the individual

measurements fulfilled this expectation, since 9  out of 171 mea-

surements in sample A (5%) were outside the expanded-uncertainty

range. Using the mean value of  each laboratory, only one labo-

ratory was outside the range for concentrations of 0.2 and 0.3%

(samples C and B) and two laboratories were outside the range for

concentration of 0.4%. The laboratory outside the range was the

one previously discarded by the outlier statistical tests (lab 01). As

observed for  the variance estimation, the  relative expanded uncer-

tainty values were also lower or equivalent those described in the

literature for LC methods using a similar study protocol [9].

3.2.4. Trueness criterion

In the present study, the “true” value of  the impurity  D content

in the  three salbutamol sulfate samples is unknown. Consequently,

to estimate the trueness, Z-scores were calculated using the gen-

eral mean (without outlier) as assigned value (see supplementary

data Table 3).  Fig. 6 demonstrates that the laboratories with the

highest |z-scores| were those highlighted during the outliers eval-

uation. In conclusion, during the preliminary screening, none of the

participating laboratories, except laboratories 01 and 11 showed a

significant bias.

4.  Conclusion

A  collaborative study was carried out on the SFC method to

determine the  content of impurity D in salbutamol sulfate API. After

the development and validation of a  robust SFC method in  one  sin-

gle laboratory (the development lab), the precision of  this method

in various laboratories around the world was demonstrated. It is

Table 6

Estimation of the variance components (p  = 18).

Sources of variability Impurity D at 0.2 % (sample B) Impurity D at 0.3 %  (sample C) Impurity D at 0.4  %  (sample A)

Variances

Laboratories (s2
laboratories

) 3.23 × 10−4 4.67 × 10−4 5.83 ×  10−4

Days (s2
days

) 5.96 × 10−5 1.04 × 10−4 1.27 ×  10−4

Replicates (s2
replicates

) 4.19 × 10−5 7.37 × 10−5 1.26 ×  10−4

Repeatability variance (s2
r
) 4.19 × 10−5 7.37 × 10−5 1.26 ×  10−4

Reproducibility variance (s2
R
) 4.24 × 10−4 6.45 × 10−4 8.36 ×  10−4

Ratio (s2
R
)/(s2

r
) 10.13 8.75 6.62

Repeatability sd (sr )  6.47 × 10−3 8.59 × 10−3 1.13 ×  10−2

Reproducibility sd (sR) 2.06 × 10−2 2.54 × 10−2 2.89 ×  10−2

Ratio (sR)/(sr ) 3.18 2.96 2.57

Repeatability RSD (%)  3.36 % 2.77 %  2.99 %

Reproducibility RSD (%)  10.68 %  8.19 %  7.69 %
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Fig. 5. Standard deviations vs. concentration level relationship. Repeatability (blue triangles), reproducibility (red crosses). (For interpretation of the references to colour in

this figure legend, the reader is  referred to the web  version of  this  article).

Table 7

Estimation of  the measurement uncertainty.

Uncertainty Impurity D at  0.2 % (sample B) Impurity D at 0.3 %  (sample C) Impurity D at  0.4 % (sample A)

Expanded uncertainty (% m/m)  4.12 × 10−2 5.08  ×  10−2 5.78 × 10−2

Relative expanded uncertainty (%) 21.36 %  16.37 %  15.39 %
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Fig. 6. Z-scores of the participating laboratories. Samples A,  B and C were  represented in  orange, purple and blue, respectively. (For interpretation of  the  references to colour

in this figure legend, the reader is  referred to  the web  version of this article).

important to mention that this step of reproducibility evaluation

is mandatory to propose the method as an  alternative to current

normative methods. The method reproducibility was  estimated by

taking into account replicates, days and laboratories variances. The

values obtained were compared with those published in the litera-

ture in the context of impurities determination [9,11]. For this SFC

method, repeatability and reproducibility variances were similar  or

better than the ones described for  LC methods. The reproducibility

values highlighted the reliability of  the method and its potential

use in different labs for QC analysis. For the first time, the  quanti-

tative and robust  performance of  modern SFC was  demonstrated

by means of  a collaborative study, showing its potential to replace

to other chromatographic techniques for pharmaceutical quality

control. Finally, as the  study involved only Waters
®

instrumenta-
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tion, an expanded study should be performed including different

manufacturer’s equipment.
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Supplementary table 1. Results of preliminary performance testing (D, G, I, B, API, F refer to the different 
compounds). 

Lab 
Retention times (min) and RSD (%, n =6)  Peak area RSD (%, n=6)  S/N 

imp 
D D G I B API F  D G I B F 

01 
2.64 

(0.10) 
3.41 

(0.09) 
3.69 

(0.06) 
3.96 

(0.05) 
4.76 

(0.04) 
6.10 

(0.05) 
 0.45 1.87 1.85 4.36 1.58 66 

02 
2.74 

(0.04) 
3.46 

(0.02) 
3.74 

(0.02) 
3.98 

(0.02) 
4.77 

(0.02) 
6.11 

(0.01) 
 0.33 0.41 0.88 3.30 1.89 66 

03 
2.65 

(0.05) 
3.44 

(0.03) 
3.74 

(0.01) 
4.11 

(0.01) 
4.79 

(0.01) 
6.12 

(0.01) 
 1.10 1.15 0.20 0.52 1.16 227 

04 2.60 
(<0.005) 

3.36 
(0.12) 

3.66 
(<0.005) 

4.04 
(0.13) 

4.72 
(<0.005) 

6.06 
(<0.005) 

 1.00 1.22 1.35 1.13 8.27 39 

05 
2.69 

(0.13) 
3.26 

(0.11) 
3.53 

(0.08) 
3.95 

(0.07) 
4.63 

(0.07) 
5.90 

(0.06) 
 1.75 1.40 1.15 1.78 1.23 34 

06 
2.45 

(0.10) 
3.27 

(0.07) 
3.54 

(0.04) 
3.95 

(0.03) 
4.64 

(0.03) 
6.02 

(0.01) 
 0.69 1.11 0.49 0.56 0.59 61 

07 2.90 
(<0.005) 

3.63 
(<0.005) 

3.96 
(0.10) 

4.28 
(<0.005) 

4.95 
(0.08) 

6.38 
(<0.005) 

 1.89 1.67 1.31 1.30 12.4 34 

08 2.90 
(<0.005) 

3.40 
(<0.005) 

3.80 
(<0.005) 

4.20 
(<0.005) 

4.90 
(<0.005) 

6.30 
(<0.005)  0.47 0.00 0.33 0.43 0.29 350 

09 
2.54 

(0.03) 
3.33 

(0.03) 
3.63 

(0.02) 
4.03 

(0.02) 
4.73 

(0.03) 
6.11 

(0.01) 
 1.04 0.96 1.50 0.85 6.12 38 

10 
2.62 

(0.05) 
3.49 

(0.02) 
3.67 

(0.04) 
4.10 

(0.04) 
4.78 

(0.02) 
6.09 

(0.06) 
 0.69 0.70 0.25 0.59 0.98 153 

11 
2.70 

(0.03) 
3.49 

(0.02) 
3.89 

(0.02) 
4.07 

(0.01) 
4.90 

(0.03) 
6.33 

(0.01) 
 1.14 1.96 0.30 3.59 0.98 79 

12 
2.68 

(0.04) 
3.31 

(0.08) 
3.63 

(0.10) 
3.95 

(0.07) 
4.77 

(0.05) 
6.07 

(0.05) 
 0.91 0.67 0.42 1.28 0.71 81 

13 
2.65 

(0.04) 
3.36 

(0.04) 
3.75 

(0.02) 
4.11 

(0.03) 
4.80 

(0.02) 
6.23 

(0.01) 
 1.18 2.45 1.39 2.03 2.55 52 

14 
2.85 

(0.03) 
3.46 

(0.04) 
3.75 

(0.03) 
4.09 

(0.02) 
4.89 

(0.02) 
6.17 

(0.02) 
 0.45 0.56 0.41 0.93 1.08 79 

15 
2.64 

(0.05) 
3.41 

(0.04) 
3.71 

(0.02) 
4.09 

(0.03) 
4.77 

(0.02) 
6.14 

(0.02) 
 1.05 0.61 0.46 1.17 1.69 100 

16 
2.63 

(0.04) 
3.41 

(0.03) 
3.68 

(0.03) 
4.06 

(0.03) 
4.72 

(0.02) 
6.06 

(0.02) 
 0.50 0.47 0.45 0.50 0.67 918 

17 
2.59 

(0.04) 
3.41 

(0.06) 
3.70 

(0.03) 
3.93 

(0.01) 
4.74 

(0.01) 
6.11 

(0.01) 
 0.27 0.48 0.81 1.96 1.29 117 

18 
2.67 

(0.16) 
3.35 

(0.07) 
3.58 

(0.08) 
3.92 

(0.10) 
4.53 

(0.14) 
5.70 

(0.05) 
 0.38 1.87 0.92 1.36 1.92 75 

19 2.76 
(0.06) 

3.47 
(0.03) 

3.79 
(0.01) 

4.16 
(0.04) 

4.82 
(0.02) 

6.22 
(0.02) 

 0.38 0.81 1.91 1.78 1.45 151 

Mean 
SD 

2.68 
0.11 

3.41 
0.09 

3.71 
0.11 

4.05 
0.10 

4.77 
0.10 

6.12 
0.15 

       

 
  



Supplementary table 2. Results of impurity D determination in salbutamol sulfate (% m/m) 
 

  Series 1 Series 2 Series 3 
Mean 

 
Replicate 

1 2 3 1 2 3 1 2 3 
Sample 

Lab 01 

A 0.4516 0.4144 0.4257 0.4827 0.5146 0.4545 0.3977 0.3978 0.4064 0.4384 

B 0.2236 0.2168 0.2125 0.2700 0.2597 0.2588 0.2600 0.2580 0.2405 0.2444 

C 0.3535 0.3306 0.3603 0.4095 0.3974 0.3927 0.3587 0.3720 0.3451 0.3689 

Lab 02 

A 0.4003 0.4051 0.3984 0.3974 0.3988 0.3991 0.3852 0.3885 0.3913 0.3960 

B 0.2104 0.2091 0.2106 0.2133 0.2147 0.2111 0.2146 0.2142 0.2136 0.2124 

C 0.3396 0.3402 0.3348 0.3384 0.3359 0.3364 0.3301 0.3272 0.3289 0.3346 

Lab 03 

A 0.4078 0.3949 0.4026 0.3855 0.3843 0.3961 0.3914 0.3734 0.3847 0.3912 

B 0.2122 0.2157 0.1923 0.1890 0.1936 0.2040 0.2071 0.1985 0.2093 0.2024 

C 0.3197 0.3397 0.3389 0.3298 0.3295 0.3237 0.3286 0.3146 0.3272 0.3280 

Lab 04 

A 0.3934 0.4019 0.3935 0.4083 0.4045 0.4148 0.3735 0.3806 0.3952 0.3962 

B 0.2323 0.2334 0.2278 0.2300 0.2300 0.2244 0.2181 0.2036 0.2069 0.2229 

C 0.3486 0.3444 0.3386 0.3351 0.3516 0.3260 0.3216 0.3313 0.3173 0.3349 

Lab 05 

A 0.3712 0.3685 0.3635 0.3668 0.3306 0.3357 0.3591 0.3479 0.3388 0.3536 

B 0.1890 0.1881 0.1895 0.1977 0.2059 0.1915 0.1754 0.1743 0.1695 0.1868 

C 0.2954 0.2949 0.3007 0.3014 0.2905 0.2868 0.2847 0.2796 0.2835 0.2908 

Lab 06 

A 0.3963 0.3749 0.3784 0.3711 0.3666 0.3803 0.3787 0.3790 0.3783 0.3782 

B 0.2042 0.1999 0.2045 0.1887 0.1979 0.1924 0.2044 0.2065 0.2013 0.2000 

C 0.3049 0.3088 0.3029 0.3099 0.3024 0.3003 0.3142 0.3092 0.3101 0.3070 

Lab 07 

A 0.3429 0.3653 0.3431 0.3569 0.3646 0.3868 0.3643 0.3619 0.3509 0.3596 

B 0.2115 0.2264 0.2109 0.2077 0.1942 0.1792 0.1976 0.1986 0.1848 0.2012 

C 0.3212 0.3103 0.3317 0.3153 0.3093 0.3167 0.2940 0.3156 0.3229 0.3152 

Lab 08 

A 0.3467 0.3623 0.3530 0.3726 0.3742 0.3637 0.3275 0.3447 0.3534 0.3553 

B 0.1835 0.1881 0.1864 0.2027 0.1970 0.1829 0.1886 0.1829 0.1755 0.1875 

C 0.3093 0.3275 0.3079 0.3057 0.3072 0.3148 0.2869 0.2931 0.2879 0.3045 

Lab 09 

A 0.3601 0.3355 0.3575 0.3822 0.3858 0.3727 0.3767 0.4024 0.3391 0.3680 

B 0.1614 0.1683 0.1672 0.1707 0.1792 0.1902 0.1628 0.1724 0.1730 0.1717 

C 0.3095 0.2880 0.2771 0.3083 0.3112 0.2957 0.3332 0.2907 0.2861 0.3000 

Lab 10 

A 0.3738 0.4018 0.3846 0.3676 0.3716 0.3583 0.3671 0.3486 0.3855 0.3732 

B 0.1983 0.1954 0.2021 0.1968 0.2039 0.1959 0.1929 0.2081 0.2079 0.2001 

C 0.3212 0.3074 0.3149 0.3052 0.3129 0.3137 0.3001 0.3119 0.3223 0.3122 

Lab 11 

A 0.4119 0.4139 0.4213 0.4601 0.4766 0.4569 0.4768 0.4428 0.4167 0.4419 

B 0.2259 0.2146 0.2302 0.2393 0.2311 0.2374 0.2471 0.2309 0.2289 0.2317 

C 0.3612 0.3522 0.3500 0.3828 0.3855 0.3929 0.3817 0.3784 0.3677 0.3725 

Lab 12 

A 0.3203 0.3289 0.3274 0.3630 0.3419 0.3431 0.3505 0.3389 0.3263 0.3378 

B 0.1622 0.1637 0.1656 0.1508 0.1496 0.1498 0.1739 0.1636 0.1668 0.1607 

C 0.2784 0.2613 0.2762 0.2847 0.2759 0.2673 0.2846 0.2730 0.2843 0.2762 

Lab 13 

A 0.3792 0.3749 0.3776 0.3950 0.3869 0.3995 0.3762 0.3672 0.3739 0.3812 

B 0.1785 0.1733 0.1696 0.1753 0.1871 0.1830 0.1852 0.1833 0.1816 0.1797 

C 0.2945 0.2992 0.2866 0.3108 0.3170 0.3036 0.3172 0.3089 0.2951 0.3037 

Lab 14 

A 0.3410 0.3409 0.3654 0.3388 0.3443 0.3536 0.3502 0.3407 0.3389 0.3460 

B 0.1715 0.1858 0.1787 0.1667 0.1677 0.1698 0.1760 0.1711 0.1708 0.1731 

C 0.3017 0.2792 0.2911 0.2713 0.2760 0.2911 0.2749 0.2714 0.2900 0.2830 



Lab 15 

A 0.3618 0.3400 0.3435 0.3531 0.3504 0.3623 0.3473 0.3444 0.3574 0.3511 

B 0.1683 0.1591 0.1868 0.1805 0.1734 0.1864 0.1685 0.1714 0.1792 0.1748 

C 0.2921 0.2709 0.3045 0.3002 0.2914 0.2973 0.2900 0.2827 0.2829 0.2902 

Lab 16 

A 0.3696 0.3912 0.3922 0.3672 0.3716 0.4040 0.3403 0.3851 0.3635 0.3761 

B 0.2043 0.2133 0.1988 0.2068 0.1908 0.2095 0.1824 0.1974 0.1875 0.1990 

C 0.3086 0.3117 0.2991 0.3284 0.3129 0.3287 0.3066 0.2862 0.2999 0.3091 

Lab 17 

A 0.3598 0.3586 0.3590 0.3570 0.3522 0.3578 0.3659 0.3689 0.3714 0.3612 

B 0.1825 0.1710 0.1807 0.1789 0.1846 0.1681 0.1642 0.1720 0.1713 0.1748 

C 0.2895 0.3026 0.2998 0.3176 0.2985 0.3019 0.2750 0.2752 0.2803 0.2934 

Lab 18 

A 0.4109 0.4131 0.4022 0.3811 0.3843 0.3933 0.3887 0.3969 0.3963 0.3963 

B 0.2059 0.2128 0.2038 0.1877 0.1941 0.1977 0.1993 0.1951 0.1960 0.1991 

C 0.3142 0.3137 0.3177 0.3126 0.3160 0.3197 0.3231 0.3289 0.3320 0.3198 

Lab 19 

A 0.4069 0.4095 0.3947 0.4099 0.4085 0.4085 0.3846 0.3932 0.3835 0.3999 

B 0.2039 0.2050 0.1959 0.1845 0.1878 0.1977 0.1811 0.1898 0.1875 0.1926 

C 0.3237 0.3233 0.3253 0.2983 0.3047 0.3110 0.3035 0.2938 0.2944 0.3087 

 
 



Supplementary table 3. Z-scores using labs mean as assigned value 
 Z-score 

Lab number Sample A Sample B Sample C 
01 3.46 2.77 2.60 
02 0.92 1.05 1.08 
03 0.74 0.52 0.79 
04 0.93 1.62 1.10 
05 -0.67 -0.32 -0.86 
06 0.25 0.38 -0.14 
07 -0.44 0.45 0.22 
08 -0.60 -0.28 -0.25 
09 0.07 -1.13 -0.45 
10 0.07 0.39 0.09 
11 -0.44 2.09 2.76 
12 -1.26 -1.72 -1.51 
13 0.37 -0.71 -0.29 
14 -0.96 -1.06 -1.21 
15 -0.76 -0.96 -0.88 
16 0.17 0.33 -0.05 
17 -0.38 -0.97 -0.74 
18 0.93 0.34 0.42 
19 1.07 -0.01 -0.07 

 
  



 
Supplementary figure 1. Measured impurity D content (% m/m) for salbutamol sulfate samples A, B, C and 
respective standard deviation per lab. 
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Supplementary figure 2. Salbutamol sulfate and related impurities chemical structures. 
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