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Abstract For the identification of the optimal column com-
binations, a comparative orthogonality study of single col-
umns and columns coupled in series for the first dimension
of a microscale two-dimensional liquid chromatographic ap-
proachwas performed. In total, eight columns or column com-
binations were chosen. For the assessment of the optimal col-
umn combination, the orthogonality value as well as the peak
distributions across the first and second dimension was used. In
total, three different methods of orthogonality calculation,
namely the Convex Hull, Bin Counting, and Asterisk methods,
were compared. Unfortunately, the first two methods do not
provide any information of peak distribution. The third method
provides this important information, but is not optimal when
only a limited number of components are used for method
development. Therefore, a new concept for peak distribution
assessment across the separation space of two-dimensional
chromatographic systems and clustering detection was devel-
oped. It could be shown that the Bin Countingmethod in com-
bination with additionally calculated histograms for the respec-
tive dimensions is well suited for the evaluation of orthogonal-
ity and peak clustering. The newly developed method could be
used generally in the assessment of 2D separations.

Keywords Histogram . Porous graphitic carbon . Nano-LC .

Micro-LC .Microscale liquid chromatography . Serial column
coupling . Comprehensive two-dimensional liquid
chromatography

Introduction

The technological progress to more sensitive detection tech-
niques such as mass spectrometry reveals the complexity of
environmental samples including wastewater samples from
communal wastewater treatment plants [1, 2]. Such samples
might contain several thousands of different compounds [3,
4]. Analytical methods based on one-dimensional liquid chro-
matography (1D-LC) have limitations in terms of peak capac-
ity [5]. Therefore, alternative separation techniques with
higher peak capacity are deemed necessary to resolve as many
compounds as possible.

One very promising approach is online two-dimensional
liquid chromatography (2D-LC) due to the possibility to re-
analyze the effluent from the first dimension (D1) on a second
dimension (D2) column with a different selectivity. 2D-LC
systems are well established in several analytical fields includ-
ing proteomic [6, 7] and genomic [8] research and may also be
a powerful tool for the analysis of complex food [9] and en-
vironmental [2, 10] samples.

Two-dimensional liquid chromatographic systems can be
operated in different modes as, e.g., Bheart-cut-mode^ (LC-
LC) [11] or Bselective-mode^ (sLCxLC) [12, 13], where only
one or a few selected fractions from the first dimension efflu-
ent are re-analyzed on the second dimension. Amore complex
approach is the Bcomprehensive-mode^ (LCxLC), where the
whole effluent of D1 is transferred to the second dimension in
small fractions [11, 14, 15]. The hardware configuration of
online comprehensive LCxLC systems is very complex and
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has some disadvantages, one of which is the dilution intro-
duced by the modulation between the first and second dimen-
sion, resulting in lower sensitivity. A further disadvantage is
the very fast cycle time needed on the second dimension sep-
aration. Cycle times of less than 1 min are preferred to fulfill
the Murphy–Schure–Foley (M-S-F) criterion, which implies
that every D1 signal must be sampled at about three to four
times to conserve the D1 separation [16, 17]. To achieve cycle
times of less than 1 min, very high flow rates up to 5 mLmin−1

are necessary when columns with an inner diameter (i.d.) of
2.1 mm are used [18–20]. Unfortunately, this is not the opti-
mal flow rate for electrospray ionization (ESI) mass spectrom-
etry. To minimize the solvent load introduced into the ESI
source, flow splitters are frequently used [21] with drawbacks
in terms of reproducibility and loss in sensitivity.

For a splitless coupling to mass spectrometry, a microscale
online LCxLC system was developed in a previous work [1].
The system is based on nano-LC for the first and micro-LC for
the second dimension with a maximum flow rate of
50 μL min−1. To counteract the previously mentioned dilution
effect caused by the modulation and to increase the sensitivity,
large volume injection of about 1.6 μLwas applied on the first
dimension nano-LC column with an i.d. of 0.1 mm and a
length of 50 mm. The optimal injection volume (smaller than
10 % of the column void volume) of columns with this di-
mension is <25 nL. To achieve such an extraordinarily large
volume injection without significant peak broadening and loss
of signal intensity, a stationary phase material based on porous
graphitic carbon (PGC) was used. The high retentivity even
for polar compounds allows focusing on the head of the col-
umn [22]. Unfortunately, non-polar compounds may be
adsorbed permanently or eluted as very broad bands when
the plateau of the gradient is reached [22]. In this respect,
the length of the column significantly contributes to the reten-
tion of non-polar compounds. In a recent study [23], we used a
short PGC column of 10 mm length to overcome the problem
of band broadening at the end of the gradient while maximiz-
ing the injection volume for polar compounds. Li et al. [24]
recently demonstrated that a serial column coupling of two
stationary phases for the first dimension has a pronounced
influence on the overall selectivity of the two-dimensional
system, which resembles the concept of phase optimized liq-
uid chromatography. Therefore, the aim of this study was to
further increase the selectivity of the two-dimensional system.
A column screening was performed using stationary phases
on the basis of pentafluorophenyl (PFP), cyano (CN), hydro-
philic interaction chromatography (HILIC), and porous gra-
phitic carbon. All columns were used as single stationary
phases and also serially coupled to a short PGC pre-column.
For the evaluation of the optimal column combination, the
orthogonality value was used and calculated on the basis of
three well-established concepts. In addition, the peak distribu-
tion across the respective dimensions was evaluated. As a

result, a new concept for peak distribution assessment across
the separation space of two-dimensional chromatographic sys-
tems and clustering detection was developed.

Experimental section

Solvents and additives

Acetonitrile, methanol, and water were all of LC-MS grade
and purchased from Th. Geyer (Chemsolute; Th. Geyer,
Renningen, Germany). The eluents were acidified by adding
0.1 % formic acid (FA) by volume (Puriss p. a. 98 %; Sigma-
Aldrich, Schnelldorf, Germany).

Multi-component reference standard solution

In order to obtain valid information about the orthogonality of
the column combinations, a multi-component reference stan-
dard solution with a total of 42 different compounds was pre-
pared. The selected compounds represent a subset of so-called
emerging contaminants in the field of water analysis. A de-
tailed compound list is provided in the Electronic
Supplementary Material (ESM) Table S1. The resulting
multi-component reference standard contained 10 μg mL−1

of each compound. Based on the log D value, the polarity of
the compounds could be estimated. They cover a very broad
log D range between −3.16 and 5.46 (predicted by
ChemAxon, chemicalize.org). For the detailed discussion,
the compounds were classified into three groups, polar (log
D = −3.16 to 0.29), semi-polar (log D = 0.30 to 2.59), and
non-polar (log D = 2.60 to 5.46) compounds.

2D-HPLC instrument

For column screening, the Eksigent NanoLC 425 system
(SCIEX, Darmstadt, Germany) with a fully integrated
autosampler was used. This system contained two binary-
gradient pneumatic pumps, which can be operated separately
at flow rates between 0.1 and 50 μL min−1 at a maximum
backpressure of ∼690 bar (10 kpsi). The integrated
autosampler contained a two-position six-port valve, used
for the injection of the sample onto the first dimension, and
an additional two-position ten-port valve used for the modu-
lation of the first dimension effluent. For the modulation, the
two-loop technique with symmetrical flow paths (see ESM
Fig. S1) was applied. For the first dimension, an external
column oven μOV HTG200-17 (AμMass, Leverkusen,
Germany) was used and adjusted to 30 °C. The integrated
column oven of the NanoLC 425 was used for temperature
control of the second dimension column and adjusted to
50 °C. The 2D-LC system was controlled by the Eksigent
Control Software (version 4.1, build 130717-1043).
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In order to operate the NanoLC 425 system in comprehen-
sive mode, some further system modifications are required.
Since the modulation valve is part of the autosampler and
not the pump module, the modulation steps need to be pro-
grammed into the autosampler methods. A detailed descrip-
tion of the programmed autosampler methods is given in
Table S2 and Table S3 in the ESM.

Furthermore, the gradient delay volume had to be reduced
in order to speed up the cycle time of the second dimension
and the total analysis time of a single 2D-LC run. In order to
achieve very low gradient delay volumes, the gradient mixers
of the pumps were positioned closer (∼20 cm) to the modula-
tion and injection valve. For the complete flow path of the first
dimension, fused silica capillaries with an i.d. of 25 μm were
used. For the second dimension and the modulation loops,
capillaries with an i.d. of 50 μm were installed.

For the separation on the first dimension, the following
stationary phases are used: Hypersil GOLD PFP (PFP,
5 μm), Bio Basic CN (Cyano, 5 μm), and Hypercarb (PGC,
5 μm) all purchased from Thermo Fisher Scientific (Dreieich,
Germany) and SeQuant ZIC-HILIC (HILIC, 3.5 μm; Merck,
Darmstadt, Germany). For the selectivity study in the first
dimension, different columns and column combinations listed
in Table 1 were used.

Acidified (0.1 % FA) water (solvent A) and methanol (sol-
vent B) were chosen for the mobile phases of the first dimen-
sion, and the flow rate was adjusted to 300 nL min−1. The
injection volume was always 450 nL. A solvent gradient
was applied according to the following programs: (1) used
for PGC, PFP, and Cyano columns—gradient start at 3 % B,
in 18 min 3–97 % B, 16 min hold at 97 % B, in 0.5 min 97–
3 % B, re-equilibration for 16.5 min; (2) used for HILIC col-
umn—isocratic at 99 % B, hold at 99 % B for 51 min.

For the separation on the second dimension, superficially
porous 2.6 μm SunShell RP-AQUA C28 particles
(ChromaNik Technologies, Osaka, Japan) packed into 0.3 ×
50 mm i.d. hardware were used. The flow rate was adjusted to
35 μL min−1. Acidified (0.1 % FA) water (solvent A) and
acetonitrile (solvent B) were chosen for the second dimension

mobile phases. A solvent gradient was applied according to
the following program: gradient start at 3 % B, in 0.5 min 3–
97 % B, 0.08 min hold at 97 % B, in 0.04 min 97–3 % B, re-
equilibration for 0.13 min. The total gradient cycle time of
0.75 min was repeated until the end of the gradient of the first
dimension. In total, 68 D2 cycles were performed. The trans-
fer volume onto the second dimension column was 225 nL.
For transfer loops, fused silica capillaries with an i.d. of 50 μm
and a length of 15.6 cm were used.

MS instrument

For the mass spectrometric detection, a 3200 QTRAPMS/MS
system with a Turbo V ion source and a TurboIonSpray probe
for electrospray ionization was used (SCIEX, Darmstadt,
Germany). To avoid band broadening, an emitter tip opti-
mized for micro-LC flow rates and an i.d. of 50 μm replaced
the standard emitter tip with an i.d. of 130 μm. The mass
spectrometer was controlled by SCIEX Analyst 1.6.2 soft-
ware, which was also used for data evaluation. The mass
spectrometer was operated in multiple reaction monitoring
(MRM) mode to detect two transitions of each target during
the complete 2D-LC run. The detailed MS conditions are
listed in ESM Tables S4 and S5.

Theory and calculation

The orthogonality value is a well-suited parameter for the
evaluation of the different column combinations. It describes
the distribution of the targets over the two-dimensional chro-
matographic separation area. In general, a homogeneous dis-
tribution of all target compounds should be achieved to fully
utilize the separation space and to minimize the number of co-
eluting analytes. The distribution of target analytes across the
separation space depends on the overall selectivity of the first
and second dimension and is not related to efficiency or peak
capacity.

In order to achieve the best peak distribution, the respective
separation mechanisms need to be independent. Such config-
uration is called orthogonal and represents a theoretical opti-
mum for a two-dimensional separation system. In practice,
this cannot be achieved because each separation mechanism
is a combination of several interactions. Therefore, the same
interactions will occur on both dimensions.

Examples of a low and a high orthogonal system are shown
in ESM Fig. S2. The dots represent the peak maxima of each
compound and do not provide information about peak area,
width, or height. If the separation mechanisms of the first and
the second dimension are identical, the distribution is lowest
and the targets are located around the bisecting line.

Three different methods are mainly used for the calculation
of orthogonality. One of these methods describes the effective

Table 1 Detailed list of columns and column combinations for the
selectivity study

1st dimension pre-column 1st dimension main column

None PGC 50 × 0.100 mm

None PFP 10 × 0.075 mm

None Cyano 100 × 0.075 mm

None HILIC 100 × 0.100 mm

PGC 10 × 0.13 mm None

PGC 10 × 0.13 mm PFP 150 × 0.075 mm

PGC 10 × 0.13 mm Cyano 100 × 0.075 mm

PGC 10 × 0.13 mm HILIC 100 × 0.100 mm
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area by using a vector cross product calculation [25–27]. In
this method, the orthogonality determination is based on the
location of the outer analytes, defining the convex hull area.
The compound eluting first from the first and second dimen-
sion is defined as the origin corner point. For calculating or-
thogonality, the convex hull area is divided into triangles de-
fined by vectors between the origin corner point and the out-
ermost analytes (see ESM Fig. S3).

Unfortunately, cluster detection is not possible when apply-
ing this method. Moreover, the unused separation area within
the hull is not considered. Also, compounds which are located
in one of the corner points will significantly affect the orthog-
onality value, although the majority of compoundsmight elute
in a very small fraction of the separation space inside the
convex hull.

Another approach was introduced by Camenzuli and
Schoenmakers [28] and is termed Asteriskmethod. This meth-
od describes the orthogonality by calculation of spread (SZ− ,
SZþ , SZ1 , and SZ2 ) and standard deviation (σ) of peaks to four
lines (Z−, Z+, Z1, and Z2) crossing the separation space. Z−, Z+
are affected by both dimensions, with Z1 being related to the
spread of components in the first dimension while the spread
around the Z2 line is only related to the second dimension (see
ESM Fig. S4).

The authors noted that this approach is more suited to sam-
ples that contain more than 50 components. If less than 50
compounds are used for method development, the orthogonal-
ity value dropped considerably and the standard deviation
increased significantly for different simulation scenarios (up
to 14 %). In terms of method development, it would be ben-
eficial if the orthogonality value could also be calculated with
a lower standard deviation when fewer compounds are used.
The reason is that the availability of reference standards is
often related to high costs. Moreover, using fewer reference
compounds for method development would also decrease the
overall complexity of method development and concomitant
data analysis.

The third method is the Bin Counting method introduced
by Gilar et al. in 2005 [29]. This method defines the effective
area by dividing the separation space into rectangular bins of a
defined size, which depends on the total number of com-
pounds. By definition, the maximum distribution of 63 %
could be achieved if a Poisson distribution is assumed.
Therefore, 100 % orthogonality is equal to 63 % coverage of
the separation space. In a non-orthogonal system, the com-
pounds are located across the bisecting line of the normalized
separation space. Therefore, 0 % orthogonality corresponds to
the number of bins covering the bisector line.

At first, the size of the bins (BS) is calculated according to
Eq. 1, where NCtotal is the total number of compounds.

BS ¼ rounded integer
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NCtotal

p� �
ð1Þ

In total, 42 compounds were used for method development
in our study. The calculated bin size value is 6.48 and not an
integer. Therefore, it was rounded down to 6 for a practicable
calculation of the orthogonality.

Next, the normalized 2D plots were divided into 6 × 6 bins,
which represent the maximum bin number Bmax. For the cal-
culation of the orthogonality value O, the bins filled with at
least one compound need to be summed (see ESM Fig. S5),
and the calculation is performed according to Eq. 2.

O ¼
X

bins−
ffiffiffiffiffiffiffiffiffi
Bmax

p

0:63� Bmax
ð2Þ

In order to be able to compare the column combinations
with all methods described above, the fraction numbers of the
first dimension and the retention times of the second dimen-
sion were normalized by Eq. 3.

RTi normð Þ ¼ RTi−RTmin

RTmax−RTmin
: ð3Þ

RTmin and RTmax represent the fraction numbers or the re-
tention times of the least and the most retained compound,
respectively. The normalized values RTi(norm) ranged between
0 and 1. The normalization allows a comparison of different
chromatographic data in a uniform two-dimensional distribu-
tion space.

Since the Convex Hull and the Bin Counting methods do
not provide any information of peak distribution across the
respective dimensions, additional histograms for the first and
second dimension are proposed in this study. For the calcula-
tion, the elution window of each dimension is divided into
equally broad segments Sx as shown in Fig. 1. The width of
each segment is calculated according to Eq. 1 and therefore
equal to the bin size of the Bin Counting method.

The percentage distribution (Dx) of segment x is calculated
according to Eq. 4, where NCtotal is the total number of com-
pounds and NCarea, x the number of compounds eluting inside
the respective segment of the chosen dimension.

Dx ¼ NCarea; x

NCtotal
� 100 ð4Þ

Dx orthogonalð Þ ¼ 1

BS
� 100 ð5Þ

A fully orthogonal system would provide the same Dx

values, which are equal to Dx(orthogonal) for all respective seg-
ments of the first and second dimension as shown in Fig. 1. A
Dx value significantly higher than Dx(orthogonal) indicates a
clustering inside the respective segment, whereas a Dx value
significantly lower than Dx (orthogonal) indicates a void space.

In general, the square root of the sum of the squares of the
differences between the respectiveDx values andDx (orthogonal)
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can reveal the clustering or anti-clustering across the first
(SDfirst) and second (SDsecond) dimensions as well as the cov-
erage of the effective separation space (SDtotal), according to
Eq. 6. For the calculation of SDtotal,Dx values for both dimen-
sions should be used.

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX x

1
Dx−Dx orthogonalð Þ
� �2r

ð6Þ

Assuming a homogeneous distribution of all compounds
across the respective two-dimensional separation space, an
SD value of 0 should be calculated. With a higher clustering,
the SD value will increase. Therefore, a column combination
with the lowest possible value should be chosen. However, it
must be noted that this concept should be used in combination
with the orthogonality value. The reason is that an even dis-
tribution is not necessarily equivalent to a high orthogonality.
This has been demonstrated for simulated examples of peak
spreading and is included in the ESM (Figs. S6a–k and S7a–i,
and Tables S6 and S7).

Results and discussion

Overview of the normalized dot-plots and histogram
distributions

For the comparative orthogonality study of single columns
and columns coupled in series for the first dimension, a
multi-component reference mix was analyzed using the mi-
croscale online comprehensive miniaturized 2D-LC system.
The normalized dot-plots are shown in Fig. 2.

The histograms shown in Fig. 2 show the compound dis-
tribution across the respective dimensions. Since the column
used for the second dimension remained unchanged, the small
differences in Dx values are a result of slight retention time

shifts. The polarity distribution is also given by the color of
dots. As expected, the polar compounds elute at the beginning
of the gradient on the RP-C28 phase used for the second di-
mension, followed by the semi-polar and non-polar com-
pound groups. However, a retention time prediction based
only on the specific log D value is not possible as some of
the semi-polar compounds elute before some of the polar com-
pounds and some of the non-polar compounds elute before
some of the semi-polar compounds. In fact, this holds true
for both dimensions.

For further evaluation, the orthogonality values have been
calculated and all three methods are used and compared.

Orthogonality comparison calculated by Convex Hull
method

The advantage of the Convex Hull method is the low depen-
dence on the number of analytes [26, 27]. The orthogonality
values calculated according to the Convex Hull method are
summarized in Fig. 3a.

The 50 mm PGC column yields an orthogonality value of
46.2 %. However, the disadvantages that were mentioned ear-
lier exclude the further use of this column dimension.
Compared to the 50 mm PGC column and based solely on
the orthogonality values, it can be concluded that the HILIC
phase in the first and RP-C28 phase in the second dimension is
the best column combination for the separation of the refer-
ence mixture.

A detailed view on the distribution histograms shown in
Fig. 4 clearly demonstrates that 71.4% of all compounds elute
in a single fraction on the HILIC phase in the first dimension.
Therefore, despite the high orthogonality value, it appears that
this column combination is not appropriate for the separations
of the target analytes of this study.

The reason is that the calculated orthogonality value does
not correlate with the distribution of the compounds inside the
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h)

Fig. 2 Normalized dot-plots for single columns and serial column
combinations used in the first dimension and the RP-C28 column in the
second dimension. Stationary phases for the first dimension: a PGC
phase, b 10 mm PGC pre-column, c PFP phase, d 10 mm PGC pre-

column coupled to PFP phase, e Cyano phase, f 10 mm PGC pre-
column coupled to Cyano phase, g HILIC phase, h 10 mm PGC pre-
column coupled to HILIC phase
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hull and only a few outlier compounds significantly increase
the orthogonality value as can be seen in Fig. 4. The elimina-
tion of only one point (D1/D2, 1.0:0.3) reduces the orthogo-
nality value from 63.1 to 51.0 % for the HILIC × RP-C28

combination. This effect has also been demonstrated for other
2D scenarios [30]. Therefore, this method is not suitable for
the orthogonality study of this work, despite the fact that the
missing information concerning clusters and compound dis-
tribution within the hull can be shown by the additionally
calculated histograms.

Orthogonality comparison calculated by Asterisk method

The biggest advantage of the Asterisk method is the cluster
detection based on Zx parameters. The orthogonality values
calculated according to the Asterisk method are given in
Fig. 3b. The 50 mm PGC column yields an orthogonality
value of 51.8 %. The single HILIC phase and the combination
of the 10 mm PGC pre-column with the HILIC phase for the
first dimension leads to high orthogonality values of 69 and
66.1%. It appears that both approaches could be an alternative
to the use of the 50 mm long PGC phase for the first dimen-
sion. However, as already mentioned and shown in Fig. 4, this
column or column combination is not suitable for the separa-
tion of the chosen reference compounds as demonstrated by
the Zx parameters listed in Table 2. The higher the Zx param-
eter value, the better the distribution around the Zx line.
Therefore, a fully orthogonal system would provide the value
of 100 % for all four parameters. The smaller the Zx parameter
value, the higher the clustering around the Zx line.

Since the column used for the second dimension remained
unchanged, the mean Z2 value is indicative of the retention
time stability for the second dimension separation. The mean
Z2 value of 88 % and the standard deviation of only 1.3 %
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Fig. 3 Comparison of the calculated orthogonality values for single
columns and serial column combinations used in the first dimension
and the RP-C28 column in the second dimension. The values are
calculated according to a Convex Hull, b Asterisk, and c Bin Counting
method

Fig. 4 Comparison of peak distribution across the normalized separation space obtained with a 50mm PGC phase (left) and HILIC phase (right) for the
first dimension
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show the very low clustering for the second dimension and
therefore a good distribution is obtained. A comparison of the
Z1 value for the 50 mm PGC column of 98 % and the HILIC
column of 95 % indicates that only negligible clustering and
an equally good separation is obtained. However, as discussed
before, 71.4 % (see Fig. 4) of all compounds elute in the first
fraction when using the HILIC phase. Based on the given Zx
values for the HILIC phase, it is not possible to detect this
clustering. This could be a result of a low number of com-
pounds used for the reference mix as has been noted by
Camenzuli et al., which underlines that the Asterisk method
is not applicable for the orthogonality study of this work.

Orthogonality comparison calculated by Bin Counting
method

In comparison to the Convex Hull method, the Bin Counting
method considers the separation space that is not filled with
peaks. Single outer-most compounds have only a negligible
influence on the orthogonality value, which is the main ad-
vantage of this method. The orthogonality values of the nor-
malized 2D plots are shown in Fig. 3c which demonstrates
that the HILIC phase and 10 mm PGC/HILIC combination
have a much lower orthogonality value of only 30.9 %, when

compared to the Convex Hull and Asterisk methods. The Bin
Counting method confirms that the expected low orthogonal-
ity value of the HILIC phase is caused by the clustering in the
first segment, although it is not possible to locate the cluster.
Therefore, this concept seems to be suitable for method devel-
opment and the missing information about clusters is obtained
by the additional calculation of the histograms. The calculated
SDfirst, SDsecond, and the SDtotal values are listed in Table 3.

As can be seen, the use of the single 10 mm PGC pre-
column results also in a moderate orthogonality value of
48.5 % with an acceptable SDfirst value of 24. This result
demonstrates that the short pre-column could be used in the
first dimension without an additional main column. However,
as the data reveals, an even higher orthogonality value and
therefore better selectivity is obtained if the PGC pre-column
is coupled to a Cyano phase.

The orthogonality values obtained with single PFP, Cyano,
and HILIC columns for the first dimension are significantly
lower than the value reached by the 50 mm PGC and RP-C28

column combination. Therefore, the single columns are not
suitable as an alternative for the first dimension. However, it
could be shown that the 10 mm PGC pre-column concept
increases the system orthogonality, if used in combination
with PFP or Cyano main columns for the first dimension. In
particular, the combination of 10 mm PGC pre- and Cyano
main column resulted in a higher orthogonality of 61.7%with
the lowest SDfirst value of 15 and therefore the best distribution
across the first dimension. A detailed view on the histograms
for the first dimension given in Figure S8 (see ESM) shows a
slight clustering on the 50 mm PGC phase located within the
first and fourth segments. The peak distribution when using
the 10 mm PGC/Cyano phase for the first dimension was
equal and only a negligible clustering could be observed with-
in segments three and four. The peak distribution for the sec-
ond dimension was almost constant and varied only slightly
due to minor variations in the second dimension retention
times. The histograms for the second dimension show a mod-
erate clustering in the second and third segment.

For the analysis of complex samples on the basis of a
suspected or non-target screening approach, the retention time
is a very important identification criterion that should not be
ignored. Especially for a suspected target screening, the accu-
rate mass in combination with the retention time can be used
for compound identification. A high variation in retention
time could lead to false-positive or false-negative results.
Therefore, the intraday retention time stability was evaluated
on the basis of the standard reference mixture, analyzed on
three consecutive days using the optimal column combination.
The detailed list containing the elution fraction numbers for
the first and the retention times for the second dimension is
given in Table S8 in the ESM.

The data evaluation provides a mean standard deviation for
the elution fraction number of 2.1 % and for the retention time

Table 3 Detailed list of SDfirst, SDsecond and SDtotal values

Distribution

O (%) SDfirst SDsecond SDtotal

PGC 57.3 18 25 31

1.0 cm PGC 48.5 24 22 33

PFP 44.1 27 25 37

1.0 cm PGC + PFP 48.5 23 22 32

Cyano 35.3 55 23 60

1.0 cm PGC +Cyano 61.7 15 23 27

HILIC 30.9 61 24 66

1.0 cm PGC +HILIC 30.9 70 22 74

Table 2 Detailed list of Zx parameters calculated by the Asterisk
method

D1 column Z− Z+ Z1 Z2

PGC 43 % 74 % 98 % 86 %

1.0 cm PGC 43 % 78 % 94 % 89 %

PFP 46 % 61 % 83 % 89 %

1.0 cm PGC + PFP 40 % 80 % 91 % 89 %

Cyano 53 % 63 % 83 % 88 %

1.0 cm PGC +Cyano 47 % 76 % 100 % 87 %

HILIC 82 % 70 % 95 % 88 %

1.0 cm PGC +HILIC 99 % 64 % 79 % 87 %
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for the second dimension of 1.5 %. The results fulfill the
maximum acceptable standard deviation of 2.5 % and demon-
strate the stability of the miniaturized 2D-LC system.

Conclusion

Existing procedures for determining the orthogonality and
therefore the separation performance of two-dimensional sys-
tems have drawbacks since they provide no or only partial
information about the peak distribution of the compounds
across the separation space. However, this information is im-
portant because it is indicative of whether the separation space
is equally filled. These disadvantages have been successfully
overcome with the introduction of the additional histogram
information presented in this work. The advantage of this
concept is that the retention times of the selected target
analytes have to be measured only once on each column.
The optimal column combination can then be deduced accord-
ing to the respective SDfirst and SDsecond values.

Independent of the method used for the determination of
the orthogonality, the concept described for the identification
of clusters reveals the possibility of getting information for the
optimal column combination for both the first and second
dimensions through the use of one single investigation of each
column in any desirable combination. In this respect, the ap-
proach might be not only applicable for LCxLC, but also for
other 2D separation methods such as GCxGC.
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