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Abstract
The focus of this study was the analysis of the complex chemical composition from different parts of Buddleja davidii, whose
species are commonly known as ornamental plants and herbal medicines in many countries. As an herbal medicine, it has been
utilized for stroke treatments, headache, wound healing, neurological disorder, etc. However, the understanding of its chemical
matrices is still insufficient. Therefore, an online two-dimensional reversed phase liquid chromatography x hydrophilic interac-
tion liquid chromatography (RPLCxHILIC) system coupled with mass spectrometry was applied for further detailed investiga-
tion of the chemical constituents in Buddleja dividii. In this two-dimensional liquid chromatography (2D-LC) method, a new at-
column dilution (ACD) modulator was introduced in the 2D-LC system to solve the incompatibility problem of the mobile phase
between two dimensions, which resulted in a 2D-LC analysis with high orthogonality. For the root extract, as one of the analyzed
samples, the optimization of the 1D and 2D gradients was carried out carefully. With this new modulator, much better peak
separation and better peak shape were achieved compared to two-dimensional liquid chromatography system using a traditional
standard (TS) modulator. With a similar approach, the other four parts of Buddleja davidii were well separated. Comparing the
different analyzed parts, flowers and leaves showed the most complex profiles. MS andMS/MS data were obtained successfully,
which demonstrated the potential of the proposed RPLCxHILIC-MS system in the constituents’ analysis of herbal medicine.
However, due to the lack of reported reference information, 24 compounds could be tentatively identified.
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Introduction

In recent decades, as a rising star in the field of chromatogra-
phy, two-dimensional liquid chromatography (2D-LC) has
attracted more and more attention by rapid developments in
research of complex systems, such as natural products, envi-
ronmental pollutants, food and pharmacy, proteomics, and
metabolomics [1]. The largest benefit of 2D-LC is the dramat-
ic increase in peak capacity that may be achieved, which is
reflected in the component overlapping reduction [2].

In online comprehensive 2D-LC (LCxLC), where the sam-
ple is completely and continuously transferred from the first
dimension (1D) to the second dimension (2D), the combina-
tion of orthogonal dimensions is usually hard to achieve be-
cause incompatible mobile phases are often used in both di-
mensions. For example, one of the most orthogonal combina-
tions that can be used in 2D-LC is the combination of RPLC
and HILIC because these two separation mechanisms present
completely different selectivity for the retention of the
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analytes. Besides, the mobile phases used in RPLC and HILIC
are miscible and compatible with detectors such as MS.
Therefore, a 2D-LC system based on the coupling of RPLC
and HILIC (HILICxRPLC or RPLCxHILIC) should theoreti-
cally be a promising system [1]. However, the compatibility of
the mobile phases in such two dimensions is always a prob-
lematic and an important issue. The main reason is that the
weak solvent in the 1D consists of a strong eluent solvent for
the 2D, which can lead to a problem ofmobile phase mismatch
and poor or no separation in the 2D.

In particular, the analysis of polar compounds by an
RPxHILIC coupling has been substantially less employed
than the HILICxRP combination in the literature so far. The
difficulty arises from the high HILIC sensitivity to the injec-
tion solvent, fractions coming from the 1D-RP solved in a high
aqueous concentration are hardly focused in the 2D-HILIC
causing a breakthrough phenomenon due to the non-
retention of the transfer compounds in the 2D column. This
effect is even more negative when the injection volume ex-
ceeds the 9% of the column dead volume [3]. However,
HILIC is able to provide fast analysis of compounds with
a low loss of resolution [4] that can be a very interesting
characteristic for the separation carried out in the 2D. So,
the fast analysis provided by HILIC could be extrapolated
to the analysis of polar compounds, which 2DLC analysis
was mainly limited to the coupling of HILIC in the 1D
and RP in the 2D up to now.

A big effort should be done in this kind of orthogonal
coupling to avoid the mismatch solvent effect as far as possi-
ble. As a core part of a 2D-LC system, the modulator is re-
sponsible for the 1D effluent cutting, collecting, and transfer-
ring to the 2D column. The incompatibility of two dimensions
will negatively affect the modulation process, resulting in
analytes unfocussed on the head of the 2D column. The tradi-
tion standard modulation (TS) is the most common and simple
way to transfer the fractions from the 1D to the 2D, and con-
sists on the use of two identical injection loops installed in a
two-position switching valve. These two loops continuously
alternate their functions collecting the fractions from the 1D
and injecting them in the 2D column. This modulation mech-
anism can be considered as a passive modulation since the
fraction injected in the 2D column is going to depend only
on the 1D flow rate and mobile phases. Due to this passive
modulation, usually, the TSmodulation produces a low focus-
ing effect in the head of the 2D column, because it is not able
to reduce the strength of the fraction solvent before reaching
the 2D column.

Recently, several kinds of modulators have been developed
to overcome the incompatibility problem [5]. Some of them
are based on the modification of the modulator configuration
like the Fixed Solvent Modulator (FSM) developed by
Petersson et al. [6] or the Active Solvent Modulation (ASM)
proposed by Stoll et al. [7, 8].

Besides the solvent incompatibility, LCxLC presents other
limitations. For instance, due to the realistic limitation of the
transferred volume from the 1D to the 2D, 1D column diameter
and flow rate are usually low in LCxLC and a small fraction is
collected in the modulator which will be diluted by the 2D
high flow rate. Therefore, these limitations result in a hard
detection of low abundant targets, i.e., low sensitivity. Based
on the FSM modulation strategy, Chen’s group made a new
development to improve the 2D detection sensitivity by re-
placing the sample loops with short C18 trapping columns
to construct an RPLC×HILIC system [9], which is shown in
Fig. S1 in the Electronic Supplementary Material (ESM).
However, in all three described modulators, the fraction dilu-
tion factor depends on the length and inner diameter of the
sample loop channel and the bypass channel or the length of
the trapping and the splitting column. This fact involves pre-
cise control and optimization of the dilution factor during the
analysis of a complex sample containing analytes with a wide
range of polarity which can limit the method development.

As a further improvement, a novel modulator, called at-
column dilution (ACD) modulator, was proposed in our pre-
vious work to achieve free adjustment of the online dilution
factor [10]. The RPLCxHILIC configuration equipped with
an ACD modulator is shown in Fig. 1. The ACD modulator
was modified from the TS modulation (Fig. 1) by adding an
independent transfer pump, which is responsible for the injec-
tion of the fractions into the 2D. In this modulation strategy,
the 2D mobile phase is no longer flowing through the sample
loops, but the additional transfer pump is connected to the
valve, and therefore, it is the responsible for eluting the 1D
fraction storage in the loop with a weaker solvent for the 2D
(transfer flow rate). Afterward, the transfer flow and the 2D
gradient flow meet and are mixed in a mixer before reaching
the 2D column. Thereby, the high water content fraction from
the 1D-RP is diluted with acetonitrile and gradually enters the
2D column, and the analytes can be focussed on the head of
the 2D column. More importantly, the dilution factor could be
controlled by adjusting the transfer flow and the 2D flow rates,
since the transfer flow can be optimized regardless of the 1D
and 2D conditions.

Herbal medicines are naturally occurring plant-derived
substances, which are used for medical purposes [11].
According to the World Health Organization (WHO), about
80% of the world’s population uses herbal medicines as its
primary healthcare [12]. There is no doubt that herbal medi-
cines have great medical potential and economical impor-
tance. However, the difficulty of obtaining a clear description
of the complex chemical constituents limits the in-depth study
of the efficacy principles and the quality control of these herb-
al medicines in practice. Therefore, the development of ana-
lytical methods and tools that allow the comprehensive anal-
ysis of the herbal medicines is highly demanded. However,
due to the high complexity of the chemical constituents in
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herbal medicines, conventional one-dimensional chromato-
graphic techniques usually do not provide enough separation
power to comprehensively analyze the chemical profile of
such complex plants. Therefore, there is a motivation to seek
more advanced analytical tools with higher separation
performance.

Buddleja davidii is a multi-stemmed shrub or small tree
that is native to China and has been introduced nowadays as
an ornamental plant worldwide, both in sub-oceanic climates
and sub-Mediterranean zones. In Germany, Buddleja davidii,
commonly known as the butterfly bush, has very wide distri-
bution due to its small wind-dispersed seeds rapidly colonize
and barely disturb the area. It also grows widely due to its
potential invasive power and adaptability.

Similar to other species of Buddleja, Buddleja davidii has
significant pharmaceutical activities related to its metabolites.
For example, terpenes (ESM Fig. S2a), phenylethanoids as
verbascoside, shown in ESM Fig. S2b, which is known for
its antioxidant, anti-inflammatory and photoprotective actions
[13], and phenylpropanoid glycosides (ESM Fig. S2c), with
antioxidant activities, also isolated and identified in this plant
[14–16]. A flavone glycoside called linarin, shown in ESM
Fig. S2d, was also isolated, and this compound revealed anal-
gesic, antipyretic, anti-inflammatory, and neuroprotective ac-
tivities [17]. Furthermore, a systematic survey of the genus
Buddleja has indicated that some isolated compounds have
anti-inflammatory and inhibitory activity against eicosanoid
synthesis by inhibiting cyclo-oxygenase (COX) or 5-
lipoxygenase (5-LOX) [15, 18]. Therefore, a comprehensive
study about its chemical constituents is highly required due to
its rich and diverse potential medicinal value.

In this study, the applicability of ACD modulator is tested
for the coupling of RPLCxHILIC-MS system. For this pro-
pose different parts of the herbal medicine Buddleja davidii

were used as an example for the method development. As a
starting point, careful optimization of 1D and 2D gradient sep-
aration was carried out for the root extract. Then, with the
optimized 2D-LC separation conditions, four parts of
Buddleja davidii were also analyzed. Finally, the 2D-LC-UV
method was coupled to MS, and MS/MS experiments were
carried out to identify the complex profile of the root sample.

Experimental

Chemicals

Acetonitrile (ACN, MS grade) was purchased from VWR
International (USA). Formic acid (HPLC/SPECTRO grade)
was from Merck KGaA (Germany) and ethanol (Analytical
reagent grade) was purchased from Fisher Chemical (Fair
Lawn, New Jersey, USA). Distilled water was filtered through
a Sartorius Stedim Biotech system (Germany).

Sample collection and preparation

The whole Buddleja davidii plant was collected from the field
around the University of Duisburg-Essen, Campus Essen,
Germany. The whole plant was divided into five parts: roots,
stems, leaves, flowers, and fruits. The roots were washed with
distilled water and dried with a dryer at 45 °C during 12 h. The
other four parts were directly dried in a dryer at 45 °C. Then,
they were smashed into powder and preserved in brown glass
bottles at room temperature. 5.0 g of each sample were ex-
tracted with 50mL 60% ethanol for 1 h at room temperature in
glass flasks, and then the samples were extracted in an ultra-
sonic bath (VWR, USA) for another 1 h. After that, the sam-
ples were centrifuged (5840R Eppendorf, Germany) at

Fig. 1 Configuration of the
traditional standard (TS) modula-
tor and at-column dilution (ACD)
modulator. In this scheme, a 2-
position 8-port switching valve is
shown to simplify the visualiza-
tion of the new configuration

Application of the new at-column dilution (ACD) modulator for the two-dimensional RP×HILIC analysis of... 1485



4000 rpm/min for 15 min at room temperature. The superna-
tant of the extract was moved to an ultracentrifuge (Spin plus
from Eppendorf, Germany) and centrifuged at 14000 rpm/min
for 10 min at room temperature. Afterward, 1 mL volume of
the supernatants was diluted with 4 mL distilled water and the
sample solution was filtered through a 0.2-μm filter prior to
2D-LC analysis.

Two-dimensional liquid chromatography (2D-LC)
system

An Agilent 1260 Infinity (1D) combined with Agilent 1290
Infinity (2D) was utilized as a 2D liquid chromatography sys-
tem (Agilent Technologies, USA) in this study. In particular,
the 1D was built by a 1260 Infinity Flexible Cube solvent
management module, a 1260 Infinity Degasser, a 1260
Infinity Capillary Pump, a 1260 Infinity Micro Autosampler,
a 1260 Infinity Thermostat Column Compartment, a 1260
Infinity Diode Array Detector. The 2D consisted of a 1290
Infinity II Binary Pump and a 1290 Infinity II Diode Array
Detector. The interface or modulator consisted of a 1290
Infinity Valve Drive and a 2-position/4-port duo-valve
equipped with two 80 μL loops. The third pump, used for
the ACD modulation was a 1290 Infinity binary pump. The
2DLC system was controlled by the OpenLab CDS software.
The data of the diode array detector were collected during the
running of the system and then imported to LC Image 2.7r
LC × LC (64-bit) to generate 2D contour plots. The detection
wavelength was set at 280 nm during the whole separation
process.

The configuration of the RPLCxHILIC-MS system with
the ACD modulator is shown on the right side of Fig. 1. At
first, the mobile phase from the 1D pump transferred the
injected sample (2 μL) to the RP-1D column. The 1D effluent
was alternatively stored in the sampling-loops of the electron-
ically controlled 2-positon/4-port duo-valve, which hyphenat-
ed the 1D column and the 2D column. The switching time of
the valve was set at 2 min (modulation time). Once the sample
loop was filled with 1D effluent, the valve changed the posi-
tion and the fraction was connected in the line of 2D flow, and
then the collected fraction was pushed out of the sample loop
by the transfer flow from the additional pump (transfer pump).
At downstream of the modulator, the transfer flow—with a
relative low flow rate—and the 2D eluent—with a high flow
rate—met and mixed in a mixer and were transferred into the
2D column. Finally, after the detection in the 2D UV-detector,
the 2D effluent was split to enter into the MS. In this work, the
optimized transfer flow rate was 0.2 mL/min and the 2D flow
rate was established at 2.4 of mL/min, which lead to a total 2D
flow rate of 2.6 mL/min and a dilution factor of 13 (total flow
rate/transfer flow rate).

1D RP separation was performed at room temperature on a
C18 column (150 × 1.0 mm) with 2.6 μm core-shell particles

(Phenomenex, CA, USA). The mobile phase contained water
(A) and acetonitrile with 0.1% formic acid (B). The optimized
gradient time was 70 min at a flow rate of 15 μL/min. The
gradient consisted of: 0 min, 10%B; 3 min, 20%B; 20 min,
20%B; 36 min, 45%, 50 min, 100% B; 64 min, 100% B;
65 min, 10% B (Fig. 2).

2D HILIC separation was performed at room temperature
on a Cys-HILIC column (150 × 3.0 mm) packed with 5 μm
particles (Acchrom, Inc., Beijing, China). The mobile phase
contained water with 0.1% formic acid (A) and acetonitrile
(B). The modulation time was 2 min, which leads to 35 cycles
presented in the 2D separation. As shown in Fig. 2, the lowest
point of the 2D shifting gradient in each cycle increases in
70 min from 65 to 75% of acetonitrile (B). The gradient was
established as follow: 0 min, 100% B; 0.1 min, 0.1% B;
0.2 min, 95% B; 1.5 min, 75% B (at the beginning) or 65%
B (at the end); 1.6 min, 75% B (at the beginning) or 65% B (at
the end), 1.7 min, 100% B; 100% was maintained until 2 min
for the equilibration of the column before the start of the next
measurement.

Mass spectrometry

Mass spectrometry was performed on an Agilent 6545 Q-TOF
LC/MS (Agilent Technologies, USA) using an electrospray
ionization source (ESI) operating in negative ion mode. A
flow of 0.4 mL/min was introduced into the ion source of
the MS by splitting the 2D flow rate with a T-valve.
Nitrogen was utilized as sheath gas and drying gas. The sheath
gas and the drying gas were set to 11 L/min at 300 °C and
10 L/min at 350 °C, respectively. The nebulizer was set at 35
psig and the capillary voltage and nozzle voltage were set at
3500 V and 1000 V, respectively. The fragmentor, skimmer,
and Oct 1 RF Vpp were set at 220 V, 65 V, and 750 V, respec-
tively. The acquisition mode was performed on full MS and
auto MS/MS. The acquisition was performed in full scan and
automatic MS/MS, at 1 spectra/s, in the m/z range 100–1500
(MS) or 100–1300 (MS/MS). The collision energy was 40 eV.
The MS system was controlled by the software Agilent Mass
Hunter Workstation Data Acquisition. Then the data could be
analyzed by Agilent Mass Hunter Qualitative Analysis
Navigator and imported into LC Image 2.7r LC × LC (64-
bit) to generate MS contour plots.

Results and discussion

Optimization of the gradient for the 1D (RPLC)
separation

The different parts of Buddleja dividii were expected to pres-
ent similar metabolite families, therefore, the root was chosen
to optimize the 1D RP separation gradient. Several gradients
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were tested, the detailed information about these gradients is
listed in ESM Table S1. Figure 3 shows the chromatograms of
the root extract separation obtained with the listed gradients.
At first, to measure the polarity distribution of all constituents,
a full gradient with ACN as organic solvent from 5 to 90% in
55 min was performed as shown in Fig. 3a. Most of the peaks
were overlapped without being well separated in the time
interval between 20 and 25 min. To perform a better separa-
tion of all compounds, a de novo optimization strategy was

applied. In this strategy, the optimization was consequently
performed segment by segment from the beginning. When
the separation of analytes in a segment was optimized, the
analytes in the next segment were eluted directly with a high
content of organic phase to save time. By analogy, the opti-
mized segment was fixed and the next segment continued to
be optimized until the separation optimization of all analytes
was completed (Fig. 3a–e). As shown in Fig. 3e, after only
four steps, an evenly distributed separation was achieved with

Fig. 3 Optimization of the
gradient for the 1D RP separation

Fig. 2 Optimized 2D-LC gradi-
ent for 1D and 2D separation
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a final analysis time of 70 min. Therefore, the gradient
showed in Fig. 3e was applied in the following experiments
as an optimized 1D gradient.

Optimization of the gradient for the 2D (HILIC)
separation

The composition of mobile phase in the early stage of 2D
gradient cycle is critical for focusing the transfer analytes on
the head of the 2D column. Any modification of the 2D gradi-
ent in this stage might change the separation in 2D. Therefore,
the optimization of the 2D HILIC gradient will focus on the
early stage of the gradient cycle.

In this term, as a first and common strategy, we installed
80 μL loops in the interface. Considering the 1D flow rate
(15 μL/min) and the modulation time (2 min), loops of
30 μL volume would be enough for the collection of the
whole 1D fraction; however, with the use of larger loops
(80 μL) connected to the interface, 50 μL of the loops was
filled with 2D mobile phase, which allowed diluting the 1D
fraction in a more adequate solvent, as demonstrated by
Montero et al. [19]. This fact contributed to reduce the mis-
match solvent incompatibility together with the ACD modu-
lation, helping the focusing effect in the head of the 2D
column.

In this regard, the effect of the injection volume in relation
to the column void volume of the 2D column is a critical point
in online LCxLC, mainly due to the combination of the 1D
solvent strength and the very fast flow rates typically used in
the 2D may hamper the performance of the separation of the
analytes solved in the injected fraction, producing a band-
broadening effect. Typically, the injection volume in the 2D
column (loop size) should not exceed the 15% of the column
void volume to reduce the band-broadening negative effects
[20]; however, in the case of HILIC, the recommendation is
much stricter considering the important effect of the injection
solvent on the HILIC separation. Some results recommend
that the injection volume should not exceed the 9% of the
column void volume [3] but others reduce this percentage
until the 1% [21]. In this work, when the TS modulator was
employed, the injection volume (80 μL) implied the 11% of
the 2D column volume, considering the dimensions of the 2D
column (150 × 3 mm, 5 μm) and the interstitial column vol-
ume (68% of the total volume), which determine a dead vol-
ume of the 2D column of 720.8 μL. However, with ACD
modulation, there is not a real injection volume as it happens
in the TS modulation, since in ACD the transfer pump elutes
the fraction from the loop with a controlled flow rate (slower
than the 2D pump flow rate used in the TS modulator config-
uration for the elution of the fraction collected in the loop) and
after that, this flow rate is mixed with the high 2D flow rate, so
in this case, we can talk about a transfer fraction diluted by two
different flow rates more than an injection volume, which

improves even more the focusing effect in the head of the
2D column.

Moreover, the use of shifting gradients along the
LCxLC analysis not only helps to achieve more orthogo-
nality but also to reduce the breakthrough since a modifi-
cation of the 2D initial mobile phase conditions can be set
accordingly to the 1D eluent. Fig. 4b, d, f, and h show four
different 2D shift gradients, in which α and β represent the
first gradient cycle and the last gradient cycle, respectively
in the 2D shift gradients. In Fig. 4a, c, e, and g, the corre-
sponding separations are shown. At the beginning and the
end of the 4b and 4d gradients, the organic content of ACN
was set at 95% and 100%, respectively. The separations
obtained using these two gradients are shown in Fig. 4a
and c. Although theoretically, under HILIC mode separa-
tion a small aqueous percentage is needed to create a
water-layer around the polar particles, comparing both
conditions, using 100% ACN as initial conditions the re-
tention of the compounds was significantly increased (Fig.
4d). In addition, the peak width in zone c (Fig. 4c) was
much narrower than that in zone a (Fig. 4a). This indicates
that a 100% ACN used at the beginning and at the end of
the fast 2D gradient leads to a better separation. Applying
higher percentage of ACN at the end of the gradient would
accelerate the equilibrium of the 2D HILIC column and
prepare the conditions for the injection of the next cycle.
Furthermore, applying higher content of ACN at the begin-
ning of the gradient would improve the dilution effect of
transferred fractions under ACD modulation mode, which
results in better focus of analytes on the head of the 2D
HILIC column. However, as can be observed in Fig. 4c,
the separation with the gradient 4d was not optimal since
the main part of the peaks were separated within a narrow
small 2D area. The adjustment of the gradient was per-
formed based on the gradient shown in Fig. 4d as
shown in Fig. 4f and h. A rapid decrease of ACN to
95% (Fig. 4f) or 90% (Fig. 4h) was set in each cycle
between 0.2 and 0.25 min. The chromatogram shown in
Fig. 4f indicates that 5% decrease of ACN resulted in a
slightly higher coverage of the 2D space in comparison
with the distribution achieved using gradient 4h.

It is worth to point out that serious breakthrough was ob-
served in the 2D contour plot. This might be attributed to a
large amount of low polar compounds in the roots, whichwere
hardly retained on the 2D HILIC column. Nevertheless, any
combination would have limitations. In this case, the combi-
nation of RPLC/HILIC is appropriated for the separation of
amphiphilic compounds but is not suitable enough for the
separation of homophilic compounds. The target of this work
would focus on the amphiphilic compounds rather than
homophilic compounds. Therefore, gradient 4f was deter-
mined as the optimal 2D gradient used for the LCxLC system
for the following measurements.
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RPLCxHILIC for different parts of Buddleja davidii

With the optimized 1D RP gradient and 2D HILIC shift gradi-
ent, the separation of the other four parts of Buddleja davidii
including flower, leaf, stem, and fruit were performed on
the RPLCxHILIC system with ACD modulation. The results
are shown in Fig. 5a, b, e, and f. Due to the high-efficiency
dilution of the transferred fraction, the constituents of the
Buddleja davidii extracts were well separated into narrow
and symmetric peaks over the 2D analysis. Compared to Fig.
5a, b, and f, a serious breakthrough could be observed in Fig.
5e. This result indicates that there are many homophilic com-
pounds existing in the stem, which is similar to the result
obtained in root separation. The results shown in Fig. 5a and
b also indicate that more polar compounds with high concen-
tration could be observed in the flowers and leaves than in
other parts, which also implies that the metabolic profiles
and, therefore, the metabolic activities of flowers and leaves
are more vigorous than in other parts.

To demonstrate the advantage of the ACD modulation, the
separation of the flower and leaf extract was also performed
with TS modulation under the optimized gradient, the separa-
tion results are shown in Fig. 5c and d. Compared to the
separation shown in Fig. 5a and b, without ACD modulation
much less peaks could be separated and they presented lower
peak intensities. This negative effect occurred because of the
no-dilution of the fraction in the TS modulation which

resulted in a considerable breakthrough in the dead volume.
The solvent in the transferred fraction (high content of water)
was a very strong elution solvent for the 2D HILIC separation,
which prevents a focussing effect of the analytes on the head
of the 2D HILIC column. In conclusion, the ACD modulation
provides much better flexibility than the TS modulation for
the dilution of the transferred fraction and the achievement of
the re-focusing and 2D separation.

Constituents analysis for the root of Buddleja davidii
by RPLCxHILIC-Q-TOF MS

The advantage of RPLCxHILIC coupled to MS with ACD
modulation

For further evaluation of the established RPLCxHILIC meth-
od, two 2D-LC configurations with and without ACD modu-
lation were coupled to DAD and Q-TOF MS detectors to
study the chemical constituents in the Buddleja davidii root.
The high effective separation power provided by the ACD
modulation facilitates the online identification of the constit-
uents in root by coupling 2D-LC to high-resolutionmass spec-
trometry. The results are shown in ESM Fig. S3. Figs. S3A
and S3E show the UV contour plots for both measurements.
As previously discussed, serious breakthrough could be ob-
served at the dead volume without ACD modulation (ESM
Fig. S3A), and much more improvement was achieved with

Fig. 4 Optimization of the 2D shift gradient (α, first gradient cycle andβ,
last gradient cycle in 2D shift gradient). a 2D plot of the root separation
using the gradient shown in b (95% of mobile phase B as initial
conditions in the 2D gradients). c 2D plot of the root separation using
the gradient shown in d (100% of mobile phase B as initial conditions in
the 2D gradients). e 2D plot of the root separation using the gradient

shown in f (100% of mobile phase B followed by a second step
reducing the mobile phase B as initial conditions in the 2D gradients). g
2D plot of the root separation using the gradient shown in h (100% of
mobile phase B followed by a second step with a faster reduction of
mobile phase B as initial conditions in the 2D gradients)
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ACD modulation (ESM Fig. S3E). The measurement without
ACD modulation showed that only a few peaks could be well
retained and observed in the 2D contour plot, which means
that most constituents were eluted with the transferred fraction
solvent in the 2D system without retention on the 2D HILIC
stationary phase.

The same result could be obtained from the extracted ion
chromatogram (EIC) contour plots in ESM Fig. S3. As ob-
served from the EIC contour plots, with ACD modulation
(ESM Figs. S3F, G and H), the spots show very good shapes
and a clear background without any breakthrough, which can
be attributed to the sufficient dilution of the transferred

fraction. This leads to highly focus of amphiphilic analytes
on the head of the 2D HILIC column. In contrast, with TS
modulation, a significant peak splitting and fronting were
found in the EIC contour plots (Figures S3B, C and D). It
indicated that the amphiphilic compounds were divided in
the 2D analysis into a non-retained portion and a retained
portion. The compounds from the non-retained portion were
quickly eluted together with the high water content solvent
from the transferred fraction, forming a breakthrough peak
in the dead volume due to a scarce dilution during the modu-
lation. However, in the retained portion, part of the amphiphil-
ic compounds presented relative separation in the 2D analysis

Fig. 5 Contour plots of
RPLCxHILIC with ACD
modulation or with TS
modulation for different parts of
Buddleja davidii. Flower with
ACD modulation (a), leaf with
ACD modulation (b), leaf with
TS modulation (c), flower with
TS modulation (d), stem with
ACD modulation (e), fruit with
ACD modulation (f)
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probably due to an inter-diffusion effect in the loop between
the transferred fraction and the 2D mobile phase, that allowed
a partial focusing in the 2D column.

Nevertheless, the insufficient dilution produced by the
inter-diffusion in the loop still resulted in serious peak
fronting. As a serious consequence, the existence of the split-
ting peaks at dead volume might lead to a misunderstanding
on the number of isomers, as shown in the EIC contour plot in
ESM Figs. S3B, C and D, which could be considered as dou-
ble when TS modulation is applied. Those results indicate that
enough dilution of the transferred faction in high orthogonal-
ity 2D-LC is necessary to achieve proper separation and true
MS chromatogram, avoiding misinformation.

The results of the EIC contour plots with ACD modulation
demonstrate that the coupling of the proposed 2D-LC system
with high-resolution mass spectrometry could provide high-
quality MS information for the online identification of chem-
ical components from complex samples.

Qualitative analysis of constituents in the roots of Buddleja
davidii

The MS and MS/MS measurements of the root extract were
performed with the optimized 2D-LC-UV-MSmethod. The gen-
eral method for the identification of compounds in the sample
mixture was carried out by comparing the detected molecular ion
and MS/MS fragment ions with the reported information in the
literature. Therefore, the reported researches about Buddleja
davidii were carefully reviewed. Firstly, the comparison of the
theoretically calculated molecular ion masses of the reported
compounds with the detected molecular ion masses obtained
byQ-TOFwas done. Once the detectedmass valuewas the same
as the calculated ion mass of the reported compounds, it was
postulated that the same compound was detected in the prepared
sample. However, without MS/MS information and only with
the sum formula is hardly possible to carry out an identification
due to a multitude of possible isobaric compounds. Therefore,
MS/MS analysis was performed. Even with MS/MS data, un-
characteristic fragmentation is often difficult to interpret and,
besides, the differentiation between isomeric compounds is not
possible. Here, the combination of ion mobility with MS could
be helpful [22].

Due to the lack of previous information about the chemical
composition of this plant, only a few compounds with defined
structures were found in the reported work. To reduce this prob-
lem, another strategy was developed to characterize as much
Buddleja davidii compounds separated by the 2D-LC-MS anal-
ysis as possible. According to the principles of biology, the plants
with a genetic relationship usually have similar metabolic net-
works, resulting in similar chemical constituents. Based on this,
in addition to the reported information of the compounds in
Buddleja davidii, the components with defined structure in var-
ious species of the genus Buddleja were collected to extend the

candidate compounds. As shown in ESM Fig. S1, in the litera-
ture several compounds of the genus Buddleja were described
and these were considered possible candidates for Buddleja
davidii [13–18, 23–29]. The accurate molecular ion masses
[M-H]− of each compound collected from the information about
the Buddleja genus were calculated with Agilent MassHunter
Qualitative Analysis Navigator software. Then the data were
imported to the software LC Image. With this software, the con-
tour plots can be easily generated, which allows the determina-
tion of a givenmolecular ionmasses [M-H]− existing in the huge
total ion current (TIC) mass information. According to the cal-
culated molecular ion masses [M-H]− of the Buddleja described
compounds, the EIC contour plots were extracted from the TIC
contour plot.

After that, the compounds that were not found in the analysis
were excluded. For example, two typical compounds present in
the genus Buddleja have an m/z 283.0612 and 423.3632, which
correspond to acacetin and δ-amyrone, respectively. The EIC of
both compounds in the RPxHILIC analysis of the root is shown
in ESM Fig. S4. In the EIC contour plot ofm/z 283.0612, a clear
spot was observed, whichmeans that this compound is presented
with a relative high concentration. In contrast, in the contour plot
of the m/z 423.3632, there is no clear spot, but a complex back-
ground was observed, which means that the ion with m/z
423.3632 was not present in Buddleja davidii root or its intensity
was too low to be detected. Thus, this ion would be ignored in
this study.

Obviously, in the TIC, many more ions existed than those we
screened with the above method. In order to find out more ions
with relatively high concentrations, further effort was done with
the LC image software by comparing the UV and TIC contour
plots. On one hand, the positions of the signals in the TIC contour
plot were compared with the spots in the UV contour plot, and
carefully examined to find out new ions, and then the EIC con-
tour plot was generated and saved in LC image software. On the
other hand, the spots observed in the TIC contour plot, but not in
theUV contour plot, were also checked. After that, the ions in the
EIC contour plot were further selected and excluded according to
the method shown in ESM Fig. S4. Considering the molecular
mass and the MS/MS fragments, these compounds were also
tentatively identified.

Finally, EIC contour plots, which were screened by the
previous three methods, were merged. As shown in ESM
Fig. S5, some EIC contour plots contained one spot, for ex-
ample in the m/z 905.2727 (ESM Fig. S5 left panel). Other
EIC contour plots might contain several spots for the same
mass, which indicated the existence of multiple isomers such
as m/z 637.2148 (ESM Fig. S5 right panel). For both situa-
tions, the molecular ions and corresponding MS/MS frag-
ments, once detected, were collected and then listed in
Table 1. In total, 45 compounds including isomers have been
found in the Buddleja davidii root sample. However, due to
scarce available information about the chemical composition
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of this plant, some ions could not be identified accurately by
comparing to the detected ions with the reported works.

Conclusion

In this study, a recent developed RPLCxHILIC system with
at-column dilution (ACD) modulation was applied for a com-
prehensive analysis of constituents in Buddleja davidii. With
ACD modulation, the incompatibility of high orthogonal 2D-
LC systems could be successfully overcome. Meanwhile, the
flexible adjustment of the dilution of the transferred fraction
supported the advantages of the RPLCxHILIC coupling for an
excellent separation of amphiphilic compounds with a wide
range of polarity. The results demonstrated the potential of a
2D-LC system with ACDmodulation for wide applications in
the herbal medicine analysis. With this method, a broad sep-
aration of the metabolites present in Buddleja davidii was
achieved. However, more information about the chemical
composition of the separated compounds should be done to
obtain comprehensive information about the metabolic profile
of this herbal medicinal. Nevertheless, the detailed MS and
MS/MS data of some detected ions with relative high intensi-
ties can be considered as a good reference for further studies.
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