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Abgract

Chromatography is the separation method of chaoicenost laboratories worldwide.
Nonetheless, the increasing need to decode consplaples has created a demand for
better separation skills. The addition of extraasapon dimensions to a conventional
liquid chromatography system was one of the wayangwer to this demand. Although
very common in proteomics and polymer researchuigeof Multidimensional Liquid
Chromatography (MDLC) coupled to high-resolutiontettors for separation and
analysis of environmental and natural products $esnipas yet to receive the deserved
attention. This article presents a critical revien the most prominent of these
comprehensive MDLC methods for targeted and untadgenalysis of complex
environmental and natural products samples. THislaralso discusses the practical
aspects of applying peak capacity and orthogonalitycepts in MDLC analysis of
complex matrices. It also addresses the limitatexms challenges ahead for advancing

environmental and natural products research usingpeehensive MDLC.
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1. Introduction

In laboratories worldwide, liquid chromatographyC)L methods, particularly those
based on one-dimensional operation mode, are thdl quintessential separation
techniques. Depending on the detection method graglcsignificant information on
the composition of analytes or eluting fractionsh dae achieved by using one-
dimensional LC, 1D-LC (Figure 1). Even though the®sethods possess many
advantages, they are still unable to fully resdllehe different co-eluting compounds
in more complex matrixes, such as those of enviemtal and natural products
samples. In order to solve this issue, alternatearation methods with higher peak
capacity based on multidimensional liquid chromeapyy (MDLC) systems have been
shaped to resolve as many compounds as possibl¢hedé, those based on two-
dimensional liquid chromatography (2D-LC) have beeidely applied, with direct
impact on the overall separation (Figure 1). Neéhaddss, there are no obvious
limitations to increase the dimensionality for #arer more dimensions, except for the
successive increasing dilution of the sample. Asaded in Figure 1, and regardless of
the employed separation method, the chemical irdtion extracted from the analytical
process is always dependent upon the detectors used

<FIGURE 1 here>
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Multidimensional chromatography may seem a modaiwaacement in separation
technology; nonetheless, it was first described 944 [1]. More than three decades
later, the first comprehensive two-dimensionaliligchromatography (LCxLC) method
was reported by Erni and Frei [2]. When comparecdotoventional 1D-LC, the addition
of an extra separation dimension poses additiommhptexity that lead to new
challenges, including the selection of suitableoatographic stationary phases (i.e.,
separation mechanisms), compatibility of separatimtdes, mobile phases, detection
techniques (i.e., detection sensitivity), as wslloptimization of separation conditions,
and data analysis (i.e., new algorithms for prdogs2D chromatograms). The
extensive research using 2D-LC has also resultedrange of different terminologies,
which justified the need to suggest proper and umgnous nomenclature and symbols
to facilitate communication between analysts [Bflded, since the seminal work of Erni
and Frei [2], 2D-LC has emerged as a front-lind footargeted analysis of samples of
diverse complexity in a variety of areas. In thegard, readers interested in specific
application areas are advised to consult the reméws, and references therein, on
the use of 2D-LC in biopharmaceutical analysis dptlomics [4-6], Traditional
Chinese Medicines [7], food analysis [8], proteas|i@], and polymer analysis [10]. In
most of the existing research and review worksyretheas been a huge effort to
streamline the applicability of 2D-LC to efficieptand effectively resolve challenging
complex samples. Recently, two excellent reviewksorere published where a great
deal of attention has been given to the fundameprtatiples [6] as well as technical
progress, method development and optimizationegjir@s$ [4], which are pivotal for the
design of efficient 2D-LC separation approacheshim targeted analysis of complex
samples. Although the present review may seem éolagy the review works of Stoll

and Carr [6] and Pirok et al. [4] in a few topissi¢h as peak capacity and the use of
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2D-LC in the analysis of Traditional Chinese Medei later discussed), there are still
important gaps and a few caveats when using 2DgaEticularly LCxLC, for the
comprehensive fingerprint of complex environmerdall natural products samples.
Under this scenario, to advance the frontiers aWedge within this research field, it
IS mandatory to provide the scientific communitytiwian up-to-date and critical
assessment on the use of 2D-LC strategies coupladyh-resolution detectors for the
separation, targeted and untargeted profiling ahmex environmental and natural
products samples. This review builds upon thoséeeaeviews and it aims to be an
important guide for planning fit-for-purpose 2D-Isrategies within this research field.
Due to space limitations, this is not an exhaustexeew of previous studies using 2D-
LC in environmental and natural products resedsahjnstead it provides the scientific
community with a new perspective on the benefitasafig 2D-LC strategies for gaining
new insights into the nature of those complex oigaratrices. The final section of this
review addresses the challenges ahead to strengtideimprove the current knowledge
on the use of 2D-LC-based approaches online couplddgh-resolution detectors to
resolve the heterogeneity and thus advance enveotah and natural products

research.

1.1. Heart-cutting and comprehensive 2D-L C strategies: setting up the scene

It is of common knowledge to chromatographers imynapplication areas that there
are two main modes of operation in 2D-LC: heartiogtand comprehensive [6]. Heart-
cutting 2D-LC, denoted in the literature as LC-L€a multidimensional methodology
comprising two or more chromatographic columns eoted by a switching valve,
which ensures the selective and online transfepetific fractions (e.g. a single peak, a

specific time segment, a portion of a peak) frone ¢m another column. The LC-LC
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methodology is especially suited for the separatidna limited number of target
components since it requires the definition of twdlection time of the fractions,
according to the elution times of the componentstdrest. Thus, the main advantage
of this method is that after knowing the elutioméi of the components under study in
the different columns, it becomes possible to optna procedure sufficiently selective
to separate a given component independently otdmeplexity of the environmental
matrix in which is embedded. However, this advaatégrns out to be its major
limitation: when either the components are unknoamthe standards required for the
optimization process are not available, then thglicgttion of this method becomes
impracticable. Consequently, this advantage/lindtatmakes this technique ideal for
target analysis of a limited number of compoundsead of a global characterization of
the sample, regardless of the detection systens. fakt helps to understand the reason
why this technique is associated to a low degreecarhpleteness of chemical
information when compared to 1D-LC-based technigassschematically shown in
Figure 1. Besides, the selectivity of LC-LC limitse overall information that can be
obtained from other components in the sample. Tuknique has been used in the last
decades for the analysis of compounds presenbindical and environmental samples
at low concentrations, such as trace-level deteatian of low-molecular mass carbonyl
compounds in air [11], determination of acidic pedes in soils [12], determination of
endocrine disrupting compounds in water [13] andemhination of estrogens in
sediments [14].

On the other hand, when the main objective is toyaaut a non-targeted screening of a
given sample, comprehensive MDLC, namely LCxLCaimore adequate option. In
order to attain a true comprehensive 2D separatiofew set of conditions must be

fulfilled; 1) the whole sample must be subjected téeo independent separation
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mechanisms within the same run; 2) the whole sampieponents passes through the
detection system or at least in equal percentalgas guarantees that the obtained
chromatogram is representative of the entire sangpld 3) the resolution attained in
the first dimension should be kept (as much asiplegsn the second dimension [15-
17]. These three main criteria were defined by @igsl and are also generally accepted
for LCxLC [15-17].

Since some detectors provide information that aandmsidered as “multidimensional”,
as is the case of multichannel Mass Spectrometr§\Nor Diode Array (DAD)
detectors, few researchers may consider the detestep as an additional dimension.
Nonetheless, in MDLC, when one refers to “dimensipnusually it refers to
“separation dimension” (e.g. separation columns)thdugh high degrees of
orthogonality can be achieved in LCxLC by usingahle columns selectivities in the
two dimensions (i.e., different retention mechammymthe use of an additional
dimension represented by the detection step mag pdfculties to retrieve useful
information from the 2D chromatograms. Understahgabe use of an extra dimension
leads to a more complex graphic representatiomefacquired chromatographic data
since these are typically represented as 2D comtiois or three-dimensional surfaces.
This 2D chromatographic data typically contains astvamount of information that
needs to be further processed through differentrdilgns in order to be readily
accessible to the analyst. In this field, threemagiproaches have been proposed to deal
with LCxLC data structures [18]. In the first appch, data from the LCxLC is viewed
as a set of consecutive one-dimensional chromatuwgrahese chromatograms are then
treated individually, taking advantage of all theowledge and large amount of
software already available for data treatment in dibomatography. The second

approach consists in dealing directly with the datatrix, which requires knowledge
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and expertise on complex chemometric algorithmss @pproach is especially suited to
deal with three or higher order data structuregshsas data derived from 2D
chromatographic systems coupled to multichannetadets (e.g. MS and DAD).
Finally, the third approach, converts the 2D matiata into an image and uses the high

diversity of image processing algorithms and tdotsdata handling and treatment [18].

and we suggest the works of Matos et al. [18] aiedcP et al. [19] for the interested
readers. It should also be mentioned that LCxL(ptsalito high-resolution detectors is
an analytical tool much more entwined with qualtatather than quantitative analysis
and, consequently, there are relatively few LCxL@Qd®es in which quantitative
analysis is discussed [20]. Although the use of LC»systems seem to be difficult by
non-experts, the introduction of a commercial \arsof this equipment and the
development of more “user-friendly” data processamgl treatment software, are very
likely to boost a growing interest for includingete LCxLC techniques in laboratories
in order to deal with the complexity of environmardand natural products samples.

It is also important to note that LCxLC can be iearout either in online or offline
modes. In offline mode, sample is injected in al@rconventional 1D-LC system, and
fractions of the effluent are manually collectedl amected, at a later time, into a 1D-
LC system with a different separation column. Aghlighted by Stoll and Carr [6], a
couple of interesting features can be assignedflineoLCxLC approach: (i) it does not
require very high speed separations in the secondrgsion as in online LCxLC; (ii)
the 2D separation could be carried out using aleihB®-LC instrument; and (iii) high
peak capacities can be achieved, although at tke aloa high time of analysis.
Nevertheless, offline LCxXLC is considerably morerg to sample contamination and

losses than online mode, which is of particularceon when dealing with complex
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samples, such as those of environmental and naitodlcts samples. Online LCxLC,
on the other hand, is much more technically chgllan than its offline counterpart

because it generally requires the use of an ausmhwwitching system (e.g., a 6, 8 or
10-port valve), which interfaces the first and setalimension columns, and collects
fractions of first-dimension effluent and injedt®n into the second-dimension column.
Indeed, most of the efforts and progress achierddCixLC research field, have been
devoted towards the development of adequate imesfanodulator) between the two
separation dimensions. The modulation interfacereslly the center piece for a
successful LCxLC separation, in parallel to thellehge of combining two solvent

systems in order to prevent detrimental effectsfist-dimension effluent into the

second-dimension separation. We refer interestaders to Pirok et al. [4] work for

further details on modulation and solvent comphitybissues. It is not surprising that
automation offered by online LCxXLC systems leadsmiare accurate, reproductive,
repeatable 2D separations, being also less labemsive than the offline mode. This is
of particular interest for environmental and naltyveoducts research, since online
LCxLC coupled to high-resolution multichannel détes offers new opportunities to

effectively and efficiently profile and map the ieatsample, whose complexity is very

difficult to address using 1D-LC or LC-LC.

2. Targeted versusuntar geted analyss. finding the best separ ation conditions

LCxLC is adaptable to both targeted and untargetedysis, but there are significantly
different characteristics between both types ofyaia The concepts of peak capacity
and orthogonality, that will be discussed latemare detail, are much more important

in untargeted analysis than in targeted analysasgd&ted analysis aims at identifying
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some known compounds or confirming their presenae sample. This type of analysis
requires some pre-knowledge of the physicochenpicgerties of the compounds to be
identified, thus meaning that it is confined toetatively small number of well-studied
compounds. Since this type of analysis is verycteke, and the compounds of interest
are known, the chromatographic conditions can yeds# optimized using standard
solutions. Targeted analysis thus becomes veryuugefenvironmental studies and
attempts to find the best separation conditionsiggally focused in increasing the
sensitivity and selectivity of the analytical medhto quantitively determine the analytes
of interest. Untargeted analysis, on the other h&nd non-selective search aiming at
the identification of unknown components in a sanph principle, this procedure is
carried out without anyw priori knowledge and information on the compounds to be
identified. As highlighted by Matos et al. [21],i# impossible to achieve a complete
untargeted analysis in chromatography, becausehallchoices made in terms of
experimental conditions (e.g. the selection of ictary phases, the gradient and
composition of mobile phases, and the detectord)us#l be restricted to the scope of
the analytical work as well as the range of prapsrassociated to the compounds that
can be separated and detected. Thus, finding gtesbparation conditions in untargeted
analysis usually aims to increase the number ofpoamds that can be successfully
detected and identified. Taking into account thesestrains, the untargeted analysis
can be further classified into two groups, depegdam the analytical challenge or
environmental problem to be solved: “fully untaepit (now on referred just as
untargeted), where there can be a vast number kifiown analytes present in the
sample; and “semi-targeted”, where some specifassds of compounds or some

analytes are expected to be found [22]. Obviouslig classification between “fully



224  untargeted” and “semi-targeted” must be kept indnwihen developing new analytical
225 LCxLC procedures to address a given problem.

226 Tables 1 and 2 summarize some important exampldsCetL.C applications for the
227 analysis of environmental and natural products s$esnfrom an untargeted and semi-
228 targeted perspective, respectively. As shown inlddbh the most common untargeted
229 LCxLC application is the profiling of natural procis in plant extracts, particularly
230 those used in Traditional Chinese Medicine (e.gs@ng and other plants extracts). This
231 is due to the complexity of these samples, encosipgshundreds or thousands of
232  constituents with very different properties, andggbly with synergistic effects, where
233 the quality control of these samples is a demandiage [23]. When addressing the
234 samples of interest from a semi-targeted point @wv(in Table 2), LCxXLC is
235 commonly applied into the separation, with subsatjdetermination, of phenolic and
236  polyphenolic compounds, also in natural productghdugh there is great potential to
237 apply LCxLC to environmental samples, this arearm@sdeveloped that much at this
238 point in time. Online LCXLC coupled to MS detectas been used for semi-targeted
239 analysis of wastewater samples, allowing the ifieation of 23 to 65 compounds,
240 including analgesics such as Paracetamol and Tm@mdawkrbicides Diuron and
241  Monuron, Benzotriazole a knowrCorrosion inhibitor, and antidepressants such as
242  Venlafaxine and Sertraline (references [24] and jB5Table 2). LCxLC coupled to
243  three detectors in series [UV, fluorescence dete@.D), and evaporative light-
244  scattering detector (ELSD)] was also applied tolkesthe chemical heterogeneity of
245  Suwannee River fulvic acid standard material andyPbake fulvic acid reference
246  material (reference [26] in Table 2). Due to themptex nature of these samples,
247 incompletely resolved fractions were still portrdyeNevertheless, in cases where

248 samples separation was accomplished (hydrophobicityolecular weight), it was
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concluded that smaller molecular weight group foat seem to be related to a more
hydrophobic nature. Following this seminal workw@tomplex natural organic matter,
online LCxLC coupled to either a DAD and FLD iniser[27], or a single DAD [21]
was applied to exploit the compositional changesr @/molecular size continuum and
associated light-absorption properties of chemycdistinct pools of urban organic air
particles [i.e., water-soluble organic matter (WSORlhd alkaline-soluble organic
matter (ASOM)]. The results obtained in these tated studies highlight the potential
of MLDC techniques, namely of online LCxXLC coupledchigh resolution detectors, for
unravelling the complexity of the substructuressprg in complex environmental
organic matricesThis fact constitutes a huge advantage in compatistdhe traditional
1D-LC. Moreover, even if one tries to replicate sheresults using only 1D-LC
techniques, this would need at least several chimgraphic analysis and tedious
procedures for collection of fractions.

<TABLE 1 here>

<TABLE 2 here>
In any chromatographic method, the optimizatiothefseparation conditions is crucial,
and LCxLC is no exception. Considerable efforts tmbes devoted in finding the best
LCxLC separation conditions because there are mdiffgrent factors that can
significantly influence the final peak capacitylé&xion of mobile phase composition in
both dimensions and their respective compatibditg flow rates, the type of switching
valve and the volume of the sampling loop, as wsllselection of a fit-for-purpose
detection system, are important factors to havenind when developing a LCxLC-
based method. Nonetheless, the most importantrfatten designing a LCxLC method
is arguably the selection of the separation mechnas(i.e., columns) to be employed in

both dimensions, taking into account the analygorablem to be answered and whether
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the selected separation mechanisms are distinet &ach other, but compatible at the
same time. If successful in reaching this condjtienhanced orthogonality and peak
capacity will be achieved. In this regard, the giehl problem to be solved plays in
fact an important role in column selection. If dieglwith a targeted analysis, the
orthogonality is not a crucial outcome of the LCxpcedure. The separation columns
in both dimensions can share the same separati@hamsms, as long as they are
successful in answering the scientific questionasetiori. In targeted analysis, there is
only a few sets of compounds of interest, and allsdifference between stationary
phases can be enough to reach the desired separ@mthe other hand, in semi-
targeted and untargeted analysis, the scenariongpletely different, and the train of
thought must be necessarily different.

In the case of semi-targeted analysis, where thi@ mapose typically encompasses
studying different sets of classes of compoundss, ilnportant to take into account the
structure of these analytes. For instance, if tbempounds of interest all have low
polarity, then it would be a wise choice to useweersed-phase LC (RPLC) column in
one of the dimensions, instead of a normal-phase(NELC) column or even a
hydrophilic interaction chromatography (HILIC) calm (which can behave as a RPLC
or NPLC, depending on mobile phase composition)ttiéumore, the use of a
RPLCxRPLC system can be suitable for the separaifosome specific classes of
compounds, such as phenolic compounds in Rooilargphnd Cocoa (references [28,
29], in Table 2), as long as the two stationaryselsahave different properties (e.g.
different particle size, composition or differerdniadled phase). Other clear orthogonal
combinations might be more difficult to accomplisbch as HILICXSEC, SCXxRPLC,
and NPLCxRPLC, due to possible mobile phase incoimpty. However,

HILICXxSEC was already successfully used for resgvand profiling the chemical
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heterogeneity of natural organic matter from aqu@6] and atmospheric matrices
[21], whereas SCXxRPLC was employed for separatibow-molar-mass organic
acids in different matrices [30] (Table 2). NPLCXRPis perhaps the least likely
practical combination in terms of mobile phase catifgiity, although exhibiting a
high orthogonality from a theoretical point of viets shown in Table 2, NPLCxRPLC
has been applied for the separation of caroten@itls 32] (reported theoretical peak
capacities of 651 and 986 [32]), and phenolic aetligside compounds [33] [reported
peak capacities of 1850 (practical) and 3468 (@tézal)]. This NPLCxRPLC
combination was only possible because the firstedision encompassed columns either
exhibiting characteristic features of HILIC systefasting as NPLC) [33], or cyano
microbore columns that offer normal-phase separatidl, 32].

On the other hand, if the desired type of analysisuntargeted, then using a
RPLCxRPLC would probably not be enough to achiéeeltest orthogonality and peak
capacity. However, the most common combinationeims of separation mechanisms
in natural products and environmental researclPEGXRPLC, as shown in Table 1. In
an untargeted analysis, it is questionable at\iitetther the combination of two or more
RPLC columns, that would probably have similar safp@n characteristics, will yield a
high orthogonality and peak capacity. Similar canseare also valid when dealing with
combination of any other stationary phases thatarsgé@ compounds by
polarity/hydrophobicity, such as HILIC, RPLC, andPDNC. Nonetheless, if aiming to
achieve the maximum orthogonality with these sdrcaumns, then the separation
conditions of the selected columns must be as muocbrrelated as possible. As shown
in Table 1, this premise was successfully accornetisin the untargeted analysis of
natural products [34-37] and household dust anchdau dryer lint [38] using

RPLCxRPLC, where the reported orthogonality werehigh as 93%. However, an
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interesting NPLCxRPLC combination is also notewpiththe untargeted analysis of a
traditional Chinese medicine [39] (Table 1). Aalicolumn was chosen for NPLC in
the first-dimension, and water-soluble non-pola#-dipxane was selected as mobile
phase modifier in NPLC. As a result, 876 peaks wagtected, and the total peak
capacity reached 1740 [39]. Since NPLC is suitdbiegroup separation, and RPLC
exhibits high resolution for less polar compounts potential of NPLCxRPLC
combination for the analysis of complex environnaésamples is enormous and should
be further explored.

3. Updating and trendsin peak capacity and orthogonality

The main point behind the use of two (or more) smpan columns on a
chromatographic system is to increase the maximumber of well resolved peaks,
thus increasing the number of compounds that caseparated and further identified in
a single chromatographic run. To accomplish thial go LCXLC, a careful selection of
the best combination of separations columns mushdde. As discussed in Section 2,
if the separation mechanisms in each chromatogragimension are too similar, no
significant advantage will be gained by using mibin one dimension, mostly because
the separation achieved with just one dimensiohbelbasically the same, or lower in
the following dimensions. In such situations, ityree better to use the conventional
1D-LC system, since there will be no loss of sévisitcaused by dilution of analytes in
the following second or third chromatographic disien. Accordingly, the ideal
possible combination of columns should be thoseh wibmpletely uncorrelated
separation mechanisms.

Full orthogonality is theoretically achieved if theeparation mechanisms in all
chromatographic dimensions are completely indepenfi®m each other [40]. In

LCxLC, orthogonality varies between 0 and 100%, n&h&00% means that full
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orthogonality has been achieved [41]. In pract®yever, it is very difficult to achieve
full orthogonality in LCxXLC, because this dependst monly on the separation
mechanisms in use, but also on the best separatioditions (e.g., mobile phase
composition and flow rates) and samples charatt=i§42]. In this regard, even the
combination of two completely different separatimechanisms, such as SECxRPLC,
can show some correlation [42]. If we consider ¢bacept of orthogonality in a more
“visual” way, then a chromatogram where peaks apeendlisperse in the 2D space is
considered to be more orthogonal compared to ateituwhere peaks are placed closer
to the diagonal of the 2D chromatogram (Figuresa2d 2F, respectively). It should be
also noted that orthogonality is a concept speaificeach sample. Two distinct
separation columns that present high orthogon#&bityone given sample may not be
adequate for achieving an orthogonal separationotifer samples. Therefore,
chromatographic separation conditions should bersxtely studied in order to ensure
a successful separation outcome. Figure 2 illistpatssible consequences of a poor
choice of column combinations in LCxLC. Although héiting low correlation
coefficient between the two separation columns,osgaimension column in
chromatograms B and C represents two situatioraaéxcessive and low interaction,
respectively, between the analytes and the stagigolaase, which is not desirable for
successful LCxLC separations. The same is truéniongatograms D and E, where a
poor choice of the first-dimension separation columas a similar effect on the LCxLC
separations.

<FIGURE 2 here>
When orthogonality is estimated, the value refershe degree of separation of all
analytes in one specific sample. In fact, if sam@ee too different, it is difficult to

carry out a straightforward comparison of the ogthaality achieved. For example, if
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the sample preparation step discards the polar congs, then orthogonality obtained
using the common RPLCxRPLC system will be much é&ighan it would be if the
polar compounds had not been removed. The usestdralard mixture of dozens or
even hundreds of different compounds, with veryimlis characteristics (e.g., molecular
size, polarity, structure) should be a more reéiablay to estimate an “universal
orthogonality” for a given LCxLC system. The conceppeak capacity was defined by
Giddings, in 1969, as “the upper limit of resohalcbmponents for a given technique
under prescribed conditions” [43]. In LCXLC, it igenerally accepted that the
theoretical peak capacity is simply the productnafividual peak capacities in each
dimension [17]. Obviously, the theoretical peakamaty value represents the “best case
scenario”. For example, it implies that no undengiamy phenomena occurs and the
resolution attained in one dimension is never lwstthe subsequent dimension.
Nonetheless, the process of sample transfer, franfitst- to the second-dimension,
will always lead to some resolution loss. Furthemmoeven though peak capacity
should be seen as a noteworthy way to measuraitioess of a separation process, we
should also keep in mind that evenly spaced peak2D chromatogram are extremely
unlikely to be found in any real samples. Interggi, it has been shown that the
number of well resolved peaks, in a given samgleinlikely to be higher than 18% of
total peak capacity of a LCxLC system [44]. As ansmguence, the concepts of
effective and practical peak capacity were devealops criteria to more accurately
estimate the maximum number of peaks that canfbetigiely separated in a single 2D
chromatographic run. The process of calculatingeffective peak capacity is relatively
simple. Briefly, a correction factor due to undenpéing phenomena is applied to the
theoretical peak capacity value, which will lead aomore realistic value for the

effective peak capacity [45]. On the other hand,dbncept of practical peak capacity is
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a bit more complex. As aforementioned, in LCxLCisialmost impossible to achieve
full orthogonality; therefore, by definition, in 2D chromatogram there will exist
always some areas that will never be occupied lyypaak. This will obviously lead to
a decrease in the available 2D chromatographic wteare peaks can be separated,
which will yield a practical peak capacity loweaththe theoretical peak capacity [40].
The concepts of orthogonality and theoretical pesgdacity, as well as those of practical
and effective peak capacity, are important nottorisave in mind when finding the best
chromatographic conditions for implementing a LCxb@&thod. If the objective of
studying new combinations of separation mechanismsCxLC is that they can be
later applied in profiling real complex samplesjgta good way these different LCxLC
methods can be compared is through those metrlmgo@sly, these metrics should not
be the only criteria for comparing and optimizingffetent LCxLC methods;
nevertheless, the orthogonality and theoreticak pepacity should both be estimated in
any LCxLC method development. Unfortunately, thestrics are not often reported in
the literature [46], although in the last years sagonod examples of orthogonality and
theoretical, effective and practical peak capacéye been described, particularly in the

field of Chinese herbal medicine screening [35{3&pble 1).

4. Finding the best detection conditions

In conventional 1D-LC, when a large number of ateayis present in a given sample,
their identification based on the comparison withigture of standard compounds is no
longer a feasible option. The coupling of chromeatpyic methods with a MS detector
is an excellent way to overcome this situation aithin the desired analytes

identification. Generally, studies summarized il€a 1 and 2 employ as detection the
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UV absorbance (either DAD or single UV wavelengi}, or both detectors in series,
with the exception of two studies on natural orgamitter that also use fluorescence
and evaporative light scattering detectors (Tabje[Zb, 27]. Although a more
comprehensive identification of the analytes isrod®Imingly more frequent using
MS, this does not mean that the use of any otlper ¢f detector becomes pointless. It is
possible to obtain rather important informationhmhe use of a DAD detector, since
chromophores present in a sample may have distioebrption maxima that can be
used to differentiate between different molecubdsit@ting similarm/zvalues in a MS
detector [47].

Hence, in LCxLC, the use of a MS detector is ratbemmon, and an enhanced
separation before the MS detection has variousrddgas when compared to 1D-LC-
MS. Some of these advantages include the redudfionatrix effects resulting from
coeluting analytes due to the increased separgimmer of the LCXLC system,
increased ionization efficiency and minimizationiof suppression [16]. On the other
hand, the coupling of a MS detector to a LCxLC eysis not as straightforward as in
1D-LC and some specific modifications have to belendn LCxLC-MS, the mobile
phase constituents, particularly in the second-dsim, must be volatile in order to be
compatible with the MS source [16]. Thus, the séedimension separation column
must be compatible with mobile phases whose comipngncludes high percentage of
organic solvents, such as methanol or acetonitded volatile additives, such
ammonium acetate and formic acid. In this regafél.Gl columns, or any other column
that does not meet these requirements, can hamllyded as the last separation
dimension before the MS detector. Notwithstandimg situation, the work developed

by P. Dugo’s research group is an excellent exaraplbe use of NPLC in the first-
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dimension combined with RPLC in the second-dimemsamd an MS as detector [31,
32, 48] [].

Another important requirement when coupling LCxIoCatMS detector is the sampling
rate. It has been demonstrated by Murphy and ciave49], that the sampling rate of
the first-dimension effluent has a significant irghce on the resolution achieved in the
second-dimension, suggesting that each peak ifirdftedimension should be sampled
at least three times. Therefore, the flow rateha second-dimension is typically much
higher than those used in the first-dimension. €kgemely high flow rates in the
second-dimension (up to 5 mL rifinare completely incompatible with any sort of MS
detection. In the case of electrospray ionizatlB8l}f, the maximum flow rate can be, at
most, 1 mL miff, whereas in atmospheric-pressure chemical iooizathPCI) mode
the maximum flow rate is 2 mL nim In practice, however, these flow rate values
should be much lower than the maximum values akby25, 50].The most common
way to solve this issue in LCXLC-MS is to use amMisplitter before the MS detector.
This solution will allow the detection of the antay in the MS but will also greatly
decrease the sensitivity of the method. A more sbiphated response to this problem is
the miniaturization of the entire LCXLC system, @fhis more common in proteomics,
but has also been successfully employed by Haun candorkers in wastewater
analysis [25] (Table 2). The main objective of thgcific study was the construction of
a miniaturized 2D-LC system, coupled to a Quadrefiane-of-Flight Mass
Spectrometric detection, for wastewater profilinghaut the need to split the flow [25].
To decrease the time of analysis in the second+Bioe, high pressure and
temperature conditions as well as a stationary elodsuperficially porous sub-3-pum
were employed. The miniaturization of the LCxLCteys leads also to much lower

solvent consumption. Using a standard mixture of t®get compounds, the
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473  miniaturized LCxLC-MS system allowed the detectaomd identification of 65 standard
474 compounds in the wastewater samples. Despite theowsb advantages over other
475 LCxLC-MS systems, the work of Haun et al. [25] doits a real possibility of an
476  excessive decrease in system sensitivity when cadpa a 1D-LC-MS system, due to
477  the dilution effect in the second-dimension sepamatit should also be taken into
478 account that MS identification does not strictlguge a complete chromatographic
479 separation of the analytes. To assess these pantther work, using the same
480 miniaturized LCxLC-MS system, was later publishetth the objective of comparing
481  its sensitivity to that of a conventional 1D-LC-M$stem in the analysis of wastewater
482  samples [24]. It was reported that the absoluensity of the signal in the LCxXLC-MS
483  system was ten times lower of that of the 1D-LC-BStem. However, this difference
484 only led to a small decrease in sensitivity becaihsesignal-to-noise ratio was only
485 around 1.5 times lower when using the miniaturiz€kxLC-MS. It was also reported
486 that the number of identified compounds was alwhigher in the miniaturized
487 LCxLC-MS system. Nevertheless, the main problemhwiniaturization of the
488 LCxLC-MS system is probably its cost due to the akexpensive nanoLC pumps.
489 However, the simple decrease of the mobile phase fate in the second-dimension, to
490 the range of 1-2 mL mih should have beneficial effects. Even if this neetirat a flow
491  splitter is still necessary, at least the secomaedision effluent does not have to be split
492 as much as in other LCxLC-MS systems, which willddgo better results in terms of
493  sensitivity.

494

495

496 5.Conclusons
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Over the past 10-15 years, the emergence of mdeetiee systems and analytical
methodologies based on online LCXLC separationdbkaeme a clear trend in natural
products research. Surprisingly, and despite tiverstdof LCxLC-based methods, the
use of LCxLC methods is yet to be fully exploited @nvironmental research. The
importance of these methods is not only associaidd the separation of the sample
components, but also with the rapidly evolvingdief analytical instrumentation which
has produced more sophisticated detectors capébpl®wding a higher discrimination
power. It is clear from a vast assortment of stsidre the literature that the use of
hyphenated 1D-LC methods (e.g. LC—MS and LC-NMRyufé 1) has been able to
provide new insights on the compositional featwelsighly complex samples, a know-
how which was unforeseeable not long ago. Howedhercontinuous development and
use of MDLC, namely online LCxLC, has shown theeptial to provide deeper and
more complete knowledge into the structural comipfesf environmental and natural
products samples, despite several technologicalleclygs that still needs to be
overcome to attain its full capability.

Most environmental and natural products studies\qudiCxLC-MS as analytical
technique have focused either on screening or ifdEtion of a small sets of
compounds (i.e., in untargeted and semi-targetedysis, respectively). The use of
LCxLC in environmental research has also focusedhenglobal characterization of
samples for achieving a heuristic understandinghefcomplex structural nature and
interrelationships between different componentshiwitthe samples. Therefore, it is
with no surprise that major improvements in théiatary phase technology in both LC
dimensions aiming at reaching orthogonality ar sgquired, namely for acquiring a
better understanding of the interactions that odmiween the samples’ components

and the stationary phase. As a further step, miersessary to reduce or even eliminate
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the confounding effects due to these interactioosuwing in the chromatographic
analysis. This step will be particularly challengirbut it will be mandatory for the

identification of the interactions that really ocaumithin the environmental and natural
products samples. Without a clear idea of the nr@sh®s that occur in the separation
process, it will never be possible to assess thgtexity of an environmental or natural
product sample, simply because the decoding otdhaplexity of such samples cannot
be accomplished following a separation processIggoamplex. Nevertheless, if able

to solve these methodological challenges, LCxLGtamnethods can be a promising
tool for advancing environmental research and aehe deeper level of knowledge

within this field.

Acknowledgments

Thanks are due to FCT/MCTES for the financial suppdo CESAM
(UID/AMB/50017/2019) and project AMBIEnCE (PTDC/CTAMB/28582/2017),
through national funds (OE). FCT/MEC and the EuawmpeSocial Fund are also
acknowledged for a PhD grant (PD/BD/142931/2018) @m Investigator FCT Contract

(IF/00798/2015).

References

1. Consden, R., A.H. Gordon, and A.J. Mariualitative analysis of proteins: a
partition chromatographic method using papd@he Biochemical journal, 1944.
38(3): p. 224-232.

22



547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

10.

11.

12.

13.

Erni, F. and R.W. Fref,wo-dimensional column liquid chromatographic teciue

for resolution of complex mixturedournal of Chromatography A, 197849: p.
561-569.

Marriott, P.J., P. Schoenmakers, and Z.Y. Wamenclature and conventions in
comprehensive multidimensional chromatography- awlate. LC GC Europe,
2012.25(5).

Pirok, B.W.J., D.R. Stoll, and P.J. Schoenmagkieecent Developments in Two-
Dimensional Liquid Chromatography: Fundamental hoygments for Practical
Applications.Analytical Chemistry, 20191(1): p. 240-263.

Wang, X., S. Buckenmaier, and D. Stdlhe growing role of two-dimensional LC
in the biopharmaceutical industryol. 3. 2017. 120-126.

Stoll, D.R. and P.W. Carfwo-Dimensional Liquid Chromatography: A State of
the Art Tutorial.Analytical Chemistry, 20189(1): p. 519-531.

Cao, J.L., et alApplication of two-dimensional chromatography i tnalysis of
Chinese herbal medicine¥ournal of Chromatography A, 2014871: p. 1-14.
Tranchida, P.Q., et alRPotential of comprehensive chromatography in food
analysis.TrAC Trends in Analytical Chemistry, 2012: p. 186-205.

Zhang, X., et al.Multi-dimensional liquid chromatography in proteasiA
review.Analytica Chimica Acta, 201®&64(2): p. 101-113.

Wang, H. and S. HanasWulti-dimensional liquid phase based separations in
proteomics. Journal of Chromatography B: Analytical Techno&sgiin the
Biomedical and Life Sciences, 200&7(1): p. 11-18.

Kootstra, P.R. and H.A. Herboldutomated solid-phase extraction and coupled-
column reversed-phase liquid chromatography forttaee-level determination of
low-molecular-mass carbonyl compounds in aiournal of Chromatography A,
1995.697(1): p. 203-211.

Hogendoorn, E.A., et alMicrowave assisted solvent extraction and coupled-
column reversed-phase liquid chromatography with d&fection: Use of an
analytical restricted-access-medium column for effecient multi-residue analysis
of acidic pesticides in soilgdournal of Chromatography A, 200838(1-2): p. 23-
33.

Magjicek, D., Multi heart-cutting two-dimensional liquid chromgt@aphy—

atmospheric pressure photoionization-tandem masgtsgmetry method for the

23



580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

determination of endocrine disrupting compounds \water. Journal of
Chromatography A, 2012231: p. 52-58.

Matejicek, D., On-line two-dimensional liquid chromatography-tandemass
spectrometric determination of estrogens in sedimeh Chromatogr A, 2011.
1218(16): p. 2292-3000.

Giddings, J.CMultidimensional Chromatography, Cortes HJ (ed).rié&d Dekker,
New York, 1990, pp. 1-27.

Cacciola, F., et al.Comprehensive Two-Dimensional Liquid Chromatography
Coupled to Mass Spectrometry: Fundamentals, Metlelvelopment and
Applications in Comprehensive Analytical Chemist3018. p. 81-123.

Calvin Giddings, JTwo-dimensional separations:concept and promdsalytical
Chemistry, 198456(12): p. 1258A-1268A+1270A.

Matos, J.T.V., R.M.B.O. Duarte, and A.C. Duaifeends in data processing of
comprehensive two-dimensional chromatography: St#tehe art. Journal of
Chromatography B: Analytical Technologies in th@medical and Life Sciences,
2012.910: p. 31-45.

Pierce, K.M., et alReview of chemometric analysis techniques for cehgmsive
two dimensional separations dathChromatogr A, 2012255: p. 3-11.

Mondello, L., et al.,Quantification in comprehensive two-dimensionaluil
chromatographyAnalytical Chemistry, 20080(14): p. 5418-5424.

Matos, J.T.V., et alRrofiling water-soluble organic matter from urbamrasols
using comprehensive two-dimensional liquid chromeaphy.Aerosol Science and
Technology, 201%49(6): p. 381-389.

Milman, B.L. and I.K. ZhurkovichThe chemical space for non-target analysis.
TrAC Trends in Analytical Chemistry, 20197: p. 179-187.

Yang, D.Z., et al.Multidimensional information-based HPLC technolagit®
evaluate traditional Chinese mediciniurnal of Chromatographic Science, 2013.
51(7): p. 716-725.

Leonhardt, J., et alA comparison of one-dimensional and microscale two-
dimensional liquid chromatographic approaches cedpto high resolution mass
spectrometry for the analysis of complex samp@leslytical Methods, 2015/(18):

p. 7697-7706.

24



612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Haun, J., et alQnline and splitless NanoLC x CapillaryLC with quagole/time-
of- flight mass spectrometric detection for compredive screening analysis of
complex sampleénalytical Chemistry, 201385(21): p. 10083-10090.

Duarte, R.M., A.C. Barros, and A.C. DuaResolving the chemical heterogeneity
of natural organic matter: new insights from contpgasive two-dimensional liquid
chromatographyJ Chromatogr A, 2012249: p. 138-46.

Paula, A.S., et alTwo chemically distinct light-absorbing pools oban organic
aerosols: A comprehensive multidimensional analygistrends. Chemosphere,
2016.145: p. 215-223.

Beelders, T., et al.Comprehensive two-dimensional liquid chromatographi
analysis of rooibos (Aspalathus linearis) phenolidsurnal of Separation Science,
2012.35(14): p. 1808-1820.

Muller, M., A.G.J. Tredoux, and A. de VillierBredictive kinetic optimisation of
hydrophilic interaction chromatographyreversed phase liquid chromatography
separations: Experimental verification and applicat to phenolic analysis.
Journal of Chromatography A, 2011%71: p. 107-120.

Matos, J.T.V., R.M.B.O. Duarte, and A.C. Duaesimple approach to reduce
dimensionality from comprehensive two-dimension@guidl chromatography
coupled with a multichannel detect@knalytica Chimica Acta, 2013804: p. 296-
303.

Cacciola, F., et al.Application of Comprehensive Two-Dimensional Liquid
Chromatography for Carotenoid Analysis in Red Mar(feguteria sapote) Fruit.
Food Analytical Methods, 2016(8): p. 2335-2341.

Dugo, P., et al, Comprehensive normal-phasexreversed-phase liquid
chromatography coupled to photodiode array and nsectrometry detection for
the analysis of free carotenoids and carotenoieérsstrom mandarinJournal of
Chromatography A, 2008189(1): p. 196-206.

Cacciola, F., et alEmploying ultra high pressure liquid chromatograpay the
second dimension in a comprehensive two-dimensiepsiem for analysis of
Stevia rebaudiana extractsdournal of Chromatography A, 2011218(15): p.
2012-2018.

Sheng, N., et alChiral separation and chemical profile of Dengzl&mengmai by

integrating comprehensive with multiple heart-audti two-dimensional liquid

25



645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676

35.

36.

37.

38.

39.

40.

4].

42.

43.

44,

chromatography coupled with quadrupole time-oftitignass spectrometryournal
of Chromatography A, 20171517: p. 97-107.

Zhou, W., et al.On-line comprehensive two-dimensional liquid chraygeaphy
tandem mass spectrometry for the analysis of CuackmiangsiensisTalanta,
2018.186: p. 73-79.

Qiao, X., et al.Separation and detection of minor constituentsdarbhl medicines
using a combination of heart-cutting and comprehenswo-dimensional liquid
chromatographyJournal of Chromatography A, 2014862: p. 157-167.

Qiao, X., et al.A chemical profiling solution for Chinese medicfoemulas using
comprehensive and loop-based multiple heart-cutttag-dimensional liquid
chromatography coupled with quadrupole time-oftftignass spectrometryournal
of Chromatography A, 2016438: p. 198-204.

Ouyang, X., et alNon-target analysis of household dust and laundged|int
using comprehensive two-dimensional liquid chrometphy coupled with time-of-
flight mass spectrometrhemosphere, 201766: p. 431-437.

Wei, Y., et al. A comprehensive two-dimensional normal-phase xrsmgephase
liquid chromatography based on the modificationnodbile phasesJournal of
Chromatography A, 2009216(44): p. 7466-7471.

Liu, Z., D.G. Patterson, Jr., and M.L. L&sometric Approach to Factor Analysis
for the Estimation of Orthogonality and Practicadé&k Capacity in Comprehensive
Two-Dimensional Separation&nalytical Chemistry, 1995%7(21): p. 3840-3845.
Gilar, M., et al.,Orthogonality of Separation in Two-Dimensional Ldju
ChromatographyAnalytical Chemistry, 200577(19): p. 6426-6434.

Francois, I, K. Sandra, and P. San@amprehensive liquid chromatography:
Fundamental aspects and practical considerationseiew. Analytica Chimica
Acta, 2009641(1-2): p. 14-31.

Giddings, J.C.Generation of Variance, “Theoretical Plates,” Reswbn, and
Peak Capacity in Electrophoresis and Sedimentat®eparation Science, 19609.
4(3): p. 181-189.

Shellie, R.A. and P.R. HaddadComprehensive two-dimensional liquid
chromatography.Analytical and Bioanalytical Chemistry, 200836(3): p. 405-
415.

26



677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Filgueira, M.R., et allmproving Peak Capacity in Fast Online Compreheasiv
Two-Dimensional Liquid Chromatography with Postgtibimension Flow
Splitting. Analytical Chemistry, 201183(24): p. 9531-9539.

Malerod, H., E. Lundanes, and T. Greibrokecent advances in on-line
multidimensional liquid chromatographynalytical Methods, 201®2(2): p. 110-
122.

loannis N. Papadoyannis, H.G.Beak Identification with a Diode Array Detector
in Encyclopedia of Chromatography. Cazes, Editor. 2004, Marcel Dekker, Inc.
Dugo, P., et al.,Application of Comprehensive Two-Dimensional Liquid
Chromatography To Elucidate the Native Carotenoarposition in Red Orange
Essential Oil.Journal of Agricultural and Food Chemistry, 2086(10): p. 3478-
3485.

Murphy, R.E., M.R. Schure, and J.P. Foleffect of Sampling Rate on Resolution
in  Comprehensive Two-Dimensional Liquid Chromatpgsa Analytical
Chemistry, 199870(8): p. 1585-1594.

Mondello, L., Comprehensive Chromatography in Combination with s$la
Spectrometry Comprehensive Chromatography in Combination whtass
Spectrometry. 2011.

Wang, S., et al.Comprehensive two-dimensional high performance idiqu
chromatography system with immobilized liposomeoriatography column and
monolithic column for separation of the tradition@hinese medicine Schisandra
chinensisAnalytica Chimica Acta, 201Z13: p. 121-129.

Ouyang, X., et alComprehensive two-dimensional liquid chromatograptypled
to high resolution time of flight mass spectrométnychemical characterization of
sewage treatment plant effluentlournal of Chromatography A, 2015380: p.
139-145.

Wong, Y.F., et al.Untargeted profiling of Glycyrrhiza glabra extraawith
comprehensive two-dimensional liquid chromatograptass spectrometry using
multi-segmented shift gradients in the second daman Expanding the metabolic
coverageElectrophoresis, 20189(15): p. 1993-2000.

Sommella, E., et alChemical profiling of bioactive constituents in hognes and
pellets extracts by online comprehensive two-dimeas liquid chromatography

with tandem mass spectrometry and direct infusioarier transform ion cyclotron

27



710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743

55.

56.

57.

58.

59.

60.

61.

62.

63.

resonance mass spectrometdpurnal of Separation Science, 20487): p. 1548-
1557.

Zhang, H., et alA multidimensional analytical approach based oretidecoupled
online comprehensive two-dimensional liquid chramgeaphy coupled with ion
mobility quadrupole time-of-flight mass spectrometfor the analysis of
ginsenosides from white and red ginsendgsurnal of Pharmaceutical and
Biomedical Analysis, 201963: p. 24-33.

Blokland, M.H., et al.Multiclass screening in urine by comprehensive two-
dimensional liquid chromatography time of flight saaspectrometry for residues of
sulphonamides, beta-agonists and steroiésod Additives and Contaminants -
Part A Chemistry, Analysis, Control, Exposure anskRAssessment, 20185(9):

p. 1703-1715.

Venter, P., et alComprehensive Three-Dimensional LC x LC x lon Mibpil
Spectrometry Separation Combined with High-ResmuS for the Analysis of
Complex Sample#nalytical Chemistry, 201820(19): p. 11643-11650.

Muller, M., A.G.J. Tredoux, and A. de Villiers\pplication of Kinetically
Optimised Online HILIC x RP-LC Methods Hyphenateddigh Resolution MS for
the Analysis of Natural PhenolicShromatographia, 2018.

Montero, L., et al.Profiling of Vitis vinifera L. canes (poly)phenolcompounds
using comprehensive two-dimensional liquid chromeatphy. Journal of
Chromatography A, 2018536: p. 205-215.

Cook, D.W., et al.Comparison of multivariate curve resolution strag=gin
quantitative LCxLC: Application to the quantificati of furanocoumarins in
apiaceous vegetable&nalytica Chimica Acta, 201861 p. 49-58.

Sommella, E., et al.Development of an improved online comprehensive
hydrophilic interaction chromatography x reversebdgse ultra-high-pressure
liquid chromatography platform for complex multisga polyphenolic sample
analysis.Journal of Separation Science, 2040{10): p. 2188-2197.

Kula, M., D. Giod, and M. Krauze-Baranowsk&wo-dimensional liquid
chromatography (LC) of phenolic compounds from sheots of Rubus idaeus
'‘Glen Ample' cultivar varietyJournal of Pharmaceutical and Biomedical Analysis,
2016.121: p. 99-106.

Brazdauskas, T., et alDownstream valorization and comprehensive two-

dimensional liquid chromatography-based chemicalrahterization of bioactives

28



744
745
746
147
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762

64.

65.

66.

67.

from black chokeberries (Aronia melanocarpa) pomacdournal of
Chromatography A, 2018468: p. 126-135.

Montero, L., et al.Anti-proliferative activity and chemical characteation by
comprehensive two-dimensional liquid chromatograplepupled to mass
spectrometry of phlorotannins from the brown matgaaSargassum muticum
collected on North-Atlantic coast3ournal of Chromatography A, 2018428 p.
115-125.

Willemse, C.M., et alComprehensive Two-Dimensional Hydrophilic Interawti
Chromatography (HILIC) x Reversed-Phase Liquid Ghedography Coupled to
High-Resolution Mass Spectrometry (RP-LC-UV-MS) lysis of Anthocyanins
and Derived Pigments in Red Wifnalytical Chemistry, 20187(24): p. 12006-
12015.

Russo, M., et alDetermination of flavanones in Citrus juices by meaf one- and
two-dimensional liquid chromatographylournal of Separation Science, 2011.
34(6): p. 681-687.

Brudin, S.S., et alComprehensive two-dimensional liquid chromatogragdion
chromatographyxreversed-phase liquid chromatogragby separation of low-
molar-mass organic acidgournal of Chromatography A, 2010217(43): p. 6742-
6746.

29



763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

FIGURES CAPTIONS

Figurel.

Figure 2.

Schematic representation of the range of LC-basetiniques currently
employed in environmental and natural productsameteas a function of
their separation power and completeness of chemmtmimation achieved.
Acronyms: LC — one-dimensional liquid chromatogrgphC-LC — two-
dimensional heart-cutting LC; LCXLC — two-dimensabrcomprehensive
LC; UV — ultraviolet detector; FLD — fluorescencetector; DAD — diode
array detector; M5S— mass spectrometry detector; NMR — nuclear magnet

resonance spectroscopy.

Schematic representation of LCxLC separations,bétihg different levels

of orthogonality (A, B, C, D, and E) and very lowtlegonality (F).

D = first-dimension?D = second-dimension.
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782 Tablel. Examples of LCxXLC applications for untargeted gsial of environmental and natural products sampkd C = Reversed-phase

783 liquid chromatography column, NPLC = Normal-phasquid chromatography column, ILLC = Immobilized dgome
784 chromatography column, WAX = Weak anion-exchangemiatography column, MS = Mass Spectroméy: first-dimension?D
785 = second-dimension, TCM = Traditional Chinese Masdic

Sample Analytes Column St Detection Obsrvations Reference

Extraction M ethod: Soxhlet with Ethanol;

. : NPLCxRPLC ; 1 :
Zhengtian pills M obile phase: 'D: n-Hexane/1,4 dioxane (99.5:0.5), 100 pL/mib;
(TCM) 876 compounds (2 tan?ne%)columns UV (240 nm) Isopropanol/HO (2:98) and Methanol, 1 mL/min; [39]

Theoretical Peak Capacity: 1740
Magnolia-vine More than 40 Extraction M ethod: Ultrasound assisted extraction with n-Hexane;

(Schisandra  compounds detected, 14 ILLCxRPLC Uvag2d5;1/lgm) M obile phase: 'D:10mM Ammonium Acetate Solution at 1 mL/min;  [51]
chinensis) identified 2D: H,0 and Acetonitrile at 3 mL/min;
M obile phase: 'D: 50 mM Phosphate buffer with 25% Methanol, 50
Red Wine Sample profiling WAXxRPLC DAD uL/min; °D: 50 mM Phosphate buffer with 25% Methanol, 3 [30]
mL/min;
Extraction M ethod: Ultrasound assisted extraction with Methanol;
M obile phase: 'D: Methanol and Formic Acid 0.1% at 100uL/min;
Roots of ?D: Acetonitrile and Formic Acid 0.1% at 2.5 mL/min;
Pueraria Theoretical Peak Capacity: 3245
lobataand Sample profiling RPLCxRPLC DAD and MSEffective Peak Capacity: 677 [36]
Pueraria Practical Peak Capacity: 1593
thomsonii Orthogonality: 68.5%

Additional infor mation: heart-cutting method was also used for
sample characterization.
Extraction M ethod: Soxhlet with Acetone and Methanol;

Sewage ; 1 o . .
UV (290 nm) Mobile phase: 'D: H,0 and Acetonitrile; 100 pL/mifD: Formic
treitﬁr?fenr:trs)lant 20 compounds RPRGPLC and MS Acid 0.1% and Acetonitrile with 0.1% of Formic Acid at 2 [52]

mL/min;

786
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787 Table2. Cont.
Sample Analytes Column St Detection Observations Reference
Household dust Plasticizers, flame :\EAXtL‘T’IlCtiOf? M etlgc’dl_:l Léltrasaoxnd tasggslted tei(ggaif/n \.NFEh II;/IethgnoI;
. obile phase: "D: H,O and Acetonitrile a pL/mifD: Formic
and |al|1i2?ry dryer reﬁfg?ﬁ;gfﬁﬁgges' RPLCXRPLC MS Acid 0.1% gnd Acetonitrile with 0.1% Formic Acid 2imL/min; _ [38]
Orthogonality: 67 (Household dust) and 73% (Laundry dryer lint)
Extraction M ethod: Ultrasound assisted extraction with Methanol;
M obile phase: 'D: Acetonitrile and Formic Acid 0.1% at 100
pL/min;?D: Solution of Ammonium Hydroxide 10% and Ammonium
Chinese medicine UV (270 nm) Acetate 10mM at 2 mL/min;
formula 280 compounds RPLCXRPLC and MS Theoretical Peak Capacity: 2763 [37]
Effective Peak Capacity: 710.3
Practical Peak Capacity: 1628
Orthogonality: 84.1%
Extraction Method: Ultrasound assisted extraction with Ethanol;
283 compounds M obile phase: 'D: Formic Acid 0.1% and Methanol with 0.1% of
Dengzhan (phenolic acids, RPLCXRPLC UV (280 nm) Formic Acid at 100 pL/mirfD: Formic Acid 0.1% and Acetonitrile [34]
Shengmai (TCM) flavonoids, saponins and and MS with 0.1% Formic Acid at 2 mL/min;
lignan) Effective Peak Capacity: 1123
Correlation Coefficient of the two columns: 0.414
Extraction Method: Solid-liquid extraction with Methanol;
M obile phase: 'D: Acetonitrile and Formic Acid 0.1% at 20 pL/min;
Curcuma ?D: Acetonitrile and Formic Acid 0.1% at 0.7 and 2/min;
(Curcuma 105 compounds RPLCxRPLC DAD and MS Theoretical Peak Capacity: 1825 [35]
kwangsiensis) Effective Peak Capacity: 430
Practical Peak Capacity: 1416
Orthogonality: 93.2%
788
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790 Table3. Cont.

Sample Analytes Column Set Detection Obsrvations Reference
Extraction Method: Ultrasound assisted extraction with Ethanol and
Hzo,
M obile phase: 'D: Acetic Acid 0.1% and Acetonitrile with 0.1%
Liquorice Acetic  Acid at 10 pL/miffD: Acetic Acid 0.1% and Acetonitrile
: 120 compounds were with 0.1% Acetic Acid, flow not specified;
(Glylgylgrr;h)lza detected 37 were identified RPLCXRPLC DAD and MS Additional Information: Multi-segmented shift gradients (MSG) [53]
9 and Full in-fraction modes were compared (FIF).
Theoretical Peak Capacity: 1219 (MSG) and 654 (FIF)
Practical Peak Capacity: 695 (MSG) and 260 (FIF)
Orthogonality: 92 (MSG) and 50% (FIF)
Extraction Method: Solid-liquid extraction with n-Hexane;
Extracts of Ho M obile phase: 'D: 10 mM Ammonium Acetate (pH adjusted to 9.0
cones and P 83 compounds were with Ammonium Hydroxide) and Acetonitrile at 30 phih; °D:
; . 0 g !
pellets  identified using the 2D-L.C ~ RPLCXRPLC ~ DAD and Ms /celic Acid 0.1%6 and Acetonitrile with 0.15 Aceheid at 2.2 [54]
(::u:]lﬂlsl;s method Theoretical Peak Capacity: 2418
P Effective Peak Capacity: 756
Practical Peak Capacity: 1478
791
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798 Table2. Examples of LCxXLC applications for semi-targetedlgsis of environmental and natural products sasmq@RPLC = Reversed-phase

799 liquid chromatography column, NPLC = Normal-phasquid chromatography column, HILIC =Hydrophilic interaction
800 chromatography column, SEC = size-exclusion chrography column, SCX = strong cation-exchange chtography column,
801 MS = Mass Spectrometry, FLD = Fluorescence detgElioSD = Evaporative light scattering detector.

Sample Analytes Column St Detection Obsrvations Reference

Extraction Method: Ultrasound assisted extraction with Methanol;

M obile phase: 'D: 10 mM Ammonium Formate with 0.2% Formic

Acid and Acetonitrile with 0.2% Formic Acid at 10./min; ?D:
White and red Formic Acid 0.2% and Acetonitrile, 0.6 mL/min;

ginsengs Ginsenoids HILICXRPLC MS Additional Information: Other RPLC column was used as trap [55]
column.
Effective Peak Capacity: 4392
Orthogonality: 55%
M obile phase: 'D: H,0O/Acetonitrile (90:10) with 0.1% Formic Acid
and HpéAcetonitriIe (10:90) with 0.1% Formic Acid, 40 60
. . Sulphonamided}-agonists puL/min; “D: H,O/Acetonitrile (90:10) with 0.1% Formic Acid and
Animal Urine and Hormones RPLCXRPLC DAD AndhMS H,O/Acetonitrile (10:90) with 0.1% Formic Acid, 0.8 06.35 [56]
mL/min;
Limits of Detection: 1-10 pg/L
Chestnut tannin
extract, Red . 1 . . .
) M obile phase: “D: Formic Acid 0.1% and Acetonitrile, 9 or 11
Wine, Grape Phenols HILICXRPFS DAD and MS uL/min;eD: Formic Acid 0.1% and Acetonitrile, 2.6 or 3 mLifim [571
seeds and
Rooibos tea
M obile phase: 'D: Acetonitrile with 1% Acetic Acid and
Cocoa Phenolic Compounds HILICXRPLC DAD methanol/HO/Acetic Acid (94.05:4.95:1), 4-40 pL/mifD: Formic [29]

Acid 0.1% and Acetonitrile with 0.1% Formic Acid;5lmL/min;
Practical Peak Capacity: 1417-2430
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803 Table2. Cont.

Sample Analytes Column St

Detection

Observations

Reference

Grapes, Grape
seeds, rooibos Flavonoid and non-

flavonoid phenolic classes HILICxRPLC

tea and wine

DAD and MS

Extraction Method: Solid-liquid extraction with different solvents;
M obile phase: 'D: Acetonitrile with 0.1% Formic Acid and Formic
Acid 0.1%, 11 puL/min’D: Formic Acid 0.1% and Acetonitrile, 2.6
or 3 mL/min;

Practical Peak Capacity: 2000-2600 (depending on sample)
Orthogonality: 50-71% (depending on sample)

[58]

Vitis viniferalL. Bioactive (poly)phenolic
poly)p HILICXxRPLC
compounds

canes

DAD and MS

Extraction Method: Ultrasound assisted extraction with Ethanol and
H,0;

Additional Information: three and two different separation columns
were tested ofD and’D respectively.

M obile phase: 'D: i) Acetonitrile and 10 mM Ammonium Acetate,
15 pL/min; ii) Formic Acid 0.1% and Methanol witloimic Acid

0.1%, 20 p/min; iii) Acetonitrile with 1% Formic Atand
Methanol/10 mM ammonium Acetate/Acetic Acid (95)4:18
pL/min;?D: i) Formic Acid 0.1% and Acetonitrile with 0.5%Fmic
Acid, 3 mL/min; ii) Formic Acid 0.1% and Acetonigi with 0.5%
Formic Acid, 3 mL/min;

Theoretical Peak Capacity: 943, 1188 and 1408;

Effective Peak Capacity: 538, 432 and 842;

Practical Peak Capacity: 768, 961 and 1080

Orthogonality: 70, 45 and 78%

[59]

Apiaceous

Furanocoumarins RPLCxRPLC

Vegetables

DAD

Extraction M ethod: Solid-liquid extraction with KO and
Acetonitrile with 0.1% Acetic Acid followed by QUEERS;

M obile phase: 'D: 5 mF Sodium Phosphate and Methanol, 250
uL/min; ?D: 20 mM Phosphoric Acid and Acetonitrile, 2.5 mlifm

[60]
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806 Table2. Cont.
Sample Analytes Column St Detection Observations Reference
M obile phase: 'D: H,0O/Acetonitrile (80:20) with 0.1% Acetic Acid
ltalian apole Multiole polvohenolic and Acetonitrile with 0.1% Acetic Acid, 100 pL/mfid: Acetic Acid
cultivaprp P c|gssy£s HILICXRPLC DAD and MS  0.1% and Acetonitrile with 0.1% Acetic Acid, 2.2 fntin:; [61]
Theoretical Peak Capacity: 1434, 1529 and 1946
Practical Peak Capacity: 867, 925 and 1180
Extraction Method: Soxhlet extraction using Methanol and
Chloroform;
Rubus idaeus . obile phase: 'D: H,0O/Acetonitrile (50:50) with 0.1%
shoots Phenolic Compounds RPLCXRPLC DAD and M rifluoroacetic acid, 100 pL/miAD: Trifluoroacetic acid 0.1% and [62]
H,O/Acetonitrile (50:50) with 0.1% Trifluoroaceticid¢ 1 mL/min;
Theoretical Peak Capacity: 173
Extraction Method: Solid-liquid extraction with Acetone;
. . M obile phase: 'D: n-Hexane, Butyl acetate and Acetone
Pouteria sapote Carotenoids NPLCxRPLC DAD and MS(80:15:5) and n-Hexane, 10 uL/mfl: 2-propanol and Acetonitrile [31]
with 10% HO, 3 mL/min;
Water-Soluble Organic UV (254 nm) Extraction Method: Extraction from filters with HO;
Urban organic Matter and Alkaline- and FLD Mobile phase: lD:_20 mM of Ammonium Acetate (pH adjusted to
S HILICxSEC (AExc: 240 6.0 with acetic acid) with 10% of Acetonitrile, d® 17 [27]
Soluble nm/AEm: 410 pL/min;?D: 20 mM Ammonium Hydrogen Carbonate with 11% of
Organic Matter nm) Acetonitrile, 2.5 mL/min;
Anthocyanins, Extraction Method: Pressurized Liquid Extraction with,8,
Black roanthocvanidins Formic Acid and Ethanol;
chokeberry P y ' HILICXRPLC DAD and MS M obile phase: 'D: Acetonitrile with 1% Formic Acid and 5% Formic [63]
pomace Aronia  flavonoids and phenolic Acid, 18 pL/min??D: Formic Acid 0.1% and Acetonitrile, 3 mL/min;
melanocarpa acids Practical Peak Capacity: 1287
Orthogonality: 76%
807
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809 Table2. Cont.

Sample Analytes Column St Detection Observations Reference
Extraction Method: Pressurized Liquid Extraction with Ethanol and
H,0;
Sargassum . M obile phase: 'D: Acetonitrile with 2% Acetic acid and
mugticum Phlorotannins HILICXRPLC DAD and MS Methanl(a)lll-l_,O/Acetic Acid (95:3:2), 15 pL/mifD: Formic Acid [64]
0,1% and Acetonitrile, 3 mL/min;
Theoretical Peak Capacity: 1050 and 906
_ _ LIJ:\lilgz(S)jEan) Mobil_e phase_: lD:_20 n_1M of Ammonium Aceta_te_ (pH adju_sted to
Natural organic Suwannee River and Pony HILICXSEC 240 nm/kErﬁ' 6.0 with acetic acid) with 10 or 20% of Acetonii20 pL/min?D: [26]
matter (NOM) Lake Fulvic Acids 450 nm) and 20 mM Ammonium Hydrogen Carbonate with 11% of Acidtide, 2
mL/min;
ELSD
Extraction M ethod: Extraction from filters with HO;
Atmospheric Water-Soluble Organic Mobille phase_: 1D:.20 mM of Ammonium _A(_:etate (pH azdjusted to
ACrosols Matter HILICxSEC DAD 6.0 with acetic acid) with 10% of Aceton!trlle, 2Q/min; D:_ 20 [21]
mM Ammonium Hydrogen Carbonate with 11% of Acetole, 2.5
mL/min;
M obile phase: 'D: Formic Acid 0.1% and Methanol, 0.2 pL/min;
Wastewater 23 target compounds RPLOXRPLC G %D: Formic Acid 0.1% and Acetonitrile, 0.040 mL/min; [24]
M obile phase: 'D: Trifluoroacetic acid 0.4% and Acetonitrile
Anthocyanins and \2Nith 0.4% Trifl_uoroacetic acid, 1 u_L{min;_ _ _
Red Wine HILIC XRPLC UV (500 nm) “D: Formic Acid 7.5% and Acetonitrile with 7.5% FdmAcid, [65]
derived pigments and MS 0.86 mL/min;
Theoretical Peak Capacity: 1386
Practical Peak Capacity: 889
M obile phase: 'D: Formic Acid 0.1% and Methanol, 0.2 pL/min;
Wastewater 65 target compounds RPLCXRPLC MS 2D: Formic Acid 0.1% and Acetonitrile, 0.040 mL/min; [25]

Orthogonality: 61%
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812 Table2. Cont.

Sample

Analytes

Column S

Detection

Observations

Reference

Rooibos
(Aspalathus
linearis)

Phenolic Compounds

HILIC xRPLC

DAD and MS

Extraction Method: Solid-liquid extraction with KHO;

M obile phase: 'D: Acetonitrile with 2% Acetic Acid and
Methanol/HO/Acetic Acid (93.05:4.95:2.00), 25

nL/min; 2D: Acetic Acid 1% and Acetonitrile, 25 pL/min, 1.2
mL/min;

Theoretical Peak Capacity: 830

Practical Peak Capacity: 415

Correlation Coefficient of the two columns: 0.659

[28]

Citrus juices

Flavones

RPLCXRPLC

DAD and MS

M obile phase: 'D: Formic Acid 0,1% and
H,O/Acetonitrile/Isopropanol/Formic Acid;

(39.9:20:40:0.1), 50 pL/mifP: Formic Acid 0,1% and
H,O/Acetonitrile/lsopropanol/Formic Acid (39.9:20:00t), 3
mL/min;

Additional Information: Limits of Detection and Quantification
were calculated for Hesperidin (0.432 and 0.688ry/and
Naringin (0.302 and 0.482 pg/mL)

[66]

Stevia
rebaudiana

Polyphenolic and
stevioside compounds

NPLCxRPLC

DAD

Extraction Method: Vortex assisted extraction with Acetonitrile
and HO;

M obile phase: 'D: Phosphoric Acid 0.004% B: ACN with
0.004% of Phosphoric Acid, 20 uL/mii): Phosphoric Acid
0.004% B: ACN with 0.004% of Phosphoric Acid, 3.4/min;
Theor etical Peak Capacity: 3468

Practical Peak Capacity: 1850

[33]

White Wine
and Orange
juice

Low-molar-mass organic
acids

SCXxRPLC

UV (210 nm)

M obile phase: 'D: Potassium Hydroxide 1-50 mM, 100 pL/min;
2D: 20mM phosphate buffer with 10% of Methanol, thB/min;
Correlation Coefficient of the two columns: 0.0057

[67]
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813 Table2. Cont.

Sample Analytes Column Set Detection Obsrvations Reference
M obile phase: 'D: n-Hexane and Ethyl Alcohol (for Free
Mandarin Carotenoids and Carotenoids) or n-Hexane/Butyl Acetate/AcetoneIB() (for
essential oil Carotenoid Esters NPLCXRPLC DAD and MS Carotenmd Esters), 10 u_L(mﬁD: 2-Propanol and Acetonitrile [32]
with 20% HO, 4.7 mL/min;
Theor etical Peak Capacity: 986 and 651
M obile phase: 'D: n—Hexa%ne/ButyI Acetate/Acetone (80:15:5)
Red Orange Carotenoid and n-Hexane, 10 pL/mifD: 2-Propanol and Acetonitrile with
Essential Oil NPLCxRPLC DAD and MS 20% HO, 5 mL/min; [48]

Theoretical Peak Capacity: 551
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