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Abstract

Two-dimensional liquid chromatography (2D-LC) represents a significant advancement in food analysis, addressing the limitations of one-dimensional liquid
chromatography (1D-LC) in separating complex food matrices. Food analysis plays a critical role in assessing the components, physicochemical properties, sensory
qualities, and contamination risks of food products. Given the rising interest in identifying bioactive compounds in food due to their health benefits, the need for enhanced
analytical techniques has become more pressing. Traditional 1D-LC often struggles to resolve closely related and co-eluting species in complex food samples, necessitating
methods with greater resolving power. 2D-LC offers a valuable alternative by coupling two independent separation processes, thereby significantly increasing separation
efficiency. This approach is particularly effective when paired with mass spectrometry (MS), which enhances detection sensitivity and specificity, allowing for more
accurate structural identification. Moreover, 2D-LC has proven instrumental in environmental analysis, particularly in detecting and characterizing organic micropollutants
(OMPs) at trace levels. As the demand for comprehensive food analysis and environmental monitoring grows, 2D-LC coupled with MS is poised to play an increasingly vital
role in ensuring food safety, quality, and informed consumer choices. Therefore, this review briefly introduces the working principle of 2D-LC concerning its application in
the field of food and environmental analysis in recent years.
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Graphical abstract: Various applications of 2D-LC in food and environmental analysis.
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Introduction

Food analysis confines the study, creation, and use
of analytical techniques to describe the components and
attributes of food and food-related products. These processes
offer vital information on the components found in food as
well as its physicochemical characteristics, sensory qualities,
and potential for contamination [1]. They are essential for
maintaining food quality and safety [2,3]. Furthermore, because
these molecules have bioactive roles in plants and the human
diet, determining the bioactive content of food and food-based
products is receiving a lot of interest [4,5]. The field of food
analysis is concerned with the creation, examination, and use
of analytical techniques to characterize the characteristics of
foods and their ingredients [6]. The capacity to economically
produce food that is consistently safe, nutrient-dense,
and appealing, as well as the ability for consumers to make
educated diet decisions, all depend on our ability to rationally
grasp the components that impact food attributes [7]. Liquid
chromatography (LC) is considered one of the most powerful
tools in terms of analytical separation techniques [8]. Coupling
two separate but independent separation processes offers
2D-liquid chromatography (2D-LC) [9]. This results in a large
increase in separation power since a sample is analyzed by
two distinct separation methods. Gaining a decent resolution
of the components present in complex samples that are not
separable using one-dimensional procedures requires an
increase in separation provided by two-dimensional liquid
chromatography (2D-LC) techniques [10]. When mass
spectrometry (MS) is used in conjunction with chromatographic
separation mechanisms, the various mechanisms’ versatility
and selectivity become more significant. This lowers the
detection limits for quantitative analysis and, because of
the high specificity of MS and sensitivity, yields structural
identification [11,12]. However, traditional one-dimensional
liquid chromatography (1D-LC) frequently fails to resolve a
large number of substances when particularly heterogeneous
and complicated food samples need to be analyzed [13]. One
such problem that 1D-LC needs to address is the analysis of
mixtures including closely related and co-eluting species. These
constraints necessitate the use of methods with more resolving
power, and two-dimensional liquid chromatography (2D-LC)
proves to be a valuable substitute to take into account in this
regard [9]. Also, for analytical scientists, analyzing complex
environmental matrices is extremely difficult since there are
so many different substances, both known and undiscovered,
with a wide range of chemical and physical characteristics. The
development of efficient instruments to decipher the chemical
composition of such environmental samples has been spurred
by the necessity for a comprehensive characterization of this
complexity [14]. These days, one of the most significant LC-MS
application fields is environmental analysis, which is mostly
concerned with the investigation of the presence and fate of
organic micropollutants (OMPs). The majority of OMPs are
polar pollutants that are released into the environment at ppm
levels or less during manufacture, use, and disposal. OMPs
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contain the so-called “emerging contaminants” in addition
to traditional pollutants, which are mostly insecticides [15].
The primary principle of 2D-LC is to increase the separation
power by analyzing a single sample using two orthogonal
separation methods [8,16]. After injecting the sample into the
first column, or first dimension (1D), one or more fractions
of the 1D effluent are moved to the second dimension (2D)
and go through one more separation [17]. This allows for the
resolution of compounds in the 2D separation process that
were not able to be separated in the 1D retention mechanisms
[18, =19]. The high efficiency of separation provided by 2D-LC
merged with highly sensitive and selective MS makes 2D-LC-
MS one of the most powerful strategies for food analysis as well
as environmental analysis [1,10,20]. The methodology used to
analyze the entire sample is referred to as “comprehensive”
(LC-LC), and it has been known as a novel analytical approach
for food and environmental analysis due to its wide variety
of applications, as evidenced by the current literature [18,
21, 22]. A vast range of analyzers with various features and
capacities has been made possible by recent advancements in
MS instrumentation [23,24]. Tandem spectrometry (MS/MS)
[25,26] or high-resolution MS (HRMS) [27, 28] are employed
in most applications to acquire the most effective identification
since they can provide precise masses and dependable structure
elucidation by fragmentation. Additionally, separations can be
comprehensive (LC-LC) if the entire sample is analyzed via
the two dimensions or heart-cutting (LC-LC) if just certain
fractions from the 1D are moved to the 2D [29]. The latter
scenario should not result in the loss of the separation achieved
in the 1D [30,31]. This criterion suggests that a comparatively
high sample frequency from 1D effluent should be applied.
As a result, compared to traditional 1D-LC, the use of two
dimensions greatly improves and boosts the separation power
property that may be very helpful in studies about food analysis.
Figure 1 depicts the overall structure of 2D-LC. Additionally,
this technology may be coupled with mass spectrometry, as
with other liquid chromatography-based technologies, to
further enhance separation and identification capabilities.
Readers who are interested in the practical elements of 2D-
LC are directed to several well-published and outstanding
evaluations [6,18,19,32]. The goal of this review article is to
familiarize food analytical chemists with the general elements
of the LC x LC technique. This is followed by a part that
focuses on the practical application of the LC x LC technique,
which includes the design of the newest interfaces and will be
especially interesting to advanced readers.

2D Liquid chromatography layout

Different varieties of 2D-LC can be distinguished based on
multiple criteria: (i) it is feasible to distinguish between online
mode, offline mode, and a stop-and-go intermediate system
based on how the wastewater from the 1D is transported to
the 2D. (ii) 2D-LC can be split into heart-cutting (LC-LC)
and comprehensive (LC x LC) chromatography depending on
how many fractions from the 1D effluent are moved to the 2D
column. This section presents an explanation of the various
methods, along with the potential connection between the two
dimensions.
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Figure 1: Overall layout of 2D-LC.
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Fractions from the 1D drainage are manually collected and
fed into the 2D in offline separations. The benefits of this 2D
approach include the potential for slower separations in the
2D, easy instrumentation, and sample modification between
analyses in both dimensions [33]. Nevertheless, significant
disadvantages of this approach include the lengthy analysis
time, the challenge of automating the procedure, and the
potential for contamination and losses during fraction
collection. Online applications use a modulator, usually a
valve, to link two dimensions so that fractions eluted from the
1D are automatically collected and sent to the 2D in real time
[34]. Numerous ways have been devised to counteract these
disadvantages, making online 2D-LC one of the most adaptable
methods. Stop-and-go 2D-LC is a methodology that falls in
between the offline and online approaches [35,36]. In this
system, the 1D flow rate is not restarted until the 2D analysis is
completed, and vice versa—the flow in the 2D column is halted
when the 1D is operating. The collected fraction is moved from
the 1D column to the 2D column during this time. This method
has the benefit of allowing for the use of both slow separations
in the 2D and large flows in the 1D [5,37] (Figure 2).

Comprehensive heart-cutting 2D-LC

It is possible to resolve target molecules that co-elute in
the 1D by collecting and reintroducing a single fraction into
the 2D for analysis in the LC-LC mode. By using longer 2D
columns and 2D gradients with longer run times than 1D
sample times, increased separation efficiency may be achieved
since 2D analysis time is independent of 1D run time. Because
the remaining peaks from the 1D effluent cannot be examined
while the gradient is still flowing in the 2D, this technique’s
primary drawback is the loss of information for those peaks
that are not analyzed [38]. Hybrid implementations have been
created to solve the shortcomings of the previously mentioned
methods. One of these is known as multiple heart-cutting
two-dimensional liquid chromatography, or MHC for short.
It is a great substitute for LC-LC because it can collect and

store different fractions of the one-dimensional effluent
at the same time as another is being analyzed in the two-
dimensional format. The various 1D heart-cutting fractions
are kept in several loops linked by extra valves. In this sense,
mLC-LC necessitates a sophisticated valve system, with one
valve serving as the connection between the 1D and the 2D, and
two other valves holding the loops [39]. A unique algorithm
based on many criteria drives the mLC-LC procedure used for
sample loop filling and the analysis of the stored fractions that
follow. The system’s algorithm’s quick commencement of the
2D analysis is an important detail. This implies that any 1D
fraction kept in the loops will be immediately moved to the
2D for analysis whenever the 2D is free [40]. A recent study
was done, which includes the simultaneous determination of
favipiravir and its metabolites with the help of heart-cutting
2D-LC. Herein, they applied this approach to human serum,
plasma, and peripheral blood mononuclear cells. Their findings
highlighted the reliability of heart-cutting 2D-LC as an
efficient approach for therapeutic drug monitoring [41].

Modulation technologies

For any 2D-LC technique, the modulator will function as
an injector in the 2D, hence choosing the interface used to
link 1D and 2D needs to be carefully studied. To prevent losing
the separation obtained owing to a potential remixing of the
collected fraction, it must be able to effectively collect and
transport the 1D effluent. Out of all the available alternatives,
electronically controlled switching valves that can automatically
collect and transfer fractions between 1D and 2D make up the
most commonly used interfaces. These usually involve two-
position switching valves with 6, 8, 10, or 12 ports [4,42]. Given
the variety of 2D-LC combinations, it is important to carefully
consider the selection of the appropriate modulation technique.
Many alternative modulation techniques have been devised
to date to build a 2D-LC system based on various analytical
scenarios. Electric switching valves are the most often used
option among the described modulators because they are ideal
for realizing automated cutting, collecting, and transferring
in 2D-LC. Depending upon the mechanism employed for the

Citation: Chopra A. Advancements in Two-Dimensional Liquid Chromatography for Enhanced Food and Environmental Analysis. Open J Anal Bioanal Chem.

2026;10(1):001-014. Available from: https://dx.doi.org/10.17352/0jabc.000034



E’ PeertechzPublications Inc. https://www.chemisgroup.us/journals/open-journal-of-analytical-and-bioanalytical-chemistry 8

Restriction capillary
for 10:1 How splitting

Heating Jacket

—

Ist
Binary . Auto- ,| Eluent M Dimension
Pump 1 Injector Preheater Column

Livm X 50 micton

i.d. capillary \

Binary SR

Pump 2A

Binary

Pump 2B
Heating Jacke!
sl 4 Eluent

Detector | ————— 2nd e

Loop#2

Dimension
Column

Figure 2: Diagrammatic representation of comprehensive 2D-LC.

modulator, the modulation techniques can be further divided
into two categories: i) simple valve-based modulation and
ii) valve-linked modulation in combination with assistant
technology.

Simple valve-based modulation

In simple valve-based modulation, sample loops frequently
directly inject 1D fraction into the 2D column. As a result,
the construction of the modulator is quite straightforward.
A two-position electronic valve system is used to transition
the wastewater from a one-dimensional column to a two-
dimensional column once it has been collected by the sample
loop. Lynen et al used a temperature gradient for the 1D analysis
in the RPLC x RPLC system, where they used pure water as the
mobile phase [43].

The combination of IEX and RPLC can also employ simple
modulation; however, in these scenarios, the transfer volume
is severely constrained to prevent salt precipitation during
the 2D separation [44-46]. The mismatch in the mobile
phases makes it difficult to accomplish the focusing effect
of the transferred analytes on the head of the 2D column in
the event of incompatible couplings. However, by lowering
the transferring fraction volume, the impact of the mobile
phase incompatibility might be mitigated. Additionally, basic
modulation could be used in 2D-LC systems with immiscible
mobile phases, such as NPLC/RPLC [47,48]. By joining one or
more valves, sample loops, steel tubes, and other components,
the basic modulation is accomplished. The performance
of the separation setup requires a quick separation in 2D;
however, this challenge might be somewhat overcome with the
application of a stop-flow modulation by stopping the 1D flow
for the whole separation of the transferred fraction on the 2D
column [5, 49, 50].

Valve modulation with assistant technology

Since simple modulators have a limited effective
transferring volume and a large 2D flow, they significantly
impair the sensitivity of detection in the 2D in the majority
of non-compatible couplings. Moreover, the mismatch
incompatibility that causes detrimental consequences in the
2D separation is sometimes unavoidable, even with minimal
modulation. Nevertheless, if the 1D wastewater is pre-
treated before collection or transfer to the 2D, the problem
of a straightforward modulation may be mitigated [51]. The
fraction’s pre-treatment can increase the two dimensions’
compatibility, which will help the analytes concentrate more
effectively on the 2D column’s head. To date, various pre-
treatment methods, including desalting [52], dilution [53,54],
evaporation by vacuum [55], dilution, and splitting [53,56]
have been utilized in 2D-LC systems.

Single valve modulation with assistant technology

The single-based valve modulation’s pre-treatment
procedure is comparatively easy. Most of the time, adding a
third pump to provide a make-up flow allows the same setup
that was used for the straightforward valve-based modulation
to be employed. In cases when the mobile phases (RPLC/
RPLC and HILIC/RPLC) are only partially compatible (RPLC/
RPLC and HILIC/RPLC), this modulation technique can be
used in conjunction with two separation modes. A make-up
flow, whose composition is identical to the beginning gradient
conditions of the 2D analysis, is added to the 1D effluent to
create a dilution of it. Because of this, the transferred fraction
is dissolved in an appropriate eluent before being injected into
the two-dimensional column [57].
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Tian et al developed an orthogonal 2D-LC system by
using a vacuum-evaporation loop-type valve interface. First,
a bonded CN phase column was utilized in normal-phase
liquid chromatography (NPLC), and second, a C18 column was
utilized in reversed-phase liquid chromatography (RPLC).
The analytes remained on the inner wall of the interface loop
after all of the solvents in it evaporated at 90 °C in a vacuum.
The second dimension’s mobile phase allowed for the online
solvent exchange of a chosen fraction from the first dimension
to the second dimension by dissolving the analytes in the loop
and injecting them into the secondary column [58].

Multi-valve modulation with assistant technology

Sometimes, more complicated setups are required for
incompatible solvent changes and effluent removal in the
combination of NPLC/RPLC or IEX/RPLC when there is poor
compatibility between mobile phases in two dimensions [59].
Li et al used multi-valve modulation technology when they
combined NPLC x RPLC for the analysis of toad skin with a
newly developed thermal evaporation-assisted adsorption
(TEAA) interface. The solvent incompatibility issue between
NPLC and RPLC was effectively resolved by this innovative
TEAA interface, which heated the solvent above the solvent
boiling point and allowed for the quick removal of organic
NPLC solvent [60]. Various types of multi-valve modulation
systems are represented in Figure 3.

While the fundamental principles and configurations
of two-dimensional liquid chromatography provide the
theoretical foundation for enhanced chromatographic
separation, the true value of this technique becomes evident
in its practical applications. The ability of 2D-LC systems to
combine orthogonal separation mechanisms significantly
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increases peak capacity and analytical resolution, making
them particularly suitable for analyzing complex matrices. In
recent years, these capabilities have enabled the successful
application of 2D-LC techniques in diverse fields, particularly
food safety assessment and environmental monitoring. The
following sections discuss representative applications of 2D-
LC in these areas, highlighting how different chromatographic
configurations have been employed to address specific
analytical challenges.

2D-LC in Food Analysis
Pyridoxal 5’-phosphate, 4-pyridoxine acid, and pyridoxal

Yang et al used a novel 2D-LC/UV method for quantitative
detection of Pyridoxal 5’- phosphate, 4-Pyridoxine acid,
and Pyridoxal inside the animal plasma. They stated that
variations in the content and level of Vit B6 can alter the
complete physiological condition of the body. They used a two-
dimensional liquid chromatography-UV detector (2D-LC-UV)
to establish a method for the simultaneous detection of PLP,
PA, and PL for the first time. Before derivatization, PLP, PA,
and PL were extracted using plasma using the following ratio:
0.6 M TCA: ultrapure water = 1:2:3 (v/v/v). PLP, PA, and PL
had respective detection limits of 0.1, 0.2, and 4 nmol/L. The
system has a nice peak shape, large loading capacity, and great
resolution, according to the results [61]. The method by which
PLP, PA, and PL can be detected is listed in Figure 4.

Comparative evaluation of 2D-LC methods in food ana-
lysis

Two-dimensional  liquid chromatography (2D-LC)
techniques have been used in various food types, including
beverages, grains, bio-oils, and dairy products. Many studies

™D
pump

Figure 3: 2D-LC modulation systems with multi-valve modulation. A) Two 2-position 6-port valves; B) Multi-heart-cutting valve (MHC); C) Two 2-position 10-port valves with
two 2D columns and two 2D pumps in parallel; D) Two 2-position 6-port valves with a switching route, two 2D columns, and two 2D pumps in parallel.
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Figure 4: Pretreatment and 2D-LC-UV method for the determination of PLP, PA, and PL.

show that the effectiveness of 2D-LC in food analysis can differ
based on the nature of the analytes and the complexity of the
matrix [1,6,10,20]. A comparison of the methods found in the
literature reveals several important trends.

For example, 2D-LC systems combined with high-
resolution mass spectrometry (2D-LC-HRMS) usually
offer better sensitivity and selectivity for detecting trace
contaminants. This is especially true for mycotoxins and
pesticide residues in food samples [20,64,66]. Research using
LCxLC-HRMS has shown detection limits in the microgram per
kilogram range, which is adequate for regulatory monitoring
of contaminants in food products [64,67]. In contrast, 2D-LC
methods combined with ultraviolet detection (2D-LC-UV) work
better for identifying more common analytes like vitamins and
metabolic compounds, where very low detection limits are not
necessary [28,61]

Likewise, = comprehensive  two-dimensional liquid
chromatography (LCxLC) provides a greater peak capacity and
better separation efficiency compared to heart-cutting 2D-LC
methods [18,19,39]. LCxLC is particularly useful for analyzing
complex mixtures, like phenolic compounds in beverages
or peptide profiles in protein hydrolysates. However, heart-
cutting methods are often preferred for focused analysis
of specific analytes because they allow for longer second-
dimension separations and improved sensitivity for selected
fractions [9,38].

Overall, the choice of 2D-LC setup depends on the analytical
goal. Comprehensive LCxLC methods are more suitable for
untargeted screening and profiling of complex mixtures, while
heart-cutting techniques are better for targeted measurement
of specific compounds [9,18,19]. These findings emphasize the

need to choose the right 2D-LC configuration based on the
analytical needs of the food matrix being studied [1,10].

Asparagine and aspartic acid

Goyon et al utilized an automated and robust multi-
dimensional liquid chromatography and mass spectrometry
for the changing characterization of various therapeutic
antibodies. Specifically, the characterization of charge
variations separated by Cation Exchange Chromatography
(CEX) is a laborious procedure that is often carried out by
peptide mapping after an offline manual fraction collection.
A general online multi-dimensional LC/MS methodology was
created for the characterization of several monoclonal antibody
(mAb) isotypes and a bi-specific antibody (BsAb) to increase the
effectiveness of this laborious method. Fractions collected from
1D CEX analysis were consecutively reduced on a 2D reversed-
phase liquid chromatography (RPLC) column (polyphenyl).
Comparisons were made between 3D trypsin cartridges and 2D
RPLC columns from various vendors, as well as the results of
reducing agents. Additionally, the effects of 2D and 4D RPLC
column temperatures as well as 2D RPLC column mass load
were methodically investigated. The multi-dimensional LC/
MS system shown in this work is a reliable instrument for the
online digestion of proteins and exhibits great reproducibility
under ideal circumstances. This online methodology appears to
have fewer errors than the manual offline procedure, as seen
by the lower levels of deamidation and isomerization observed
at certain aspartic acid and asparagine residues using the
online approach. With the use of the multi-dimensional LC/MS
method shown here, therapeutic antibodies may be quickly and
automatically characterized online without the requirement for
sample pre-treatment or offline fraction collection [62].
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Bio-oils obtained from different biomasses

Lazzari et al performed a quantitative analysis of hydrophilic
phases of bio-oils derived from heating of various biomasses
by using 2D-LC. Herein, they stated that under the circular
economy concept, agrifood by-products are ideal c OJABC-26-
RW-148-Q2andidates for further processing to increase their
value. Even though food waste is produced in large quantities
all around the world, it may nevertheless contain useful
compounds. The use of quantitative online comprehensive 2D-
LC (LC x LC) was done to characterize several aqueous phases
of various bio-oils. The biomass of peanut shells, rice husks,
peach cores, wasted coffee grounds, and eucalyptus sawdust
was examined. With LODs and LOQs as low as 0.05 g mL™
and 0.16 g mL™, respectively, the developed quantitative LC
x LC technique demonstrated extremely excellent linearity,
accuracy, repeatability, and recovery [63].

Mycotoxins in Pu-erh tea

Bogdanova et al used 2D-LC-HRMS (High-Resolution
Mass Spectrometry) for the simultaneous detection of 70
emerging mycotoxins in Pu-erh tea. They showed that using
two-dimensional liquid chromatography combined with high-
resolution mass spectrometry, 70 controlled and emergent
mycotoxins in Pu-erh tea may be monitored simultaneously,
as seen in Figure 5. An occurrence study revealed actual
contamination with 19 out of the 70 mycotoxins analyzed; the
detected concentrations ranged from 0.5 (for ENN B1) to 8946
ng/kg. The developed method was successfully validated by the
performance criteria set in EU guidelines and applied to the
analysis of 20 commercially available Pu-erh tea samples [64].
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Hydrolysates in casein

Hohme et al developed a method for the characterization
of bitter peptides present in casein hydrolysates with the
help of 2D-LC. Casein hydrolysates are essential dietary
supplements for both sports nutrition and the elderly. However,
the use of so-called bitter peptides is restricted because of
their enzymatic synthesis. Therefore, they described a unique
approach for evaluating the bitterness of hydrolysate samples
based on their elution pattern by combining two separation
techniques utilizing comprehensive two-dimensional liquid
chromatography. A thorough assessment of the sample’s
peptide size and relative hydrophobicity was possible by using
a size exclusion column in the first dimension and a reversed-
phase column in the second. The sensory evaluation and the
outcomes for various casein hydrolysates were connected. It
was discovered that hydrolysates that exhibit a greater degree
of bitterness also include a greater quantity of peptides with a
molecular weight of less than 6.5 kDa and strong hydrophobicity
[65].

Vitamin A, D, and E

Zhang et al studied and implemented a method for fast
and rapid determination of Vitamin A, D, and E homologues in
food samples by a solid phase extraction technique combined
with 2D-LC. Through saponification, the target analytes in
this approach were freed from their lipoprotein-coated form.
The saponified solution was then immediately injected for
enrichment, purification, separation, and quantification into
the system that was built by combining online SPE with heart-
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Figure 5: Diagrammatic representation of the determination of mycotoxins in Pu-erh tea.
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cutting 2D-LC. The online SPE technique was enhanced using
online dilution to reduce the impact of the solvent on the
first-column separation. The first column in the study of the
four E homologues and vita A was PFP. PAH was utilized as
the second column in the analysis of vitamin D. The analytes’
strong linearity (R>>0.9999) and good reproducibility (RSD <
2%, n = 5) were demonstrated by the findings. As determined
by S/N = 10:1, the limits of quantification for vit A, D2, D3, and
a-, B-, y-, and 5-vitamin E were 0.030, 0.013, 0.014, 0.51, 0.33,
0.31, and 0.33 ng, in that order. The range of spiked recoveries
was 93.29% to 103.66% [28].

Pesticides in corn-based products

Arena et al used a technique known as solid-liquid extraction
followed by 2D-LC/MS for the detection of pesticide residues
in five different corn-based products. Thus, their research
offered a unique analytical technique for the simultaneous
detection of one hundred and thirteen multiclass pesticides
in maize products using comprehensive 2D-LC/MS. The limit
of quantification was between 0.3 and 91.6 pg/L, whereas the
limit of detection varied between 0.2 and 30.2 pg/L, all lying
within the required limits. Precision, as determined by relative
standard deviation, was less than 15.1%, whereas accuracy
varied from 60% to 120%. Pesticides in five sample maize
products (tortilla, corn flakes, corn cake, starch, and polenta)
were analyzed to show the effectiveness of the procedure. At
last, sixteen products were detected, and all of them were
within the residual limits [66].

112 pesticides in corn-based products

Pozo et al developed and validated a comprehensive 2D-LC/
MS for the detection of pesticides in corn-related products. For
the first time, a multi-class study of 112 pesticides in corn-
based products using tandem mass spectrometry and extensive
2D-LC was offered. The intra-day and inter-day precision
were less than 12.9% and 15.1%, respectively, and the limits of
quantification values were lower than those set by European
legislation. More than 70% of the analytes had recoveries

Table 1: Briefs about applications of 2D-LC in terms of food analysis.
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with standard deviation values less than 20% and recoveries
in the range of 70% to 120%. Furthermore, the values of the
matrix impact ranged from 13% to 161%. Three pesticides
were found in trace amounts in both of the samples when the
same procedure was used to analyze actual samples [67].

Wine phenolics

Wicht et al utilized 2D-LC x RPLC for the analysis of
wine phenolics. Here, they stated that often highly complex,
phenolic extracts from natural products contain compounds
spanning a wide range of molecular properties, making
phenolic compounds an intriguing class of natural products
due to their potential contribution to the health benefits of
foods and beverages, as well as their use as a bio-source of
organic (aromatic) building blocks. Phenolics have been the
subject of several 1D-LC and mass spectrometric techniques;
nonetheless, their complexity invariably makes identification
and purification difficult. Through online comprehensive
2D-LC linked to a photodiode array and mass spectrometric
detector, new insights into the composition of phenolic extracts
may be acquired [68]. More applications of 2D-LC related to
food analysis are mentioned in Table 1.

2D-LC in Environmental Analysis
Elucidation of degradation caused by carbamazepine

Bandini et al developed a temperature-responsive
comprehensive 2D-LC coupled with HRMS for the
representation of oxidatively degraded products that
were formed from the oxidation of organic pollutants like
carbamazepine (CBZ). To better understand the degradation
cascade and enable real -time monitoring of the appearance and
disappearance of various degradation products, the TRLCxRPLC
combination effectively separates and identifies CBZ and its
degradation products while offering improved selectivity
over the individual TRLC or RPLC separations. Their research
focused on the oxidative degradation of CBZ, a compound that
is of environmental concern due to its persistence in water
bodies. This article demonstrates the compatibility with high-

Biomass of wheat straw RPLCxRPLC-HRMS

Separation space between each chromatographic dimension= 75% [69]

Linearity- 0.5 to 20 ng/mL

LOD- 21.2 pg/mL

2. Beer, wine, corn, coffee 2D-HPLC LOQ- 64.3 pg/mL [70]
RSD-0.21% t0 1.31%
Number of peptides identified:

Protein in corn, soybean, and casein * Corn- 8330
3 protein 2D-LCxMS * Soybean- 8925 (3]
* Casein protein- 7215
. s R?>0.9984

4 Triazole funglm?:jitlz vegetables and LOXLC LOD- 0.03113-0.3525 [25]

Recovery-71.57-107.8%
Polyphenolic composition in guabiroba Linearity- 0.9990- 0.9994
fruit LCxLC Accuracy- 81.89- 108.98% [71]
Intra and interday precision- 0.40- 10.57%
R?=0.9994
6. Vitamin D2 in mushrooms 2D-LCxMS Mean vitamin D2 concentrations-0.122 + 0.007, 0.074 + 0.005, 0.099 + 0.007, and [72]

0.073 +0.005 ug/g DM.
008
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resolution mass spectrometry, which allows the identification
of 21 products related to CBZ, nine of which were not previously
reported in studies on CBZ degradation [73].

Degradation of pharmaceuticals in water

Souza et al validated a 2D-LCxHRMS method to detect
photoelectrochemical degradation of various pharmaceuticals
and their degradation products in water samples. Given this,
advanced oxidation processes (AOPs) have become a viable
option for treating quaternary wastewater because they
effectively break down resistant components by producing
very reactive free radicals. However, chemical characterization
of potentially toxic leftovers is necessary to prevent dangerous
materials from contaminating natural water bodies. Several
medications were tested in ultrapure water and wastewater
simulation, and after 180 minutes of treatment, good removal
efficiencies (total >95%) were attained. After a total analysis
time of 50 min, the LCxHRMS allowed the detection of a
total of 12 venlafaxines, 7 trimethoprim, and 10 ciprofloxacin
analogues [74].

Organic atmospheric tracers in ice cores

Beschnitt et al used a comprehensive heart-cutting 2D-LC
approach for analyzing different organic atmospheric traces
inside ice ores. The results of a non-target screening were
restricted to signals of chemicals within a certain polarity range
based on the stationary phases of the columns that were used
when mass spectrometry and chromatography were coupled. A
second column with distinct functionality was incorporated in
comprehensive two-dimensional liquid chromatography (LC x
LC) to allow for the examination of a wider variety of analytes.
When the method was used for snow samples gathered at the
high-alpine research station Jungfraujoch, it produced a total
of 270 signals. Method validation demonstrated sufficient
repeatability and detection limits for two chosen void volume
indicators. 175 signals were only found in the two-dimensional
technique, of which 23 were found in the second dimension,
as compared to the one-dimensional HILIC methodology. The
findings demonstrated that one-dimensional chromatography
was insufficient to cover the whole spectrum of substances,
and the two-dimensional technique that was devised will
shorten the analysis time while improving the information
content from non-target screening [75].

Extraction of
Phosphorus
from soil

Phosphorus Soil

Figure 6: LC-MS method for the determination of phosphorus from soil.
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Antidepressants in wastewater

Zhong et al developed a method for the simultaneous
identification of various antidepressants and also their
enantiomers inside wastewater by using heart-cutting 2D-LC
coupled with solid-phase extraction (SPE). Target analytes were
able to convert across 2D-LCs well, with a transfer rate ranging
from 90.57% to 98.58%. Three antidepressants in wastewater
were significantly preconcentrated under ideal circumstances
using freeze-drying and SPE, which enhanced the efficiency
of the procedure. Bupropion, fluoxetine, and their racemates
and enantiomers all showed good linearity in the 0.10-30.00
ng/mL (R220.9986) range, and their LODs and LOQs were
0.0183-0.0549 ng/mL and 0.0661-0.1831 ng/mL, respectively.
Therefore, the suggested method offers an effective way
to track chiral pharmaceuticals and their enantiomers in
wastewater, making it easier to analyze the pollution caused by
chiral drugs in the environment and conduct a regional survey
on drug misuse [76].

Phosphorus compounds in soil

Gachumi et al, with the help of 2D-LC-MS/MS, detected
and analyzed phosphorus (P,) compounds in soil, as seen in
Figure 6. As a result, a technique known as 2D-IC-MS/MS was
developed to determine the Po concentrations in soil. Before
the second dimension’s chromatographic separation and
detection, the first dimension preconcentrated P compounds in
a trap column and diverted early eluting anions to trash. The
P substances under study, which were primarily nucleotides,
had a linear range of 0.05 to 50 ng/mL. In calcareous subsoil
samples, the majority of P compounds were found and measured
in concentration ranges of 0.70 — 51.78 ng/g. The developed
method produced chromatographic separation, which made
it possible to identify isobars/isomers and isotopologues that
unambiguously interfere with MS detection [77].

Dichloronitrophenol in industrial wastewater

Purschke et al, in the current investigation, identified
various unknown compounds in industrial wastewater by
using 2D chromatography and non-target screening. The
identification of compounds of interest is highly time-intensive
and sometimes ineffective due to the great diversity of the
matrix. To get around this restriction, a prioritization technique
was created to determine which chemicals in industrial
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wastewater should be prioritized as “known unknowns,” or
substances that are regularly found but not characterized. The
technique uses high-resolution mass spectrometry (HRMS)
for the second dimension and ultraviolet (UV) detection for
the first dimension in an offline two-dimensional 2D-LC
approach. An identifying procedure for one “known unknown”
is provided as a proof of concept. By using the UV spectrum,
mass fragmentation, retention time in two dimensions, precise
mass, and 1H-NMR, the chemical was determined to be a
dichlorodinitrophenol isomer [78].

Aromatic hydrocarbons in water samples

Armutcu et al, with the use of reversed-phase liquid
chromatography (RPLC) and monolithic columns, invented an
online heart-cutting two-dimensional liquid chromatography
(2D-LC) technique. An affinity-based monolithic column (20
cm x 4.6 mm [.D.) was used to complete the first dimension
of 2D-HPLC, and a Pinnacle II PAH column (50 mm x 4.6 mm
I.D.) was used for the second dimension. When every factor is
taken into account, the data show that the 2D-HPLC system,
which was developed by combining the P(HEMA-MAPA) and
Pinnacle II PAH columns, is trustworthy, stable, and highly
capable of extracting polycyclic aromatic hydrocarbons from
water samples [79]. Various other applications of 2D-LC in
environmental analysis are mentioned in Table 2.

Comparative perspective on environmental applications
of 2D-LC

Recent uses of two-dimensional liquid chromatography
in environmental analysis show its clear benefits in detecting
low-level pollutants and complex environmental contaminants
[14,15].. Environmental samples like wastewater, soil
extracts, and atmospheric deposits contain a variety of
organic compounds with different chemical properties. This
variety makes detailed analysis difficult with traditional one-
dimensional chromatography [14].

Table 2: Applications of 2D-LC concerning environmental analysis.

o] sampe L Teamie | obsrons

Retention times of:
* Terbutryn-
18t dimension- 30.02 min
2" dimension- 39.16 s
* Prometryn-
18t dimension- 28.02 min
2" dimension- 41.41 s

Sewage treatment 2D-LCxTOF-

80
plant effluents MS [80]

Pharmaceuticals
2. and biomarkersin 2D-LCxMS

Xylometazoline- 1.1 ng L
Metformin- 148 g L™ [81]

wastewater Caffeine- 156 pg L”
* 1D peak capacity- 528
3 Cgmplex 2D-LC * 2D peak capacity- 24.4 82]
industrial samples * In1D- 120 and 330 peaks
* In2D- 350 and 940 peaks
Impurities in * 2% gradient
4. therapeutic 2D-LC-IPRP *  Retention prediction errors-  [83]
oligonucleotides 3% and 11%
Analysis of
5. pharmaceutical 2D-LC *  Recovery-97% [84]
impurities * RSD less than 3%
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Combining 2D-LC with high-resolution mass spectrometry
has been especially effective for identifying pharmaceuticals,
micropollutants, and breakdown products in environmental
samples [80,81]. For instance, research on pharmaceutical
contaminants in wastewater indicates that LCxLC-HRMS
greatly enhances detection compared to conventional LC-MS
methods [80,81]. This improvement allows for identifying
multiple transformation products that occur during water
treatment [73,74].

Additionally, heart-cutting 2D-LC techniques have
effectively analyzed chiral pharmaceuticals and their
metabolites in wastewater samples [76]. These focused
methods allow for the selective extraction of analytes from
complex mixtures before further chromatographic separation
[38,76]. This process improves sensitivity and decreases
interference from the matrix.

Another important application is the identification of
unknown compounds in industrial wastewater using offline
2D-LC paired with non-target screening methods [78]. This
strategy allows for prioritizing and identifying the structure of
previously unknown environmental contaminants.

In summary, the studies reviewed show that 2D-LC
provides key advantages for environmental analysis, especially
when identifying complex mixtures or low-level contaminants
[14,15,81]. The increased peak capacity, better orthogonality,
and greater compatibility with modern detection systems
make 2D-LC a vital tool for current environmental monitoring
[18,82].

Conclusion

Two-dimensional liquid chromatography (2D-LC) has
revolutionized the field of food analysis by addressing the
limitations of one-dimensional liquid chromatography (1D-
LC), particularly in the separation and identification of complex
food matrices. This advanced technique significantly enhances
the resolution of closely related and co-eluting species, which
are often challenging to separate using traditional methods.
Coupling 2D-LC with mass spectrometry (MS) further amplifies
its analytical capabilities, offering increased sensitivity,
specificity, and lower detection limits, which are crucial for
the accurate structural identification of food components. The
application of 2D-LC-MS extends beyond food analysis into
environmental monitoring, where it plays a critical role in
detecting and characterizing organic micropollutants (OMPs)
at trace levels, impurities in therapeutic oligonucleotides,
and various pharmaceuticals in wastewater. This ability to
comprehensively analyze complex environmental and food
samples ensures that food safety, quality, and regulatory
standards are met, ultimately protecting public health. As the
demand for high-resolution analytical techniques continues to
grow, 2D-LC, particularly when integrated with MS, is expected
to become an indispensable tool in both food and environmental
sciences. Future advancements in 2D-LC technology will likely
further enhance its applicability, making it a cornerstone of
analytical practices in these fields.
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