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Abstract
The purpose of this overview is to illustrate the history of 2D liquid chromatography, as well as the concepts that 

underpin it and the ongoing questions it faces. In the qualification and quantification of closely eluting analytes, two-
dimensional liquid chromatography is an analytical tool. Many approaches, such as heart cutting technology, have 
transformed analyte selection in complicated biological mixtures. Multiple heart-cutting, which uses multiple sampling 
loops, provides multiple peak samples from the first-dimensional analysis without jeopardizing the temporary overlap 
of second-dimensional analysis.
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Introduction
For the separation of analytes, a traditional separation involves a 

uni-dimensional column with isocratic or gradient elution mode. The 
first dimension (1D) column and the second dimension (2D) column in 
two-dimensional liquid chromatography have distinct selectivity from 
one other. These methods have shown to be beneficial to individual 
one-dimensional approaches in terms of resolving power, allowing for 
the thorough isolation of complex biological mixtures with exceptional 
resolution and reproducibility [1-3]. Different dimensions are possible, 
in addition to two-dimensional liquid chromatography, where LC is 
the first dimension and other techniques. 

Various second separation dimensions:

•	 Supercritical fluid chromatography (LC-SFC)

•	 Capillary electrophoresis (LC-CE)

•	 Gas chromatography (LC-GC)

Multidimensional gas and liquid chromatography techniques have 
enhanced resolution and efficiency while also providing enough data 
and reproducibility to suit contemporary pharmaceutical industry 
needs.

The main benefit of the 2D gradient is that it allows the 2D column to 
focus on the sample contained in the 1D effluent. In basic components 
of liquid chromatography in gradient elution, it’s crucial to remember 
that the number of components between the solvent mixing point and 
the column inlet is limited [4, 5]. During the piston stroke in HPLC 
pumps, commotions in the flow of the different solvents are noted, 
especially with reciprocating pump designs. It is because the change 
in the solvent system at the column inlet is delayed is not so unfair by 
itself because of which a delay can be expected.

History

In 1941, Archer J. P. Martin and Richard L. M. Synge quoted 
that, “for a liquid-liquid partition chromatography, the capability of a 
column to isolate compounds was reliant on the liquid-mobile-phase 
flow rate and the square of the diameter of the particles packed inside 
the column” [6]. Concerning theoretical plates, it is used to describe a 
column that can resolve mixtures. The resolution increases when the 
theoretical plate is lowered. This was the first time the concept of liquid 
chromatography was introduced, and it took more than 30 years for a 

theory to become a reality.

Csaba Horvath, a Hungarian-American chemical engineer who 
invented the first HPLC in 1973, has made significant contributions 
to understanding and explaining separation science processes [7]. On 
ion-exchangers and reversed-phase materials, he explained both ionic 
and hydrophobic interactions. This created a theoretical foundation for 
learning these procedures.

Later in 1978, F. Erni and R.W. Frei used the notion of two-
dimensional column liquid chromatography in their work on 
the separation of senna glycosides extract by gel permeation 
chromatography (GPC) [8]. During their investigation, the researchers 
looked into different gradient or column-switching strategies, which 
did not always result in the expected features. The possibilities of a 
two-dimensional gadget like this have been investigated. It starts with 
a Gel Permeation material-filled column that is then connected to an 
injection loop device that is joined to a reversed-phase material-filled 
column. Individual fractions can be separated online from the primary 
column and then injected into the secondary system. The proportion 
of fractions in the primary separation is variable, and it is influenced by 
the injection into the second column.

The parts can be removed and then injected without much loss of 
resolution using this technique of pre-concentration on the secondary 
reversed-phase column. With a ten-hour analysis time in the primary 
dimension and two sample loops, a total of 1.5 mL fractions were 
collected and transferred to the second dimension. Because of the 
long collection time in sample loops, separation has been lowered. The 
technology for two-dimensional chromatography was created in their 
effort, despite its difficulties.
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Other Prominent Studies

Anthony Synge along with Archer Martin: Demonstrated Two-
dimensional paper chromatographic separations of 19 amino acids 
extracted from potato in their Nobel Prize acceptance speech.

Michelle M. Bushey and James W. Jorgenson (1990): 
Comprehensive two-dimensional (2-D) liquid chromatographic 
separation system [9]. Using a micro bore cation exchange column 
operating under gradient conditions as the first dimension. The eluent 
from this column is filled in one of the two loops connected to an eight-
port valve. Then a second pump forces loop material into a second 
column, a size exclusion column, which is connected to a detector (UV 
Detector in this experiment).

Theory

It’s critical to understand the product rule before diving into the 
principles of elution in two-dimensional liquid chromatography [10]. 
Peak Capacity (nc) between the first and last eluting peaks is used to 
measure the resolution power of each dimension. When all peaks are 
equally well resolved, the largest number of peaks can be achieved.

Peak capacity may be calculated using equation if the peaks are of 
equal breadth.

(1)

In a gradient elution, the peak capacity is much higher than in an 
isocratic forgiven for a period of time. In iso-cratic chromatography, 
the phase composition remains constant throughout the runtime, but 
in gradient elution, the phase strength is gradually increased to provide 
adequate resolution [11].

The log of the initial retention factor (K0) is associated with 
retention duration in the preceding equation, whereas the correlation 
is linear in isocratic chromatography. This is due to the fact that the 
solute factor decreases during the gradient program.

When evaluating with isocratic and gradient elution, the correlation 
of peak width, operational factors, and solute characteristics is taken 
into account. For both isocratic and gradient elution’s, the equations 
for peak standard deviations are as follows:

Poppe’s method, which is meant to increase the plate count in 
isocratic elution, is one way to maximise peak capacity in gradient 
elution. The length of the column and its velocity are both variable. Its 
primary concept is to fulfill two requirements: 

•	 Operational pressure is at the desired maximum value.

•	 Column dead volume time and its retention factor decides 
time scale 

This method can also be applied to gradient elution to maximize 

peak capacity rather than plate count, and for timeline, gradient time 
should be taken into account rather than dead volume duration of the 
column [12].

The following are crucial aspects to remember about two-
dimensional liquid chromatography:

•	 On a large scale, 1D separation is usually done using a longer 
column at low flow rates and intermediate particle size to achieve 
maximum peak capacity at maximum system pressure.

•	 As the gradient time is extended, the column dimensions and 
flow rate are reduced to maintain the maximum permissible pressure.

•	 To reduce eluent viscosity, column temperatures should be 
between 40°C and 60°C.

•	 For faster separation of 2D gradients, a tiny core-shell 
particles column should be used.

Types of 2D LC

There are two forms of two-dimensional liquid chromatography.

•	 LCxLC stands for comprehensive two-dimensional liquid 
chromatography.

•	 LC-LC chromatography (heart cutting chromatography)

All of the effluents from the 1D column are sampled into the 2D 
column in comprehensive two-dimensional liquid chromatography 
(LCxLC). Depending on how they are transferred from the 1D column 
to the 2D column, it can be operated in “off-line” or “online” mode 
[13, 14]. Fractions from the 1D column are manually gathered or 
collected via a fraction collector in offline mode, and then injected into 
the 2D column. This method is time-consuming and has significant 
repeatability concerns, resulting in sample contamination during 
transfer. Effluents from the 1D column are automated for transfer from 
the 1D column to the 2D column in the online mode of approach. This 
method is more efficient and repeatable [15-19].

Selected portions of 1D column effluent are introduced to the 
2D column using heart cutting liquid chromatography (LC-LC), 
where a few peaks are precisely focused and a portion is collected and 
introduced into the 2D column. Several heart-cutting (MLC-LC) uses 
multiple sampling loops to provide multiple peaks samples from the 
first-dimensional analysis while avoiding transient interference with 
the second-dimensional analysis [20-25] Conceptual representation of 
heart cutting 2D-LC is given in figure 1. (Figure 1)

Figure 1: Heart cutting implementation in 2D-LC (Source: Agilent 2D LC primer).
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Process of 2D LC

In the first dimension (1D) column, aliquots are injected. This 
might be an isocratic or gradient separation elution. After that, aliquots 
of the effluent from the 1D column are fed into a 2D column with 
a second dimension. This will have an effect on the sample’s overall 
chromatographic resolution. In practice, the 2D column and associated 
detector function as a chemically selective system that operates on 1D 
column effluent. Because the selectivity of the 2D column differs from 
that of the 1D column, peaks that lack resolution with neighbouring 
peaks on a 1D column will dissociate in the 2D column. The 2D column 
will multiply the resolving power of the 1D column as long as there is no 
or minimum remixing of analytes isolated in 1D columns throughout 
the sampling procedure [26]. A simple representation of the concept of 
2D LC is given in figure 2. (Figure 2)

Method Development by LCxLC

Though there is no explicit guideline on how to construct LCxLC 
methods, several publications provide an introduction [27]. Below 
mentioned are preliminary steps to be followed.

•	 Optimization of 2D separation conditions: The entire 
performance of this system benefits greatly from the speed and 
productivity of 2D separation. Hence, it is recommended to choose a 
short and narrow column (eg: <5cm & internal diameter of 2.1mm). 
With a column temperature of higher than 40°C, smaller particle 
size columns are suggested [28, 29]. The flow rate should not be 
so low that the gradient flushing time exceeds the gradient time. 
A Flow representation of the concept of two-dimensional liquid 
chromatography is given in figure 2. (Figure 3)

•	 Selection of interface loop volume: In LCXLC, the interface 
of two separation systems is termed the system’s heart. The choices 
made here have a direct impact on the first and second dimensions, 
as well as their overall performance. The objective of this specific 
valve design is to collect 1D effluent and transfer it into a 2D column 
for isolating materials that are separated in the 1D column [30, 31]. 
The valve’s design is put to the test when performing this action with 
precision and speed at high pressure. The heart-cut design, for example, 
includes two valves with two distinct positions that conduct a heart-cut 
of the peak of interest in the first dimension. (Figure 4)

•	 Sampling loops: Identifying the required storage volume 
is the product D1 flow rate and sampling time is the first step in 
determining the loop volume of two samples. When the 1D effluent 
fills the sample loop, the two-fold increased linear velocity at the tube’s 
Centre causes sample loss when the loop volume is chosen to match 
the estimated one.

Storage volume = 1D flow rate x sampling time (ts) (1F)

•	 Selection of sampling time: As shown in the equation 
above, sample time has a significant impact on the interaction of the 
parameters. Injections of less than 15L into the small column have little 
effect on peak broadening.

•	 Optimization of 1D & 2D instrument conditions: The 1D 
instrument’s optimization is identical to that of standard HPLC. The 
2D instrument’s optimization differs slightly from the 1D instrument’s 
[32].

Basic components and their impacts are summarized in table 1. 
(Table 1)

•	 Detection Considerations: The detectors used in 2D LC 
separation are identical to those used in 1D LC separation. The speed 
of detection is the most important factor to consider. This detector is 
connected to a 2D column, which is running in a quicker mode. As 

Figure 2: Concept of two-dimensional liquid chromatography.

Figure 3: A Flow representation of the concept of 2D LC.

Figure 4: Representation of the loop volume.

Parameter Considerations for 1D Considerations for 2D
Column Dimensions Larger, similar or smaller 

diameter
Shorter with larger diameter

Pump gradient delay 
volume

<200uL <200uL

Pump flow capability Low flow capability is 
important to minimize 

sampling volume

Increased flow rate limits, 
this will provide more 
operational flexibility

Pump Pressure 
capability

High pressure is not 
required as columns are 
operated at their optimal 

velocities

< 1200bar

System dispersion Low in terms of volume Low in terms of volume and 
time

column Temperature Higher temperatures 
favour lower organic 
content in the eluent

High temperature to be 
avoided for analysing 

degradation

Table 1: Basic components of 1D and 2D instrument optimization.
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a result, the detector must be efficient with very tiny temporal peaks 
and a greater scan rate. Mass spectrometers (MS) and UV absorbance 
(PDA/DAD) detectors are the most commonly utilized detectors. 
ESI (Electrospray ionisation) and MALDI are the most often utilized 
MD detectors (Matrix-assisted laser desorption ionization) In Mass 
Spectroscopy, signal suppression caused by the choice of mobile phase 
additives is a serious problem [33].

Advances & Challenges

In the last few decades, tremendous progress has been made in 
both hardware and software design. The pumping system’s ability to 
endure a pressure limit of more than 20000 psi has improved as a result 
of the hardware changes. The delay volumes are the subject of the other 
enhancements. As discussed in previous chapters, there is a critical 
requirement to improve delay volumes. Precision under rapid elution 
circumstances and delay volumes ≤ 100 L are attained.

Conclusion
Finally, we’d like to emphasise that 2D LC’s true potential lies not 

only in the quantification of certain elements or groups of analytes in 
a sample, but also in the characterization and separation of complex 
biological mixtures. When performed using multi-dimensional 
detectors, multi-dimensional chromatography provides more 
information with respect to characterization than simply providing 
quantitative data.
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