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A B S T R A C T

In-silico optimised two-dimensional high performance liquid chromatographic (2D-HPLC) separations of

a model methamphetamine seizure sample are described, where an excellent match between simulated

and real separations was observed. Targeted separation of model compounds was completed with

significantly reduced method development time. This separation was completed in the heart-cutting

mode of 2D-HPLC where C18 columns were used in both dimensions taking advantage of the selectivity

difference of methanol and acetonitrile as the mobile phases. This method development protocol is most

significant when optimising the separation of chemically similar chemical compounds as it eliminates

potentially hours of trial and error injections to identify the optimised experimental conditions. After

only four screening injections the gradient profile for both 2D-HPLC dimensions could be optimised via

simulations, ensuring the baseline resolution of diastereomers (ephedrine and pseudoephedrine) in

9.7 min. Depending on which diastereomer is present the potential synthetic pathway can be

categorised.

� 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

The current limitations of methamphetamine impurity profil-
ing have been recently described by Stojanovska et al. [1] who
stated that ‘future research is needed to address the knowledge gaps in

regards to the manufacture of drugs of current interest’. Globally,
Australia has one of the highest recorded consumption rates of
methamphetamine (MA) with an estimated 1/20 residents having
trailed it for recreational purposes and 395,000 reported uses in
2010 [2]. Gas and liquid chromatography coupled to mass
spectrometry (GC-MS and LC-MS), infrared spectroscopy (IR)
and capillary electrophoresis (CE) have traditionally been the
primary analytical techniques used to generate chemical informa-
tion from MA seizure samples [3,4]. Other techniques have been
* Corresponding author at: Chemistry and Biotechnology, Deakin University,

Geelong Waurn Ponds Campus, 75 Pigdons Road, Waurn Ponds, Victoria 3216

Australia. Tel.: +61 3 52271416.

E-mail address: xavier@deakin.edu.au (X.A. Conlan).

http://dx.doi.org/10.1016/j.forsciint.2014.09.018

0379-0738/� 2014 Elsevier Ireland Ltd. All rights reserved.
used to study MA samples such as nuclear magnetic resonance
spectroscopy (NMR) [5], ion mobility spectrometry [6], isotope
ratio mass spectrometry (IRMS) [7] and high performance liquid
chromatography (HPLC) [8,9]. However, having the capacity to
rapidly generate chemical fingerprints of seized MA, and its
impurities, is of upmost importance to Australian law enforcement
agencies in order to track and identify clandestine laboratories.

Characteristic to the synthetic process, the relative concentra-
tions of by-products in the synthetic pathway are somewhat
variable. This variability, when coupled with the extensive range of
cutting agents commonly used in the production of MA, forms a
chemical fingerprint that can be inspected by law enforcement
agencies to individualise seizure samples – at times on a batch to
batch basis.

The aim of this paper is employ the superior resolving power of
two-dimensional high performance liquid chromatography
(2D-HPLC) to screen seizure samples and create a chemical
fingerprint of production impurities and cutting agents. Two-
dimensional HPLC has the capacity to separate complex mixtures
via two independent retention mechanisms, which allows for the
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resolution of otherwise co-eluting species [10]; 2D-HPLC has not
previously been used for impurity profiling of MA samples.
Simulation software has been used for the first time in order to
rapidly optimise a 2D-HPLC separation. This paper outlines the use
of the DryLab1 software package [11] in order to efficiently
optimise the gradient profile of a rapid 2D-HPLC separation of key
components in a model methamphetamine seizure sample. This
was completed in the heart-cutting mode where only co-eluting
peaks were transferred to the second dimension, as identified by
simulations. This type of optimisation will ultimately lead to
improved chemical fingerprinting of clandestine drug seizure
samples.

2. Experimental

2.1. Standards and Samples

All standards (methamphetamine, ephedrine, pseudoephed-
rine, paracetamol, caffeine, benzyl alcohol, dimethyl sulfone,
benzaldehyde, phenyl-2-propanone (P2P) and diphenylacetone)
were obtained from Sigma–Aldrich (Castle Hill, NSW, Australia)
and the National Measurement Institute, Australian Government
(Port Melbourne, Vic, Australia). High performance liquid chro-
matography grade acetonitrile (ACN) and methanol was obtained
from Ajax Finechem (Taren point, NSW, Australia); deionized
water (Continental water systems, VIC, Australia) was filtered
through a 0.45 mm membrane filter (Sigma–Aldrich) prior to use.
Stock solutions of all standards were prepared by dissolving in a
solution of 5% aqueous ACN at a concentration of 1 mg mL�1 and
were diluted 5-fold with 5% aqueous ACN prior to injection.

2.2. High performance liquid chromatography

An Agilent Technologies (Mulgrave, VIC, Australia) 1260 2D-
chromatograph was used for all separations, including an: auto
injector; capillary pump; binary pump; column thermostat; 2
position 8 port switching valve; and two diode array detectors (one
in each dimension, which recorded at 200 nm). Two chromatogra-
phy columns were used: the first dimension column constituted of
an Agilent Poroshell 120 EC-C18 (4.6 mm � 100 mm, 2.7 mm
particle diameter); the second dimension a Phenomenex (Lane
Cove, NSW, Australia) Kinetex C18 (100 Å pore diameter,
4.6 mm � 100 mm, 2.6 mm particle diameter). All analysis was
completed at 1 mL min�1 and 1 mL of all model drug solutions
were injected in triplicate to ensure reproducibility. Two-
dimensional HPLC was completed in the on-line heart-cutting
mode, whereby a single 20 mL aliquot of the first dimension
(switched at 4.31 min.) was transferred to the second dimension
via a sample loop and an 8 port 2 position switching valve; valve
timing was controlled with by the HPLC control software.

2.3. DryLab1 optimisation

The DryLab1 user manual requires screening data of each
component from two injections with different gradient times (20
and 60 min, respectively) to optimise the separation’s gradient
profile [12]. Each standard was injected individually into a linear
gradient over the aforementioned times with an initial mobile
phase of 5% aqueous ACN that increased to 95% aqueous ACN.
Retention time, heights and areas for each injection was recorded
and subsequently entered into DryLab1. The gradient profile of the
chromatogram generated by DryLab1 was then manually adjusted
in order to produce the optimum representative separation in the
least amount of time and was applied to the analysis of the model
seizure sample.
2.4. Model seizure samples

According to the optimised simulation the model seizure
mixture was separated carried out in triplicate with 1 mL injections
and a flow rate of 1 mL min�1 with a gradient time of 15.57 min.
The initial conditions were 5% aqueous ACN to 95% aqueous ACN
over 11.57 min. with a detection wavelength of 200 nm. The
second dimension was completed in isocratic mode with a mobile
phase of 85% aqueous methanol until all peaks were eluted;
separation was recorded at 210 nm. Both columns were thermo-
stated at 30 8C within the column heater.

3. Results and discussion

DryLab1 [12] is a software tool that allows scientists to
optimise several chromatographic variables in-silico to rapidly
optimise a HPLC separation. It does this by taking the results of two
gradient analyses with different gradient times, tG, to obtain values
of k0 and S for each solute [13] When pre-elution and post-elution
of the solutes can be ignored these parameters can be obtained by
solving a set of simultaneous equations [13]:

tg;1 ¼
t0

b1
logð2:3k0b1 þ 1Þ þ t0 þ tD (1)

tg;1 ¼
t0

b1
logð2:3k0b1 þ 1Þ þ t0 þ tD (2)

where

b ¼ V0DfS

tGF
(3)

and tg,1 and tg,2 are the retention times for gradient tG,1 and tG,2,
respectively; DF is the change of the strong mobile phase
component, F, during the gradient; t0 is the time required to elute
an un-retained marker and tD is the dwell time of the system, i.e.

the time required for concentration changes in the mobile phase to
leave the pump and enter the head of the column. Using the above
equations it is relatively easy to simulate how subtle changes to the
gradient can change the elution order and resolution of a HPLC
separation; the software has the capacity to optimise 3 different
experimental parameters simultaneously, however this function-
ality was not required for this work. This is an asset when
designing a rapid 2D-HPLC separation when co-eluting peaks can
be rapidly identified. DryLab1 facilitates this process by generating
a resolution map to identify the optimal gradient time, which can
then be further manipulated by adding extra gradient steps in the
gradient editor. Targeted 2D-HPLC, known as heart-cutting, is a
protocol whereby only select portions of co-eluting peaks are
transferred to the second dimension; this is important for rapid
2D-HPLC when a comprehensive analysis is superfluous. It is
significant that the simulation software could predict co-elution
and identify when this occurs so that the target analysis could be
streamlined.

A model seizure sample of MA with commonly associated side
products and cutting agents was prepared for in-silico optimisa-
tion, specifically: methamphetamine, ephedrine, pseudoephed-
rine, paracetamol, caffeine, benzyl alcohol, dimethyl sulfone,
benzaldehyde, P2P and diphenylacetone. The predicted, optimised
DryLab1 simulation is illustrated in Fig. 1 and the separation in
Fig. 2. Note that nicotinamide was not included in the simulated
prediction as it eluted in the void volume, i.e. was not retained.

It is important to note that the optimal separation provided a
relatively fast gradient time (i.e. tG) of 11.57 min. to resolve all
peaks of interest, with the exception of the ephedrine and
pseudoephedrine diastereomers (peak D/E), which co-eluted,
however, the time taken to elute all 10 compounds was only

L.Fekhretdinova
Highlight

L.Fekhretdinova
Highlight

L.Fekhretdinova
Highlight

L.Fekhretdinova
Highlight

L.Fekhretdinova
Highlight



[(Fig._1)TD$FIG]

Fig. 1. Optimised DryLab1 prediction B – paracetamol, C – caffeine, D/E –

ephedrine/pseudoephedrine, F – methamphetamine, G – benzyl alcohol, H –

dimethyl sulfone, I – benzaldehyde, J – phenyl-2-propanone, K – diphenylacetone.

[(Fig._2)TD$FIG]

Fig. 2. Separation of the model methamphetamine sample. A – nicotinamide (B–K as

for Fig. 1).

[(Fig._4)TD$FIG]

Fig. 4. Second dimension separation; separation of ephedrine and pseudoephedrine

(both 1.3 � 10�3 M) from the overlapping peak (D/E).
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9.7 min. This separation was completed with an ACN mobile phase
with a C18 HPLC column. The model seizure sample was analysed in
triplicate with experimental parameters matching those provided
by the software, Fig. 3. The direct comparison of the model
methamphetamine sample and the in-silico prediction shows
excellent correlation.

Importantly, the co-elution of the ephedrine and pseudoephed-
rine was observed in the real separation, as predicted by the
simulation software. Co-elution of diastereomers is a common
problem in chromatography, and is a great challenge for the
identification of the precursor involved in the synthesis of MA.
Ephedrine and pseudoephedrine were resolved from the other

[(Fig._3)TD$FIG]

Fig. 3. Overlay of optimised DryLab1 prediction and separation of the model

sample.
compounds and each other with a simple 2D-HPLC separation
protocol whereby the peak (D/E) at a retention time of 4.31 min. in
the first dimension was transferred to the second dimension with a
20 mL sample loop and an 8 port 2 position switching valve; the
second dimension was operated with a methanol mobile phase on
a C18 column, the different selectivities afforded by these solvents
was sufficient to allow the resolution of all model compounds. The
second dimension separation is illustrated in Fig. 4.

The ephedrine and pseudoephedrine have been baseline
resolved with retention times of 5.05 and 5.38 min, respectively
in the second dimension. This is an important finding for three
reasons:
1. T
he diastereomers have been separated;

2. A
 simple C18:C18 two dimensional separation was sufficient; and

3. T
he total analysis for the separation of all model compounds,

including discrimination between ephedrine and pseudoephed-
rine, was completed in 15.75 min.

4. Conclusions

There are many challenges in the development of optimised
chromatographic separations which can be reduced by the use of
in-silico optimisation. This study displays the effectiveness of this
approach to the analysis of forensic samples highlighting an
excellent match between an in-silico and real world separation of
the same component mixture. This methodology allows the saving
of time with a minimal amount of analytical runs being performed,
subsequently saving resources in terms of laboratory consumables,
labour costs and time. Importantly the saving in solvent waste
makes this method development procedure much more environ-
mentally friendly than contemporary methods. The methodology
proved to be effective in predicting the co-elution of species. These
species require a broader separation space which can be developed
in-silico before a time consuming multidimensional separation.
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