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ABSTRACT

A automated microextraction method based on temperature-responsive deep eutectic solvents (TRDESs) was developed for the determination of synthetic dyes in
food samples. The system employs a homogeneous aqueous TRDES solution, composed of lidocaine and heptanoic acid (1:1 mol/mol), which acts both as extraction
medium and as a thermally induced phase-separating agent. Upon heating above the lower critical solution temperature, spontaneous phase separation occurs,
allowing direct collection of the enriched TRDES phase without centrifugation or manual handling. The entire process from sample introduction to extract collection
is integrated into a programmable flow-based platform. The method was optimized and validated for four banned synthetic dyes: Rhodamine 6G, Sudan I, II, and IIIL.
Good linearity (0.025-100 mg L’l), low limits of detection (0.001-0.008 mg L’l), and high intra-/inter-day precision (RSDs: 2-7 %) were achieved. Real beverage
samples were successfully analyzed, and spiked recoveries showed good agreement with a reference DLLME method (relative bias: 1-5 %). All steps were performed
without the use of toxic organic solvents or centrifugation. Molecular dynamics simulations confirmed that n-n stacking and van der Waals interactions between
rhodamine and lidocaine govern the extraction mechanism. Additionally, the green performance of the method was assessed using AGREEprep and ComplexGAPI,
demonstrating high environmental sustainability. Overall, the proposed method offers a robust, automated, and environmentally friendly solution for trace-level

screening of banned dyes in complex food matrices.

1. Introduction

Deep eutectic solvents (DESs) [1,2] have gained substantial attention
as sustainable alternatives to conventional organic solvents due to their
low volatility [3], tunable physicochemical properties [4], and
straightforward preparation [5]. Among these, temperature-responsive
deep eutectic solvents (TRDESs) constitute a promising subclass
capable of undergoing reversible phase transitions triggered by mild
temperature changes. This feature enables selective extraction and
simplified recovery of analytes without the use of auxiliary dispersive or
demulsifying agents [6]. The temperature-responsive behavior of
TRDESs has facilitated the development of homogeneous liquid-liquid
microextraction (HLLME) procedures.

In general, TRDESs can be categorized as lower critical solution
temperature (LCST)-type or upper critical solution temperature (UCST)-
type systems. In LCST-type systems, the solvent and water are
completely miscible at lower temperatures but separate into two phases
upon heating above a defined threshold. Conversely, UCST-type systems
remain immiscible at lower temperatures and become homogeneous
only upon heating. The nature and molar ratio of the hydrogen bond

donor (HBD) and acceptor (HBA) determine whether a TRDES exhibits
LCST or UCST behavior, as well as the corresponding phase transition
temperature [7,8].

Recent studies have highlighted the versatility of TRDESs in various
extraction applications. For example, Bian et al. developed an
ultrasound-assisted TRDES system based on ethanolamine and o-cresol
to extract pyrethroid pesticides from soil, achieving recoveries up to 94
% and maintaining performance over five reuse cycles [9]. Similarly,
Shen et al. reported ternary LCST-type TRDESs applied to carotenoid
extraction from tomatoes, where phase separation was induced at 68 °C
and enabled high yields of lycopene and f-carotene while maintaining
green chemistry criteria [10]. Another notable study reported the in-situ
formation of TRDES microdroplets for extracting bisphenols from bev-
erages, achieving high enrichment factors with simplified phase sepa-
ration using disposable pipette-based formats [11].

The fundamental mechanism of TRDES operation is governed by
temperature-induced shifts in acid-base equilibria and hydrogen
bonding networks. For instance, in lidocaine-based systems, increasing
the temperature decreases ionization and hydrophilicity, leading to
spontaneous liquid-liquid phase separation [8,12]. These thermally
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responsive properties have been utilized to extract both hydrophobic
and hydrophilic compounds, enabling the development of greener, more
efficient, and recyclable extraction workflows.

Despite the growing interest in TRDESs, most reported applications
rely on manual protocols involving operator-controlled heating and
manual phase recovery [9-11]. Manual separation of TRDES and
aqueous phases is technically challenging, especially at elevated tem-
peratures, where centrifugation increases the risk of analyte loss and
contamination.

To the best of our knowledge, no automated platform integrating
TRDES preparation, temperature-induced phase separation, and extract
recovery into a programmable flow system has been reported. The
automation of such workflows opens broad opportunities in chemical
analysis [13,14] by enabling higher throughput [15], improving
reproducibility, reducing operator exposure to heated phases, and
facilitating integration with downstream analytical instruments. Over-
all, the use of deep eutectic solvents in flow-based analytical systems
remains underexplored [16,17].

This study addresses the existing gap by presenting the first auto-
mated microextraction platform based on homogeneous aqueous
TRDESs. This system was developed to combine in a single workflow all
critical operations, including sample introduction, precise solvent
dosing, controlled heating for phase separation, and automated collec-
tion of the extract without manual intervention. As a proof of concept,
the platform was applied to the determination of banned synthetic dyes
(Rhodamine 6G and Sudan I-III) in food samples.

This work reports the first automated homogeneous liquid-liquid
microextraction method using a temperature-responsive deep eutectic
solvent. The system integrates solvent dosing, temperature-controlled
phase separation, and extract recovery into a programmable flow plat-
form. The developed method was optimized, validated, and successfully
applied to the determination of banned synthetic dyes in beverages. The
approach demonstrated linearity, low detection limits, and good
reproducibility, while eliminating toxic organic solvents and centrifu-
gation. The analytical significance of this study lies in providing a green,
reproducible, and high-throughput solution for routine food safety
monitoring. Following extraction, the analytes were determined by
liquid chromatography with diode-array detection, ensuring reliable
quantification and selectivity.

2. Experimental
2.1. Reagents and solutions

All chemicals were of analytical grade or higher and used without
further purification. Ultrapure water (18 MQ cm) was obtained from a
Milli-Q system (Millipore, USA). Heptanoic acid (>99 %) and Rhoda-
mine 6G (certified standard) were purchased from Sigma-Aldrich (Ger-
many). Sudan I, II, and III (certified standards, >98 %) were obtained
from Vecton (Russia). Lidocaine (>98 %) was supplied by Mahendra
Chemicals (India). Sodium chloride (analytical grade) was obtained
from Lenreaktiv (Russia). Acetonitrile (HPLC grade) was purchased from
J.T. Baker (USA). Chloroform (>99.5 %) and acetone (>99.8 %) were
obtained from Vekton (Russia). Methanol (HPLC grade), phosphoric
acid (>85 %) used for mobile phase preparation and equipment clean-
ing, were obtained from Merck (Germany).

Stock solutions (1.0 g L™1) were prepared by dissolving accurately
weighed amounts of each dye in acetonitrile in 25 mL volumetric flasks.
The solutions were stored in amber glass bottles at 5 °C and remained
stable for at least one month. Working solutions were freshly prepared
before each experiment by diluting the stock solutions with acetonitrile.

The target analytes in this study were Rhodamine 6G and Sudan I-IIL
These dyes were selected as model analytes due to their regulatory
importance and physicochemical diversity, thereby demonstrating the
method’s broad applicability [18,19]. Rhodamine 6G was included as a
representative water-soluble dye [20], whereas Sudan I-III, being
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weakly polar and sparingly soluble, were chosen to highlight the
versatility of the developed TRDES-based extraction system [21].

2.2. Preparation of TRDES

The TRDES was prepared by mixing lidocaine and heptanoic acid
(1:1 mol/mol) in a 50 mL glass beaker. The mixture was heated at 60 °C
on a magnetic stirrer hot plate (IKA C-MAG HS7, Germany) with
continuous stirring at 600 rpm until a clear, homogeneous liquid was
formed. The resulting TRDES was stored in sealed glass vials at room
temperature and used within two weeks.

2.3. Instrumentation

Chromatographic analyses were performed on an HPLC system LC-
20 Prominence (Shimadzu, Kyoto, Japan) equipped with a binary sol-
vent delivery module, an autosampler (SIL-20A), a column oven (CTO-
20A), and a photodiode array (PDA) detector (SPD-M20A). The sepa-
ration was achieved on a Luna C18 analytical column (150 x 4.6 mm i.
d., 5 pm particle size; Phenomenex, USA). The system control and data
acquisition were carried out using LabSolutions software version 5.82
(Shimadzu, Japan). ATR-FT-IR spectra were recorded using an IR
Affinity-1 spectrometer with Shimadzu’s proprietary software (Shi-
madzu, Japan). Differential scanning calorimetry (DSC) were performed
using a DSC 214 Polyma system (NETZSCH, Germany) under nitrogen
flow at a heating rate of 5 °C-min~!. The pH measurements were con-
ducted with a PH2101 pH-meter (LOIP, Russia). The automated
extraction platform (TRDES-HLLME manifold) consisted of an 8-way
rotary injection valve (Cole-Parmer, USA) for sample selection and
transfer, a MasterFlex L/S peristaltic pump (Cole-Parmer, USA) with
variable speed control was employed, operated through its original
proprietary software to ensure precise dosing of samples and reagents, a
TW-2 thermostatic water bath (ELMI, Latvia) providing constant tem-
perature control with an accuracy of £0.2 °C, and a custom-fabricated
extraction chamber constructed from a 10 mL polypropylene pipette
tip. All polytetrafluoroethylene (PTFE) tubing (1 mm i.d.) and connec-
tors were thoroughly rinsed with ethanol and ultrapure water before use
to prevent cross-contamination.

2.4. Samples

Representative beverage samples (cherry juice, tonic water, and
lemonade) were procured from local supermarkets in Saint Petersburg,
Russia. All samples were stored in their original sealed plastic containers
at ambient temperature (20-25 °C) and were analyzed within four
weeks of purchase. Prior to analysis, carbonated beverages were
degassed to remove dissolved gases that could interfere with extraction
efficiency. Degassing was performed by ultrasonication for 15 min at
room temperature (approximately 22 °C) in the ultrasonic bath. After
degassing, samples were allowed to equilibrate to room temperature
before spiking and extraction. For spiking experiments, known volumes
of working dye solutions were pipetted into 50 mL volumetric flasks
containing beverage samples to achieve final concentrations ranging
from 0.005 to 0.5 mg L™!. The mixtures were homogenized by gentle
inversion and allowed to stand for 10 min before analysis.

2.5. TRDES-HLLME procedure

The automated homogeneous liquid-liquid microextraction with
TRDES was performed according to the following protocol (Fig. 1). First,
the selection valve was switched to position 1, and 6.0 mL of the
beverage sample were aspirated into the extraction chamber thermo-
stated at 80 °C at a pump flow rate of 5 mL min~! (maximum). The valve
was then switched to position 7, and 2.0 mL of an aqueous 28 % (w/v)
NaCl solution were introduced at 5 mL min?, yielding in situ an 8.0 mL
working solution with a final salt concentration of 7 % (w/v).



A. Gerasimova et al.

. | \\.9/

Talanta 298 (2026) 129029

HPLC-PDA

Analysis & |,

TRDES

=

bHYd
o c,
(5 (o

&)

- (/\ J Sample

~ NaCl solution

. Peristaltic  Eight-way
Heating bath Buri Valve ~ Waste

Fig. 1. Schematic representation of the automated homogeneous liquid-liquid microextraction system (TRDES-HLLME) integrated into a programmable flow-based
manifold. The setup includes peristaltic pump, sample injection valve and thermostated pipette-tip chamber.

Subsequently, the valve was set to position 2 and 250 pL of TRDES were
introduced at a reduced flow rate of 1 mL min~! to accommodate the
higher viscosity of the solvent. To promote efficient mixing, the valve
was switched to position 3 and air was supplied at 5 mL min ™~ for 2 min,
ensuring dispersion and thermal equilibration of the liquids. Extraction
was then allowed to proceed for an additional 10 min under constant
temperature and bubbling conditions (at 80 °C). During this period, the
system transitioned to the two-phase state as the temperature exceeded
the LCST of the TRDES mixture. After completion of the extraction step,
the valve was turned to position 4 and the aqueous phase was discharged
to waste at 5 mL min~'. Subsequently, the valve was set to position 5 and
the enriched TRDES phase (~200 pL) was automatically transferred into
a clean 1.5 mL glass vial at 1 mL min~! for chromatographic analysis.
Finally, the valve was switched to position 6, and the system was rinsed
three times with 10 mL of ultrapure water at 5 mL min~' to prevent
carryover between runs (ESM Table 1). The total preparation time per
cycle, including extraction, phase separation, solvent collection, and
cleaning, was approximately 20 min. Although the volume of the TRDES
phase was not measured directly after extraction, the collected extract
was always sufficient for LC analysis; owing to the automated workflow,
the recovered solvent volume remained constant across runs, ensuring
reproducibility of the method.

2.6. HPLC-PDA procedure

Chromatographic conditions were adapted from previous study on
Sudan dye determination [17]. Chromatographic separation was per-
formed at 50 °C on the Luna C18 column. The injection volume was set
at 20 pL. The mobile phase consisted of solvent A (1 % phosphoric acid
in water) and solvent B (a mixture of acetonitrile and methanol in a ratio
of 2:1, v/v). The gradient elution program started with 65 % solvent B
from O to 5 min, followed by a linear increase to 95 % B from 5 to 10 min,
then an isocratic hold at 95 % B between 10 and 20 min, a linear
decrease back to 65 % B from 20 to 25 min, and a final hold at 65 % B
from 25 to 30 min. The flow rate was maintained at 0.65 mL min~!
throughout the run. The PDA detector recorded spectra in the range of
200-600 nm, with quantification performed at 490 nm for Sudan dyes
and at 525 nm for Rhodamine 6G. Retention times of the analytes were

confirmed by analyzing standard solutions under identical conditions.
Under the optimized chromatographic conditions, the retention times
for the four dyes were as follows: Rhodamine 6G - 3.82 min, Sudan I -
12.63 min, Sudan II — 14.52 min, and Sudan III - 17.51 min.

2.7. Reference procedure

For comparison, a dispersive liquid-liquid microextraction (DLLME)
method was applied, adapted from Biparva et al. [22]. In this protocol,
3.0 mL of aqueous sample was placed into a 5 mL polypropylene
centrifuge tube. A 0.66 mL mixture composed of acetone (disperser
solvent) and chloroform (extraction solvent) in a volume ratio of 3:2 was
rapidly injected using a 1 mL syringe, resulting in the formation of a
cloudy dispersion. The mixture was centrifuged at 3000 rpm for 5 min to
separate phases. The lower organic phase (200 pL) was carefully
collected with a glass microsyringe and evaporated to dryness in an oven
at 75 °C. The residue was reconstituted in 500 pL of acetonitrile and
transferred into HPLC vials for analysis under the same chromatographic
conditions described above.

2.8. Computational details

The explicit rhodamine 6G, henceforth referred to as rhodamine,
DES (lidocaine/heptanoic acid) in a 1:1 M ratio, and water molecules are
seen as building a liquid-liquid structure, as illustrated in Fig. 2 (a) and
(b) and number of molecules used in molecular simulations in Table 1.
The DESMOND MD [23] tool is employed for all molecular dynamics
(MD) simulations in the Schrodinger simulation software in Schrodinger
release 2024-2. For the integration of Newton’s equations of motion, we
use a time step of 2 fs in all of our simulations. A 9 A cut-off distance was
used. We employed Optimized Potentials for Liquid Simulations
(OPLS4) force fields [24] to precisely represent the bonded and
Lennard-Jones interactions. Particle Mesh Ewald (PME) [25,26] was
employed for electrostatics. The simulation protocol employed across all
systems is explained in the following steps: NPT molecular dynamics
simulations are performed for 10 ns to get the average volumes and
densities. In order to carry out the NPT simulation, a temperature of 300
K and a pressure of 1 atm are selected. The Nose-Hoover thermostat and



A. Gerasimova et al.

Fig. 2. Snapshots of the NVT MD run aqueous phase and DES phase (a) 1.64 ns
of production run (b) 84.83 ns of production run: oxygen is red and hydrogen is
white, green molecules are lidocaine, red molecules are heptanoic acid, blue
molecules are rhodamine. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

the Martyna-Tobias-Klein barostat, which have coupling constants of 1
ps and 2 ps, respectively, were used to keep the temperature and pres-
sure constant. A production run of 100 ns in the NVT ensemble is sub-
sequently performed and assessed. Our simulations have examined
aqueous solution samples containing 1 wt % and 5 wt % rhodamine.
Only one analyte, Rhodamine 6G, was selected for MD simulations.
This decision was made to keep the main emphasis of the study on
automation. Rhodamine 6G was chosen as the more polar analyte
compared to Sudan dyes, which are weakly polar and more readily
extracted into nonpolar TRDES. Modeling Rhodamine therefore pro-
vided more informative insights into specific solute-solvent interactions
without shifting the focus away from the automated workflow.

3. Results and discussion

3.1. Preliminary studies and characterization of TRDES by DSC and
ATR-FT-IR

In the present study, a temperature-responsive deep eutectic solvent
based on lidocaine and heptanoic acid (1:1 mol/mol) was used. This
composition was selected in accordance with previous findings [11],
which demonstrated that the equimolar mixture uniquely provides a
stable and homogeneous phase through complete acid-base interaction,
thereby ensuring phase stability and reproducible extraction

Table 1
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performance in TRDES-HLLME. Non-equimolar systems (2:3 and 3:2)
led to the formation of colloidal dispersions due to excess unreacted
precursors, which tend to separate into a distinct phase. Heptanoic acid
was chosen as the hydrogen bond donor due to its suitable chain length,
which provides a balance between hydrophobicity and fluidity, enabling
effective phase separation upon heating while maintaining sufficient
solvent compatibility with the aqueous phase. Despite its promising
properties, this TRDES has not been previously applied in automated
sample preparation systems. The present study represents the first
attempt to integrate lidocaine/heptanoic acid TRDES into an automated
HLLME workflow, combining the advantages of phase-switchable
extraction with flow-based analysis for improved reproducibility and
analytical efficiency.

To verify the successful formation of the lidocaine/heptanoic acid
TRDES and its stability during the extraction procedure, ATR-FT-IR
spectroscopy was employed. The spectra of pure lidocaine, heptanoic
acid, water, and the TRDES phase before and after TRDES-HLLME are
presented in ESM Fig. 1. In the spectrum of heptanoic acid, the char-
acteristic —OH stretching band at 3064 cm™! undergoes a marked red
shift to 2859-2930 cm™! in the TRDES, both before and after micro-
extraction, overlapping with the —CH stretching region. Similarly, the
C=O0 stretching vibration of heptanoic acid appears at 1706 cm ™! in the
pure compound but shifts to 1687 cm™! in the TRDES, indicating
weakening of the hydroxyl bond and confirming hydrogen bond for-
mation between the hydroxyl group of heptanoic acid and the amine
nitrogen of lidocaine. For lidocaine, the C-N-H stretching at 3261 cm ™
and the -NH bending at 763 cm ™! remain unchanged in the TRDES
spectra, demonstrating that the amide moiety of lidocaine does not
participate in hydrogen bonding. Finally, the broad ~OH band of water
observed at 3445 cm ™! becomes evident in the TRDES phase collected
after the TRDES-HLLME process, confirming the presence of residual
water.

To further confirm TRDES formation, differential scanning calorim-
etry experiments were conducted. Samples of 5 mg of pure lidocaine,
heptanoic acid, and the prepared TRDES were placed into aluminum
crucibles and subjected to a cooling-heating cycle (cooling to —70 °C
followed by heating to 80 °C at a rate of 5 K min™!). The DSC thermo-
grams of pure lidocaine and heptanoic acid exhibited distinct melting
peaks at 68 °C and —9 °C, respectively, which is consistent with the
behavior of pure crystalline compounds. In contrast, the lidocaine/
heptanoic acid mixture did not display any sharp melting peaks within
the studied range. Instead, the thermogram showed the absence of well-
defined crystallization or melting transitions, indicating that the system
is not crystalline and that potential crystallization occurs far below
—70 °C. This behavior is characteristic of deep eutectic solvents, thereby
confirming that the lidocaine:heptanoic acid (1:1 mol/mol) mixture
forms a genuine TRDES rather than a simple binary mixture (ESM
Fig. 2).

3.2. Optimization of automated microextraction procedure

In accordance with the developed procedure, 8 mL of an aqueous
model solution containing the target dyes (1 mg L) was automatically
delivered into a pipette tip using a peristaltic pump. The model solution
was prepared by diluting 100 pL of a 1 g L™! stock solution of the dyes in

Number of rhodamine, lidocaine, heptanoic acid, and water molecules, and simulation box sizes used in MD calculations.

Liquid-Liquid Extraction Number of Rhodamine Number of water

Hydrophobic DES Simulation Box Size

Molecul lecul A2
olecules molecules Number of Lidocaine Number of Heptanoic 9
molecules Acid
Aqueous Rhodamine (1 wt%) + 8 19992 500 500 72.9 x 69.6 x 182.9
DES
Aqueous Rhodamine (5 wt%) + 40 19960 500 500 73.4 x 86.0 x 149.6

DES
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acetonitrile with deionized water. After loading the sample solution, the
flow path was switched to introduce 250 pL of TRDES (lidocaine:hep-
tanoic acid 1:1, mol/mol) into the tip. The extraction system was mixed
by air bubbling and heating for a standard duration of 12 min, unless
otherwise stated. After the extraction was completed, the lower aqueous
phase was removed using the pump, and the upper TRDES-phase was
automatically transferred to a chromatographic vial for further HPLC-
PDA analysis according to 2.5. Key parameters such as TRDES volume,
heating time and temperature, salting-out agent concentration and pH of
aqueous phase were evaluated.

3.2.1. Effect of TRDES volume and temperature

To investigate the temperature-induced phase transition behavior of
the selected temperature-responsive deep eutectic solvent, a series of
experiments was conducted using a fixed sample volume of 8 mL. This
volume was chosen based on the internal capacity of the 10 mL polymer
pipette tip, which served as the extraction vessel in all experiments. To
this fixed volume of aqueous model solution, containing the target
analytes, varying amounts of TRDES (composed of lidocaine and hep-
tanoic acid in a 1:1 M ratio) were added: 100, 150, 200, 250, 300, and
350 pL. Each mixture was mixed by bubbling and heated at controlled
temperatures ranging from 30 °C to 80 °C, and the visual appearance
and phase behavior of the system were systematically monitored. The
main criterion for evaluation was the formation of a temperature-
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induced phase transition, i.e., a switch from a homogeneous solution
to a biphasic system upon heating.

At TRDES volumes of 100 and 150 pL, the mixtures remained fully
homogeneous throughout the entire temperature range (30-80 °C), with
no observable phase separation. For the mixture containing 200 pL of
TRDES, homogeneous solutions were observed at 30-60 °C, while par-
tial turbidity began to develop at 70 and 80 °C, indicating the onset of
demixing, but without distinct phase boundaries. When the TRDES
volume was increased to 250 pL, the system remained homogeneous at
30 and 40 °C, while at 50, 60, and 70 °C, clear phase separation began to
occur. Notably, at 80 °C, a well-defined biphasic system was observed
with a distinct interface between the hydrophobic TRDES phase and the
aqueous layer, allowing for reliable extractant recovery. In contrast,
with 300 and 350 pL of TRDES, phase separation occurred throughout
the entire temperature range (30-80 °C), and no homogeneous-to-
heterogeneous transition upon heating was observed. The TRDES
formed a separate phase regardless of temperature, which is undesirable
for temperature-controlled extraction systems relying on solubilization-
triggered partitioning. Based on these observations, the combination of
8 mL aqueous sample, 250 pL of TRDES, and an extraction temperature
of 80 °C was selected as optimal for subsequent microextraction ex-
periments. Under these conditions, the system undergoes a distinct and
reproducible temperature-induced phase separation, ensuring efficient
analyte transfer into the TRDES phase and facilitating precise phase

mRhodamine mSudan|  Sudanll mSudan Il

. Lo T IR B
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Fig. 3. Effect of experimental parameters on the extraction recovery of rhodamine 6G and Sudan dyes during automated TRDES-HLLME (Dyes concentration 1 mg
L™, 8 mL aqueous sample volume, 250 pL lidocaine/heptanoic acid TRDES (1:1 mol/mol), extraction temperature 80 °C, air bubbling-assisted mixing, n = 3).

(A) Effect of heating time (5-15 min) at 80 °C on extraction recovery.

(B) Effect of sodium chloride concentration (0-9 % w/v) on extraction recovery.

(C) Effect of aqueous phase pH (3-7) on extraction recovery.
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collection for chromatographic analysis.

3.2.2. Effect of heating time

The heating time of the TRDES-HLLME procedure affects the
extraction efficiency and the kinetics of mass-transfer equilibrium be-
tween the aqueous phase and the TRDES phase. To investigate this ef-
fect, the extraction system was heated at 80 °C for 5 to 15 min in 1 min
increments. Results show that the extraction recovery of the analytes
gradually increases, indicating an improvement in dyes extraction
(Fig. 3A). This is attributed to the enhanced diffusion of dyes molecules
from the aqueous phase into the TRDES phase due to heating, which
reduces DES viscosity and improves mass-transfer kinetics. The value of
extraction recovery reached a maximum at 12 min, indicating optimal
mass-transfer equilibrium. Beyond this point, extraction recovery
remained constant. Thus, 12 min was chosen as the optimal extraction
time.

3.2.3. Effect of salting-out agent concentration

The presence of a salting-out agent in the extraction system can
reduce the solubility of dyes and TRDES precursors in the aqueous
phase, thereby enhancing the efficiency of the HLLME process. Sodium
chloride was selected as the salting-out agent due to its low cost and
effectiveness. To study its influence, dyes water solutions containing 0,
3,5, 7, and 9 % NaCl were prepared and used for HLLME (Fig. 3B). At
low NaCl concentrations (0-5 %), a gradual increase in the extraction
recovery of the dyes in DES phase was observed, suggesting that NaCl
promotes dye transfer by reducing the hydration shell of dye molecules
and altering aqueous phase polarity. A sharp increase at 7 % NacCl in-
dicates a threshold concentration where enhanced phase separation
maximizes extraction efficiency, which is due to the reduction in water-
dye interactions, leading to stronger hydrophobic affinity between the
dye and DES components. Beyond 7 % NaCl, the extraction efficiency
plateaued, likely due to the establishment of mass-transfer equilibrium.
Additionally, excessive NaCl may increase the viscosity of the aqueous
phase, reducing diffusion, and potentially induce dye aggregation or ion
pairing, altering its solubility behavior. For further research, 7 % sodium
chloride concentration was used because higher concentrations do not
provide a significant increase in extraction efficiency, indicating that the
system has reached mass-transfer equilibrium and further adding of
salting-out agent is unnecessary.

3.2.4. Effect of pH

The acidity of the aqueous phase can influence the efficiency of mass
transfer in liquid-liquid microextraction procedure. The non-alcoholic
beverages are predominantly acidic with a few exceptions such as
drinking water which may exhibit near-neutral or slightly alkaline pH
[27,28]. However, since the present work focuses on the determination
of synthetic dyes, the use of pure water as a matrix is not considered
relevant. Preliminary studies [11] showed that at strongly acidic pH
values (pH = 1-2), the TRDES-water system becomes turbid under
ambient conditions due to the protonation of heptanoic acid, a compo-
nent of the thermos-responsive deep eutectic solvent. This turbidity
negatively affects the accuracy and reproducibility of the results.
Therefore, the pH range of 3-7 was selected for further investigation.
Within this interval, the acidity of the aqueous solution had no signifi-
cant effect on the extraction efficiency of dyes (Fig. 3C).

3.3. Modeling of the rhodamine extraction into deep eutectic solvent

It should be noted that only Rhodamine 6G was intentionally chosen
for MD simulations. This choice was made because the main objective of
the work was the development of an automated TRDES-HLLME plat-
form, while MD served only as a supporting tool. Rhodamine, being
more polar than Sudan dyes, presented a more challenging extraction
case, making it more suitable for modeling key solute-solvent in-
teractions while keeping the primary focus on automation. We

Talanta 298 (2026) 129029

computed the total interaction energy, which encompasses the overall
energy of non-bonded contacts, mainly consisting of the sum of van der
Waals and electrostatic interaction energies. To comprehend the
different pair interactions, specifically rhodamine-lidocaine and
rhodamine-heptanoic acid, which are essential for understanding the
transfer of rhodamine from the aqueous phase to the organic phase. The
van der Waals and electrostatic interaction energies for selected pairs
are illustrated in ESM Fig. 3(a) and (b). It is noteworthy that rhodamine-
lidocaine is more attractive based on van der Waals and electrostatic
interaction energy, as demonstrated in ESM Fig. 3(a) and (b). The
average van der Waals interaction energy for rhodamine-lidocaine is
—108.94 kCal/mol, while for rhodamine-heptanoic acid, it is —54.42
kCal/mol. This indicates that lower rhodamine-lidocaine energy, i.e.,
lidocaine plays a vital role in extraction, as evidenced by the m-m in-
teractions with the same pair depicted in ESM Fig. 4. Additionally, we
have examined the electrostatic interaction energy between the
rhodamine-lidocaine and heptanoic acid pair. The average electrostatic
interaction energy for the rhodamine-lidocaine pair is —38.75 kCal/mol,
while for rhodamine-heptanoic acid, it is —6.11 kCal/mol.

The trajectory cross-section density is computed by taking layers of a
defined thickness perpendicular to the YZ Cartesian coordinate axis. To
determine the density profile at a specific point on the axis (referred as
the coordinate at the bottom of the layer), the fraction of the van der
Waals volume of each atom that overlaps the layer is multiplied by its
atomic mass. The results are summed up for all specified atoms and
subsequently divided by the volume of the layer. Similarly, for the cross-
sectional density, the layer is divided into cubes, and the volume frac-
tion of each atom overlapping each cube is calculated, weighted by the
atomic mass, averaged, and divided by the cube volume to yield the
density within the cube.

It is evidenced from the trajectory cross-sectional contours that the
rhodamine moves from the aqueous phase to the organic phase as shown
in ESM Fig. 5. The organic phase region is between 130 and 160 A in
ESM Fig. 5 (a), rhodamine density is maximum within this region,
depicting effective separation of 1 wt % of rhodamine from aqueous
solution. ESM Fig. 5 (b) shows the cross-sectional density of 5 wt % of
rhodamine in aqueous solution-HDES system. The highest density in the
contour is evident that rhodamine in organic phase region 100-130 A
shows that higher concentration can be also be effectively separated.

The rhodamine anisotropic diffusion coefficient along the z-direction
of aqueous-HDES phase is calculated using the Einstein diffusion Eq.;

D=1 1im 3 (re) o))

Where mean-square displacement is represented by (|r(t) — r(0)|*), and
angled brackets denotes an average value of all the rhodamine mole-
cules. The diffusion coefficients calculated in our investigation are
shown in ESM Table 2. There is a clear indication that rhodamine
mobility is low along the z-direction in comparison to the other di-
rections, i.e., 1.11 x 1071 m?/s along the x-direction and 1.11 x 10710
m?/s along the y-direction. The diffusion coefficient low by three orders
of magnitude. This indicate that the rhodamine molecules slowly diffuse
along the z-direction from aqueous phase to the organic phase.

To gain insight into the atomistic structure, we computed the radial
distribution function (RDF) for rhodamine-lidocaine and rhodamine-
heptanoic acid as shown in ESM Fig. 6. The RDF plot was analyzed
and indicates that particles are randomly distributed, as demonstrated
by g(r) versus radial distance ‘r’. g(r) is marginally greater than 1 for
rhodamine-heptanoic acid at 6 A (first neighbor), and g(r) ultimately
approaches 1 at longer distances, signifying a lack of correlation beyond
7 A. Conversely, the rhodamine-lidocaine pair exhibits a broad first
neighbor peak at 5 A, with g(r) thereafter reducing beyond 9 A, indi-
cating a lack of correlation at longer distances.
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3.4. Strategies for online coupling of TRDES-based extraction with HPLC

The integration of automated sample preparation with chromato-
graphic determination represents a key direction in modern analytical
chemistry. In the present work, we designed and evaluated three
different strategies for coupling the TRDES-based automated micro-
extraction system with HPLC-PDA detection, each providing a different
level of automation. These configurations are illustrated in ESM
Figs. 7-9 and corresponding demonstration videos (Video 1-3).

The first approach can be described as semi-automated vial filling
(ESM Fig. 7, Video 1). In this configuration, following TRDES-based
phase separation, the enriched extract is automatically delivered into
chromatographic vials positioned in a custom holder compatible with
the autosampler. This mode allows online filling of multiple vials, which
are subsequently transferred manually as a tray into the HPLC auto-
sampler. From this point onwards, the chromatographic analysis is fully
automated. The number of samples prepared in one sequence depends
on the number of available valve ports in the multiposition manifold;
commercial valves with 12 or more channels make it possible to prepare
and analyze more than four samples in parallel. The only manual step in
this case is the placement of the vial tray into the autosampler, while all
other operations remain automated.

The second approach provides a higher degree of automation by
establishing a direct connection between the flow manifold and the in-
jection valve of the HPLC system (ESM Fig. 8, Video 2). Here, the outlet
tubing from the extraction chamber is connected via a needle to the
dosing valve of the chromatograph. This configuration allows the
enriched TRDES phase to be transferred directly into the chromato-
graphic loop without intermediate collection. The current limitation of
this setup is that switching of the HPLC injection valve is still performed
manually. However, this action can be readily automated by synchro-
nizing valve switching with the extraction sequence. Once implemented,
the entire process, from extraction to chromatographic injection, be-
comes fully automated.

Finally, the third approach represents a fully automated and inte-
grated configuration (ESM Fig. 9, Video 3). In this case, the outlet tubing
from the TRDES extraction system is directly inserted through the
septum of a vial already positioned in the autosampler tray. The
enriched TRDES extract is automatically introduced into the vial, from
which it is subsequently aspirated by the autosampler needle for chro-
matographic injection. This solution enables continuous, unattended
operation, as the extract delivery and sampling occur within the same
vial and within the same platform. Such an approach provides the
highest level of integration, eliminating all manual operations and
opening opportunities for long-term, fully automated monitoring.

Taken together, these three coupling strategies demonstrate the
feasibility of combining automated TRDES-based sample preparation
with chromatographic determination at different levels of technical
complexity. While the first two approaches offer straightforward proof-
of-concept implementations that can be easily adapted to existing lab-
oratory infrastructure, the third approach represents a path toward fully
integrated, online analytical systems.

3.5. Method validation

To evaluate the performance and applicability of the developed
TRDES-based microextraction method for the determination of synthetic
dyes in food matrices, method validation was carried out according to
standard guidelines. The evaluated parameters included linearity, limits
of detection (LOD), limits of quantification (LOQ), and intra- and inter-
day precision. All experiments were performed for the four target ana-
lytes: Rhodamine 6G, Sudan I, Sudan II, and Sudan III. Calibration
curves were established using matrix-matched standards prepared by
spiking blank food matrices, previously verified to be free of the target
dyes, with known analyte concentrations. The validated linear ranges
were 0.004-100 mg L~! for Rhodamine 6G, Sudan I, and Sudan III, and

Talanta 298 (2026) 129029

0.025-100 mg L~! for Sudan II. All analytes showed excellent linearity,
with coefficients of determination (Rz) between 0.9987 and 0.9998. The
LOD and LOQ were calculated using signal-to-noise ratios of 3:1 and
10:1, respectively. The LOD values were in the range of 0.001-0.006 mg
L~!, while the LOQ values were 0.004-0.025 mg L™}, confirming the
method’s suitability for trace-level detection of synthetic dyes in food
safety applications (Table 2). Precision was assessed at concentration
levels (0.1, 5 and 70 mg L™1). Intra-day precision was determined by
triplicate analysis within a single day, while inter-day precision was
evaluated over three consecutive days (Table 3). The relative standard
deviations (RSDs) ranged from 3.0 % to 4.0 % for intra-day measure-
ments and from 5.0 % to 7.0 % for inter-day measurements, depending
on the analyte and concentration. These results demonstrate good
repeatability and reproducibility of the developed procedure. The re-
coveries of the analytes ranged from 89 % to 96 %, corresponding to
enrichment factors between 21 and 23. Specifically, the enrichment
factor was 21 for Rhodamine 6G, 22 for Sudan I, 22 for Sudan II, and 23
for Sudan III, reflecting the higher affinity of the Sudan dyes for the
nonpolar TRDES phase compared to the more polar Rhodamine 6G. The
trueness of the method was evaluated by recovery studies in real
beverage matrices and comparison with a DLLME-HPLC method [22].
As both approaches rely on similar extraction and chromatographic
principles, this assessment should be regarded as preliminary. Certified
reference materials for synthetic dyes in beverages are not commercially
available; therefore, future work will focus on validating trueness
against CRMs or independent methods based on different analytical
principles, in accordance with the Eurachem Guide (3rd ed., 2025).

3.6. Analysis of real sample

To demonstrate the practical applicability of the developed method,
it was applied to the analysis of three commercially available beverages
(cherry juice, lemonade, and tonic water). All samples were processed
directly using the automated TRDES-based microextraction system ac-
cording to the optimized procedure. None of the dyes were detected
above the method’s LOD in the original samples; therefore, only the
results obtained for spiked samples at two concentration levels (0.10 and
5.00 mg L) are reported (Table 4). The spiked samples were inde-
pendently analyzed by a validated reference DLLME-HPLC method in
order to assess the accuracy of the TRDES-based procedure. The results
obtained with the two methods showed excellent agreement. Statistical
evaluation using the Student’s t-test and F-test at the 95 % confidence
level confirmed the absence of significant differences between the
methods. The relative bias for spiked samples remained within 1-5 %,
demonstrating that the developed approach provides accurate and
reliable quantification across both low and medium concentration
ranges. These findings confirm that the automated TRDES-HLLME
method is suitable for routine screening and quantification of banned
dyes in beverage matrices, offering analytical reliability together with
automation and reduced solvent consumption.

3.7. Assessment of greenness

The environmental friendliness of the developed procedure for the
dyes determination in food samples was assessed using the AGREEprep

Table 2
Validated features of the developed procedure.

Analyte Linear range R? LOD LOQ Recovery EF
(mgL™h) (mg (mg (%)
LY LY
Rhodamine 0.004-100 0.9998  0.001 0.004 92 21
6G
Sudan I 0.025-100 0.9998  0.006 0.025 94 22
Sudan II 0.004-100 0.9998  0.001 0.004 96 22
Sudan III 0.004-100 0.9987  0.001 0.004 89 23
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Table 3
Intra- and inter-day precision (RSD, %, n = 3) and accuracy (%) for QC samples
at three levels.

Analyte QC level (mg Intra-day RSD  Inter-day RSD  Accuracy
L (%) (%) (%)

Rhodamine 0.10 4.20 6.30 92.50
6G 5.00 3.00 6.00 94.00
70.00 2.30 4.00 96.00
Sudan I 0.10 4.80 7.20 91.00
5.00 4.00 7.00 93.50
70.00 3.00 5.00 95.00
Sudan II 0.10 5.00 7.50 90.00
5.00 4.10 7.00 93.00
70.00 3.20 5.00 95.50
Sudan IIT 0.10 4.90 7.30 91.50
5.00 4.00 7.00 94.00
70.00 3.10 5.00 96.50

and ComplexGAPI metrics [29]. The AGREEprep metric evaluates ten
criteria, including reagent sustainability, waste generation, sample
mass/volume, and automation use [30]. The overall eco-friendliness of
the sample preparation process was assessed using AGREEprep and
visualized as a colorful round pictogram with a numeric value in the
center. The method achieved an overall score of 0.73, confirming its
good green profile (ESM Fig. 10). Scores range from O to 1, with 1
representing full compliance with green chemistry principles.

The Complex Green Analytical Procedure Index (ComplexGAPI) is a
comprehensive metric for evaluating the environmental sustainability of
analytical methodologies. This metric accounts not only for the analyt-
ical procedure itself but also for pre-analytical processes used in the
method. The metric is visualized as a pictogram with color-coded fields
reflecting various parameters (ESM Fig. 11). The main factors reducing
the eco-friendliness of the procedure are the use of the HPLC-PDA sys-
tem which has disadvantages such as high-energy consumption and use
of toxic solvents as a mobile phase, and off-line sample preparation.
Despite these disadvantages, the overall environmental friendliness of
the developed procedure is much higher than that of traditional pro-
cedures due to small amounts, no preservation of samples and their
simple storage. In addition to its eco-friendliness, an important aspect of

Table 4
Determination of dyes in real samples (n = 3, P = 0.95, t = 2.78, F = 19.00).
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this methodology is its practicality. This approach is automated, which
significantly increases throughput, reducing energy consumption and
minimizing human errors.

3.8. Comparison with existing methods

Compared to existing analytical approaches for the determination of
synthetic dyes in food products, the proposed method offers several
significant advantages in terms of green chemistry, operational
simplicity, and analytical performance. Most conventional methods rely
on organic solvent-based liquid-liquid extraction (LLE) [21,31],
solid-phase extraction (SPE) [21], or dispersive solid-phase extraction
(d-SPE) followed by chromatographic determination. While effective,
these techniques typically involve multiple manual steps, require large
volumes of organic solvents [32,33], and are often matrix-dependent,
requiring separate optimization for different types of food products.
Furthermore, they are not easily adaptable to automation and may
exhibit limited reproducibility when scaled up for high-throughput
screening [34,35].

In contrast, the developed method utilizes a homogeneous aqueous
solution of a temperature-responsive deep eutectic solvent as a universal
extraction medium. This system eliminates the need for conventional
organic solvents and offers selective, thermally driven phase separation
upon heating (ESM Table 3). Another major strength of the method is its
compatibility with complex liquid matrices without requiring significant
modification of the procedure. The same TRDES composition and vol-
ume were successfully used for the extraction of dyes from various
beverages, demonstrating the method’s versatility and consistent per-
formance across different matrices. Additionally, the entire procedure
was integrated into an automated, flow-based platform capable of per-
forming all steps, including TRDES delivery, extraction, phase separa-
tion, and sample collection, without manual intervention. This complete
automation improves method accuracy, reduces operator workload, and
enables high-throughput analysis suitable for routine food control
laboratories.

Finally, the method is characterized by low consumption of TRDES
(only 250 pL per analysis), minimizing chemical waste and aligning with

Sample Dye Added (mg Found Proposed method (mg L™}, mean + Found Reference method (mg L.~!, mean + t- F- Relative bias
L SD, n = 3) SD,n = 3) test  test (%)
Cherry Sudan I 0.1 0.093 + 0.006 0.090 + 0.005 0.92 1.44 7
juice 5 4.84 £ 0.15 4.65 + 0.18 1.4 1.49 3.2
Sudan II 0.1 0.098 + 0.007 0.095 £ 0.006 087 1.36 2
5 491 £0.17 4.72 £0.12 1.58 2.01 1.8
Sudan III 0.1 0.101 + 0.006 0.097 =+ 0.007 1.12 1.27 1
5 4.92 £ 0.16 4.76 + 0.14 1.3 1.31 1.6
Rhodamine 0.1 0.094 + 0.005 0.096 + 0.006 0.73 1.2 6
6G
5 4.69 +0.14 4.77 £ 0.20 0.53 1.38 6.2
Lemonade Sudan I 0.1 0.102 + 0.008 0.099 + 0.007 0.81 1.31 2
5 5.05 +0.16 4.83 £ 0.15 1.74 1.14 1
Sudan II 0.1 0.095 + 0.006 0.097 =+ 0.005 0.67 1.25 5
5 4.69 £ 0.14 4.74 £0.17 039  1.47 6.2
Sudan IIT 0.1 0.098 + 0.007 0.096 + 0.006 0.88 1.33 2
5 4.72 £0.14 4.92 +£0.15 1.69 1.15 5.6
Rhodamine 0.1 0.099 + 0.006 0.097 £ 0.007 0.92 1.29 1
6G
5 5.10 +0.13 5.25 + 0.15 1.31 1.33 2
Tonic water ~ Sudan I 0.1 0.096 + 0.007 0.093 =+ 0.006 089 1.36 4
5 4.82 +£0.14 4.94 £0.17 094  1.47 3.6
Sudan II 0.1 0.097 + 0.005 0.095 + 0.006 0.69 1.21 3
5 4.87 £0.13 5.02 +0.14 136  1.16 2.6
Sudan III 0.1 0.101 + 0.006 0.098 £ 0.007 0.95 1.35 -1
5 5.25 £ 0.15 5.00 £ 0.22 1.63 2.15 -5
Rhodamine 0.1 0.094 + 0.007 0.096 + 0.006 0.71 1.17 6
6G
5 4.77 £0.16 4.96 + 0.14 1.55 1.31 4.6
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the principles of green analytical chemistry. The extractant can be pre-
pared in advance, is stable under storage, and does not require regen-
eration or complex cleanup procedures. Taken together, these features
distinguish the proposed method as a novel, efficient, and environ-
mentally friendly alternative to traditional dye extraction protocols,
particularly well-suited for modern, automated laboratories focused on
the screening of banned substances in complex liquid food matrices.

4. Conclusions

In this study, a automated microextraction method was developed
for the determination of synthetic food dyes using temperature-
responsive deep eutectic solvents. The key innovation lies in the use of
a homogeneous aqueous TRDES solution, which acts as both extraction
medium and thermally induced phase-separating agent. This dual
function significantly simplifies sample handling and eliminates the
need for organic solvents or centrifugation, a common limitation in
existing TRDES protocols. The method was thoroughly optimized for
liquid samples. Critical parameters such as extraction time, temperature,
sample amount, and extraction mode were systematically optimized to
maximize recovery and phase stability. Validation of the method
demonstrated its suitability for quantitative analysis of four structurally
diverse banned dyes. The procedure exhibited excellent linearity, low
detection limits, and high accuracy in both intra-day and inter-day an-
alyses. Application to real food samples confirmed the method’s reli-
ability: none of the dyes were detected in beverage samples, and the
results of spiked recovery tests showed high agreement with those ob-
tained using a validated reference method. Statistical evaluation using t-
and F-tests further confirmed the comparability of the proposed and
standard techniques. Beyond its analytical performance, the method’s
most impactful advantage is its automation. All critical steps from sol-
vent delivery to extractant recovery were integrated into a program-
mable flow-based platform. The system uses only 250 pL of TRDES per
run, aligning with green chemistry principles by reducing solvent waste
and operator exposure. The interaction energy calculations suggest that
the rhodamine-lidocaine are strongly attractive in comparison to the
rhodamine-heptanoic acid. The m-wm interactions between the
rhodamine-lidocaine dominate and responsible for the extraction of the
rhodamine from water phase to organic phase. The diffusion coefficient
along the z-direction is low by the three orders of magnitude indicate the
resistance at the interface.

Overall, the proposed method provides a robust, selective, and sus-
tainable solution for the determination of synthetic dyes in complex food
matrices. It represents a substantial step forward in the field of auto-
mated green sample preparation and holds strong potential for routine
application in food quality and safety control laboratories.

The present work thus constitutes the first demonstration of an
automated TRDES-HLLME platform. By combining thermally induced
phase separation with flow-based automation, the method not only
improves analytical performance but also advances the field of green
sample preparation, providing a foundation for future high-throughput
applications in food safety monitoring. The real-world relevance of the
developed method lies in its potential use for routine monitoring of
banned synthetic dyes in food and beverages by food control labora-
tories, regulatory agencies, and quality assurance units. The integration
of TRDES-based extraction with automated flow handling significantly
reduces operator involvement, increases reproducibility, and minimizes
the use of hazardous solvents. These features make the approach
particularly suitable for high-throughput screening in compliance
testing and routine quality control, thereby supporting regulatory
frameworks for food safety.
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