Journal of

Materials in Life Sciences

Full Paper

Vol. 4 No. 1 (2025)

Deep Eutectic Solvent Derived from Paracetamol for
Efficient Enzymatic Biotransformation

Mohamad Hamdi Zainal-Abidin®*, Nurul lzzati Mohamad Hair?, Ahmed Halilu®¢, Abdo Mohammed
Al-Fakih?, Naharullah Jamaluddin®, Roswanira Abdul Wahab®?, Oumaima Maroua Bouguerra®, Siti
Ernieyanti Hashim?, Juan Matmin?®

2Department of Chemistry, Faculty of Science, Universiti Teknologi Malaysia, 81310 UTM Johor

Bahru, Malaysia

®Department of Chemical Engineering, Faculty of Engineering, University of Malaya, 50603 Kuala

Lumpur, Malaysia

°Nanotechnology and Catalysis Research Center, (NANOCAT) Universiti Malaya, 50603 Kuala

Lumpur, Malaysia

dAdvanced Membrane Technology Research Centre (AMTEC), Universiti Teknologi Malaysia, 81310,

UTM Johor Bahru, Malaysia

*Department of Bioscience, Faculty of Science. Universiti Teknologi Malaysia, 81310 UTM Johor

Bahru, Johor, Malaysia

Article history
Received

2 January 2025
Revised

18 April 2025
Accepted

29 April 2025
Published online
31 May 2025

*Corresponding author
mohamadhamdi@utm.my

Abstract

Deep Eutectic Solvent (DES) has emerged as a promising green solvent for use in various
chemical reactions, including enzymatic reactions. In this study, a paracetamol-based DES was
synthesized and characterized for its physicochemical properties. Additionally, molecular
simulation was performed to investigate the DES's effect on the Candida rugosa lipase activity.
The characterization analyses confirmed that the paracetamol-based DES possessed
functional groups similar to its original components but exhibited a lower melting point. The
enzymatic activity of the lipase in the presence of the synthesized DES was significantly
enhanced, leading to a high yield of free fatty acids (348.30 pmole). This study is the first to
demonstrate the use of a paracetamol-based DES for enzymatic activity, providing evidence
that DESs are an efficient replacement for conventional organic solvents in enzyme-catalyzed
reactions. Molecular simulation results showed that the DES's active ingredient, pTSA,
exhibited potent catalytic properties and protonation abilities, contributing to the observed
lipase activity enhancement. Furthermore, the paracetamol molecule present in the DES was
found to have a significant impact on the chemical environment surrounding lipase, leading to
indirect effects on its activity. In conclusion, this study offers a promising strategy for utilizing
greener solvents in enzymatic reactions, demonstrating the potential of DESs as a versatile tool
for enhancing the catalytic activity of enzymes. The results of this study highlight the
importance of exploring alternative green solvents and provide a foundation for future research
in this area.
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1.0 INTRODUCTION

In recent years, the consumption of medicinal drugs has increased, triggering pharmaceutical industries to increase
production. The presence of pharmaceutical compounds in aquatic systems has become a serious topic [1]. There
are emerging contaminants in the environment through domestic, industrial waste, and hospital effluent [2].

4:1 (2025) 1-10 | jomalisc.utm.my| elSSN 2976-3185|



2 Zainal-Abidin et al. / J. Mater. Life Sci. 4:1 (2025) 1-10

Consequently, it tended to bioaccumulate in aquatic environments, posing a considerable risk to human health and
the ecosystem due to the acute exposures through the food chain [3]. Considering the environmental impact of
pharmaceutical residues, it is necessary to reduce pollution by developing a method to overcome this issue [4].

Paracetamol, also known as acetaminophen, is one of the most extensively used analgesic and antipyretic
drugs around the world [2]. One of the most consumed drugs, with a production of more than 100,000 tonnes per
year [5]. The widespread use and easy accumulation of paracetamol results in its being found in various
environmental matrices such as soils, sediments, and drinking water [6]. Paracetamol will be used as a part of the
deep eutectic solvent (DES) component in this study to reduce water contamination, as it has been considered an
excellent hydrogen bond donor (HBD). Several non-conventional reactional media have been introduced as good
solvents that focus on sustainability, such as ionic liquid (IL) and DES. However, DES has gained more attention due
to its non-toxicity, low cost, and biodegradability over organic solvents and ionic liquids [7]. Novel deep eutectic
solvents, a novel class of green solvents, have emerged as an excellent solvent urgently needed in biocatalytic
activities [8]. Besides, DES can boost enzyme catalytic action and bioconversion efficiency significantly [9]. In eutectic
solvents, a wide range of enzyme and chemo-enzymatic reactions can be carried out, including transesterification,
epoxidation and forming carbon-carbon bonds, which are metabolized by lipase [10]. Nevertheless, it is also
promising for substituting traditional solvents such as acetone, hexane, and methanol, which are volatile and harmful
to the environment.

Owing to its ability to enhance substrate availability, modification and stability, DES has recently been
introduced as a solvent in a variety of biocatalytic reaction [11]. DESs have been effectively employed as solvents in
catalytic and biocatalytic organic processes, in biomass refining and materials science, as electrolytes for
electrodeposition and electrochemistry [12, 13], and as solvents for extracting natural bioactive chemicals [8]. The
pivotal role of lipase activity in various biochemical pathways has spurred research into strategies for maximizing its
catalytic potential. Therefore, this study explores the intriguing prospect of utilizing DES to enhance lipase activity as
catalysts and versatile reaction media. DESs, renowned for their unique physicochemical attributes, are investigated
here to unravel their multifaceted influence on lipase catalysis.

2.0 EXPERIMENTAL

2.1 DES preparation

The chemicals used to prepare the DES, namely paracetamol (also known as acetaminophen) and p-toluenesulfonic
acid (pTSA) were purchased from Sigma-Aldrich. All solid chemicals were dried overnight in a vacuum oven
(Memmert VO500, ThermoFisher, America) at 60°C. Next, via magnetic stirring, paracetamol and pTSA were mixed
according to the given molar ratio (i.e., 1:3) at 70°C. The resulting homogeneous mixtures were transferred to a
well-sealed and dark (covered with aluminum foil) bottle.

2.2 Physicochemical characterization

Fourier Transform-Infrared Spectroscopy (FTIR) analysis was conducted according to the previous studies [14, 15] to
confirm the presence of functional groups from the initial ingredients in the synthesized DES using a Perkin Elmer
1600 FTIR spectrometer. The sample was measured in the range of 400-4000 cm for five scans [16, 17]. 'H Nuclear
Magnetic Resonance (NMR) Liquid state Bruker NMR Avance Il (400 MHz) was also used to validate the chemical
structure of DES. Deuterium oxide (D20) was used as a solvent for the sample preparation. The melting point (Tm)
and freezing point (Tc) of the synthesized DES were determined using a DSC STARe System Mettler TOLEDO V9.10
(Mettler Toledo). The sample was cooled from 313 to 203 K at a 1 K/min cooling rate for two cycles under a nitrogen
gas atmosphere. The sample was weighed in less of 10 mg and sealed in an aluminium crucible with a lid. The
sample was heated from -70°C to 25 °C at 10°C/min and cooled at - 70°C to 25°C in 5°C/min.

2.3 Method of quantum calculation

The starting structures of the paracetamol and pTSA were built and optimized in the ground state using the hf/3-21g
level of theory in the Gaussian 09 quantum chemical suite [18, 19] and Gauss View software [20]. To extract the
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frontier molecular orbital, further energy analysis at the same level of theory was conducted on the optimized
geometries using a similar procedure as reported previously [21, 22].

2.4 Lipase activity assay

The lipase activity assay was conducted according to the modified method of Lowry assay [23] . 30 pl of Candida
rugosa lipase (Sigma Aldrich, USA) was dissolved in 970 pl of 0.1 M sodium phosphate buffer at pH 7. For the case
of DES-treated lipase, the lipase was treated with 100 ul of DES before the experiment. The solution was incubated
in a bench orbital shaker at 37°C for 5 min. Next, 2.5 ml of emulsion system (6 ml of olive oil and 4 ml of isooctane)
and 0.02 ml of calcium chloride were added to the solution. The solution was vortexed for 10 min at 150 rpm and
incubated for 30 min. The reaction was terminated by adding 1 ml of 6N HCI and 5 ml of isooctane. Next, the solution
was vortexed for 1 min and was heated in a water bath at 95°C for 5 min. Then, 5 ml of the upper layer was
transferred into the centrifuge tube, followed by the addition of copper reagent (1 ml). The absorbance of the free fatty
acid formed from the lipase catalytic activity was measured at 715 nm using a spectrophotometer. The amount of free
fatty acid was estimated from the standard curve of oleic acid (145 pmole — 1250 pmole).

3.0 Results and Discussion

3.1 DES Formation

Figure 1 shows that the formation of DES paracetamol: pTSA (1:3) begins from a non-covalent interaction between
paracetamol as HBD and pTSA as hydrogen bond acceptor (HBA). The Mulliken atomic charges shown in Figure 1
indicate that 15(0), 14(O) oxygen atoms in pTSA (HBA) are negative with magnitudes of -0.6501 and -0.6505 a.u,
respectively. Similarly, the Mulliken atomic charges shown for paracetamol indicate that 12(H), 14(H) hydrogen atoms
are positive with magnitudes of 0.3881 and 0.3571 a.u, respectively. Comparing these Mulliken atomic charges,
non-covalent interaction between 15(0) - 12(H) or 14(O)- 14(H) is highly possible after mixture paracetamol and
PTSA to form DES particularly at the molar ratio of 1:3. The as formed homogenous liquid arise due to the hydrogen
bonding interaction between 15(0) - 12(H) or 14(O)- 14(H). This is in agreement with the work done in the previous

studies [24, 25].
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Figure 1: Combination of paracetamol and pTSA to form a paracetamol-based DES.

Figure 2 further supports this interpretation by visualizing these H-bonds, where green dashed lines
represent the intermolecular hydrogen bonding between the two components. The strong electrostatic interactions
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inferred from the Mulliken charges are critical in promoting the miscibility and homogeneity of the paracetamol:pTSA
(1:3) mixture, ultimately forming a clear, stable eutectic system. This finding is consistent with previous reports on
hydrogen bond-driven DES formation mechanisms [24, 25].

Figure 2: The H-bond between paracetamol and pTSA to form a paracetamol-based DES.

3.2 FTIR analysis

The IR spectrum for the synthesized paracetamol-based DES spectrum was compared with its components (i.e.,
paracetamol and pTSA) (Figure 3). The details of functional groups were provided in Tables 1, 2 and 3. The IR result
of the paracetamol-based DES showed a broad absorption band at 3265.16 cm™, which corresponds to O-H bond.
C-H aromatic stretching was detected at 3032.96 cm™', while C=C aromatic bands appeared at 1600.48 cm™ and
1453.90 cm™, and carbonyl peaks appeared at 1675.72 cm™ and S =0 stretching band at 1030.63 cm™ (Table 1).

Table 1: The IR data of DES paracetamol: pTSA.

Functional Group Wavenumber, cm™*
O-H broad 3265.16
C-H aromatic 3032. 96
C=C aromatic 1600.48 and 1453.90
C=0 1675.72
S=0 1030.63

The individual component of paracetamol showed a sharp, broad peak indicating an O-H bond at 3160.78 cm™.
Meanwhile, a spike for secondary N-H absorption band was found at 3325.31 cm™, aromatic vibration at 1611.55 and
1440.50 cm™, and absorption band for C=0 amide at 1654.71 cm™ (Table 2).

Table 2: The IR data of paracetamol.

Functional Group Wavenumber, cm"’
O-H 3160.78
N-H secondary 3325.31
C-H aromatic 3109.81
C=C aromatic 1611.55 and 1440.50
C=0 amide 1654.71

pTSA showed an absorption peak at 3418.00 cm™ for the O-H bond, absorptions at 1601.55 cm™ and 1498.87 cm™’
for the C=C aromatic stretching, and 1034.64 cm™' for the S=0O amide (Table 3).

Table 3: The IR data of pTSA.
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Functional Group Wavenumber, cm"*
O-H broad 3418.00
C=C aromatic 1601.55 and 1498.87
S=0 1034.64

The DES shared several similar functional groups with pTSA and paracetamol, namely O-H bond and C=C
aromatic. However, upon the formation of the DES, the wavenumber for each identical functional group was shifted,
signifying subtle yet significant alterations in these functional groups. The O-H peak became broader and less
intense. In addition, the C=0 amide functional group identified in paracetamol was not observed in the DES
spectrum. The N-H peaks might appear in the spectrum but may overlap with strong O-H peaks. An S=0 functional
group was observed in the DES spectrum, which was contributed by pTSA.

A pivotal factor governing these spectral changes is the establishment of hydrogen bonding interactions
after DES formation. These interactions, entailing a dynamic interplay between hydrogen bond donors (HBD) and
acceptors (HBA), intricately shape the observed infrared bands by broadening and shifting the bands (26).
Specifically, the broadening of the O-H peak within the DES paracetamol: pTSA spectrum indicates robust
hydrogen bonding between the HBD and HBA entities, underscoring the intimate nature of their association. A
similar trend was observed in previous studies on the hydrogen bonding interactions within DESs [14, 27].
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Figure 3: FTIR spectra a) Paracetamol, b) pTSA, and c) Paracetamol-based DES.
3.3 Melting and freezing point

According to Figure 4, a concave melting curve (black) occurred at 5°C and a cooling curve (red) occurred at -30°C.
Based on its concave melting curve characterized at peak maxima -3.17°C, DES is classified as a eutectic impurity.
The exothermic peak has Tonset at -31.17 °C and the cooling enthalpy (AHf) is 6.7074 J/g while the endothermic
peak has Tonset at -7.65 °C and the melting enthalpy (AHf) is 7.6449 J/g.
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Figure 4: DSC thermogram of paracetamol-based DES.

Remarkably, upon the formation of the DES, a profound alteration in melting and freezing points becomes
evident when juxtaposed with the individual components, as tabulated in Table 4. Following the formation of the DES,
it significantly reduced the melting point (-32.58°C) and freezing point (-3.17°C) compared to its individual
components (Table 4). This is due to the formation of the hydrogen bond that weakens the individual components'
internal molecular interactions, hence lowering the Tc and Tm [28]. This consequential impact on phase transitions
adds to the intricate tapestry of the DES's physicochemical behavior.

Table 4: The melting and freezing point of DES and individual components.

Compounds Melting point /°C Freezing point /°C Reference
DES -32.58 -3.17 This study
Paracetamol: pTSA

Paracetamol 168.00 to 172.00 - [29]
pTSA 105 to 107 - [30]

3.4 Lipase activity assay

The lipase activity of untreated and DES-treated lipase was determined using a colorimetric technique. The free fatty
acid level was measured at a wavelength of 715 nm. The absorbance of DES-treated lipase and untreated lipase
obtained was used to estimate the amount of free fatty acid from the prepared standard curve of oleic acid. The
DES-treated lipase showed higher absorbance, and therefore, higher free fatty acids than the untreated lipase. The
amount of free fatty acids implies lipase catalytic activity. Figure 5 visually illustrates the absorbance values of
DES-treated and untreated lipase. Strikingly, DES-treated lipase exhibited markedly higher absorbance than
untreated lipase, suggesting elevated free fatty acid concentrations. The quantified amounts were 348.30 umole of
free fatty acid for DES-treated lipase and 333.90 umole for untreated lipase. The noticeable surge in absorbance and
the subsequent elevation in free fatty acid content upon DES treatment substantiate the remarkable enhancement of
lipase catalytic activity. This enhancement not only reaffirms findings from a previous study that showcased similar
improvements using diverse ChCl-based DESs but also amplifies the potential of DESs as adaptable media for
enhancing lipase activity [8]. The observed increase in enzymatic activity can be attributed to the unique
physicochemical properties of DESs, such as their ability to form hydrogen bonds, alter enzyme microenvironments,
and improve substrate solubility [31]. Moreover, the ability of DESs to stabilize enzyme conformations while
simultaneously reducing diffusional limitations may contribute to the observed enhancement in lipase activity. This is
particularly relevant given that DESs can act as both reaction media and co-solvents, mitigating substrate inhibition



7 Zainal-Abidin et al. / J. Mater. Life Sci. 4:1 (2025) 1-10

effects and facilitating a more efficient catalytic process [32, 33]. The results reinforce the growing body of evidence
that DESs provide an alternative to conventional organic solvents, offering a greener and more tunable platform for
enzymatic bioconversions.

6
3 348 30 umole of
333.90 pmole of O
fatty acid atty ac
4

Absorbance
(%)

2

DES-treated lipase

Untreated lipase

Samples

Figure 5: Free fatty acid formed from the esterification process catalyzed by untreated and DES-treated lipase.

3.5 Interaction of lipase with DESs

Delving into the mechanistic aspects, the unique properties of DESs, such as their solvent capacity and ability to
facilitate enzyme-substrate interactions, likely underpin the observed enhancement. Furthermore, the presence of
pTSA within DESs introduces a captivating dimension that can function as a catalyst or a source of protons. The
potent organic acid's interaction with the lipase's serine (SER) catalytic side chain via protonation offers a compelling
mechanism. By giving its proton to the hydroxyl group (-OH) of serine (SER), one of the catalytic side chains in
Lipase,[34] the pTSA can interact with lipase through serine (SER) activity, producing a protonated SER molecule
(Figure 6). The effects of protonation extend to the total lipase activity and SER characteristics. The hydroxyl group's
increased acidity and increased reactivity towards nucleophiles can be inferred from the protonation. The serine
molecule's shape may change due to protonation, which may affect its capacity to engage in interactions such as
hydrogen bonds or other interactions. Conversely, including paracetamol in DESs introduces the intriguing concept of
indirectly modifying the chemical microenvironment surrounding the lipase enzyme, thereby potentially influencing its
catalytic activity.

Acknowledging potential limitations, our study underscores the necessity of exploring unaccounted variables,
which could significantly impact observed outcomes. These future research avenues hold immense potential in
refining our comprehension of the intricate interplay governing DES-mediated enhancement of lipase activity.
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Figure 6: Frontier molecular orbital of LUMO level of pTSA and SER functionality in Lipase.

4.0 Conclusion

In conclusion, the use of a paracetamol-based deep eutectic solvent (DES) is an effective approach for improving the
catalytic activity of lipase. The results presented compelling evidence that the DES effectively improved the
enzymatic activity of lipase, resulting in a significant increase in its catalytic efficiency. Notably, the DES's active
ingredient, pTSA, demonstrated potent catalytic properties and protonation abilities, contributing to the observed
enhancement in lipase activity. Furthermore, the paracetamol molecule present in the DES was found to have a
significant impact on the chemical environment surrounding lipase, leading to indirect effects on its activity. These
findings highlight the potential of DESs as a versatile and promising tool for improving the performance of lipase and
other enzymes in various biotransformation applications, where enzymatic catalysis facilitates the conversion of
substrates into valuable bioproducts with enhanced efficiency and selectivity. Overall, this study provides valuable
insights into the intricate interplay between DESs and enzymatic activity, paving the way for future research to
explore this exciting avenue further.
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