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Bojan Janković, Ana Valenta Šobot, Milica Nemoda and Jelena Marinković
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Abstract

Zn-based ternary deep eutectic solvents (TDESs) have attracted significant attention due to
their good biodegradability, stability, and sustainability. In this work, TDESs composed
of choline chloride:urea (ChCl:U) and zinc salts, ZnCl2, Zn(CH3COO)2, and ZnSO4 were
synthesized and characterized by Fourier transform infrared (FTIR) spectroscopy and
laser desorption ionization mass spectrometry (LDI MS). Their antibacterial activity against
cariogenic Streptococcus species isolates was determined by microdilution assay, while their
cytotoxic potential and effect on the intracellular reactive oxygen species (ROS) induction
were analyzed on the MRC-5 fibroblast cell line by XTT, trypan blue, and DCF assays,
respectively. FTIR confirmed that hydrogen bonds prevail in the molecular structure of
ChCl:U:Zn salts, while LDI MS revealed the interactions between zinc salts and ChCl:U.
The antibacterial TDES potential was high, especially against Streptococcus sanguinis, with
ChCl:U:ZnCl2 displaying the most promising effects (MICs 1.13–18.12 µg/mL). Cytotoxicity
assessment showed that concentrations up to 100 µg/mL of all TDESs did not display
significant cytotoxicity, while higher concentrations significantly reduced cell viability by
increasing ROS production and cell membrane damage, outlining the safety window of
up to 100 µg/mL. Strong antibacterial activity of low TDESs concentrations combined
with their good biocompatibility highlights their potential as innovative candidates for
biomedical application.

Keywords: antimicrobial potential; ChCl:U; cytotoxic effects; ternary deep eutectic solvents;
ZnX (X-Cl; SO4; CH3COO)

1. Introduction
The development of green solvents with enhanced properties represents a novel ap-

proach in different fields of science, including pharmaceuticals and chemicals development,
but also biomedical fields, including dentistry [1–3]. Deep eutectic solvents (DESs) are
classified as a type of ionic fluids composed of two or three substances capable of self-
association to form a eutectic mixture with a melting point lower than each substance.
DESs are now commonly recognized as a new family of ionic liquids; they have numerous
similarities and differences with ionic liquids, but also possess catalytic properties [4,5].
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Considering their intrinsic properties, such as low toxicity, simple synthesis, high biocom-
patibility, and antibacterial properties, their potential biomedical applications in various
fields, including drug delivery systems, solvents for natural compounds extraction, and
nanomaterial synthesis and functionalization, have been explored in recent years [6–8].

The reported antimicrobial activity of some DESs outlined their potential use for thera-
peutic and preventive applications [9]. Choline chloride-based DESs showed antimicrobial
activity against a number of drug-resistant bacteria, fungi, and viruses, including Staphylo-
coccus aureus, Candida albicans, and herpes simplex virus [10]. The antibacterial potential of
DESs against oral bacteria such as Enterococus faecalis and Porphyromonas gingivalis was also
reported [11,12]. Additionally, research on the cytotoxic profile of choline chloride-based
DESs, especially choline chloride:urea (ChCl:U), demonstrated low cytotoxic potential and
good biocompatibility, while maintaining antibacterial activity, marking their potential for
therapeutic application [13–16].

Despite continuous advances in oral health care, caries prevention and treatment
remain a challenge in many parts of the global population [17]. Mechanical methods such
as tooth brushing and flossing are insufficient per se, and the efficacy of commonly used ad-
juvants against oral bacteria remains controversial, with reports ranging from beneficial to
negligible effects [18]. Although chlorhexidine has long been regarded as the gold standard
for chemical plaque control due to its strong antibacterial activity, its clinical application is
restricted by side effects such as taste alteration, xerostomia, and tooth discoloration [19].
These limitations underscore the need for next-generation antimicrobial formulations that
can be safely and effectively incorporated into daily oral hygiene practices.

Even though the antimicrobial activity and good biocompatibility of choline chloride
and urea-based DESs have been reported, the addition of a third component—such as a
plant extract, metallic nanoparticles, or metal salts—contributes to an enhanced antimicro-
bial effect [20]. This enhancement is primarily attributed to the intrinsic antimicrobial activ-
ity of the third incorporated component. Our previous research indicated that ChCl:U pos-
sesses excellent biocompatibility and moderate antibacterial activity against Streptococcus
mutans and Streptococcus sanguinis, the two most prevalent bacterial strains involved in
the development of dental cavities [13]. However, the antibacterial effects were stronger
for DES-formulated sage extracts, confirming the contribution of the third component in
the DES solution, such as the plant extract with antibacterial properties, to the overall an-
tibacterial effect. The enhanced antibacterial activity of ternary DESs (TDESs) likely results
from improved solubilization of bioactive compounds, increased membrane permeability,
and synergistic interactions between DES components and incorporated antimicrobial
agents. These ternary formulations represent promising green alternatives for developing
antimicrobial applications in pharmaceutical and biomedical fields. The TDES composi-
tion’s tunability enables deep eutectic solvents to remain environmentally acceptable while
optimizing their antibacterial activity.

Zinc is an essential trace element with pivotal roles in enzymatic processes in human
and bacterial cells; nevertheless, it also possesses antibacterial properties when applied
at higher concentrations. Different water-soluble zinc (Zn) salts are often used as active
ingredients in dental hygiene products to inhibit dental plaque and control calculus for-
mation [21,22], and incorporated into dental materials to inhibit the growth of cariogenic
bacteria [23]. The antibacterial effect of Zn salts is achieved by the release of Zn ions
(Zn2+) that increase the permeability of bacterial cell membranes, interfere with bacterial
enzymatic processes, and affect bacterial cell division [23–25]. The antibacterial effect is
mostly dependent on the concentration of Zn2+ ions, as well as the solubility of the salts,
where zinc chloride, zinc sulfate, and zinc acetate were found to be the most effective in
inhibiting bacterial growth of Streptococcus mutans, Streptococcus sobrinus, Staphylococcus
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aureus, Escherichia coli, and Enterococcus faecalis [23,25–27]. However, despite being essen-
tial for a plethora of physiological and biochemical functions in the human body, zinc
belongs to the heavy metals, which are known to cause severe toxic effects on human
cells, mostly mediated by generation of reactive oxygen species (ROS), interfering with
DNA and nuclear proteins, and inhibiting enzymatic processes [28]. High concentrations
of zinc could exhibit toxic effects by elevating ROS through the induction of mitochondrial
dysfunction [29], depleting cellular glutathione (GSH) and adenosine triphosphate (ATP)
levels, and inducing necrosis and apoptosis [30]. Therefore, designing new formulations
that could preserve the antibacterial activity of zinc salts, while mitigating cytotoxic effects
on human cells, could be of great importance for future dental applications.

Bearing in mind the aforementioned potential of choline chloride and urea-based
DESs and Zn salts, this work aimed to describe the synthesis and chemical characteri-
zation of Zn-based ternary choline chloride:urea deep eutectic solvents and to explore
their antibacterial potential against cariogenic Streptococcus species isolates. To the best of
our knowledge, the antibacterial properties of DESs composed of choline chloride, urea,
and three different Zn salts, namely zinc chloride, zinc sulfate, and zinc acetate, against
cariogenic bacteria, along with their cytotoxic profiles, has not been previously reported.
Even though zinc ions at low concentrations are naturally present in saliva and enamel, and
are generally considered safe for oral tissues and commonly used in dental products, higher
concentrations or prolonged exposure may cause local irritation [22], and the effects of
zinc-containing TDESs on oral tissues have not been systematically studied. Therefore, a cy-
totoxicity assessment of DESs was performed to determine the range of safe concentrations
that possess antibacterial effects.

2. Materials and Methods
2.1. Synthesis of DESs

DESs were prepared by mixing choline chloride (Acros Organics, Waltham, MA, USA,
purity 99%), urea (Sigma Aldrich, purity ≥ 99.5%), and different zinc salts as additives:
ZnSO4×7H2O, ZnCl2 (purity ≥ 99.995%), and Zn(CH3COO)2×2H2O (Zn-acetate, all ob-
tained from Sigma Aldrich, St. Louis, MO, USA) in a 1:2:0.25 molar ratio at 60 ◦C for 6 h.
After their mixing on a magnetic stirrer, the transparent molecular liquids were formed. To
remove any remaining water from the synthesized liquids, which might still be present
due to zinc salts, a rotary evaporator was used (IKA Rotary Evaporators, RV8, Staufen,
Germany). The pH of the pure synthesized DESs was measured on the 713 pH Meter
(Metrohm, Riverview, FL, USA), and the obtained DESs materials were denoted in Table 1.
The pH values of DESs were also measured upon dissolving in cell culture medium (DMEM,
Gibco™, Thermo Fisher Scientific, Waltham, MA, USA), to assess the impact of pH on
cellular survival.

Table 1. DESs composition, designation, molar ratio, and pH values (pure and DESs dissolved in cell
culture medium).

DES Designation Molar Ratio pH Value of
Pure DESs

pH Value in Cell
Culture Medium

Choline chloride:urea ChCl:U 1:2 8.90 ± 0.10 7.44 ± 0.04
Choline chloride:urea:ZnSO4×7H2O ChCl:U:ZnSO4 1:2:0.25 7.99 ± 0.11 7.36 ± 0.04

Choline chloride:urea:ZnCl2 ChCl:U:ZnCl2 1:2:0.25 8.56 ± 0.06 7.38 ± 0.02
Choline chloride:urea:Zn(CH3COO)2×2H2O ChCl:U:Zn(CH3COO)2 1:2:0.25 8.26 ± 0.06 7.38 ± 0.01
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2.2. Characterization of DESs
2.2.1. FTIR

Fourier transform infrared (FTIR) spectroscopy was conducted as previously de-
scribed [13,31] using a Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). The FTIR spectra of all the investigated DESs were measured in the range of
4000–400 cm−1 with a resolution of 4 cm−1, employing the Attenuated Total Reflection
(ATR) technique.

2.2.2. LDI MS

The laser desorption ionization mass spectrometry (LDI MS) measurements (without
the use of conventional matrices) were carried out on a commercial MALDI Voyager-DE
PRO mass spectrometer from Sciex (Foster City, CA, USA) equipped with a time-of-flight
(TOF) mass analyzer according to the previously described procedure [32]. This mass
spectrometer contains an ultraviolet nitrogen laser with wavelength of 337 nm, pulse width
of 3 ns, and repetition rates of 20.00 Hz.

The mass spectra shown in this work were performed in the negative reflectron mode.
The other instrumental parameters were accelerating voltage 25,000 V, grid voltage 84%,
laser intensity 3363 a.u., and number of laser shots 500, and a delayed extraction time of
100 ns.

For LDI analysis, a small volume (1 µL) of sample was applied directly to the stainless
steel sample plate without any preparation. The sample was smeared onto this plate and
directly introduced into the instrument.

2.3. Antibacterial Activity Assessment
2.3.1. Bacterial Strains

Clinical isolates belonging to Streptococcus species, i.e., Streptococcus mutans, Strep-
tococcus mitis, Streptococcus sanguinis, and Streptococcus gordonii, were obtained from the
Department of Pediatric and Preventive Dentistry, School of Dental Medicine, University
of Belgrade, Republic of Serbia. Bacterial collecting and identification was undertaken
according to the Declaration of Helsinki and approved by the Ethical Committee No
36/7. The identification of clinical isolates was performed according to the standard proce-
dures [33,34], as previously described and reported [35]. The clinical isolates were stored
at −80 ◦C at the Microbiology department of the “Vinča” Institute of Nuclear Sciences—
National Institute of the Republic of Serbia, University of Belgrade, and designated as the
following strain numbers within the depository: Streptococcus mutans strain number 142,
Streptococcus mitis strain number 062, Streptococcus sanguinis strain number 132, and Strepto-
coccus gordonii strain number 057.

2.3.2. Bacterial Cultivation

Cultivation was performed on Blood Agar plates (BA, Torlak, Serbia) by streaking
frozen stock cultures and 48 h incubation at 37 ◦C. Colonies of all tested strains were
inoculated into Luria–Bertani Broth (Tryptone 10.0 g/L, Yeast extract 5.0 g/L, Sodium
chloride 10.0 g/L, LB, HiMedia, Mumbai, India) and grown overnight at 37 ◦C prior to
each experiment. Cell suspensions turbidity was adjusted spectrophotometrically to an
optical density OD600 of 0.2 (corresponding to 1 × 108 CFU/mL).

2.3.3. Assessment of Antibacterial Activity Using Microdilution Assay

Minimal inhibitory concentrations (MICs) were determined by the microdilution
method in 96-well microtiter plates, as previously described in Diouchi et al. [36]. Four
test substances were two-fold diluted in Tryptone Soya Broth (casein peptone Torlak
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17.0 g/L, Soya peptone 3.0 g/L, Dextrose 2.5 g/L, Sodium chloride 5 g/L, Dipotassium
hydrogen phosphate 2.5 g/L, TSB, Himedia, Mumbai, India) along the rows, and the
tested concentration ranges were 0.29–600 µg/mL, 0.29–595 µg/mL, 0.28–580 µg/mL and
0.27–550 µg/mL for ChCl:U:Zn(CH3COO)2, ChCl:U:ZnSO4, ChCl:U:ZnCl2, and ChCl:U,
respectively. In this assay, mouthwash based on 0.2% chlorhexidine (CHX) with CHX in
a concentration range 2–106 µg/mL was also tested, as commonly used formulation in
dentistry. Inocula were adjusted to 2 × 104 CFU/well, and the plates were incubated at
37 ◦C for 24 h in microaerophilic conditions. A growth indicator, resazurin, was added to
determine MICs. Minimal bactericidal concentrations (MBCs) were detected by additional
plating of 20 µL from the wells with no visible growth onto BA. The experiment was
performed in triplicate and repeated twice.

2.4. Cytotoxicity Assessment
2.4.1. Cell Culture and Treatment

Commercially available human fetal lung fibroblast cell line MRC-5 (CCL-171) was
used for the cytotoxicity assessment (ATCC, Manassas, VA, USA). Briefly, the cell cul-
tures were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco™, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Capricorn Scientific, Germany) and 1% antibiotic-antimycotic (Gibco™
Antibiotic-Antimycotic, Thermo Fisher Scientific, USA), under standard cell culture condi-
tions, i.e., humified atmosphere at 37 ◦C and 5% CO2. The cell cultures were treated with a
range of DESs concentrations: 50, 100, 300, and 500 µg/mL for 24 h. Untreated cultures
served as a negative control; all treatments were set up in triplicate and experiments were
repeated twice.

2.4.2. Viability Assays (XTT and Trypan Blue Exclusion Assay)

The cell viability assessment was performed by applying 2,3-Bis-(2-Methoxy-4-Nitro-
5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT) assay according to the standard
procedure [37]. Briefly, cells were seeded in the 24-well plates at a density of 0.05 × 106,
allowed to adhere for 24 h, and treated with DESs previously dissolved in DMEM and
filtered through a 0.22µm Millipore filter (Merck Millipore, Darmstadt, Germany). Then,
24 h after the treatment, cell culture media was discharged and the cells were supplemented
with XTT reagent activated with phenazine methosulfate (PMS) and placed at 37 ◦C, until
the color developed. Absorbance was measured at 470 nm on a microplate reader (Sunrise,
Tecan Group Ltd., Männedorf, Switzerland). The results are presented as a percentage of
viable cells compared to untreated control, i.e., ratio between the absorbance of treated and
untreated cells.

To assess the impact of the treatments on the cell membrane, we also performed a
trypan blue exclusion (TB) assay following the procedure described by Strober [38]. The
cells were seeded in 24-well plates at the same densities as for the XTT assay. Upon the
treatment in the same manner as for the XTT assay, the cells were detached from the wells
using trypsin-EDTA (Capricorn Scientific, Ebsdorfergrund, Germany) and blocked with
the same volumes of complete medium. Equal volumes of MRC-5 cell suspensions and
0.4% trypan blue dye were mixed, applied to a hemocytometer (Cambridge Instruments
Inc., Buffalo, NY, USA), and counted using a light microscope (Optech, Gmbh, Munchen,
Germany) with 40× magnification objective. Cell viability was expressed as a percentage
of viable cells compared to the untreated control (100%).

2.5. Intracellular ROS Production (DCF Assay)

Determination of intracellular reactive oxygen species (ROS) production was assessed
by employing cell-permeable 2′,7′-dichlorofluorescein diacetate (DCFH-DA) staining as
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previously described [39]. The protocol is based on the use of DCFH-DA that oxidizes to
fluorescent DCF (dichlorofluorescein) by ROS. Briefly, the cells were seeded in 96-well plates
at a density of 2.5 × 104 cells per well and allowed to adhere for 24 h. Upon adhering, the
cells were treated with DCFH-DA (Sigma-Aldrich, St. Louis, MO, USA) for 45 min at 37 ◦C
in the dark, washed with 1xPBS, and treated with DESs. The fluorescent measurements were
performed by measuring excitation absorbance and emission absorbance at 485 nm and
535 nm wavelengths, respectively, on the microplate reader Wallac Victor2 1420 Multilabel
Counter (Perkin Elmer, Waltham, MA, USA). Treatment with hydrogen peroxide (300 µM)
served as a positive control.

2.6. Statistical Analysis

Results are presented as mean value ± standard error of mean (SEM). Statistical analy-
sis was performed using the SPSS 10 statistical package for Windows (IBM, Armonk, NY,
USA). A one-way ANOVA statistical test was used for the analysis, whereas p value < 0.05
were accepted as the level of significance.

3. Results
3.1. Characterization of DESs
3.1.1. FTIR Analysis of DESs

Figure 1a shows the ATR-FTIR spectra of choline chloride (ChCl), urea (U), and choline
chloride:urea (ChCl:U) DES. It can be seen that spectrum of ChCl:U overlapped with spectra
of choline chloride and urea. In the ChCl spectrum, there were several characteristic bands
located at 3212 cm−1 and 3016 cm−1 associated with OH vibrations. Bands positioned at
1480 cm−1, 1080 cm−1, 1004 cm−1, 950 cm−1, and 864 cm−1 can be assigned as CH3, CH2,
C-O, CCO, and N-CH3 vibration bands, respectively. On the other hand, the spectrum of
urea showed the absorption bands in the investigated IR region, which can be ascribed to
the υas NH2, υs NH2, δas NH2, and δs NH2 vibrations. Vibrations at positions of 1156 cm−1

and 782 cm−1 can be assigned as υas CN and ω C=O. The spectrum of ChCl:U DES
adsorption bands of urea, especially the bands in the region between 3600 and 3000 cm−1,
were moved towards the lower wave number region, which implies that hydrogen bonds
were formed between urea and ChCl.

ATR-FTIR spectra of Zn salts and ternary DESs are presented at Figure 1b–d. In the
case of all Zn salts, there was a broad band located in the region 3000–3450 cm−1, as well
as a band at 1600 cm−1, only in the case of ZnCl2. ZnCl2 showed a band below 600 cm−1,
which can be attributed to the vibration of metal halide (Zn-Cl, Figure 1b). ATR-FTIR
spectrum for ZnSO4 (Figure 1c) showed vibration at a position of 1086 cm−1, associated
with SO4. In the spectrum of Zn(CH3COO)2 in Figure 1d, all bands were associated with
Zn(CH3COO)2.

3.1.2. LDI MS

Figure 2a–c show the LDI mass spectra in the negative mode of ChCl:U:ZnCl2,
ChCl:U:Zn(CH3COO)2, and ChCl:U:ZnSO4, respectively. In the LDI mass spectrum
of all three samples, peaks corresponding to deprotonated chloride adducts of one
cholinium chloride unit and one, two, and three urea molecules (U) were detected, e.g.,
[ChCl + U + Cl-H]− (at m/z 233.18, 235.19, calcd 233.07, 235.07), [ChCl + U2 + Cl-H]− (at
m/z 293.52, 295.43, calcd 293.11, 295.11), and [ChCl + U3 + Cl-H]− (at m/z 353.37, 355.31,
calcd 353.13, 355.13). Moreover, the signal of [ChCl + U + Cl-H]− in all three graphs was
more intense than the peaks where ChCl associated with two and three urea molecules,
such as [ChCl + Un + Cl-H]− (n = 2 and 3). In addition, low intensity peaks around
m/z 370 (Figure 2a), m/z 381 (Figure 2b), and m/z 359 (Figure 2c), can be assigned as
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[ChCl+U+Cl+ZnCl2]− (at m/z 367.69, 369.67, 371.67, 374.64, calcd 367.94, 369.93, 371.93,
374.93), [ChCl+U+Zn(CH3COO)2]− (at m/z 381.44, 383.43, 385.31, calcd 381.06, 383.06,
385.06), and [ChCl+U+ZnSO4]− (at m/z 359.49, 361.48, 363.38, calcd 358.98, 360.98, 362.98),
respectively.

Figure 1. ATR-FTIR spectra of (a) choline chloride, urea, and binary DES ChCl:U, and differ-
ent Zn salts and ternary DESs (b) ZnCl2 and ChCl:U:ZnCl2; (c) ZnSO4 and ChCl:U:ZnSO4, and
(d) Zn(CH3COO)2 and ChCl:U:Zn(CH3COO)2.

3.2. Antimicrobial Activity of DESs

Minimal inhibitory concentrations of three eutectic mixtures with Zn salts was generally
high (MICs ranged 1.17–18.75, 1.16–37.19, and 1.13–18.12 µg/mL for ChCl:U:Zn(CH3COO)2,
ChCl:U:ZnSO4, and ChCl:U:ZnCl2, respectively) and comparable to both the positive
control and commonly used mouthwash based on 0.2% chlorhexidine. MIC values were
lower for all three ternary Zn-based DESs, compared to their binary counterpart, ChCl:U,
indicating enhanced antibacterial activity of ternary solvents. Among the tested DESs, the
most potent against all tested strains was ChCl:U:ZnCl2. A similar trend was observed for
MBCs. Considering the difference in strain sensitivity, slight differences in sensitivity can
be observed, with S. sanguinis isolate being the most sensitive (Table 2).
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Table 2. Antibacterial activity of investigated deep eutectic solvents against four isolates belonging to
the genus Streptococcus.

ChCl:U:Zn(CH3COO)2 ChCl:U:ZnSO4 ChCl:U:ZnCl2 ChCl:U
Positive
Control
(Amoxicillin)

Mouthwash
Containing
0.2% Chlorhexidine

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
µg/mL

S. mutans 9.375 18.75 18.59 18.59 9.06 9.06 68.75 137.5 4 16 6.62 26.48
S. sanguinis 1.17 4.68 1.16 2.32 1.13 2.26 68.75 137.5 2 10 3.31 26.48
S. gordonii 9.375 18.75 9.30 9.30 4.53 9.06 68.75 137.5 2 8 6.62 13.24
S. mitis 18.75 37.5 37.19 37.19 18.12 36.24 275 550 2 4 13.24 13.24

Figure 2. The LDI MS of (a) ChCl:U:ZnCl2, (b) ChCl:U:Zn(CH3COO)2, and (c) ChCl:U:ZnSO4, with
the theoretical isotopic distributions for [ChCl+U+Cl+ZnCl2]−, [ChCl+U+Zn(CH3COO)2]−, and
[ChCl+U+ZnSO4]− shown in (a–c), respectively.
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3.3. Cytotoxicity of DESs

The cytotoxicity of all deep eutectic solvents was assessed by XTT and trypan blue
assays. The results of the XTT assay showed that lower concentrations (50 and 100 µg/mL)
of all DESs did not display significant cytotoxic effects compared to the untreated con-
trol. However, higher concentrations (300 and 500 µg/mL) of ChCl:U:Zn(CH3COO)2,
ChCl:U:ZnSO4, and ChCl:U:ZnCl2 displayed statistically significant cytotoxicity (Figure 3,
p < 0.001) in a concentration-dependent manner. ChCl:U showed cytotoxicity only at the
highest tested concentration of 500 µg/mL (p < 0.05).

 

Figure 3. Cell viability of MRC-5 cells treated with different concentrations (50–500 µg/mL) of DES
assessed by XTT assay. Level of significance: * p < 0.05, *** p < 0.001.

When the effects of the same concentrations of different treatments were compared,
ChCl:U showed the mildest cytotoxicity compared to other treatments, i.e., only the highest
tested concentration (500 µg/mL) was significantly cytotoxic and reduced the percentage of
viable cells to 85.57%. The same concentration of other treatments markedly reduced cell vi-
ability, ranging from 19.11% (ChCl:U:Zn(CH3COO)2) to 31.34% (ChCl:U:ZnSO4) (p < 0.001).
Concentration of 300 µg/mL was cytotoxic for ChCl:U:Zn(CH3COO)2, ChCl:U:ZnSO4, and
ChCl:U:ZnCl2, but there was no statistical significance between the treatments with differ-
ent Zn-based DESs. However, compared to ChCl:U treatment at the same concentration,
these treatments displayed significantly higher cytotoxicity (p < 0.001).

To confirm the results of XTT assay, we also employed trypan blue staining on the treat-
ments. Unlike the XTT assay, which is based on the measurement of cellular metabolism in
the living cells [40], trypan blue dye penetrates the damaged cell membrane of the dead
cells [38]. The results obtained by trypan blue staining showed a similar trend to the XTT
assay (Figure 4), outlining the safety window of zinc-based TDESs of up to 100 µg/mL.

3.4. Intracellular ROS Production

DCF assay was used to assess the impact of the obtained DESs on the intracellular
ROS production. The results demonstrated that lower concentrations (50 and 100 µg/mL)
of all tested DESs did not significantly increase ROS production compared to the untreated
control, while higher concentrations of zinc-based DESs led to a significant elevation in
intracellular ROS production (Figure 5, p < 0.001). The intracellular ROS levels upon all
concentrations of ChCl:U treatment were in the range of the untreated control, while levels
of zinc-based DESs induced ROS production in a concentration-dependent manner, as
presented in Figure 5.
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Figure 4. Cell viability of MRC-5 cells treated with different concentrations (50–500 µg/mL) of DES
assessed by trypan blue assay.

 

Figure 5. Intracellular ROS production in MRC-5 cells treated with different concentrations
(50–500 µg/mL) of DES assessed by DCF assay. Positive control was 300 µM H2O2. The results
are presented as a percentage of untreated control. Level of significance: *** p < 0.001.

4. Discussion
Zn-based ternary deep eutectic solvents have attracted significant research interest

recently, especially for industrial applications, such as zinc-ion battery production and
wastewater treatment. These solvents exhibit advantageous properties such as tunable
ionic conductivity, biodegradability, stability, and affordability, which make them promis-
ing candidates for use in energy storage systems and selective metal ion recovery from
industrial effluents [41,42]. Although the synthesis of DESs based on choline chloride and
Zn salts has been previously reported, either as binary (for zinc acetate) or ternary (for zinc
sulfate and zinc chloride) DESs [43–46], to the best of our knowledge, their antibacterial
potential and cytotoxicity profiles, as well as their potential role in biomedicine, especially
in caries prevention, have not been evaluated. Meng et al. (2024) reported the antibacterial
effects of a ternary deep eutectic solvent composed of glycerol, zinc chloride, and choline
chloride against the bacteria in infected wounds [47], but to the best of our knowledge, the
antibacterial properties of DESs composed of choline chloride, urea, and three different Zn
salts, namely zinc chloride, sulfate, and acetate, against cariogenic bacteria has not been
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previously reported. Though zinc itself is integrated into various dental materials and
adhesives due to its antimicrobial and biocompatible properties, the specific application of
Zn-based DESs as functional agents or solvents in dental formulations or therapies has not
yet been investigated. Concerning the necessity of caries prevention, this study was guided
by the idea that these materials may be used as the active principle within the formulation
that can be integrated into the oral hygiene routine.

Regarding the characterization of these ternary eutectic solvents, the ATR-FTIR spec-
trum of ChCl:U resulted from the overlapping spectra of choline chloride and urea. The
assignment of characteristic bands at 3212 cm−1 and 3016 cm−1 at 1480 cm−1, 1080 cm−1,
1004 cm−1, 950 cm−1, and 864 cm−1, as well as vibrations at 1156 cm−1 and 782 cm,
was consistent with the results presented by Li et al. [48]. Assignation related to Zn salts
and ternary DESs was also in agreement with previously reported results [49–51]. The
band at 1600 cm−1, which appeared only in the case of ZnCl2, could be attributed to
OH- stretching and H–O-H vibrations of water trapped from environmental exposure.
Further, results of the current study indicated that the molecular structure of the binary
DES consisting of choline chloride and urea did not change after adding a third component,
i.e., the Zn-based salts. The spectra of ternary DESs (ChCl:U:ZnCl2, ChCl:U:ZnSO4 and
ChCl:U:Zn(CH3COO)2) were almost the same as the spectrum of the binary DES consisting
of ChCl:U. The bands in the investigated IR- region (4000–400 cm−1) for all ternary DESs
were at the same positions as in the case of ChCl:U. This indicates that the molecular
structure of the binary DES consisting of choline chloride and urea was unchanged after
adding a third component, i.e., Zn-base salts. Therefore, the most powerful bonds between
choline chloride and urea, which were responsible for the formation of eutectic mixture,
were the aforementioned hydrogen bonds [52].

In the LDI mass spectra of ChCl:U:ZnCl2, ChCl:U:ZnSO4, and ChCl:U:Zn(CH3COO)2,
characteristic ions of the form [ChCl + Un + Cl-H]− (where n = 1–3) were identified,
indicating interactions between ChCl and U. This finding aligns with previous mass spec-
trometric studies [53] and suggests that LDI MS could be a valuable technique for char-
acterizing deep eutectic solvent (DES) samples. Additionally, low-intensity ions such as
[ChCl + U + Cl + ZnCl2]−, [ChCl + U + Zn(CH3COO)2]−, and [ChCl + U + ZnSO4]− were
also detected in the individual LDI mass spectra of ChCl:U:ZnCl2, ChCl:U:Zn(CH3COO)2,
and ChCl:U:ZnSO4, respectively. This suggests a potential interaction between the zinc salt
and the ChCl:U mixture.

Regarding the evaluation of antibacterial potential, the isolates of Streptococcus species
were selected as model bacteria, since S. mutans is recognized as the main culprit for
caries development. On the other hand, although S. mitis, S. sanguinis, and S. gordonii
could be considered as commensals [54], they are initial colonizers and have interactions
among themselves within plaque formation [55]. The results showed that all eutectic
mixtures with Zn-based additives possessed high antibacterial potential. The highest MIC
value determined in this study (37.19 µg/mL) against S. mutans is still lower than values
determined for solely tested Zn2+, where MIC 128–256 µg/mL [56] and MIC 64 µg/mL [57]
were reported. The antibacterial potency of DESs could be attributed to several mechanisms,
including increased reactive oxygen species (ROS) production and subsequent oxidation
of cell wall macromolecules and destruction of cellular components, as well as membrane
damage induced by Zn2+ ions [27,58]. Once released, Zn2+ ions interfere with Mg2+ ions
within the bacteria enzymatic systems, leading to their inactivation and bacterial cell
death [59]. Recently it was demonstrated that novel water-soluble zinc complexes show
pronounced antibacterial activity compared to solely tested Zn salts, possibly due to
the adherence to the negatively charged bacterial cell walls, which facilitates membrane
permeability and damage [27]. Similarly, the potential of our Zn-based DESs could be
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caused by choline cation adherence to the polysaccharide chains of the bacterial cell wall
through hydrogen bonding or electrostatic interaction [60], which enables more effective
Zn2+ penetration through the membrane. Interestingly, slight differences in activity among
DESs were observed, with the most potent being ChCl:U:ZnCl2. The highest antibacterial
activity of ChCl:U:ZnCl2 is consistent with previous research on antibacterial properties of
pure Zn salts against S. mutans and S. sobrinus, where Zn chloride was found to be the most
effective, followed by Zn acetate and Zn sulfate [61]. The selective antibacterial properties
of different Zn salts are likely a result of their different solubility and ability to release Zn2+

ions [26]. Lower MIC and MBC values obtained in our research might be a result of the
complex composition of the obtained ternary DESs, where ChCl:U also possesses intrinsic
antibacterial properties, which are enhanced by the addition of Zn salts.

Numerous studies have investigated the biocompatibility of different DESs. While
some authors reported their high biocompatibility and low cytotoxic potential [62,63],
others reported the opposite [7,14]. Choline chloride DESs are reported to have an overall
low cytotoxicity profile, since choline has a significant role in the intracellular metabolism,
as a vitamin B component [64]. Cytotoxicity testing clearly outlined the difference between
Zn-based and ChCl:U DES, i.e., ChCl:U did not display highly significant cytotoxicity even
at the highest tested concentration, unlike all Zn-based DESs, suggesting that Zn2+ ions
cause reduced cell viability. ChCl:U did not reduce the percentage of viable cells below
50%, even at the highest tested concentration, indicating high biocompatibility. This is in
agreement with the previously reported studies [13,14,62]. The literature data indicate that,
among other parameters, pH values of DESs can impact their cytotoxicity rates [65], where
acidic DESs typically induce higher toxicity. However, all of the pure DESs obtained in our
study had slightly alkaline pHs, with minor differences. Moreover, upon dilution in cell
culture medium, the pH values of all DESs were neutral, likely due to the buffer systems in
the cell culture media, indicating that minor differences in pH are not the cause of their
differing toxicity. Such pH values are advantageous, as they may help neutralize acid
production by Streptococcus spp., a key factor in the demineralization process during caries
development [66]. Moreover, DES-based formulations with neutral or mildly alkaline pH
are not expected to cause erosive changes, in contrast to certain acidic mouth rinses [67]. In
addition, salivary enzymes such as amylase, lysozyme, and peroxidases display optimal
activity near neutral pH [68]. Therefore, if the application of DESs maintains salivary pH
within its physiological range (6.5–7.5), no adverse effects on normal salivary enzyme activ-
ity would be expected. The cytotoxicity of Zn-based DES could be explained by dissolution
of DES in cell culture medium, where the release of Zn2+ occurs [69]. Even though Zn2+

is an essential trace element for proper cellular functions, such as cell proliferation and
differentiation, antioxidative cellular defense, apoptosis, and many enzymatic reactions,
excessive concentrations could be detrimental due to the disrupted balance between ex-
tracellular/intracellular concentration and higher intracellular uptake [70–72]. However,
concentrations reported to cause in vitro cytotoxicity depend on the exposure time, cell
type, and the form of zinc, i.e., pure salts, nanoparticles, or complexes, and vary signif-
icantly from 12 µg/mL for ZnCl2 [70] and 30–100 µg/mL for ZnO nanoparticles [73,74]
to up to 135 µg/mL for ZnSO4 [75]. When applied in the pure form, Zn salts display
higher toxicity compared to Zn complex compounds [72]. This is in accordance with our
research, since Zn-based DESs displayed a significant cytotoxic effect only at the high
concentrations—300 and 500 µg/mL. Our results demonstrated that these concentrations
of Zn-based DESs significantly increase intracellular ROS production, in contrast to ChCl:U,
indicating the pro-oxidant effect of higher TDES concentrations. Previous studies reported
that excessive zinc concentrations could increase ROS levels, leading to oxidative stress,
which damages cell membranes primarily through lipid peroxidation, which eventually
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leads to disrupted cell membrane integrity and cell death [29,76]. The trypan blue assay
results in our study also confirm this finding, as an increased number of TB-positive cells
with damaged cell membrane was found in these treatments.

The minor, statistically insignificant differences in cytotoxicity rates of different Zn-
based DESs are likely a result of different Zn salts in the DES structure, as different salts
display higher or lower cytotoxicity rates. Pavlica and coworkers [30] demonstrated that Zn
sulfate displays high, and Zn chloride and Zn acetate moderate cytotoxicity profiles, due to
the distinct release of Zn2+, but the cytotoxicity of all salts was concentration-dependent.
Even though Zn-based DES, ChCl:U:Zn(CH3COO)2, ChCl:U:ZnSO4, and ChCl:U:ZnCl2
showed cytotoxic potential at high concentrations (above 100 µg/mL), low concentrations
did not affect cellular survival, but demonstrated a strong bactericidal effect against the
tested oral pathogens. Overall, these results suggest the strong potential of Zn-based
ternary DESs for application in dental medicine, and future research will be directed to
understanding the mechanisms by which antibacterial mechanisms are achieved, as well as
the evaluation of antibiofilm potential.

5. Conclusions
The present study provides the first evidence of the antibacterial activity and cytotox-

icity of novel ternary deep eutectic solvents (DESs) composed of choline chloride, urea,
and zinc salts (ChCl:U:Zn(CH3COO)2, ChCl:U:ZnSO4, ChCl:U:ZnCl2). We demonstrate
that these components, at specific molar ratios, form stable systems with promising bio-
logical potential. The Zn-based ternary DESs displayed strong antibacterial effects against
clinically relevant oral isolates—Streptococcus mutans, Streptococcus mitis, Streptococcus
sanguinis, and Streptococcus gordonii—with MIC values comparable to conventional an-
tibiotics, while maintaining a low cytotoxic profile in MRC-5 fibroblasts at MICs. However,
higher concentrations display cytotoxic impact, which should be taken into account, with
the consideration that the safety window of Zn-based DES is up to 100 µg/mL. Overall,
the combination of these ternary DESs’ strong antibacterial activity and low cytotoxicity
highlights their potential as innovative candidates for application in dental medicine or
other biomedical fields.
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Salts on Escherichia Coli and Enterococcus Faecalis Biofilm Formation. Appl. Sci. 2025, 15, 8383. [CrossRef]

27. Zhang, Y.; Li, X.; Li, J.; Khan, M.Z.H.; Ma, F.; Liu, X. A Novel Zinc Complex with Antibacterial and Antioxidant Activity. BMC
Chem. 2021, 15, 17. [CrossRef]

28. Ohiagu, F.O.; Chidoka, P.; Ahaneku, C.C. Human Exposure to Heavy Metals: Toxicity Mechanisms and Health Implications.
Mater. Sci. Eng. 2022, 6, 78–87. [CrossRef]

29. Yang, Y.; Wang, P.; Guo, J.; Ma, T.; Hu, Y.; Huang, L.; Xing, B.; He, Y.; Xi, J. Zinc Overload Induces Damage to H9c2 Cardiomyocyte
Through Mitochondrial Dysfunction and ROS-Mediated Mitophagy. Cardiovasc. Toxicol. 2023, 23, 388–405. [CrossRef]

30. Pavlica, S.; Gaunitz, F.; Gebhardt, R. Comparative in Vitro Toxicity of Seven Zinc-Salts towards Neuronal PC12 Cells. Toxicol. Vitr.
2009, 23, 653–659. [CrossRef]
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