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The main objective of the present study was to determine the protolytic and coordination properties 
of two bioactive cannabinoid acids (cannabidiolic acid and cannabigerolic acid) in ethyl alcohol-water 
mixture (50/50, v/v). The complexation properties of these acids with copper(II) and zinc(II) ions were 
determined by potentiometric and ESI–MS methods. UV–Vis absorption spectra for the copper(II) 
systems confirmed the speciation models with one type of complex indicating coordination with 
completely deprotonated dinegative ligand molecule. The occurrence of precipitation at lower pH 
values limited the ability to determine complexes under these conditions. The research also aimed to 
identify potential biological and medicinal applications of cannabinoid acids and their complexes with 
zinc(II). The ability of these compounds to influence the growth of human Hs68 skin fibroblasts and 
AGS gastric adenocarcinoma cells was investigated. Furthermore, these structures were tested against 
Helicobacter pylori strains, one of the factors promoting gastric cancer development. At concentrations 
that were not-toxic to healthy cells (after dilution of the solutions, the composition of the ethanol/
water mixture was approximately 1/99, v/v), the ligands exhibited bacterial inhibitory activity and 
cytotoxic properties against AGS cancer cells. Zinc(II) complexes, on the other hand, being biologically 
safe for all cells, had strong antibacterial properties, both inhibitory and bactericidal.
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Naturally occurring compounds known as plant cannabinoids or phytocannabinoids, responsible for the 
physiological effects of cannabis, have been used medicinally for thousands of years. The main non-psychoactive 
ingredient is cannabidiol (CBD) which induces various pharmacological effects by interacting with an 
endogenous lipid-signaling network known as the endocannabinoid system1,2. CBD has been shown to regulate 
the intracellular calcium action. Its therapeutic potential has been linked to antiemetic, anticonvulsant, anti-
inflammatory and antipsychotic properties, used in a wide range of conditions, including multiple sclerosis, 
schizophrenia, bipolar mania, social anxiety disorder, insomnia, Huntington’s disease, diabetes, cancer and 
epilepsy1,3.

In most cannabis plant varieties, CBD is produced by the gradual non-enzymatic decarboxylation of 
a compound called cannabidiolic acid (CBDA, Fig.  1), and this process is accelerated by light or heat. In 
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turn, CBDA is synthesized via cannabidiolic acid synthase (CBDAS), which catalyzes the stereoselective 
oxidocyclization of cannabigerolic acid (CBGA, Fig. 1) into CBDA2,4,5. Literature data suggests that CBDA may 
be a more bioavailable cannabinoid than CBD, also allowing for better absorption of CBD and its higher serum 
concentrations at lower doses6,7.

CBDA is used in creams, foods and beverages, and as a possible treatment for autism. It can induce anti-
nausea effects4,7,8, and the methyl ester of cannabidiolic acid has been shown to be an anti-anxiety agent9,10. 
CBDA induces anti-hyperalgesic responses in the inflammatory pain mode11 and has been identified as an 
inhibitor of the migration of highly aggressive breast cancer cells12. In addition, it exhibits biological activities, 
including antioxidant and antimicrobial effects13.

Antimicrobial activity has also been demonstrated for another non-psychotropic cannabinoid, cannabigerol 
(CBG) and its precursor (CBGA), suggesting that they have potent antimicrobial properties comparable to CBD 
and CBDA against various drug-resistant strains of Staphylococcus aureus14. CBG and CBGA have been shown 
to have anticholinesterase properties, inducing beneficial effects on cognitive function, including memory and 
learning. They may also have neuroprotective effects, reducing oxidative stress and inflammation, which are 
essential factors in the pathogenesis of neurodegenerative diseases15. It has even been reported that cannabinoid 
acids have an antioxidant potential greater than their neutral counterparts7.

The biological and therapeutic properties of cannabidiol and cannabigerol have been the subject of many 
publications and are fairly well-identified. In contrast, the pharmacology of CBDA and CBGA is much more 
limited4. The aim of this study was to determine the bacteriostatic and bactericidal effects of cannabinoid 
acids on multi-resistant Helicobacter pylori strains and to investigate the cytotoxic activity of these compounds 
against gastric cancer. Antimicrobial resistance of H. pylori is increasing worldwide and there is concern about 
the consequences of rising resistance rates, as infection with these bacteria leads to several diseases, including 
atrophic gastritis, peptic ulcers, mucosa-associated lymphoid tissue lymphoma and gastric cancer16,17.

The present study attempts to characterize of copper(II) and zinc(II) systems with cannabinoid acids. 
Transition metal complexes exhibit a variable oxidation state due to uncompleted d-subshell and therefore 
interact with multiple negatively charged ions, which may offer therapeutic possibilities and pharmacological 
applications18. Zn(II) and Cu(II) ions are good candidates for complexation in biological systems due to their 
superior ability to form stable complexes with biological ligands19. Zinc(II) ions are regulatory ions akin to 
calcium(II) ions and are fundamentally important for cellular control. Zinc is much more widely used than 
most vitamins as a cofactor in proteins and is involved in the control of cellular metabolism and paracrine and 
intracrine signaling. It also plays a significant role in biological phosphorylation and redox signalling, affecting 
cell proliferation, differentiation and death. The roles of zinc(II) ions in cellular regulation, unique among the 
essential transition metal ions, greatly enhances the importance of zinc for cellular biology tremendously and 
suggest that the micronutrient zinc has much broader functions than any of the other transition metal ions, 
including iron20. Also copper has received much attention for its enormous biological potential, acting as a 
cofactor in active sites, participating in a wide range of signalling pathways, such as those associated with pro-
proliferative and autophagic kinase pathways involved in oncogenesis21. It was found that copper can bind with 
DNA more frequently than any other divalent cation supporting DNA oxidation. Copper compounds exhibit 
anticonvulsive, antibacterial, antiinflammatory, antifungal, and antimicrobial activities. In addition, they can be 
an alternative to platinum-based anticancer drugs due to their lower toxicity and relatively simple mechanism 
of action18.

The determination of the chemical properties of both ligands and complexes of biometals in solutions with 
different pH is a prelude to biological analysis. Chelation clearly alters the biological properties of ligands and 
metal ions; the newly formed structures can cause many diseases, including cancer, but can also be used to treat 
them. Processes taking place in solutions provide insight into the different stages of complexation, including their 
reversibility and competition between reactions. Understanding the structure of complexes is a very important 
aspect of their biological application22,23. Obtaining important information about properties such as solubility 
or acid–base equilibrium allows the charge state of analytes to be estimated and provides important information 
on the exact forms that exist under different pH conditions.

Fig. 1.  Structure of the cannabinoid acids.
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Materials and methods
Materials
Cannabidiolic acid (CBDA) and cannabigerolic acid (CBGA) (Fig. 1) were synthesized as described previously5. 
The stock copper(II) nitrate trihydrate and zinc(II) nitrate hexahydrate solutions from Fluka were standardized 
complexometrically using the disodium salt of ethylenediaminetetraacetic acid in the presence of murexide. 
The carbonate-free 0.1 M NaOH and ethyl alcohol were purchased from J.T. Baker and POCH, respectively. The 
HNO3 solution (Sigma-Aldrich) was standardized alkalimetrically and then determined by the Gran method24. 
The potassium nitrate(V) (J.T.Baker) adjusted the ionic medium. Argon of high purity (Linde) was used.

pH-metric titrations
The potentiometric titrations were performed using a Titrando 905 automatic titrator system (Metrohm) with 
a combined glass electrode (Metrohm LL Biotrode). The experiments were accomplished in ethyl alcohol-water 
mixture (50/50, v/v) at a controlled temperature of 25.0 ± 0.1  °C in a thermostatted closed vessel and ionic 
strength I = 0.1 mol/L with KNO3. Pure argon was passed over the solution surface to ensure the absence of 
carbon dioxide. The electrode was calibrated with an NaOH titrant on the hydrogen ion concentration using a 
solution of HNO3 as the substance to be analysed25. The protonation constants of the CBDA and CBGA were 
determined by pH-metric titrations of various concentrations within 2.0–5.0 × 10–3 mol L−1, carried out in the 
pH range of approximately 2.0–12.0. Titrations of the CBDA and CBGA systems in the presence of metal ions, 
copper(II) or zinc(II), were performed for solutions with metal concentrations of 1.0–2.5 × 10–3 mol⋅L−1 and 
ligand-to-metal molar ratios of 2:1; 3:1. The systems were tested in a pH range of approximately 2.0–12.0. The 
formation constants of the aqua-hydroxo complexes of copper(II): [Cu(OH)]+, log10β10−1 = − 5.94; Cu(OH)2, 
log10β10−2 = − 12.00 and zinc(II): [Zn(OH)]+, log10β10−1 = − 9.44; Zn(OH)2, log10β10−2 = − 16.42 were determined 
under the same conditions and are based on literature data26,27. The autoprotolysis constant of the ethanol/water 
mixture (50/50, v/v) pK ethanol/water = 13.82, determined in this work, was also used in the equilibrium model.

Hyperquad 2013 software was used to obtain formation constants from the pH-titration results according to 
the formula28,29: βmlh = [MmLlHh]/[M]m[L]l[H]h for mM + lL + hH ⇌ MmLlHh, where L is the CBDA form in the 
fully deprotonated state. In the case of CBGA, the ligand L takes the form L′ in the above equation. The species 
distribution curves as a function of pH were calculated using the HySS 200930.

Spectrophotometric measurements
Electronic spectra under argon were recorded on a Cary 50 Bio spectrophotometer, slit width 1.5 nm, equipped 
with a fiber-optic device, dipped directly into the thermostatted titration vessel (temperature kept constant at 
25.0 ± 0.1 °C). This allowed the study of equilibrium systems spectrophotometrically, simultaneously with pH 
measurements controlled by an automatic titrator kit Titrando 905 (Metrohm) with a combined glass electrode 
(Metrohm LL Biotrode). Before use, the electrode was standardised with pH 4.00 and 7.00 buffers. The pH and 
ionic strength (I = 0.1 M) were adjusted by HNO3 and KNO3, respectively. The pH was measured after each 
addition of carbonate-free NaOH and an appropriate time delay to allow the system to equilibrate. At selected 
pH values, the spectrum was recorded with a slow scan (300 nm min−1).

The ligands and the Cu(II) complexation equilibria were studied in the wavelength range 200–900  nm, 
at total ligand concentration 0.9–2.0 × 10–3 mol L−1. The Cu(II)–ligand systems were prepared at the ligand-
to-metal molar ratio of 2:1. The initial pH was set at around 2.0 in all experiments. The molar absorption 
coefficients of species have been calculated after deconvolution by HypSpec (part of Hyperquad 2008 suite, 
Protonic Software)28.

Electrospray-ionization mass spectrometry (ESI–MS) measurements
Mass spectrometric data were obtained using a Varian 500-MS LC hexapole ion-trap mass spectrometer (Palo 
Alto, CA, USA) with an accuracy of 0.1 for m/z values. Experiments were performed in positive and negative ion-
mode for the copper(II) and zinc(II) systems with CBDA and CBGA in 50/50% (v/v) methanol/water mixture, 
providing a more stable spray and producing smaller initial droplets than water alone or a high water content 
solvent31. No background electrolyte was added. The concentration of CBDA as well as CBGA was 2.0 × 10–3 M 
in all metal–ligand samples. For the complex systems, the ligand–metal molar ratio was 2:1. Using the species 
distribution graphs, the samples were provided to different pH values at which the particular complexes and 
ionic forms of the ligands reached maximum concentrations. The samples were introduced into the ESI–MS 
source by continuous infusion using an instrument syringe pump at a rate of 10 μL min−1. The ESI-source was 
operated at 5.00 kV, and the capillary heater was set to 350 °C. The cone voltage was within the range 40,120 V.

Biological assays
Four solutions were used in all bioassays: CBDA, CBGA and their zinc(II) systems with a ligand-to-metal molar 
ratio of 2:1, all with an initial ethanol/water ratio (50/50, v/v). Tris–HCl/NaCl buffer was used to stabilize the pH 
at 7.2. The concentrations of complexes in both systems were calculated using HySS simulation.

Cytotoxicity assay
In vitro cell culture studies were performed with Hs68 skin fibroblasts (CRL-1635™, American Type Cell Cultures 
(ATCC), Rockville, MD, USA) and human AGS (CRL-1739) gastric adenocarcinoma epithelial cell line obtained 
from the ATCC (Rockville, Md.) to investigate their viability upon exposure to CBDA, CBGA, Zn-CBDA and 
Zn-CBGA. The cells were cultured at 37  °C in a 5% CO2 in Roswell Park Memorial Institute (RPMI)-1640 
medium (AGS cell lien) or high glucose RPMI-1640 medium (Hs68 fibroblasts) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), and standard antibiotics: penicillin (100 U/mL) and streptomycin (100 µg/
mL) (all cell culture components were from Biowest, Nuaillé, France). The cell line (density of 2 × 105  cells/
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mL) according to the ISO norm 10993-5 (International Organization for Standardization, 2009; Biological 
evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity), based on the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reduction test, as previously described32. Test samples were diluted in a 
complete culture medium and were used in the following concentrations: 2.0 × 10−3 M, 1.0 × 10−3 M, 0.5 × 10−3 M, 
0.25 × 10−3 M, 0.1 × 10−3 M, 0.05 × 10−3 M, 0.025 × 10−3 M, and 0.01 × 10−3 M. Cell cultures in the medium alone, 
without the tested materials, were used as a positive control (PC) for cell viability. In contrast, cells treated 
with 0.03% H2O2 were used as a negative control (NC), i.e., 100% dead cells due to cell lysis. The absorbance 
was measured spectrophotometrically using a Multiskan EX plate reader (Thermo Scientific, Waltham, MA, 
USA) at 570  nm. MTT reduction relative to untreated cells (%) = (absorbance of treated cells/absorbance of 
untreated cells × 100%) − 100%. The MTT reduction test mentioned above was performed in three independent 
experiments.

Assessment of apoptosis, DNA damage, and AGS cell proliferation
AGS cells were cultured as described above. Cells were not stimulated (culture only in culture medium) or 
stimulated as follows: for 24  h with CBDA, CBGA, Zn-CBDA, and Zn-CBGA were used in the following 
concentration 0.05 × 10−3 M; doxorubicin (Dox) at the concentration 2 μg/mL was used as a positive control. 
According to the manufacturer’s procedure, apoptosis was also determined by terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay (Thermo Fisher Scientific, Waltham, MA, USA). DNA damage 
was determined using primary antibody against phosphorylated H2AX (Ser139) (Thermo Fisher Scientific, 
Waltham, MA, USA), which is induced in response to double-strand breaks (DSB), as previously described33,34. 
TUNEL and DNA damage results were shown in relative fluorescence units (RFU). The fluorescence intensity 
was measured using a multifunctional spectrophotometer SpectraMax i3 (Molecular Devices, San Jose, CA, 
USA). Three independent experiments were performed in triplicate.

Cell proliferation of human AGS cells after stimulation with tested components, as described above, was 
evaluated using a commercial CyQUANT™ Cell Proliferation Assay (Invitrogen™, Thermo Fisher Scientific, 
Waltham, MA, USA). Cells were washed with phosphate-buffered saline (PBS) and frozen at − 80 °C. Samples 
were thawed at room temperature, and cells were lysed in a buffer containing CyQUANT prepared according to 
the manufacturer’s instructions. Fluorescence was measured at an emission wavelength of 550 nm and excitation 
wavelength of 590 nm using a SpectraMax i3x Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, 
USA). Results were shown in relative fluorescence units (RFU). The fluorescence intensity was measured using a 
multifunctional spectrophotometer SpectraMax i3 (Molecular Devices, San Jose, CA, USA). Three independent 
experiments were performed in triplicate.

Assessment of antimicrobial activity
The antimicrobial efficiency of CBDA, CBGA, Zn-CBDA, and Zn-CBGA, applied at the following concentrations: 
0.1 × 10−3 M, 0.05 × 10−3 M, 0.025 × 10−3 M and 0.01 × 10−3 M, was carried out against three reference H. pylori 
strains: ATTC 700,392, CCUG (Culture Collection University of Gothenburg, Sweden) 17,874 and 700,392, and 
five clinical H. pylori strains: 1—(no resistant), 2—(resistant to metronidazole), 3—(resistant to metronidazole 
and levofloxacin), 4—(resistant to clarithromycin and metronidazole), 5—(resistant to clarithromycin) and 
6—(resistant to clarithromycin) from the collection of clinical strains, Medical University of Wrocław, Poland. 
According to previously described methods, the broth microdilution assay determined the antibacterial activity 
of tested formulations according to The European Committee on Antimicrobial Susceptibility (EUCAST) 
recommendations35. The antimicrobial activity of these formulations was evaluated based on their minimal 
inhibitory concentration (MIC) or minimal bactericidal concentration (MBC). The tests mentioned above were 
performed in three independent experiments.

Statistical analyses
Graphs were prepared using GraphPad Prism 10.0 software (https://www.graphpad.com/, GraphPad Software 
Inc., San Diego, CA, USA). Data were expressed as median values ± range. The differences between groups were 
tested using the non-parametric U Mann–Whitney test. The Statistica 13 PL software (​h​t​t​p​s​:​​​/​​/​s​t​a​t​i​s​t​i​c​​a​.​s​o​f​t​​w​a​r​​e​.​​i​
n​f​o​r​m​​​e​r​​.​​c​.​​m​​/​1​3​.​​3​s​o​f​t​w​a​r​e, Kraków, Poland) was used for statistical analysis. Results were considered statistically 
significant when p < 0.05). We used the Shapiro–Wilk test (S–W) to assess normality distribution.

Results and discussion
Protonation equilibria of the studied ligands
The wide pH range of CBDA potentiometric titration allows the determination of three protonation constants 
(Table 1). The individual ionic forms of the ligand are presented in the pH-dependent species distribution diagram 
(Supplementary Fig. S1). Despite the ethanol–water environment, the acidity of -COOH is of the same order 
as that of other compounds containing this group36,37. UV–Vis absorption spectra in the pH range 2.63 to 4.35, 
i.e. after deprotonation of the carboxyl group, displayed shoulder formation at around 420 nm (Supplementary 
Fig. S2a). The appearance of an isosbestic point (470 nm) at pH 4.50 indicates an equilibrium change from the 
[LH2]− form to the [LH]2−, confirming the deprotonation of the first hydroxyl group (pKa2CBDA = 4.95). The 
hydroxyl oxygen deprotonation is also accompanied by a colour change from yellow to pink. It is confirmed by 
the calculation result in the HypSpec program, in which the forms of the ligand were determined together with 
their molar absorption coefficients (Table 1, Supplementary Fig. S2c). It can be assumed that pKa2CBDA refers to 
the OH− in the 6′-position, as its acidity is most likely higher than that of the OH− group in the 2′-position. This 
is influenced by the formation of a stable intramolecular hydrogen bond between the carbonyl of the carboxyl 
group and the vicinal hydroxyl group5,7,38.
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Further alkalization of the solution led to a shift of the spectral curves towards higher wavelengths, 
accompanied by a deepening of the pink colour of the titrated solution (Supplementary Fig. S2b). HypSpec 
deconvolution allowed calculating the molar absorption coefficient with shoulder peak at about 540  nm for 
the completely deprotonated ligand [L]3− (Table 1, Supplementary Fig. S2c). This form is the result of the 
dissociation of the hydroxyl group at the 2′-position (pKa3CBDA = 11.68). Since, to our knowledge, the values of 
three dissociation constants for the cannabidiolic acid have not been previously determined, it is not possible to 
compare the obtained constants. However, these constants are found similar to those assigned to the hydroxyl 
groups present in other compounds in alcohol-water medium39,40.

For the second ligand, CBGA, calculations confirmed two dissociation constants related to the hydroxyl 
groups, equal to pKa1CBGA = 5.01 and pKa2CBGA = 11.88 (Table 1). In acidic media up to pH 4.5, a white–
yellow precipitation was observed, probably due to the insoluble form of the ligand. This meant that the pH 
conditions required to dissociate the proton from the carboxyl group could not be determined. In slightly-acidic 
environment, the precipitation changed to a pale yellow solution and then to a pink colour. As shown in Table 1, 
the basicity of the hydroxyl groups of CBGA is higher than that of the CBDA ligand. The slight pKa differences 
are consistent with the electronic effects of the substituents attached to the benzene ring. The electron donating 
potential of the aliphatic chain in the CBGA increases the electron density on the oxygen atoms, resulting in 
more basic pKa values for the CBGA donor groups than CBDA29,41. Dissolution of precipitation above pH 4.57 
allowed electron absorption spectra to be recorded for CBGA (Supplementary Fig. S3a). Above pH 11.14, the 
absorbance feature at ca 410 nm was revealed. Based on the potentiometric results (Supplementary Fig. S1b), 
this most likely corresponds to deprotonation of the second OH group and formation of the [L′]3−. However, for 
only one ligand form with a dissociated carboxyl group, [L′H2]−, HypSpec deconvolution enabled the calculation 
of the molar absorption coefficients (Table 1, Supplementary Fig. S3b).

Complex formation equilibria
Cu(II) complexes
Potentiometric titrations in the presence of the metal ion confirmed the formation of one complex for each 
copper(II) system with both CBDA (Fig.  2a) and CBGA (Fig.  2b). The stability constants of the designated 
complexes are given in Table 1. Initially, in the Cu(II)-CBDA system, the solution was pale yellow, then above 
pH 2.9, precipitation was observed, which changed colour from white to green. As the ligand alone is soluble 
in this pH range, the precipitation can be attributed to forming insoluble copper(II) complexes with CBDA. 
Above pH 10, the precipitation dissolved and, during titration, the solution turned pink, indicating the presence 
of uncoordinated forms of the ligand with deprotonated hydroxyl groups. Also, in the spectrophotometric 
measurements, the pink colouration of the solution at pH about 12 was accompanied by the appearance of an 
isosbestic point (at 600 nm) and a shoulder peak formation at around 530 nm (Supplementary Fig. S4). A similar 
spectrum has previously been recorded for CBDA alone for its [L]3− form (Supplementary Fig. S2b).

The conditions for the formation of the [CuLH−1]2− complex, i.e. pH above 10, favour the deprotonation 
of all the donor groups in cannabidiolic acid, as well as the deprotonation of the coordinated water molecule. 
Therefore, the most likely ligand binds with the central ion in the equatorial sites via 2′-hydroxyl and carboxyl 

Species log10β Stepwise dissociation constants λmax (εmax)

[L]3−  ~ 540sh (63)

[LH]2− 11.68(7) (2′-OH) pKa3CBDA 11.68  ~ 570sh (12)

[LH2]− 16.63(16) (6′-OH) pKa2CBDA 4.95b  ~ 420sh (23)

[LH3] 18.66(28) (COOH) pKa1CBDA 2.02c

σ; na 49.23; 781

[L′H]2− 11.88(8) (2′-OH) pKa2CBGA 11.88

[L′H2]− 16.89(24) (6′-OH) pKa1CBGA 5.01d  ~ 425sh (52)

σ; na 43.96; 219

[CuLH−1]2− 2.74(26)  ~ 525sh (220)

σ; na 8.99; 781

[ZnLH−1]2− 0.82(4)

σ; na 6.57; 260

[CuL′H−1]2− 2.48(16)

σ; na 4.65; 103

[ZnL′H−1]2− 1.30(6)

σ; na 12.25; 190

Table 1.  Decimal logarithms of overall protonation and formation constants for CBDA, CBGA and 
their Cu(II) and Zn(II) systems,βmlh = [MmLlHh]/[M]m[L]l[H]h and βml

′
h = [MmL′l’Hh]/[M]m[L′]l′ [H]h at 

25.0 ± 0.1 °C, I = 0.1 (KNO3) and UV–Vis spectral data. Standard deviations in parentheses after overall 
protonation and stability constants refer to random errors only. aσ—the value of the normalized sum 
of squared residuals; n—number of titration points. bpKa2CBDA = log10 KLH

LH2 = log βLH2 − log βLH 
cpKa1CBDA = log10 KLH2

LH3
= log βLH3 − log βLH2  dpKa2CBGA = log10 KL′H

L′H2 = log βL′H2 − log βL′H
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groups forming a six-membered chelate ring (Fig.  3a). Moreover, one position is occupied by deprotonated 
water, creating a hydroxide complex. After introducing additional complexes with more deprotonated water 
molecules into the computational model, the experimental potentiometric curve did not coincide with the 
theoretical curve, thus not confirming the formation of such forms.

The electronic absorption spectra also indicate the formation of the [CuLH−1]2− complex, confirmed by 
HypSpec deconvolution (Supplementary Fig. S4b). The maximum molar absorption coefficient is given in Table 
1. A weak shoulder peak is visible at around 380 nm in a strongly alkaline environment, suggesting deprotonation 
of the hydroxyl group36,42.

In the case of the Cu(II)-CBGA system, the precipitation also started to form in an acidic medium (above 
pH 2.6) and dissolved at a pH of around 11. The colour changes were analogous to the system with CBDA. 
The narrow measuring range allowed the [CuL′H−1]2− complex to be determined exclusively by potentiometric 
method (Table 1, Fig. 2b). As the molar absorption coefficients were only determined for one form of the CBGA 
ligand (Table 1), this probably precluded the calculation of coefficients for the complex alone. Nevertheless, 
the similarity of the UV–Vis spectra and stability constants of the complexes of both ligands suggests that 
the coordination of Cu(II) ions and tridentate cannabigerolic acid resulted in a structure analogous to the 

Fig. 3.  Proposed coordination modes of complexes in systems with (a) CBDA and (b) CBGA.

 

Fig. 2.  Species distribution curves for the complexes formed in the (a) Cu(II)-CBDA and (b) Cu(II)-CBGA 
systems at ligand-to-metal molar ratio 2:1 as a function of pH relative to Cu(II); CCBDA/CBGA = 2.0 × 10–3 M. 
The dashed line indicates the pH below which precipitation was observed.
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[CuLH−1]2− complex (Fig. 3b). Electron absorption spectra for the Cu(II)-CBGA system above pH 12.5 showed 
the maximum absorbance at about 490 nm (Supplementary Fig. S5), which most likely corresponds to the form 
of the fully deprotonated ligand (Supplementary Fig. S3a), as in the Cu(II)-CBDA system.

The ESI–MS spectra for the Cu(II)–CBDA system were taken at three pH values (2.1, 10.0, 11.7) 
(Supplementary Fig. S6). At pH 10.0, the presence of the copper(II) complex (m/z = 351.4 and m/z = 353.4 
for isotopes Cu63 and Cu65, respectively) with a fragment ion was detected in the positive-ion ligand spectra. 
Fragmentation of the ligand occurred due to the loss of two methyl groups and chain at the 6-position.

The ESI–MS spectra of the Cu(II)–CBGA system also showed the formation of different species containing 
copper(II) ions depending on the pH (Supplementary Fig. S7). In acidic medium, the trace signals of [CuL′H2]+ 
complex (m/z = 422.4; 424.4) and its positive adducts (m/z = 407.4; 409.4) appeared with fragment ion due to loss 
of methyl group. The complex with the protonated ligand molecule was not confirmed by potentiometric and 
spectrophotometric studies, probably due to its low content in solution in a very acidic medium and subsequent 
precipitation over a wide pH range. At pH 11.01, the further bi-H+ adduct of Cu(II) complex corresponding 
to m/z = 353.4; 355.4 was detected. The species contains a fragment ion obtained from [L′]3− by detaching two 
methyl groups and an aliphatic chain at the 6-position.

Zn(II) complexes
As shown in the speciation diagrams for zinc(II) systems with cannabinoid acids (Fig. 4), the environmental 
conditions of complex formation, as well as the metal-promoted deprotonation, favour the dissociation of both 
ligands and water molecule. Thus, by analogy with the copper(II) system, it can be assumed that the ligands 
coordinate in the same way with zinc(II) ions to form hydroxide complexes (Fig. 3). However, according to the 
Irving-Williams series, stability constants of Zn(II) complexes, shown in Table 1, reach lower values. In the case 
of the Zn(II)–CBDA system, the light yellow solution was observed up to a pH of about 2.5, which changed to 
white and pink precipitation. Above pH 7, the precipitation dissolved, and the solution became transparent and 
then pale pink, indicating complete deprotonation of the ligand. In the presence of CBGA, the system behaved 
similarly to Zn(II)-CBDA, except that a precipitate formed from the beginning of the titration (pH around 2.2). 
In Zn(II) solutions, the predominant forms are [ZnLH−1]2− and [ZnL′H−1]2−, and, in contrast to Cu(II) systems 
with cannabinoid acids, only trace amounts of zinc(II) aqua-hydroxo complexes are observed (cf. Figures 2a,b, 
4a,b).

In the ESI–MS spectra of the Zn(II)-CBDA system (Supplementary Figs S8, S9), the zinc(II) complex with 
one fully deprotonated CBDA molecule, [Zn + L + 2H]+ with m/z = 422.4, was observed at pH 7.5, confirming the 
potentiometric data. Interestingly, the ESI–MS studies revealed complexes with two and three ligand molecules: 
[Zn + 2L + H + 4Na]+

, m/z = 868.8, [Zn + 2L + H + 2Na]−
, m/z = 822.8 and [Zn + 3L + 6H]−

, m/z = 1137.2. The 
presence of these complexes in the model did not allow potentiometric data fitting, but the ESI–MS spectra 
indicated their stability under ionization conditions.

In an attempt to confirm the presence of the complexes in the Zn(II)-CBGA system, ESI–MS spectra at pH 
7.7 and 11.4 were collected in positive- and negative-ion mode (Supplementary Figs S10, S11). The mononuclear 
complex with one ligand molecule were observed in a strongly alkaline medium: [Zn + L′ + H + Na]+

, m/z = 446.4. 
The bi-ligand complexes: [Zn + 2L′ + H + 4Na]+

, m/z = 872.8 and [Zn + 2L′ + H + 2Na]−
, m/z = 826.8, mainly 

showed lower relative intensity over the pH range tested.

Fig. 4.  Species distribution curves for the complexes formed in the (a) Zn(II)-CBDA and (b) Zn(II)-CBGA 
systems at ligand-to-metal molar ratio 2:1 as a function of pH; CCBDA/CBGA = 2.0 × 10–3 M.
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Biological activity
In this study, human Hs68 fibroblasts were examined for cytotoxicity assessment of tested CBDA, CBGA, Zn-
CBDA and Zn-CBGA solutions. Due to the documented anti-cancer effects of CBD and CBG43,44, we also tested 
the cytotoxicity properties of CBDA, CBGA, Zn-CBDA and Zn-CBGA solutions against human gastric cancer 
cell line AGS. Based on potentiometric studies of zinc(II) systems (Supplementary Fig. S12), both [ZnLH−1]2− 
and [ZnL′H−1]2− complexes and zinc(II) ions themselves were observed at physiological pH.

The influence of all tested materials on the viability of the Hs68 fibroblasts and gastric cancer cells AGS was 
assessed by MTT reduction assay, based on the measurement of mitochondrial dehydrogenase activity in the 
presence or absence of the tested substances. The colour intensity of dissolved formazan crystals corresponds 
to the metabolic activity of tested cells. The viability of Hs68 cells incubated in the presence of CBDA, CBGA, 
Zn-CBDA and Zn-CBGA was higher than 70%, meeting the biological safety standard (for concentrations equal 
to and below 0.05 × 10−3 M) (Fig. 5). For comparison CBDA, CBGA at the concentration equal to 0.05 × 10−3 M 
towards AGS has cytotoxic properties, whereas Zn-CBDA and Zn-CBGA at the same concentration meet 
biological safety standards (Fig. 5). Our results indicated a better cytotoxic effect of phytocannabinoids against 
gastric cancer cells that is the case for colon cancer cells, for which the IC50 value was 13.13 IC50 μM/mL for 
CBD, 24.14 μM/mL for CBG and 22.86 μM/mL for CBGA44.

Considering that CBDA and CBGA at a concentration of 0.05 × 10−3  M are safe for healthy cells but 
remain cytotoxic to cancer cells and are resistant to an acidic environment (potentiometric and spectroscopic 
measurements), we decided to check the effect of CBDA, CBGA, Zn-CBDA and Zn-CBGA solution on apoptosis, 
DNA damage and proliferation of AGS cancer cells (Fig. 6).

Cannabinoids exhibit anticancer potential through several strategies, such as enhancing apoptosis-mediated 
cell death, inhibiting cell proliferation, impairing angiogenesis in tumour cells, and blocking invasion and 
metastasis45. We show that Zn-CBDA and Zn-CBGA at a concentration of 0.05 × 10−3 M statistically significantly 
induce apoptosis and DNA damage and inhibit AGS cell proliferation (Fig. 6).

CBD has been tested in several cancer studies. It was the first non-toxic exogenous cannabinoid to reduce 
the tumour aggression in metastatic breast cancer cells46. Cannabinoid-induced apoptosis in C6 glioma cells 
is the cancer cell line type used in most cannabinoid antitumor activity research. Cannabinoids also exhibit 
antiproliferative effects in breast and skin cancer cells by activating CDK (cyclin-dependent kinase) inhibitors, 

Fig. 5.  The influence of CBDA, CBGA, Zn-CBDA and Zn-CBGA on cell viability in MTT reduction assay. Cell 
viability of human fibroblasts (A) and human gastric cancer AGS (B) was estimated as the percent of cells that 
were able to reduce tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT). 
NC—negative control (cells treated with 0.03% H2O2), PC-positive control (cells in medium alone). Results are 
shown as mean ± standard deviation (SD), N = 3. The black line indicates the minimal percentage of viable cells 
(70%) required to confirm the biomaterial as non-cytotoxic in vitro. Statistical analysis was performed using 
the nonparametric U Mann–Whitney test with significance, p < 0.05 (*unstimulated cells vs. stimulated cells).
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p21 and p27, and phosphorylating retinoblastoma protein. This, in turn, inhibits the cell cycle and triggers 
programmed cell death47.

One of the factors promoting the development of stomach cancer is infection with the H. pylori bacteria, 
which also causes gastric and duodenal ulcers48. They are on the WHO list of carcinogens and may be 
involved in developing systemic diseases49. Induction of oxidative stress and apoptosis in gastric tissue and 
diminishing activity of immune cells by these bacteria may result in the maintenance of infection34,50. The 
resistance of H. pylori to antibiotics (clarithromycin, levofloxacin, metronidazole) has become a problem51. In 
2017, the WHO recommended searching for new bactericidal substances towards H. pylori or substances with 

Fig. 6.  The influence of CBDA, CBGA, Zn-CBDA and Zn-CBGA solutions at the concentration 0.05 × 10−3 M 
on cell apoptosis (A), DNA damage (B) and proliferation (C) in cell cultures of human gastric cancer cells 
AGS. The positive control (PC) consisted of cells treated with doxorubicin at a 2 µg/mL concentration. The 
results of three independent experiments performed in triplicates for each experimental variant are presented. 
Statistical analysis was performed using the nonparametric U Mann–Whitney tests with significance for * 
unstimulated (only medium) versus stimulated.
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immunomodulatory activity to enhance the immune mechanism of the host. Due to the above, we checked the 
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of CBDA, CBGA, 
Zn-CBDA and Zn-CBGA against two H. pylori reference strains and clinical strains with resistance to standard 
antibacterial drugs.

As indicated in Table 2, for the CBDA and CBGA ligands, the MIC values against H. pylori reference 
and clinical strains are equal to 0.01 × 10−3 M (non-toxic concentration), while the MBC values are equal to 
0.25 × 10−3 M. As presented in the Martinenghi et al. study, CBDA showed no bacterial inhibitory activity against 
other Gram-negative strains, even at concentrations 20 times higher52. Natural anti-H. pylori compounds–
anthraquinones and anthraquinone glucosides – isolated from the Rumex acetosa showed MIC values ranging 
from about 0.003 to 0.025 × 10−3 M. For comparing, metronidazole, used as an antibiotic in clinical field for a 
gastric ulcer, had lower MIC value (0.003 × 10−3 M), but some strains are resistance to it. Quercetin, a natural 
urease inhibitor, has potential as a valuable agent against H. pylori and is used as a positive control with a MIC 
of 0.05 × 10−3 M53,54.

The Zn-CBDA and Zn-CBGA have stronger antibacterial properties. The MIC values against reference and 
clinical strains of H. pylori are equal to 0.05 × 10−3 M and 0.025 × 10−3 M, respectively, while the MBC values 
are equal to 0.01 × 10−3 M and 0.025 × 10−3 M (Table 2); both concentrations are safe for both healthy human 
fibroblasts and AGS gastric cancer cells (Fig. 5). Bismuth-based drugs have been used as the first-line treatment 
against H. pylori. For comparison with Zn(II) species, the antimicrobial activity of Bi(III) complexes supported by 
pyridine-2,6-dicarboxylate, oxalate and thiourea showed MIC values in the range of 0.006 × 10−3–0.03 × 10−3 M55. 
The excellent MIC and MBC values of Zn-CBDA and Zn-CBDG may cause a “Trojan horse” effect using the 
siderophore produced by bacterial transporters56. In addition, a hydroxyl group in the ligands can influence 
their antimicrobial activity, which is related to the interaction with the cell membrane of microorganisms57. 
Thus, antibiotic effectivity of the CBDA and CBGA suggests that the antibacterial pharmacophore falls on the 
resorcinol moiety of this cannabinoid and not the terpenoid and n-pentyl groups functioning as modulators for 
lipophilicity. Interestingly, in the Appendino et al. study, olivetol showed moderate activity against the tested 
bacterial strains, while resorcinol alone exhibited no activity. This suggests the presence of the pentyl chain and 
the monoterpene molecular group significantly increases the activity of resorcinol14,52.

Conclusion
The protonation properties of cannabinoid acids (cannabidiolic and cannabigerolic acids) in ethanol–water 
mixture (50/50, v/v) were confirmed using potentiometric and spectroscopic methods. Two protonation 
constants associated with the hydroxyl groups were determined for both ligands, with the electronic effects of the 
substituents attached to the benzene ring influencing the higher basicity of the CBGA hydroxyl groups compared 
to CBDA. Due to the precipitation in an acidic environment in the CBGA solution, only the deprotonation 
constant of the carboxyl group of the CBDA ligand could be examined.

The formation of the complex with one ligand molecule was confirmed for each metal system by potentiometric 
and ESI–MS measurements and supported by UV–Vis studies in the case of copper(II) species. The stability 
constants were calculated for all structures, with the constants showing lower values for the zinc(II) system, in 
accordance with the Irving-Williams series. The occurrence of precipitation over a wide pH range in all ethanol–
water solutions limited the determination of other soluble complexes. Only ESI–MS studies revealed that zinc(II) 
complexes with two and three ligand molecules are stable under ionisation conditions, but most of these species 
showed low relative intensity. The formation of the species in an alkaline medium involved deprotonation of 
all donor groups and allowed the coordination of cannabinoid acids most likely by equatorial sites through 
2′-hydroxyl and carboxyl groups in the form of a six-membered chelate ring. In addition, deprotonation of the 
bound water molecule led to the formation of hydroxide complexes.

Based on bioassays, the ligands demonstrated cytotoxic properties against the human gastric cancer cell line 
AGS at concentrations that are safe for healthy cells. In contrast, zinc(II) systems with these ligands complied 

Helicobacter pylori strains

MIC/MBC (× 10−3 M)

Tested drug

CBDA CBGA Zn-CBDA Zn-CBGA

MIC MBC MIC MBC MIC MBC MIC MBC

Reference strains

 H. pylori ATCC 700,392 0.01 0.25 0.01 0.25 0.05 0.01 0.05 0.01 Sensitive to amoxixillin, metronidazole, levofloxacin, metronidazole

 H. pylori CCUC 17,874 0.01 0.25 0.01 0.25 0.05 0.01 0.05 0.01 Sensitive to amoxixillin, metronidazole, levofloxacin, metronidazole

Clinical strains

 H. pylori 1 0.01 0.25 0.01 0.25 0.025 0.025 0.025 0.025 Sensitive to amoxixillin, metronidazole, levofloxacin, metronidazole

 H. pylori 2 0.01 0.25 0.01 0.25 0.025 0.025 0.025 0.025 Resistant to metronidazole

 H. pylori 3 0.01 0.25 0.01 0.25 0.025 0.025 0.025 0.025 Resistant to metronidazole and levofloxacin

 H. pylori 4 0.01 0.25 0.01 0.25 0.025 0.025 0.025 0.025 Resistant to clarithromycin and metronidazole

 H. pylori 5 0.01 0.25 0.01 0.25 0.025 0.025 0.025 0.025 Resistant to clarithromycin

 H. pylori 6 0.01 0.25 0.01 0.25 0.025 0.025 0.025 0.025 Resistant to clarithromycin

Table 2.  Antimicrobial activity of CBDA, CBGA, Zn-CBDA and Zn-CBGA is shown as minimal inhibitory 
concentration (MIC) and minimal bactericidal concentration (MBC).
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with biosafety standards. At concentrations that demonstrated biological safety, the ratio of the ethyl alcohol-
water mixture obtained by dilution was approximately 1/99, v/v, which caused these solutions to be non-toxic 
in vitro. The development of gastric disease has been associated with Helicobacter pylori infection, with chronic 
inflammation predisposing individuals to the onset of gastric cancer. Therefore, searching for new compounds 
exhibiting bactericidal activity against these strains is crucial. Analyses against H. pylori revealed that the CBDA 
and CBGA ligands displayed inhibitory activity against reference and clinical strains of this bacterium. Zinc(II) 
complexes possess more pronounced antimicrobial properties, illustrating a significant bactericidal capacity in 
addition to their inhibitory effects. The action of these complexes may be predicated on a “Trojan horse” effect 
utilising the siderophore produced by bacterial transporters.

CBDA, CBGA and their complexes with zinc(II), thanks to their inhibitory and bactericidal properties 
against H. pylori with simultaneous targeting against the development of the human gastric cancer cell line AGS, 
could be used as a basis for the development of new formulations to combat gastric diseases. Importantly, these 
compounds are safe for healthy cells under the conditions in which they exert their antimicrobial and cytotoxic 
effects.

Data availability
Data will be made available on request. Data are available from the corresponding authors.
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