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Abstract


In this study, we synthesized a novel trimethoprim derivative, 4-(((2-amino-5-(3,4,5-trimethoxybenzyl) pyrimidine-4-yl)imino)methyl)benzene-1,3-diol (HD), by the reaction of trimethoprim with 2,4-dihydroxybenzaldehyde. We then prepared metal complexes of this derivative with Cu(II), Co(II), Ni(II), Ag(I), and Zn(II) and functionalized them with ZnO and Au nanoparticles. Their structures were confirmed through 1H NMR, mass spectrometry, FTIR, conductivity, thermal analysis, magnetic susceptibility, X-ray diffraction, UV-Vis spectroscopy, and TEM, revealing octahedral geometries for all complexes. Surface features were investigated using density functional theory (DFT) analysis. Pharmacokinetic parameters and target enzymes for HD and its complexes were computed using the SwissADME web tool, with the BOILED-Egg model indicating that HD and its Cu complex should be passively permeable via the blood-brain barrier and highly absorbed by the gastrointestinal tract (GIT), unlike the Ni, Co, Ag, and Zn complexes, which are predicted to show low GIT absorption. Molecular docking studies with the Caspase-3 enzyme (PDB code: 3GJQ) using the AutoDock 4.2 software demonstrated binding energies of −7.66, −8.36, −9.05, −8.62, −6.90, and −7.81 kcal/mol for HD and the Cu, Co, Ni, Ag, and Zn complexes, respectively, compared to −6.54 and −4.63 kcal/mol for TMP and 5-FU (5-fluorouracil), indicating a potential superior anticancer potential of the novel compounds. The anticancer activities of these complexes were evaluated using the MTT assay. The IC50 values for 5-FU, TMP, HD, Cu-HD, HD@ZnONPs, Cu-HD@ZnONPs, HD@AuNPs, and Cu-HD@AuNPs were found to be 32.53, 80.76, 114.7, 61.66, 77, 53.13, 55.06, and 50.81 µg/mL, respectively. Notably, all derivatives exhibited higher activity against the HepG-2 cancer cell line than TMP, except for HD, which showed similar effectiveness to TMP. Real-time PCR analysis revealed that the Au-HD@AuNPs and Cu-HD@AuNPs significantly increased caspase-3 inhibition by 4.35- and 4.5-fold and P53 expression by 3.05- and 3.41-fold, respectively, indicating enhanced pro-apoptotic gene expression and apoptosis induction in HepG2 cells. Our findings demonstrate that these novel derivatives possess significant anticancer properties, with some complexes showing superior activity compared to standard drugs such as 5-Fluorouracil (5-FU) and Trimethoprim (TMP). This study highlights the potential of these nanocomposites as promising candidates for cancer therapy.
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1. Introduction


Given their biological significance as constituents of nucleic acids, pyrimidines have garnered much attention, and that functionality can be found in several critical pharmaceutical substances. Substituted 2,4-diaminopyrimidines are commonly utilized as inhibitors of metabolic pathways that create proteins and nucleic acids, and they are used as chemotherapeutic agents for treating neoplastic and malarial disorders [1]. The significance of metal ions in critical biological processes has been highlighted in numerous recent studies [2,3,4,5,6]. Additionally, many inorganic compounds are being utilized in therapeutics as antiviral, antibacterial, and anticancer drugs, indicating that inorganic pharmacology has become important [7,8,9,10].



A well-known antibiotic in the dihydrofolate reductase inhibitor class of drugs is trimethoprim. By preventing the synthesis of tetrahydrofolic acid, an essential component for the creation of bacterial DNA, RNA, and proteins, it is mostly used to treat bacterial infections. Trimethoprim has a bacteriostatic action, interfering with the folate pathway by inhibiting the enzyme dihydrofolate reductase. In clinical settings, trimethoprim-sulfamethoxazole (TMP-SMX or co-trimoxazole) is a commonly used medication combination that is used in conjunction with sulfamethoxazole, a sulfonamide antibiotic, to increase its efficacy. This combination is a mainstay in the treatment of lung infections, urinary tract infections, and some forms of diarrhea because it is especially efficient against a wide range of Gram-positive and Gram-negative bacteria. While trimethoprim is widely used, resistance to it has developed. This has led to the development of new derivatives and combination therapies to overcome bacterial resistance and broaden the drug’s therapeutic uses. Because of the pyrimidine ring’s nitrogen atoms, trimethoprim derivatives function well as ligands for metal ions [11,12,13].



Several studies have explored how TMP interacts with metal ions through the NH2 group on position 4 [1]. Sekhon et al. described trimethoprim as a monodentate ligand through the NH2 group in its complexes with Ag, Zn, Cd, Hg, and Ni [14]. TMP can act as a bidentate ligand as in its complexes with Fe(III), Au(III), Pt(IV), and Pd(II) through the two NH2 groups with octahedral geometry; the cytotoxicity of the Au complex was assessed against colon cancer (HCT-116) and hepatocellular carcinoma (HEPG2) cell lines, with IC50 values of 7.46 μg/mL and 9.30 μg/mL, respectively [15].



Nanoparticles, particularly zinc oxide (ZnO) and gold nanoparticles (AuNPs), have attracted much interest in biological research because of their unique features and possible uses in therapy, imaging, and drug delivery. ZnO nanoparticles are known for their excellent biocompatibility, high surface area, and intrinsic anticancer properties, which make them suitable carriers for drug delivery systems. ZnO nanoparticles can enhance the therapeutic efficacy of anticancer agents by improving their solubility, stability, and targeted delivery to cancer cells. Additionally, ZnO nanoparticles have been demonstrated to cause the production of reactive oxygen species (ROS), which cause cancer cells to undergo apoptosis [16,17,18]. Gold nanoparticles (AuNPs) also offer several advantages, including ease of functionalization, stability, and biocompatibility. AuNPs can be synthesized in various shapes and sizes, allowing precise control over their physicochemical properties. Their surfaces can be easily modified with biomolecules, drugs, or ligands, making them versatile platforms for targeted drug delivery and diagnostic applications. The potential of AuNPs to improve the delivery and effectiveness of anticancer drugs has been studied, as well as their potential to act as photothermal therapy agents by converting light into heat to kill cancer cells selectively [19,20].



As the demand for new cancer treatments continues to rise, this research presents novel metal complexes derived from trimethoprim. These complexes were designed to maximize therapeutic potential with enhanced precision and effectiveness. By combining molecular docking simulations with in vitro experiments, this study aims to connect theoretical insights with real-world therapeutic outcomes.



In this study, we synthesize and characterize a novel trimethoprim derivative (HD) and its metal complexes, including functionalization with zinc oxide (ZnO) and gold (Au) nanoparticles. Additionally, the study seeks to evaluate the anticancer properties of these derivatives and complexes against HepG2 cancer cell lines. This research also aims to determine the bioactivity, binding interactions, and potential therapeutic efficacy of the newly synthesized compounds, providing a foundation for future in vivo studies and comprehensive toxicity assessments to advance these compounds toward potential clinical applications.




2. Results and Discussion


2.1. HD Description


The Schiff base (HD), with molecular formula C21H22N4O5, was prepared by condensation of trimethoprim with 2,4-dihydroxybenzaldehyde. The HD crystals are brown, melt at 182 °C, and are soluble in various common organic solvents, including EtOH, MeOH, DMSO, and DMF. Table 1 contains data on all the characteristics of the forming ligand, including the CHN% analysis. HD was characterized using 1H NMR, FT-IR and UV-Vis spectroscopy, mass spectrometry, and thermal analysis.



The 1H NMR spectrum of the TMP free base (solubilized in DMSO) is displayed in Table S1. Two protons on the aromatic rings H-C15 and H-C11 occurred at 6.56 ppm, while one proton of the TMP heterocyclic ring H-C1 showed as a singlet at 7.53 ppm. The nine hydrogens in the three OCH3 groups exhibited two distinct peaks: (6H) at 3.73 ppm showed as a singlet, while (3H) at 3.63 ppm also appeared as a singlet. Two singlet peaks, corresponding to H2-N4 and H2-N2, occurred at 5.7 and 6.2 ppm, respectively, whereas the aliphatic (H2-C9) hydrogens showed a singlet at 3.54 ppm [21,22]. 1H NMR spectrum of HD shows a signal at δ 9.92 ppm, ascribed to the phenolic proton. The signal appearing at δ 8.29 ppm corresponds to the imine proton (-HC=N-). In addition, the aryl protons equal to 6H showed up about 7.98–7.06 ppm. There is one singlet peak at δ 6.24 ppm (H2-N7). The disappearance of H2-N8 at δ 5.7 ppm, along with the appearance of the phenolic OH, confirms the condensation of aldehyde with N8-H2 of TMP and the formation of the HD Schiff base. All data are shown in Table S1 and Figure S1.



The detected molecular ion peak in the mass spectrum matches the ligand HD’s empirical structure, which appears at m/z = 410.59 (16.73%), equal to the molecular weight of HD (Figure S2). The pathway fragmentation is listed in Table S2. Scheme S1 shows the stepwise fragmentation of the HD. The resulting fragments matched well with the observed data and validated the compound’s structure.



Table S3 and Figure 1, Figures S3 and S4 show the significant infrared absorption frequencies of HD and trimethoprim. The IR spectrum of TMP showed two bands at 3470 and 3318 cm−1, which were assigned to stretching vibrations in the two NH2 groups. The band at 3125 cm−1 was due to an aromatic C-H-stretch, and the band at 1653 cm−1 was due to the bending vibration of the NH2 group and the benzene ring [23].



The broad band centered at 3354 cm−1 in HD is caused by the stretching vibration of the OH group, and its broadness may be attributed to inter- or intramolecular hydrogen bonding [4]. The strong, sharp band as a double fork at 3449 and 3427 cm−1 for HD is due to the stretching vibration of the NH2 group [24]. The IR spectrum of the HD also showed bands at 3169 cm−1 due to aromatic CH stretching and at 1659 cm−1, which is due to the NH2 group’s deformation and stretching of the aromatic ring [25,26]. The band at 1593 cm−1 can be attributed to the stretching vibration of the (C=N) group [27].



The UV-visible spectrum of TMP has been obtained in the region of 230 to 400 nm. The spectrum exhibits two maxima at 287 nm and 257 nm [28]. The HD ligand’s UV-visible spectrum showed four bands, at λmax values of 289, 334, 388, and 514 nm, as seen in Figure S5 and Table S6. These signals are due to the π→π* and n→π* electronic transitions.



The thermal decomposition of HD demonstrates that mass loss occurs gradually. DTA and TGA data of the HD are presented in Tables S4 and S5 and Figure S6. Three decomposition phases are present in the ligand thermogram of 17–152, 152–490, and 490–650 °C, with midpoints of 108, 345, and 612 °C and mass loss percentages of 6.76, 33.12, and 61%, without any residue. ∆H values of −0.063 and −0.40 kcal/g show that the steps are exothermic at 405 and 572 °C, and the exothermic and spontaneous behavior of these steps are shown by their negative ∆H values [29]. The endothermic peak in the DTA data confirms the melting point of HD at 168 °C (∆H = 0.0.98 kcal/g), with no mass loss.




2.2. Complex Description


The related complexes have formulas which may be expressed as follows: [Cu(HD)2]Cl·2H2O, [Ni(HD)2]·3H2O, [Co(HD)2]Cl·2H2O, [Ag(HD)2]NO3·2H2O, and [Zn(HD)2](NO3)2·2H2O. These complexes were produced by the reactions of HD with Cu(II), Ni(II), Co(II), Ag(I), and Zn(II) salts. All complexes are crystalline, soluble in DMSO, and have higher melting points than HD (no melting was observed up to 250 °C).



The conductivity of the complexes was determined in DMSO (1 mM), and all complexes have an electrolytic nature with a 1:1 ratio, except for the Zn complex, which has a 1:2 ratio, and the Ni complex, which is neutral. The M% was determined using complexometric titration and thermogravimetry; the data of M% and CHN% confirm the proposed structure along with other analyses. The physical characteristics, analytical data, and conductivity measurements for HD and its metal complexes are summarized in Table 1.



2.2.1. FTIR Spectra


Identifying the possible coordination sites for chelation involves comparing the IR spectra of the free ligand (HD) and its corresponding metal complexes (Table S3 and Figure 1). Chelation typically induces shifts (Δ, cm−1) and/or intensity variations in characteristic vibrational bands.



The FTIR spectrum of HD showed bands at 3354, 3449, 3427, 3169, 1659, and 1593 cm−1, which could be identified as the O-H, N-H, aromatic C-H, NH2 stretching vibrations of the aromatic ring, and stretching vibration of the C=N group. Upon complexation, these bands exhibited noticeable shifts to lower/higher frequencies, suggesting coordination through the phenolic oxygen and imine nitrogen atoms. The existence of crystalline or coordinated water in the complexes was demonstrated by the appearance of bands in all complexes at 3327, 3329, 3325, 3341, and 3340 cm−1 for Cu-HD, Ni-HD, Co-HD, Zn-HD, and Ag-HD, respectively. The presence of strong, sharp bands at 3404, 3404, 3400, 3443, 3451, and 3400 cm−1 for Cu-HD, Ni-HD, Co-HD, Zn-HD, and Ag-HD, respectively, shows the stretching vibrations of the NH2 group, which were altered by complexation, suggesting that this group binds to the metals [30,31,32].



The bending vibration of the NH2 group and the benzene ring bands shifted from 3169 and 1659 cm−1 in the free ligand to 3190, 3181, 3192, 3185, and 3140 cm−1, and bands to 1638, 1643, 1638, 1653, and 1643 cm−1, for Cu-HD, Ni-HD, Co-HD, Zn-HD, and Ag-HD complexes, respectively, indicating slight perturbations of the aromatic system upon complex formation [23]. Additionally, the C=N stretching band shifted from 1593 cm−1 in HD to 1595, 1589, 1595, 1595, and 1593 cm−1 for Cu-HD, Ni-HD, Co-HD, Zn-HD, and Ag-HD, respectively, confirming the involvement of the azomethine nitrogen atom in metal coordination. The Zn-HD and Ag-HD complexes exhibit sharp bands at 1382 and 1392 cm−1, respectively; these bands can be assigned as arising from the NO3 groups [33].



Interestingly, for Cu-HD, Ni-HD, Co-HD, Zn-HD, and Ag-HD complexes, new bands attributed to M-O stretching vibrations are observed around 640, 638, 638, 613, and 643 cm−1, respectively. Additionally, M–N stretching bands appeared at 683, 681, 679, 683, and 667 cm−1 for Cu-HD, Ni-HD, Co-HD, Zn-HD, and Ag-HD complexes, respectively. These bands are crucial for confirming the chelation process, providing clear evidence of metal-ligand coordination. The M–O bands confirm coordination through oxygen donor atoms, while the M–N bands indicate coordination via nitrogen donor atoms, thus offering direct support for metal binding through both oxygen and nitrogen atoms.




2.2.2. 1H NMR


The feasibility of obtaining 1H NMR spectra for transition metal complexes largely depends on the magnetic properties of the metals involved. Since most transition metal complexes are paramagnetic, they generally do not yield clear 1H NMR spectra due to signal broadening and wide ranges of chemical shifts. In contrast, diamagnetic transition metal complexes produce sharp 1H NMR signals that are suitable for detailed analysis.



The 1H NMR spectra of HD and its diamagnetic complex (Zn-HD) were recorded in DMSO-d6 (Figures S1 and S7). On comparing the main peaks of HD with the Zn-HD complex, it is observed that all the peaks of HD are present in the spectra of the complex with changes in chemical shift upon binding of HD with the metal ion, such as (N7H2) from 6.24 to 6.59 ppm, and H-phenol (OH) from 9.92 to 9.77 ppm. The signal that appeared for the imine proton in HD at δ 8.29 ppm is shifted to 8.43 ppm in the Zn-HD complex, indicating the metal coordinates with this group in the complex.




2.2.3. Thermal Analysis


TG/DTG and DTA were used to study the thermal stability of the complexes, and Figure 2, Figure 3 and Figures S8–S10 and Tables S4 and S5 include the findings.



The first decomposition step includes dehydration of the complexes at 79, 73, 63, 128, and 108 °C. This step appeared to cause mass losses of 3.88, 5.95, 3.62, 3.81, and 3.61%, respectively, (Calc. 3.77, 5.8, 3.78, 3.68, and 3.44%), and it can be associated with endothermic DTA peaks at 56, 79, 76, 152, and 121 °C for Cu(II), Ni(II), Co(II), Ag(I), and Zn(II) complexes, respectively.



The decomposition of HD and the loss of the coordinated water and/or HCl are shown in the second step. The Cu, Ni, Co, Ag, and Zn complexes were shown in this step as a broad DTG band with one maximum at 273, 268, 273, 285, and 293 °C respectively. The mass loss was (found/calculated %) 33.67/33.62, 35.99/35.88, 29.84/29.69, 19.26/19.31, and 51.65/51.55, respectively, and DTA thermograms showed this step as exothermic DTA bands at 295, 299, 303, 285, and 308 °C for Cu, Ni, Co, Ag, and Zn complexes, respectively.



The third decomposition step appears as the second ligand loss and/or loss of HNO3; it begins at 375, 436, and 449 °C, with mass reductions (found/calculated %) of 40.9/41.1, 28.49/28.50, and 24.17/24.01, for Cu, Co, and Zn, respectively. The DTA thermograms showed exothermic DTA bands at 367, 468, and 459 °C, respectively.



The last step started at 513, 441, 514; 556, 529, and 540 °C, with mass reductions (found/calculated %) of 12.78/12.88, 48.19/48.21, 28.58/28.51, 65.8/64.9, and 12.92/12.83 for Cu, Ni, Co, Ag, and Zn complexes, respectively. The proposed process was the loss of the nitrate group in the Ag complex. The DTA thermograms displayed exothermic DTA bands at 516, 450, 520; 577, 526, and 459 °C for Cu, Ni, Co, Ag, and Zn, respectively. CuO, NiO, CoO, Ag, and ZnO are the hypothesized formulas that agree well with the residue percentage, with mass reductions (found/calculated %) of 8.79/7.28, 10/8.02, 9.65/7.88, 10.95/11.03, and 8.45/7.78, respectively.



The DTA data illustrate the complexes’ thermal behavior, which can be summed up as follows: All complexes exhibit nonspontaneous endothermic crystalline water liberation. All complexes undergo exothermic thermal decomposition processes (spontaneous at a given temperature), including liberation of the coordinated water molecules and ligand decomposition.




2.2.4. Magnetic Moment and UV-Visible Spectra


The magnetic measurements, the electronic absorption spectra, and the peak assignments for complexes in DMSO and Nujol mull [34] are summarized in Table S6 and displayed in Figure 4 and Figures S11–S14.



Complex formation was established by the difference in absorption band wavelength between the ligand and the complexes. The bands due to d-d transitions on the metal centers may be obscured by high-intensity ligand-based bands. Electronic transitions indicate the interaction between the ligand and the metal ions and indicate complex formation. Table S6 displays the computed 10 Dq values for the d-d electronic transitions, which indicate that the ligand under consideration has a moderate strength [35].



The absorptions attributed to the π→π* and n→π* transitions for HD at 289, 334, and 388 nm display a hypsochromic (blue shift) effect followed by a hyperchromic or hypochromic shift in complexation, which indicates the ligation with the metal ion in the complex.



The Cu-HD, Ni-HD, and Co-HD complexes show octahedral structures with magnetic moment = 1.52, 2.82, and 3.65 B.M, respectively. The absorption bands for Cu-HD appeared at 280, 325, 335, 365, and 512 nm due to π→π*, n→π*, and 2A1g→2T2g transitions, while the transitions π→π*, n→π*; and 3A2g(F)→3T1g(P), and 3A2g(F)→3T1g(F) occurred at 290, 340, 348, 392, and 498 nm for the Ni-HD complex, and for Co-HD the bands appeared at 290, 335, 350, 385, and 515 nm due to the transitions π→π*, n→π*; 4T1g(F)→4T1g(P), and 4T1g(F)→4T2g(F), confirming the octahedral geometry around the metal ions [36,37].



The absorption bands appeared for Ag and Zn complexes at 288; 336; and 288; 334; 520 nm due to π→π*, n→π*, π→π*, n→π*, and charge transfer (CT) transitions.




2.2.5. X-Ray Diffraction Studies (XRD)


Cu-HD has an average particle size of ζ = 17.41 nm with a δ value range of 1.10–8.44 × 10−3 (Table S9 and Figure 5). The results indicated the production of nanoscale complexes, which is a promising development, since nanomaterials have promising activity and distinctive properties used in many applications.



Expo2014 software was used to perform semi-empirical calculations on the X-ray diffraction data [38]. Using various loops, empirical results were revised and updated for the Expo 2014 program. Table S10 provides the Miller indices, d-spacing, unit cell diameters, and crystal structure. The Expo2014 program was used to refine and fit the calculated unit cell and package configurations. The findings are shown in Figure 6.



Analytical techniques, such as 1H NMR, CHNM%, FTIR, thermal analysis, magnetic characteristics, molar conductivity, and UV-visible spectra, were used to determine the complexes’ structure and spatial order, as presented in Scheme 1.





2.3. Characterization of the Nanoparticles


2.3.1. UV–Vis Spectra for ZnONPs


The UV-vis spectra (Figure S15) of the produced ZnO nanoparticles (ZnONPs) exhibited a prominent absorbance peak at 371 nm, corresponding to particle sizes ranging from 2 to 100 nm. This single, narrow peak in the spectra confirms the formation of ZnONPs. The size and shape of the nanoparticles influence the UV-Vis absorption spectrum. Notably, metal nanoparticles that exhibit surface plasmon resonance (SPR) tend to show a red shift in their absorbance spectra as particle size increases. Changes in the nanoparticle size and structure can result in either a blue or red shift in the absorbance peak wavelength [39,40,41].



The electronic spectrum of the ZnO NPs shows a peak at 371 nm, attributed to SPR. The electronic spectrum of HD@ZnO NPs shows peaks at 286, 332, and 396 nm, and that of Cu-HD@ZnO NPs shows peaks at 287, 328, 376, and 508 nm; these peaks are attributed to n→π* transitions. The spectra, peak wavelengths, and their assignments are given in Figures S15–S17 and Table S7.




2.3.2. UV–Vis Spectral for GNPs


Gold nanoparticles (AuNPs) display a distinct absorption band in the visible spectrum, attributed to SPR. The UV-visible spectrum shows a sharp peak at 520 nm, confirming the formation of the nanoparticles. The concentration of the gold nanoparticles (15 nM) was determined using Beer’s Law, with a molar extinction coefficient of 2.43 × 108 M−1 cm−1 [42,43,44]. The electronic transitions of Au, HD@AuNPs, and Cu-HD@AuNPs appear at 526, 289; 330; 520, and 279; 321; 510 nm, respectively (Figures S18–S20 and Table S7).




2.3.3. TEM


The TEM and size histograms provide detailed insights into the morphology and size distribution of the ZnO and Au nanoparticles, shown in Figure 7 and Figure 8. For ZnO nanoparticles, the TEM image reveals a well-defined, roughly spherical shape with an average particle size that appears uniformly distributed, as indicated by the histogram. The histogram further confirms a narrow size distribution, which suggests consistent synthesis conditions. Similarly, the TEM for the Au nanoparticles show distinct, spherical shapes, and the corresponding histogram indicates a relatively narrow size range, consistent with precise control over nanoparticle formation. Both ZnO and Au nanoparticles demonstrate considerable uniformity in size and shape, which is essential for applications requiring consistent optical and catalytic properties [45,46].




2.3.4. X-Ray Diffraction Studies (XRD)


The synthesized ZnO nanoparticles were characterized using X-ray Diffraction (XRD) to confirm their crystalline structure, phase purity, and particle size. The XRD pattern (Figure 9 and Table S8) exhibits prominent peaks at various 2θ values, including approximately 31.8°, 34.4°, 36.2°, 47.5°, 56.6°, 62.9°, and 68.0°. These peaks correlate with the (100), (002), (101), (102), (110), (103), and (112) planes, which are characteristic of the hexagonal wurtzite structure of ZnO. The positions of these diffraction peaks align closely with the standard reference data for ZnO (JCPDS card no. 36-1451), confirming the phase purity of the nanoparticles.



The narrow, well-defined peaks in the XRD pattern indicate that the synthesized ZnO nanoparticles possess a high degree of crystallinity with no detectable secondary phases or impurities. This suggests that the synthesis process was successful in producing pure ZnO.



To estimate the average crystallite size, the Debye–Scherrer equation was applied to the most intense diffraction peak, observed at 2θ ≈ 36.2°. With a measured full width at half maximum (FWHM) of approximately 0.5° and using Cu Kα radiation (λ = 1.5406 Å), the average crystallite size was calculated to be around 16.7 nm. This nanoscale size confirms the successful synthesis of ZnO in nanoparticulate form, which is crucial for enhancing the surface area and, potentially, the material’s functional properties.



The results from the XRD analysis thus confirm that the synthesized ZnO nanoparticles exhibit a pure, crystalline structure with a particle size in the nanometer range. Such characteristics are desirable for catalysis, sensors, and biomedical applications, where high crystallinity and purity can enhance material performance [47,48].




2.3.5. FTIR


The Fourier-transform infrared (FTIR) spectrum of the synthesized ZnO nanoparticles is presented in Table S11 and Figures S21–S23. A broad absorption band is observed around 3400 cm−1, which is attributed to the stretching vibrations of hydroxyl (O-H) groups. This band indicates the presence of hydroxyl groups on the surface of the nanoparticles, likely due to adsorbed water molecules or surface hydroxylation during synthesis. In addition, a peak near 1600 cm−1 is evident, corresponding to the bending vibrations of O-H bonds, further supporting the presence of adsorbed water. The Zn-O bond vibrations are clearly seen as sharp peaks between 500 and 600 cm−1, characteristic of the Zn-O stretching modes typical of ZnO structures. These distinct Zn-O bands confirm the formation of ZnO nanoparticles.



The FTIR spectrum indicates a relatively pure ZnO sample, as no significant peaks associated with organic contaminants are detected. The presence of hydroxyl groups on the surface could enhance nanoparticle stability and facilitate interactions in applications like catalysis or environmental remediation. Other minor peaks may indicate traces of organic residues from the synthesis process or atmospheric contaminants. However, the spectrum does not show significant peaks related to impurities, suggesting a relatively pure ZnO sample.



The FTIR spectrum of HD@ZnONPs and Cu-HD@ZnONPs showed broad bands at 3368 and 3435 cm−1 belonging to the stretching vibration of OH and NH2 groups. The bands at 3930 and 2929 cm−1 are due to aromatic C-H and those at 1627 and 1627 cm−1 can be assigned as bending vibrations of the NH2 group and the benzene ring or bending vibrations of O-H bonds. The FTIR spectrum showed bands at 1520 and 1524 cm−1 that may be related to the stretching vibration of the C=N group, and the bands at 630 and 650 cm−1 show the stretching vibrations of Zn-O bonds. In the main bands of ZnO with HD@ZnONPs and Cu-HD@ZnONPs, it is observed that all the bands of ZnO nanoparticles are present in the spectrum of two compounds with minor changes and the presence of new bands, such as imine band (–C=N) and CH-aromatic. Hence, the FTIR analysis confirmed the presence of HD and Cu-HD on the surface of the ZnO nanoparticles.





2.4. Computational Study


The biological availability of drug candidates can be assessed by computational modeling of their electron density and their hydrophilicity vs. lipophilicity. To better understand a biological process, docking studies calculate the interactions between target biomolecules, such as proteins, and potentially therapeutic compounds. These compounds’ electron density, frontier molecular orbitals, and surface characteristics were all determined via DFT calculations.



Utilizing the Swiss Target Prediction online tool may additionally forecast the compounds’ optimal target. The ligand and its complexes were predicted by the BOILED-Egg model to have a high or low extent of absorption by the GIT and to be permeable through the BBB. The mechanism of molecule adsorption and geometric optimization on the surface of nanoparticles was analyzed using a suitable program. Through a docking study, the end method examined the interactions between TMP, HD, and its complexes with the Caspase-3 enzyme.



2.4.1. Molecular Mechanical Method (MM2)


Molecular mechanics calculations using the MM2 force field were carried out and discussed for TMP and TMP analogs. The minimum energetic structure was chosen as the target compound’s best structure. The results are described in Tables S12 and S13 and Figures S24–S26.



We selected the single bond between C9 and C10 to improve free rotation. Based on the lowest steric energy, the stability order is as follows: TMPe > TMPc > TMPa > TMPb > TMPd. This indicates that the TMPe conformation is the most stable and, therefore, the most abundant, while TMPd is the least stable. For HD, the stability order is HDc > HDe > HDa > HDb > HDd, with HDc being the most stable and abundant form and HDd the least. The total energies from MM2 calculations for TMP and HD were 27.30 and 30.77 kcal/mol, respectively, which indicated the order of stability (and which gave the lowest steric energy), so the TMP was more stable than HD.




2.4.2. The Surface Properties of HD


The surface properties of HD are key in determining its effectiveness as a drug. HD’s bioactivity highlights the presence of an active lone pair and lipophilic characteristics. The active lone pair map has three colors: blue for mild polarity, green for hydrophobicity, and violet for H-bonding. HD’s ability to form hydrogen bonds focuses on three specific sites. The lipophilic map also uses green for lipophilicity, white for neutrality, and violet for hydrophilicity. Figure 10 displays the surface properties of both TMP and HD [49].




2.4.3. The DFT for TMP and HD


Density Functional Theory (DFT) calculations for TMP and HD are presented in Figures S27–S29 and Table S14. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of each molecule, together known as the frontier molecular orbitals (FMOs), provide insights into the movement of electrons between FMOs, which is crucial for understanding the excitation-relaxation process. The significant contrast between occupied and unoccupied orbitals suggests that low energy is required for electron transition. TMP and HD show polarities of 1.29 and 1.36 D, respectively, which impacts drug behavior. The high number of orbitals and electrons suggests ample receptor interaction points, enhancing HD’s potential as a drug [50,51].



Density functional theory helped analyze the hardness and softness, showing that:




	
Changes between ground states outline local, non-local, and global hardness/softness functions.



	
Soft-soft and hard-hard interactions are favored, with interactions progressing toward maximum hardness under chemical potential.



	
These principles aid in understanding molecular behavior and response to different chemicals [52].









2.4.4. Target-Ligand Interaction Prediction


We determined the likely targets for TMP and HD using the Swiss Target Prediction tool. For TMP, predictions show a 40% chance of interaction with kinase receptors, 20% with enzymes, and 13.3% with family A G protein-coupled receptors, among others. HD has a 66.7% probability of binding to kinase receptors and a 13.3% probability with enzymes. The Zn-HD complex exhibited the highest affinity for protease and family A G protein-coupled receptors, indicating stronger inhibitory action than TMP (Figure 11 and Figures S30–S33 and Table S15).




2.4.5. Biological Availability Estimation


Various factors such as bioactivity, transport, and reactivity affect molecule behavior in organisms. Using SwissADME, we evaluated TMP, HD, and their complexes for their physicochemical properties. The XLogP3 method [53] helped predict characteristics like heavy atom count, H-bond donors/acceptors, and topological polar surface area (TPSA) (Table S16).



We used the BOILED-Egg model to predict gastrointestinal (GI) absorption and blood-brain barrier (BBB) penetration. In this model, yellow zones suggest BBB permeation, while white zones indicate GI absorption. The BOILED-Egg model suggests that while TMP and Cu-HD have high GI permeability, the Ni, Co, Ag, and Zn complexes show low GI absorption rates (Figure 12). All compounds showed low BBB permeability.



According to Veber’s rule, compounds with a polar surface area under 140 Å2 and fewer than 10 rotatable bonds are likely to have good bioavailability. Compounds without rule violations, shown in Table S16, are deemed suitable for bioactivity studies [54,55,56,57].




2.4.6. Pharmacokinetic Properties


Using the pkCSM platform, all new compounds are predicted to act as P-glycoprotein substrates, as illustrated in Table 2 [58].




2.4.7. Quantitative Structure-Activity Relationship (QSAR)


QSAR is a valuable computational method examining the connection between a molecule’s structure and biological activity. This analysis aims to establish a mathematical relationship between biological action and various structural descriptors [59].



D-QSAR Model


We used the MarvinBeans/JChem (ChemAxon) 24.1.3 software to build the ligand structures [60]. Plug-ins facilitated calculations of parameters such as inhibitory constant (pKi), which indicate the biologic binding affinity; hydrogen bond donors and acceptors, which affect solubility and molecular interactions; rotatable bonds, which determine molecular flexibility and binding efficiency; and topological polar surface area (TPSA), which influences drug absorption and transport across membranes. Lipophilicity, represented by Log P and Log D, impacts membrane permeability and solubility, while dipole moment and molar refractivity (SMR) provide information on molecular polarity and electronic properties that affect binding affinity and reactivity [61,62]. An initial 3D-QSAR model was applied to TMP derivatives and specific anticancer inhibitors against HepG-2 cells to enhance predictive accuracy and inhibitor enrichment (Table S17). HD has the highest hydrogen bonding (11) and rotatable bonds (7), enhancing solubility but potentially restricting membrane permeability. Its TPSA (212 Å2) suggests moderate permeability, while Log P (1.88) and Log D (1.72) indicate a well-balanced hydrophilic-lipophilic profile. Compared to b17 (Log P = 5.35), HD is more hydrophilic but exhibits strong molecular refractivity (SMR = 11.24), which may enhance interactions with biological targets. Overall, HD’s properties support aqueous solubility but could limit passive diffusion across membranes. The regression analysis (R2 = 0.89, p < 0.05) showed that lipophilicity and TPSA were the most influential factors in determining anticancer activity, followed by steric and electronic properties.



The model included comparisons with 5-fluorouracil (IC50 = 99.32 µM, pKi = 1.99), (b17, IC50 = 3.57 µM, pKi = 0.55) [63,64] and cisplatin (IC50 = 8.45 µM, pKi = 0.93) [65], common chemotherapeutic agents. MTT assays showed TMP had an IC50 of 277.96 µM and pKi of 2.44, while HD had an IC50 of 279.46 µM and pKi of 2.65, suggesting a close correlation between TMP, TMP derivative, and anticancer inhibitors and between predicted and experimental activities (Figure 13 and Figure S34 and Table S17).




Principal Component Analysis (PCA)


PCA is a statistical approach used to reduce data dimensions by identifying key components as linear combinations of variables. While the revised QSAR model involves 12 descriptors, three-dimensional plots cannot display them all simultaneously. PCA uses the three most significant descriptors to represent the data in 3D Euclidean space, minimizing accuracy loss. PCA reduced the dimensionality by linearly transforming molecular descriptor data [66,67].



Figure 14 and Figure S35 illustrate a 3D plot of three main components: the first principal component (PCA1) accounted for 55% of the variance and was primarily associated with lipophilicity and molecular weight. The second principal component (PCA2), explaining 30% of the variance, correlated with electronic charge distribution and dipole moment, crucial for metal-ligand interactions. The third principal component (PCA3), which accounted for the remaining 15% variance, was primarily influenced by the number of rotatable bonds and steric hindrance factors, which impact molecular flexibility and receptor binding affinity.



In Figure 14, TMP, HD, and b17 are clustered closely together, indicating that these compounds share similar physicochemical characteristics, whereas 5-FU and cisplatin were more distantly positioned, reflecting their distinct steric and electronic properties. The unique placement of cisplatin suggests an alternative interaction mechanism compared to the tested compounds. The strong alignment between QSAR predictions and PCA clustering validates the influence of molecular descriptors on cytotoxic potential, reinforcing the potential of the TMP derivative as a promising anticancer agent.





2.4.8. Prediction of Mechanical Properties of Nanoparticles


In this study, the mechanical properties of nanoparticles were predicted using Material Studio V.2020 [68], in which nanoparticle crystal models were optimized through the Smart algorithm and Forcite module. This approach enabled the analysis of molecular interactions with nanoparticle surfaces, providing key insights into the adsorption mechanisms and geometry optimizations of molecules on these surfaces [69,70]. Following dynamic simulations, energy minimization and shape optimization were achieved. The computational conditions for Forcite Dynamics are detailed in Tables S18 and S19 and Figure 15, Figure 16, Figure 17 and Figure S36. This methodology offers valuable improvements for understanding the adsorption behavior of HD and Cu-HD molecules on the surfaces of ZnO and Au nanoparticles.



Adsorption studies revealed that HD and Cu-HD interactions with ZnO and Au nanoparticles resulted in significantly higher total energy values (13.85, 138.05, 15.43, and 140.33 kcal/mol for HD@AuNPs, Cu-HD@AuNPs, HD@ZnONPs, and Cu-HD@ZnONPs, respectively) compared to the isolated ZnONPs and AuNPs (−4.33 and −15.32 kcal/mol). HD@AuNPs and HD@ZnONPs, with lower energy values, are more stable, while Cu-HD@AuNPs and Cu-HD@ZnONPs, with higher energy values, are less stable. These findings underscore the strong adsorption potential of the molecules and highlight the critical role of surface area in the adsorption process [71]. The increased surface area of ZnONPs and AuNPs and their strong ionic interactions contributed to their enhanced adsorption capacity.



The binding energy is essential for applications that need stable adsorbate-surface interactions, such as catalysis or sensing, as outlined in Table S19 [72,73]. The binding energy of a molecule to a surface reflects its adsorption strength. The stability of the adsorption systems is determined by their binding energy, with lower or negative values (exothermic reaction) indicating stronger binding and higher stability. For AuNPs, HD@AuNPs (3.66 kcal/mol) and Cu-HD@AuNPs (1.01 kcal/mol) have positive binding energies, reflecting weaker interactions and lower stability, though Cu-HD@AuNPs is slightly more stable. For ZnONPs, HD@ZnONPs (−0.71 kcal/mol) and Cu-HD@ZnONPs (−0.42 kcal/mol) have negative binding energies, showing stronger interactions and greater stability. Among these, HD@ZnONPs is the most stable due to its lower (more negative) binding energy. All compounds exhibited adsorption on both ZnO and Au nanoparticle surfaces, indicating their potential effectiveness in cancer diagnosis and targeted drug delivery applications. However, the deep interaction observed in the HD@ZnONPs complex suggests it may not be as suitable for drug delivery [18,19].




2.4.9. Molecular Docking


In addition to making connections between the theoretical and experimental approaches, docking simulations were used to study how the target compounds interacted with certain proteins. The crystal structure of Caspase-3 (PDB code: 3GJQ) (Figure S37) was obtained from the RCSB Protein Data Bank [74].



Docking of 5-Fluorouracil and Trimethoprim with Caspase-3 (PDB Code: 3GJQ)


Given the known anticancer properties of 5-fluorouracil (5-FU), its docking with Caspase-3 was performed alongside TMP and its derivatives for comparative purposes (Table S20 and Figure S38). The docking results revealed that 5-FU interacted strongly with the target protein through two hydrogen bonds: one between oxygen (O3) and nitrogen (N4) with arginine (Arg) A64 and serine (Ser) A120 residues of Caspase-3. The binding energy of 5-FU was calculated to be −4.63 kcal/mol.



In contrast, the docking of TMP showed a single hydrogen bond between nitrogen (N7) and Arg A64, along with a hydrophobic interaction between TMP’s 6-membered ring and Arg A64. TMP exhibited a stronger binding energy of −6.54 kcal/mol compared to 5-FU (−4.63 kcal/mol). This suggests that TMP interacts more favorably with Caspase-3, potentially offering a better inhibitory effect than 5-FU.




Docking of HD and Its Complexes with Caspase-3 (PDB Code: 3GJQ)


The docking of HD and its metal complexes with Caspase-3 was examined, with detailed results in Figure 18, Figure 19, Figure 20 and Figures S39–S41 and Table S20. The selected docking poses of HD revealed the formation of two hydrogen bonds: one between nitrogen (N 4) and cysteine (Cys) A163, along with a hydrophobic interaction between HD’s 6-membered ring and arginine (Arg) A64 of Caspase-3 (Figure 19). The binding energy for this interaction was −7.66 kcal/mol, surpassing that of both TMP and 5-FU (Table S20).



For the HD complexes, the docking analysis revealed the presence of two to five interactions involving hydrogen and hydrophobic bonds with the target protein. Specifically, Cu-HD formed hydrophobic interactions with phenylalanine (Phe) B250, arginine (Arg) B207, and methionine (Met) A61, while Ni-HD showed hydrogen bonds between oxygen (O31) and serine (Ser) B209 and nitrogen (N3) and Arg B207. Co-HD exhibited interactions involving nitrogen (N83 and N7) with serine (Ser) B209 and arginine (Arg) B208, as well as hydrophobic interaction with Phe B250. The binding energies of Cu-HD, Ni-HD, and Co-HD were −8.36, −9.05, and −8.62 kcal/mol, respectively, all of which were significantly stronger than those of 5-FU (−4.21 kcal/mol) and TMP (−6.54 kcal/mol). Ag-HD formed five interactions: three hydrogen bonds with serine (Ser) B205, threonine (Thr) A62, and phenylalanine (Phe) B256, as well as two arene-H bonds with tyrosine (Tyr) B204 and Thr A62 (Figure 20). The binding energy for Ag-HD was −7.87 kcal/mol. Zn-HD, on the other hand, displayed two interactions: one hydrogen bond between oxygen (O57) and Thr A62 and one hydrophobic bond with Arg B207, resulting in a binding energy of −7.81 kcal/mol (Figure S41).



All TMP derivatives’ overall binding energies and interaction sites were higher or comparable to TMP, suggesting a more potent inhibitory effect on Caspase-3 than TMP and 5-FU (Figure 19). This enhanced interaction is attributed to the modified molecular structure of TMP derivatives, which increases their affinity for protein binding [75]. Consequently, TMP derivatives exhibited significantly improved inhibitory potential against Caspase-3, with enhanced in vitro activity.






2.5. In Vitro Antitumor Activity


2.5.1. In Vitro Anticancer Activity by MTT Assay


The anticancer efficacy of TMP derivatives was tested in vitro on HepG-2 cancer cell lines. The 5-FU, TMP, HD, Cu-HD, HD@ZnONPs, Cu-HD@ZnONPs, HD@AuNPs, and Cu-HD@AuNPs showed significant activity, with IC50 values of 32.53 [76], 80.76, 114.7, 61.66, 77, 53.13, 55.06, and 50.81 µg/mL, respectively. All TMP derivatives exhibited higher activity against the HepG2 cancer cell line compared to TMP, except HD. The results also showed that the compounds were close in effectiveness with anticancer drug 5-FU. Table S21 and Figure 21 and Figures S42–S50 provide detailed results.



Notably, introducing ZnO and Au nanoparticles significantly enhanced the anticancer efficacy of the derivatives. Cu-HD@ZnONPs and Cu-HD@AuNPs exhibited lower IC50 values (53.13 µg/mL and 50.81 µg/mL, respectively) compared to Cu-HD (61.66 µg/mL) and HD (114.7 µg/mL), indicating that nanoparticle conjugation improved the potency of these derivatives. The increase in activity is likely due to the nanoparticles’ large surface area and ionic interactions, which enhanced cellular uptake and drug delivery efficiency.




2.5.2. Quantitative Real-Time PCR


The expression levels of key apoptosis-related genes in HepG2 cells were analyzed using quantitative real-time PCR (qRT-PCR) to investigate the molecular mechanisms of apoptosis induced by TMP derivatives. Caspase-3 and P-53, two critical proteins in programmed cell death, were found to be significantly upregulated in treated cells. Compared to untreated control cells and the anticancer drug 5-FU, caspase-3 expression increased by 4.14 to 5.3 fold and P-53 expression by 2.73 to 4.79 fold. Specifically, HD@AuNPs and Cu-HD@AuNPs induced the expression of caspase-3 by 4.35 and 4.5 folds and P-53 by 3.05 and 3.41 folds, respectively, relative to the mRNA expression of the housekeeping gene β-actin (Tables S22 and S23, Figure 22 and Figure 23).



These results confirmed the pro-apoptotic potential of HD@AuNPs and Cu-HD@AuNPs, which significantly enhanced caspase-3 and P-53 expression levels compared to 5-FU (p < 0.009 and p < 0.028, respectively). The substantial increase in these pro-apoptotic genes suggests that the TMP derivatives, particularly when conjugated with nanoparticles, have a similar or potentially superior capacity to induce apoptosis as 5-FU, a widely used anticancer drug [77].



One limitation of the current study is the absence of toxicity testing on normal cells. While the findings indicate that TMP derivatives and their metal complexes effectively inhibit HepG2 cell proliferation, further studies are necessary to assess their toxicity in normal cell lines. Future research will focus on comprehensive toxicity evaluations to determine the therapeutic safety and establish the clinical applicability of these compounds. For instance, measurement of IC50 values for human embryonic kidney cells as a general model for toxicity towards healthy cells will be one way of toxicity evaluation.



The promising results presented here lay the groundwork for further optimization of TMP derivatives as anticancer agents. Subsequent studies will include detailed in vivo assessments and toxicity analyses to advance these compounds toward potential clinical trials.






3. Experimental


3.1. Chemicals and Instrumentation


Every reagent that is utilized is of analytical grade. Trimethoprim was obtained in its pure state and was purchased from Sigma Aldrich Darmstadt, Germany.



All data about the analytical instruments used in this study are summarized in the Supplementary Materials.




3.2. Synthesis


3.2.1. The HD Synthesis


Ethanolic solutions of Trimethoprim (C14H18N4O3, one mmol, 0.29 g, 20 mL) and 2,4-dihydroxy benzaldehyde (1 mmol, 0.41 g, 20 mL) were mixed dropwise and maintained at reflux for three hours. The reaction progress was monitored by thin-layer chromatography (TLC) using silica gel 60 F254 plates (Merck, Darmstadt, Germany) with an ethyl acetate: ethanol (9:1, v/v) mobile phase. Aliquots (2 μL of 1% w/v solutions) were analyzed at 30-min intervals, with visualization under UV 254/365 nm and iodine vapor. The Rf values were found to be 0.65 ± 0.02 for Trimethoprim, 0.42 ± 0.02 for 2,4-dihydroxybenzaldehyde, and 0.52 ± 0.02 for the HD product. Reaction completion was confirmed by the disappearance of the starting material spots and the stabilization of the product spot intensity. After the solution’s volume was decreased by evaporation to about 1/10 of its original volume, it was cooled to room temperature. The resulting canary-yellow precipitate was filtered, washed with methanol, and desiccated under anhydrous CaCl2 (Scheme 2).




3.2.2. The Complex Synthesis


The heated ethanolic solutions (20 mL) containing 0.1 mmol each of CuCl2 (0.067 g), NiCl2 (0.0648 g), CoCl2·6H2O (0.1189 g), AgNO3 (0.085 g), and Zn(NO3)2·6H2O (0.149 g) were added gradually to 20 mL 0.2 mmol HD solution (0.41 g), with stirring for 2–3 h to produce the stable metal complexes. The pH of the complexes was adjusted to 7–8 [75]. The volume of the solution was reduced by heating, producing various colored solid complexes. The solid residue was filtered, washed with methanol, and dried in desiccators.




3.2.3. ZnO Nanoparticles


Then, 100 mL of 0.2 M potassium hydroxide solution and 100 mL of 0.1 M zinc acetate dihydrate were mixed and kept at room temperature with steady stirring using a Teflon-coated magnet on a magnetic stirrer. A vortex of stirring was observed when the Teflon-coated magnet’s revolution was altered in response to the mixture’s increased viscosity. After that, the mixture was stirred for a further twenty minutes. Following precipitation, the zinc hydroxide was filtered and repeatedly cleaned with distilled water. The resultant product was burned at 150 °C in a hot air oven for eight hours. The obtained zinc hydroxide was suspended in distilled water to obtain suspension of ZnO nanoparticles. The ZnO particles had spherical diameters between 10 and 15 nm [78,79].




3.2.4. The Au Nanoparticles


All glassware was cleaned with nitric acid and then rinsed with double-distilled water. AuNPs were prepared following the previous procedures [80,81]. A 250 mL flask was filled with 125 mL of deionized water and heated to a boil. Next, 2 mL of 1% HAuCl4 was added. Gradually adding 10 milliliters of 0.05 M sodium citrate while stirring and heating the mixture continuously was necessary to cause the color of the solution to shift from pale yellow to a deep red hue after approximately 10 min, signifying the formation of GNPs. The gold nanoparticles were formed as citrate-reduced Au(III) to Au(0), as indicated by the red hue. After being cooled to ambient temperature, the GNP solution was kept at 4 °C. Absorption spectroscopy was used at room temperature to track the gold nanoparticle stability studies over a period. The analysis was conducted over 10 days to check for the precipitation of GNPs using the distinctive absorption peaks λmax and Δλ.




3.2.5. Functionalization @ZnO or @Au Nanoparticles


The Schiff base or complex (1 mM) in an ethanolic solution (50 mL) was stirred at ambient temperature in the typical synthesis [78,81]. The ethanolic suspension of ZnO (0.1 M) (50 mL) or 10 mL of Au nanoparticles was added to the previous solution, and the combination was allowed to stir up for 2–6 h.





3.3. In Silico Studies


The SwissADME web tool evaluated drug likeness, pharmacokinetics, and physicochemical characteristics in silico [82]. Molecular docking studies were conducted to investigate how the synthesized compounds interact with target proteins. The preparation of protein structures involved adding hydrogen atoms and removing water molecules. All non-essential atoms, except those in the active site, were excluded. The ligand structures were optimized using Marvin Sketch 19.21.7 software to generate their 3D conformations, which were then formatted into PDBQT using AutoDock Tools. Gasteiger charges were assigned to the ligands, and nonpolar hydrogen atoms were combined. A grid box was defined around the active site to ensure enough space for the ligands to explore different binding conformations. The top docking poses were chosen based on their lowest binding free energy and were visually inspected to confirm plausible binding modes. Caspase-3 enzyme (PDB code: 3GJQ), obtained from the Protein Data Bank (PDB), was used for docking with the AutoDock 4.2 tool. Minimizations were performed using the Merck molecular force field (MMFF94) until an RMSD gradient of 0.01 kcal/mol and a satisfactory total score function (S) were achieved [83].




3.4. Antitumor Activity Evaluation


After incubating for 24 h at 37 °C, a monolayer of 1 × 105 cells/mL (100 µL/well) was generated in a 96-well tissue culture plate. Once a confluent cell sheet was obtained, the monolayer underwent two rounds of washing with wash media, and the growth medium was removed. The examined samples were diluted twice in the RPMI medium containing 2% serum (maintenance medium). Following each dilution (0.1 mL) to a distinct well, three wells functioned as controls and were simply given maintenance media. During the 37 °C incubation time, toxicity signs such as cell rounding, shrinkage, granulation, and partial or complete loss of the monolayer were monitored.



The plate was incubated at 37 °C with 5% CO2 for 1–5 h to allow for MTT metabolism after adding 5 mg/mL of MTT solution to each well. After removing the media, the formazan, an MTT metabolic product, was diluted using 200 µL of DMSO. The optical density at 560 nm was the optical density observed after the background at 620 nm was subtracted. Correlations between the number of cells and optical density values were direct [84,85].




3.5. Quantitative Real-Time PCR


Using a mixture of 60 µg/mL dichloromethane and methanol extracts, HEPG2 cells (provided by the Cell Culture Department, VACSERA, Egypt) (1.5 × 106) were grown in 96-well plates and treated for a full day. All RNA in the cell pellets was extracted using the Roche Diagnostics GmbH high pure RNA isolation kit and the manufacturer’s guidelines. RNA was converted into cDNA using the RevertAidTM first-strand synthesis kit (Fermentase, originally developed by Fermentas, Vilnius, Lithuania, USA). Following reverse transcription, the amount of cDNA was measured using an iCycler iQ multi-color real-time PCR detection system (Bio-Rad, Foster City, CA, USA) using a SYBR Green PCR Master Mix (ABI, Foster City, CA, USA).



The primers were arranged as follows: Caspase-3 forward 5{-CAGTG-GAGGCCGACTTCTTG-3}, reverse 50-TGGCACAAAGCGACTGGAT-3}; β-actin forward 5{-TCCCTGGAGAAGAGCTACG-3}, and reverse 5{-GTAGTTTCGTGGATGCCACA-3}. On an Applied Biosystems 7500 apparatus (Thermo Fisher Scientific Inc., Waltham, MA, USA), quantitative real-time polymerase chain reaction (qRT-PCR) was performed using the SYBR Green RT-PCR kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). The typical temperature profile is 94 °C for 60 s, followed by 40 cycles of 55 °C for 60 s and 95 °C for 4 min [86,87]. By calculating 2−DDCt using the delta–delta cycle threshold (Ct) method, the fold differences in gene expression between the treatment and control groups were calculated [88].





4. Conclusions


In this study, a novel trimethoprim-based derivative, 4-(((2-amino-5-(3,4,5-trimethoxybenzyl)pyrimidin-4-yl)imino)methyl)benzene-1,3-diol (HD) was synthesized, along with its metal complexes containing Cu(II), Co(II), Ni(II), Ag(I), and Zn(II) ions. The complexes were further functionalized with ZnO and Au nanoparticles to enhance their anticancer properties. Structural confirmation of these compounds was achieved using a range of analytical techniques, including 1H NMR, FTIR, mass spectrometry, thermal analysis, and UV-Vis spectroscopy, which revealed octahedral geometries for all complexes. SwissADME and BOILED-Egg model predictions indicated that HD and its Cu complex could permeate the blood-brain barrier (BBB) and would be highly absorbed by the gastrointestinal tract, unlike the other metal complexes. Such results suggest that HD and its Cu complex are promising as drug candidates. Docking studies with Caspase-3 showed strong binding affinities, with binding energies of −7.66 kcal/mol for HD and up to −9.05 kcal/mol for the Ni complex, outperforming standard drugs like TMP (−6.54 kcal/mol) and 5-FU (−4.63 kcal/mol). The MTT assay demonstrated the anticancer potential of the compounds. The IC50 values for TMP, HD, Cu-HD, HD@ZnONPs, Cu-HD@ZnONPs HD@AuNPs, and Cu-HD@AuNPs were 80.76, 114.7, 61.66, 77, 53.13, 55.06, and 50.81 µg/mL, respectively. Notably, Cu-HD@AuNPs exhibited the highest activity, surpassing TMP and showing comparable efficacy to 5-FU (IC50 = 32.53 µg/mL). In terms of pro-apoptotic gene expression, real-time PCR analysis revealed that Au-HD@AuNPs and Cu-HD@AuNPs significantly upregulated caspase-3 and P53 expression by 4.35 and 4.5 folds and 3.05 and 3.41 folds, respectively, confirming their enhanced apoptotic effects in HepG2 cells.



These results demonstrate that the newly synthesized compounds possess significant anticancer potential, with several metal complexes, particularly those functionalized with Au and ZnO nanoparticles, exhibiting superior activity compared to TMP and 5-FU. The functionalization with nanoparticles not only improved drug uptake but also enhanced the therapeutic efficacy of the complexes.



Future research should focus on comprehensive in vivo studies and toxicity evaluations to further establish these novel compounds’ therapeutic potential. Investigating the mechanisms underlying their anticancer effects and their use in drug delivery systems could open new avenues for cancer therapy. These promising results lay the groundwork for developing these nanocomposites as potent candidates in clinical cancer treatment.
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Figure 1. FTIR spectra of HD and its complexes. 
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Figure 2. Cu-HD complex TGA/TG and DTA curves. 
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Figure 3. Ag-HD complex TGA/TG and DTA curves. 
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Figure 4. UV-Vis spectra of Cu-HD complex. 
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Figure 5. X-ray diffraction for Cu-HD complex. 
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Figure 6. (A) Calculated unit cell, (B) The calculated crystal structure of the package 2 2 1, and (C) the arrangement in the crystal lattice for Cu-HD complex. 
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Scheme 1. The postulated structures of HD complexes. 
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Figure 7. (A) TEM image and (B) Histogram of the size for ZnONPs. 
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Figure 8. (A) TEM image, (B) Histogram of size for AuNPs. 
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Figure 9. X-Ray Diffraction of ZnONP. 
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Figure 10. The surface features of TMP and HD. (A,C) Active lone pair for TMP, HD, and (B,D) Hydrophilic and lipophilic maps for TMP, HD. 
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Figure 11. The target prediction of (A) TMP (B) HD (C) Cu-HD. 
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Figure 12. BOILED-Egg model for TMP, HD, and its complexes. 
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Figure 13. Plot of predicted ($PRED) versus experimental pKi value HD and TMP with anticancer inhibitors. 
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Figure 14. The principal component analysis (PCA) plot of HD and TMP with anticancer drugs shows three eigenvectors (PCA1, PCA2, and PCA3) ranging from −3 to +3. 
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Figure 15. The geometry optimization of (A) HD and (B) Cu-HD. 
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Figure 16. Adsorption of (A) HD and (B) Cu-HD on the surface of ZnONPs. 
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Figure 17. Adsorption of (A) HD and (B) Cu-HD on the surface of AuNPs. 






Figure 17. Adsorption of (A) HD and (B) Cu-HD on the surface of AuNPs.



[image: Inorganics 13 00144 g017]







[image: Inorganics 13 00144 g018] 





Figure 18. The total binding energy of 5-FU, TMP, and TMP derivatives with Caspase-3. 
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Figure 19. The docking with Caspase-3 (PDB: 3GJQ). (A,B) 2D and 3D diagram of HD, and (C,D) 2D and 3D diagram of Cu-HD. 
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Figure 20. 2D and 3D interaction of molecular docking of Caspase-3 with Ag-HD. 
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Figure 21. Effect of the TMP derivatives on HepG-2 cells with Viability at different concentrations. 
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Figure 22. The Caspase-3 gene expression in HepG2 by PCR for HD@AuNPs and Cu-HD@AuNPs (Values mean ± SD at p ≤ 0.009). 
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Figure 23. The gene expression p-53 in HepG2 for TMP derivatives (p ≤ 0.028). 
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Scheme 2. Synthesis of HD. 
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Table 1. The Physicochemical properties of TMP derivative (HD) and its complexes.






Table 1. The Physicochemical properties of TMP derivative (HD) and its complexes.





	
Compound

	
Molecular

Weight

	
Color

	
Melting Point

(°C)

	
Ω *

	
CHNM%




	
C%

	
H%

	
N%

	
M% **




	
Calc.

Found

	
Calc.

Found

	
Calc.

Found

	
A

	
B

	
Calc.






	
HD (C21H22N4O5)

	
410.44

	
Brown

	
182

	
---

	
61.46

61.42

	
5.40

5.59

	
13.65

13.58

	
---

	
---

	
---




	
[Cu(HD)2]Cl.2H2O

C42H47CuN8O12Cl

	
954.88

	
Dirty green

	
>250

	
65

	
52.83

52.23

	
4.96

4.85

	
11.74

11.77

	
6.69

	
7.02

	
6.81




	
[Ni(HD)2]3H2O

C42H49N8NiO13

	
932.59

	
Apple green

	
>250

	
10

	
54.09

54.11

	
5.30

5.25

	
12.02

12.11

	
6.89

	
7.86

	
6.30




	
[Co(HD)2]Cl.2H2O

C42H47ClCoN8O12

	
950.27

	
Brick brown

	
>250

	
68

	
53.09

53.15

	
4.99

5.05

	
11.79

11.85

	
6.69

	
7.59

	
6.20




	
[Ag(HD)2]NO3.2H2O

C42H48 AgN9O14

	
1026.76

	
Brick brown

	
>250

	
60

	
49.13

49.55

	
4.71

4.62

	
12.28

12.35

	
10.25

	
10.95

	
10.50




	
[Zn(HD)2](NO3)2.2H2O

C42H47N10O18Zn

	
1045.27

	
Yellow-orange

	
>250

	
130

	
48.26

48.35

	
4.53

4.56

	
13.40

13.45

	
6.86

	
6.78

	
6.24








* 10−3 M in DMSO, conductivity (ohm−1 cm2 mol−1). ** A is EDTA titration, and B is thermal analysis.













 





Table 2. The pkCSM online tool to predict P-glycoprotein substrates (A) HD and (B) Cu-HD complex.
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Property

	
Model Name

	
TMP

	
HD

	
Cu-HD

	
Ni-HD

	
Co-HD

	
Ag-HD

	
Zn-HD






	
Absorption

	
Water Solubility (log mol/L)

	
−2.721

	
−4.009

	
−2.971

	
−2.971

	
−2.791

	
−2.915

	
−2.97




	
Caco2 permeability (log Papp in 10−6 cm/s)

	
0.649

	
0.188

	
0.085

	
0.085

	
0.085

	
0.027

	
0.085




	
Intestinal absorption (%)

	
76.824

	
78.705

	
70.234

	
70.332

	
70.283

	
64.077

	
69.826




	
Skin Permeability (Log Kp)

	
−2.857

	
−2.734

	
−2.735

	
−2.735

	
−2.735

	
−2.735

	
−2.735




	
P-Glycoprotein substrate

	
Yes

	
Yes

	
No

	
No

	
No

	
Yes

	
No




	
P-Glycoprotein I inhibitor

	
No

	
No

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
P-Glycoprotein II inhibitor

	
No

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes
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