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 Abstract: The development of new antibacterial agents is proposed to solve the problem 
of drug-resistant bacterial strains caused by antibiotic misuse. The aim of this study was 
to improve the antibacterial activity by modifying graphene oxide (GO) using 
ZnO/eugenol and analyzing the interaction computationally. The study was started with 
GO synthesis using the modified Hummer method, followed by the dispersion of 
ZnO/eugenol through the mechanochemical method to GO to form GO/ZnO/eugenol 
composite. The composite was characterized using XRD, FTIR, UV-vis, SEM, and TEM. 
Results showed that the sonochemical method successfully prepared the GO/ZnO/eugenol 
composite. This material has better antibacterial E. coli activity than GO, with an 
inhibition zone of 11.5 mm in diameter, while pure GO showed no inhibition zone. MIC 
test presented that GO/ZnO/eugenol composite with 25 mg/mL suspension effectively 
prevented bacterial colony growth, while GO could only inhibit with 50 mg/mL 
suspension. Additionally, computational analysis through molecular docking suggested 
that the GO/ZnO/eugenol mechanism of action involves interference with DNA 
replication by hydrogenously interacting with the active site of DNA gyrase of E. coli 
bacteria. These findings highlight the potential of GO/ZnO/eugenol as a promising 
antibacterial agent for combating drug-resistant bacterial strains. 
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■ INTRODUCTION 

Bacterial infection is a significant factor in the onset 
of prolonged infections that can result in death. 
Antibiotics have become a frequent therapeutic option to 
treat bacterial infections due to their affordable 
effectiveness and quick results [1]. However, several 
studies have shown that the misuse of antibiotics has led 
to bacterial variants that are resistant to several drugs [2]. 
One proposed solution to overcome drug resistance is to 
develop new antibacterial agents [3]. 

Graphene material, particularly graphene oxide (GO), 
is a promising antibacterial agent [3]. GO is a 2-dimensional 
nanomaterial popular in health research due to its phenol 
hydroxyl, epoxide, and carboxylic groups [4]. GO can 
inhibit Escherichia coli growth by up to 69.3 ± 6.1% [3]. 

This antibacterial effect is due to membrane stress from 
GO's sharp edges, causing physical damage and loss of 
membrane integrity [5]. Other mechanisms include 
physical isolation, oxidative stress, lipid peroxides, and 
electrostatic adsorption [6]. However, pure GO's 
antibacterial properties are unstable and affected by 
treatment time, structure, and environment [7-8]. 

Modifying GO can enhance its stability and 
antibacterial activity. GO's oxygen-containing 
functional groups allow it to be easily functionalized 
with other materials [9]. GO modified with ZnO [10], 
Ag [11], or both Ag-ZnO [12] shows increased 
antibacterial activity, as metal oxides on GO sheets 
increase bacterial membrane permeability. Meanwhile, 
adding organic compounds such as clove oil [13] or 
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curcumin [14] to GO can also enhance the antibacterial 
properties due to its inherent antibacterial properties. 
However, the potential of combining inorganic-organic 
compounds in GO modification has not been thoroughly 
explored. This dual-functionalization has the potential to 
enhance the antibacterial properties of GO more 
effectively than single-modification approaches. This 
study seeks to explore the antibacterial performance of 
GO modified with both inorganic and organic 
compounds, thereby offering new insights into 
developing more effective antibacterial materials, which 
have yet to be extensively explored in previous research. 

Evaluation of antibacterial mechanisms with 
materials is needed to determine the effectiveness of the 
material in inhibiting bacteria, one of which is through 
computational evaluation. The molecular docking method 
is one method to determine the interaction between 
antibacterial agents and bacterial cells. Studies using GO 
for molecular docking have been conducted, including 
with the AChE1 model protein from Cx Quinquefasciatus, 
showing inhibition of AChE1 and neuronal signaling 
[15]. Molecular docking studies also reveal that GO, rGO, 
copper ferrite, and nickel ferrite nanoparticles and their 
nanocomposites can induce cytotoxicity in MRC-5, 
HepG2, and T98G cells [16]. These studies indicate that 
the molecular docking method can be used to predict the 
interaction between GO or GO composites and target 
proteins. 

This study breaks new ground by investigating GO 
modified with inorganic-organic compounds, which have 
yet to be previously explored. This study aimed to 
combine GO, ZnO nanoparticles, and eugenol into a 
GO/ZnO/eugenol composite to increase antibacterial 
activity. The antibacterial properties of GO/ZnO/eugenol 
were tested on E. coli. In addition, the interaction between 
GO and modified GO with bacterial cells was elucidated 
through computational studies using the molecular 
docking method. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were produced by 
Merck with pro analytical quality, including graphite, 

hydrochloric acid (HCl) 2 M, potassium permanganate 
(KMnO4), hydrogen peroxide (H2O2) 30%, zinc sulfate 
heptahydrate (ZnSO4·7H2O), sodium hydroxide (NaOH) 
4 M, ethanol, eugenol, phosphate-buffered saline (PBS), 
nutrient agar (NA), nutrient broth (NB), Mueller 
Hinton Agar (MHA), and universal pH indicator. In 
addition, this study used water for injection produced by 
PT Ikapharmindo Putramas and deionized water. 

Instrumentation 

Structural characterization of the nanomaterials 
was carried out using an X-ray diffractometer (XRD, 
Bruker D8 Advance), FTIR spectrometer (Thermo 
Nicolet iS10), Raman spectrometer (QEP03513), UV-vis 
spectrometer (Thermo Scientific: Orion AquaMate 
8100), scanning electron microscope (SEM, JSM-6510), 
transmission electron microscope (TEM, JEOL JEM-
1400), and microplate reader (SPARK TECAN). 

Procedure 

Synthesis GO/ZnO/eugenol 
The method used in GO synthesis is modified 

Hummer based on the previous research [17]. Graphite 
(1 g) was mixed with 25 mL of H2SO4 96% and stirred in 
an ice bath. After that, 5 g of KMnO4 was slowly added 
to the solution and stirred at 45–50 °C in a water bath. 
The solution was then slowly added with 50 mL of 
deionized water. Then, the solution was removed from 
the water bath, and the method was improved by using 
ultrasonication at 75–80 °C to maximize yields [18]. The 
solution was transferred to the ice bath, and 140 mL of 
deionized water was added gradually. In the next step, 
1 mL of 30% H2O2 was added slowly to the solution to 
remove excess KMnO4. The solution was washed with 2 M 
HCl and deionized water until a neutral pH was obtained. 

Pure ZnO was prepared by making ZnSO4·7H2O in 
0.5 M in consideration of previous studies [19]. Then, 
1 M NaOH was slowly added by continuously stirring. 
The residue was washed with deionized water and oven 
at 60 °C, followed by calcination at 350 °C for 2 h. The 
formed ZnO is then composited with eugenol in 
alignment with earlier studies [20]. ZnO 10 mM was 
mixed with 10 mL of cold ethanol in a porcelain cup. In 
addition, 10 mM eugenol was prepared and mixed in 
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5 mL of cold ethanol. The ZnO paste obtained was added 
dropwise to eugenol in ethanol using a mechanochemical 
method. The mixture was then dried under room 
temperature conditions for 12 h to evaporate the 
remaining ethanol. 

GO/ZnO/eugenol was synthesized by adding 
ZnO/eugenol to GO. First, GO was prepared by dissolving 
in deionized water and ultrasonication. Next, 
ZnO/eugenol was added slowly with ultrasonication and 
the mixture was then left to dry at room temperature oven 
until GO/ZnO/eugenol solids were obtained. 
Furthermore, each synthesized material was characterized 
using XRD, FTIR, UV-vis, SEM, and TEM. 

Antibacterial test 
E. coli ATCC 29212 antibacterial activity was tested 

with the inhibition zone method and minimum inhibitory 
concentration (MIC) on GO, ZnO, eugenol, 
ZnO/eugenol, and GO/ZnO/eugenol material samples. 
The inhibition zone method is carried out with MHA 
media mixed with bacteria adjusted to the McFarland 
standard (concentration of 1.5 × 108 bacterial 
suspensions/mL). The 100 mg/mL sample suspension was 
then dispersed on a paper disk and attached to the media. 

MIC method testing was conducted in 24 well plates 
cell cultures using NB media and validated with MHA 
media. The first row of plates was filled with NB media 
and 100 mg/mL of material suspension. Then, half was 
taken for the second row until the last plate. Standardized 
bacteria were diluted 20 times and mixed on NB media. 
After incubation, MHA media was added to validate the 
growth of bacterial colonies. 

Optimization of compound models 
The protein and native ligand complex analyzed in 

this computational study included the outer membrane 
protein (OmpW) and DNA gyrase B protein, sourced 
from https://www.rcsb.org with the PDB codes 2F1T 
(OmpW) and 6KZV (DNA gyrase). The protein and 
native ligand complex were each preprocessed using 
Yasara Dynamics ver. 23.12.24 [21] by separating the 
bacterial protein and native ligand into two files. The 
native ligand file was then prepared using Avogadro 
software [22] and optimized using ORCA software [23]. 
The optimization method used the DFT method and the 

def2-SVP basis set. In addition to the native ligand, the 
samples used, namely GO, ZnO, eugenol, ZnO/eugenol, 
and GO/ZnO/eugenol were also optimized. 

Molecular docking and visualization of docking 
results 

Each ligand was docked to the bacterial protein 
using AutoDockTools [24]. The best score for docking 
each compound was merged with the protein file using 
Yasara Dynamics in pdb format. Visualization was 
performed on each merged file with Discovery Studio 
Visualizer [25]. The visualization of ligand interaction 
with protein was stored in three-dimensional and two-
dimensional forms. 

■ RESULTS AND DISCUSSION 

Structural Characterization of the Nanomaterials 

Based on the diffractogram in Fig. 1(a), there is a 
diffraction peak at 2θ of 10.0–11.5° with an inter-plane 
distance of 7.7–8.8 Å, following the ICDD file (PDF 
Entry 00-065-1528), the diffraction angle of ~10° shows 
the characteristics of GO with a (hkl) value of (001). In 
addition, a diffraction peak is obtained with an angle 
range of 42–43°. The increased oxidation process on the 
graphite surface can give rise to a diffraction angle of 
~42° or indicate the formation of oxides from the 
graphene surface [18]. 

Furthermore, the diffractogram of the 
GO/ZnO/eugenol composite reveals amorphous peaks 
compared to GO and ZnO/eugenol attributed to the 
uniform dispersion of ZnO/eugenol across the surface of 
GO, effectively coating its layers. This is further 
confirmed by the distinct diffraction peaks characteristic 
of ZnO/eugenol, which remains visible at 2θ angles, i.e. 
31.88°, 34.58°, 36.36°, 47.65°, 56.72°, 62.98°, 66.54°, 
68.09°, and 69.18°, reinforcing the successful integration 
of the components. The characteristic peaks based on 
ICDD data (PDF entry 01-079-0208) have (hkl) values of 
(100), (002), (101), (102), (110), (103), (200), (112), and 
(201), respectively. These peaks show the characteristics 
of ZnO with a hexagonal wurtzite crystal structure [19]. 
Other slightly retained diffraction peaks are at 2θ of 
12.40°, 17.353°, 19.54°, and 26.77°. These diffraction angles 
show the characteristic peaks of orthorhombic Zn(OH)2, 
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Fig 1. (a) XRD and (b) FTIR patterns of GO, ZnO/eugenol, and GO/ZnO/eugenol 

 
which, based on JCPDS No. 01-0360, are (111), (102), 
(400), and (113) planes. The Zn(OH)2 peak formed is 
possible due to the hydrolysis process of ZnO when 
adding eugenol, where Zn(OH)2 will bind to eugenol [26]. 

The FTIR spectrum, shown in Fig. 1(b), provides 
clear evidence of the successful formation and interaction 
within the GO/ZnO/eugenol composite. The GO 
spectrum displays a broad band between 3600–3000 cm−1, 
attributed to O–H stretching vibrations from carboxylic 
acids, alcohols, or water, while C=O stretching vibrations 
appear at 1732 cm−1, and C=C vibrations from unoxidized 
sp2 hybridized aromatics are observed at 1618 cm−1. In the 
fingerprint region, peaks at 1052 cm−1 (C–OH stretching 
from hydroxyl groups), 1223 cm−1 (C–O–C stretching 
from epoxides), and 1381 cm−1 (O–H bending) further 
confirm the presence of oxygen functional groups [18]. 
The disappearance of the 1732 cm−1 band in the 
composite spectrum suggests an interaction between 
ZnO/eugenol and GO through carbonyl or carboxyl 
groups. The broad band at 3600–3000 cm−1 indicating O–
H stretching and the retention of the 1618 (C=C 
vibrations) and 465 cm−1 (Zn–O) bands, and peaks 
between 3001–2931 and 1300–1100 cm−1 (aromatic C–H 
and C–O–C vibrations from eugenol) indicate the 
integrity of GO and ZnO/eugenol in the composite. The 
widening of bands suggests well-dispersed GO sheets, 
confirming the successful formation and interaction 
within the GO/ZnO/eugenol composite. 

The FTIR spectrum of the GO/ZnO/eugenol 
composite reveals compelling evidence of interaction: 
the disappearance of the 1732 cm−1 band comes from the 
C=O band on GO. Proving the interaction between 
ZnO/eugenol and GO through the C=O group of 
carbonyl or carboxyl. Moreover, a broad band in the 
wavenumber range 3600–3000 cm−1 indicates the O–H 
stretching vibrations of GO or the interaction of 
ZnO/eugenol through Zn(OH)2 is maintained. In 
addition, the characteristics of the 1618 cm−1 band 
derived from C=C vibrations, the 465 cm−1 band from 
Zn–O, and at wavenumbers 3001–2931 cm−1 and 1300–
1100 cm−1 from eugenol (aromatic C–H vibrations and 
C–O–C stretching vibrations) are retained from GO and 
ZnO/eugenol. The widening of the bands on the 
ZnO/eugenol composite characteristics is attributed to 
the well-dispersed GO sheets. Some of these indicate 
that GO/ZnO/eugenol composite has been formed, and 
the possible composite interaction is GO interacting 
with ZnO from ZnO/eugenol. 

Based on the UV-vis spectrum of GO in Fig. 2, an 
absorption peak at 226 nm for GO material can be 
observed. The peak indicates the presence of π electron 
transition between π-π* orbital or sp2 hybridization 
region by C=C and C–C conjugated aromatic bond. In 
addition, there is also a small peak at ~303 nm, indicating 
the n-π* transition or sp3 hybridization region by the 
C=O bond [18]. 
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Fig 2. UV–vis absorbance spectra of GO, ZnO/eugenol, 
and GO/ZnO/eugenol 

Based on the results of GO and ZnO/eugenol UV-
vis spectra, it can be seen that the characteristic 
absorption of ZnO (wavelength 374 nm) is absent. 
However, eugenol absorption is seen at 279 nm. The 
absorption is the n-π* type electronic transition of the 
bond between the C=O group and the aromatic ring of 
eugenol, and the small peak at 226 nm is the n-π* type 
electronic transition of the alcohol group bound to the 
aromatic ring of eugenol [27]. Furthermore, the 
appearance of a new absorption peak at 344 nm on 
GO/ZnO/eugenol can indicate the interaction between 
GO and ZnO/eugenol, which designates that the 
GO/ZnO/eugenol composite has been successfully formed. 

The SEM image presented in Fig. 3(a) shows that 
ZnO/eugenol dispersed evenly on the GO surface. It can 
be seen that agglomerated ZnO/eugenol is found on the 
GO surface. The EDX analysis in Fig. 3(b), where the 
elements C, O, and Zn are obtained with their respective 
percentages. Then, through the mapping analysis in Fig. 
3(c) detailed in Fig. 3(d)–3(f), it shows the distribution 
of C, O, and Zn elements identified with blue, red, and 
green colors, respectively. The Zn element is evenly 
dispersed on the GO surface. In addition, the C and O 
elements are also seen in the Zn element area, proving 
that the ZnO/eugenol composite is successfully 
dispersed on the GO surface. The TEM image in Fig. 4 
shows the aggregation of ZnO by the presence of 
eugenol. The aggregation is indicated by dark areas on 
some GO surfaces, suggesting that ZnO/eugenol has 
been dispersed on the GO surface. The morphology of 
ZnO is  obtained in the form of  nanoflakes that are close  

 
Fig 4. TEM images of GO/ZnO/eugenol with 
magnification (a) 200 nm and (b) 100 nm 

 
Fig 3. GO/ZnO/eugenol characterization using (a) SEM image, (b) EDX analysis, (c) mapping analysis, (d) C element, 
(e) O element, and (f) Zn element 
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to spherical shape, and the morphology is in the form of 
nanorods. 

Antibacterial Activity of the Nanomaterials 

The successfully synthesized material was tested for 
antibacterial properties to determine the sample's ability 
to inhibit the growth of E. coli bacteria using the 
inhibition zone and MIC methods. Testing the inhibition 
zone is done by examining the appearance of a clear zone 
around the paper disc whose surface has been coated with 
the sample and MIC testing. The inhibition zone of 
bacterial growth was tested by ZnO, eugenol, 
ZnO/eugenol, GO, and GO/ZnO/eugenol, as shown in 
Fig. 5 and Table 1. All materials used show inhibition 
zones except control (–) and GO. The GO material did 
not show an inhibition zone, which contradicts some 
literature proving that GO has antibacterial activity 
[3,17]. Different results are due to the use of other 
methods, where the process in the literature allows GO to 
come into contact directly with bacteria, while the method  

 
Fig 5. Antibacterial assessment through zones of 
Inhibition of (a) ZnO, (b) eugenol, (c) ZnO/eugenol, (d) 
GO, (e) GO/ZnO/eugenol, (f) Control (−) water for 
injection, and (g) Control (+) streptomycin 

Table 1. Zone of inhibition of each material against E. coli 
bacteria 

Sample Diameter (mm) 
ZnO 15.5 
Eugenol 20.0 
ZnO/eugenol 18.0 
GO - 
GO/ZnO/eugenol 11.5 
Control (+) 20.0 
Control (−) - 

used in this study is GO immersed on paper discs. GO 
attached to the disc paper cannot diffuse into the agar 
medium, so it cannot directly contact the bacteria and 
does not produce a clear zone [10]. Data in Table 1 
indicates that the formation of chelates on ZnO by the 
presence of eugenol causes the inhibition zone to be 
higher than that of ZnO. The increase in activity also 
impacts when ZnO and eugenol are composited with 
GO, so GO/ZnO/eugenol has better antibacterial 
activity. 

The MIC method determines the performance of 
variations in material mass dispersed in deionized water 
(material suspension) on inhibiting E. coli bacterial 
growth. This inhibition can be seen from the absence of 
bacterial colonies. Better performance is indicated by 
smaller material suspensions that can inhibit colony 
growth. The results of the MIC test were also carried out 
on ZnO, eugenol, ZnO/eugenol, GO, GO/ZnO, and 
GO/ZnO/eugenol materials, as shown in Table 2. This 
MIC method shows that GO has inhibitory activity with 
a minimum of 50 mg/mL of material suspension. This is 
because the MIC method allows bacteria to come into 
contact directly with the material, thus enabling GO to 
interact directly with the bacterial lipid layer and causing 
the lipid molecules to separate from the membrane, 
thereby destroying the bacterial membrane [28]. 
Furthermore, the GO/ZnO/eugenol composite has a 
MIC value in a 25 mg/mL material suspension. This 
MIC value is smaller when compared to GO due to the 
modification of ZnO/eugenol. 

Evaluation of Molecular Docking of the Ligand 
with E. coli Membrane Protein and DNA Gyrase 

Modeling, and geometry optimization are required 
before molecular docking in computational studies. The 
ZnO ligand model used in this study is a ZnO nanocluster 
consisting of three Zn and three O atoms, or (ZnO)3 [29]. 
The ZnO/eugenol ligand model is based on the chelation 
of ZnO with eugenol through Zn–O interactions, as 
observed in the FTIR characterization. The GO ligand 
model reflects the formation of carboxylate, hydroxyl, 
and epoxide functional groups on the GO surface, also 
derived from  FTIR results.  The GO/ZnO  ligand model  
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Table 2. Variation of material suspension on bacterial growth 

Material 
Material suspension (mg/mL) 

100 50 25 12.5 6.25 3.12 1.56 0.78 0.39 

ZnO 
 

Eugenol 
 

ZnO/eugenol 
 

GO 
 

GO/ZnO/eugenol 
 

 
was developed based on adsorption, which identified the 
most stable interaction between ZnO and the carboxylate 
group of GO [30]. This interaction was also applied in 
modeling the GO/ZnO/eugenol complex, where GO 
binds to ZnO at the carboxylate group of ZnO/eugenol. 

The ligand models were optimized using DFT with 
the def2-SVP basis set to achieve stable geometries. The 
optimized bond lengths are shown in Fig. 6 and Table 3, 
and these values were compared to crystallographic data 
from the Crystallography Open Database (COD) and 
previous research. The optimized C16–C17 bond length, 
1.421 Å, is close to the bond length in pure graphene [31]. 
The Zn2–O6 bond length, 1.840 Å, closely matches the 
adsorption study of ZnO on the carboxylate group of GO 
[30]. The Zn2–O10 bond length, 1.950 Å, is consistent 
with the hexagonal wurtzite ZnO structure, according to 

COD ID: 1011258. Additionally, the C33–O11 and C33–
C41 bond lengths in eugenol are similar to those 
calculated using a more complex basis set (6-
311++G(2d,2p)) at 1.364 and 1.405 Å, respectively [32]. 

Table 3. Interatomic bond length in GO/ZnO/eugenol 
ligands 

Atomic bonds Bond length (Å) 
C16–C17 1.466 
C16–C31 1.529 
C31–O6 1.303 
Zn2–O6 1.884 

Zn2–O10 1.876 
Zn3–O11 1.946 
C33–O11 1.299 
C33–C41 1.472 

 

 
Fig 6. Optimized geometry of GO/ZnO/eugenol ligand 
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It is necessary to know the existence of interaction 
studies through molecular docking. The validation method 
needs to be carried out first. The validation method was 
performed by redocking the native OmpW ligand lauryl 
dimethylamine-N-oxide (LDA) and the DNA gyrase N-
(2-{[cyclohexyl(methyl)amino]methyl}phenyl)-2-oxo-
1,2-dihydroquinoline-3-carboxamide (E0F) with its 
protein depicted in Fig. 7. The redocking results were 
obtained from OmpW with an RMSD value of 1.40 Å and 
DNA gyrase with an RMSD value of 1.52 Å. Both RMSD 
values generated are below 2 Å, so the result is close to the 
native ligand conformation observed in the X-ray 
crystallography test [33]. Moreover, an analysis was 
carried out on the binding energy and involvement of 
amino acid residues, as shown in Fig. 8 and Table 4. The 
results obtained in the OmpW protein interaction showed 
a bond in the extracellular part of OmpW with a tube-like 
structure. The long chain of native LDA ligand, which is 
hydrophobic, interacts with the extracellular interior of 
OmpW. LDA can interact extracellularly with 
hydrophobic amino acid residues, namely Phe31, Ile65, 
Val76, Leu123, Leu126, Leu128, Tyr165, and Val176 [20]. 
The similarity between this study and the literature lies in 
the amino acids Val176, Leu128, Ile65, Leu126, Tyr165, 
and Phe31 that bind hydrophobically. These interactions 
result in an essential link between the structure and 
function of OmpW in molecular transportation. Bonds in 
the extracellular part can inhibit molecular 
transportation, thereby suppressing bacterial growth. 

Interaction also occurs in DNA gyrase on the active 
site to bind to ATP residues, as displayed in Table 4. It was 
reported that A0F could interact with the active site of 
ATP, namely Asp73, Glu50, Arg76, and Arg136 amino acid 
residues [21]. The native ligand resulting from redocking 
can bind to the active site of amino acid, namely Asp73, 
which binds hydrogen; Glu50, which binds π-anion; and 
Arg76, which binds π-cation. Interaction with the active 
site on DNA gyrase causes inhibition of ATP-free energy 
because it is blocked by the binding to the A0F ligand, 
thereby suppressing DNA gyrase activity. 

The docking results from ligand with OmpW and 
DNA gyrase amino acid residues with GO/ZnO/eugenol 

are presented in Table 4 and Fig. 9. The binding energy 
of all test ligands from OmpW except ZnO has a lower 
energy than the native ligand (−5.05 kcal/mol). Hence, 
the test ligand is more stable when binding to OmpW. 
When comparing test ligands, it is found that 
modification affects stability, as shown in the 
ZnO/eugenol composite, which has a lower binding 
energy than ZnO and eugenol individually. The 
GO/ZnO/eugenol composite also has lower binding 
energy than GO. The interaction, especially the presence 
of hydrogen bonds on the amino acid residues of the 
active site of OmpW, causes inhibition of the transport 
activity of molecules needed by bacteria through the 
OmpW protein. The docking results showed that the 
ZnO and eugenol ligands have hydrogen bonds on the 
active site of OmpW so that both ligands can inhibit 
bacterial growth through the OmpW membrane. 

 
Fig 7. Structure results of the redocking (a) OmpW and 
(b) DNA gyrase native ligands (yellow color) compared 
with the native ligand structure of X-ray 
cryocrystallography test (blue color) 

 
Fig 8. Interaction of native ligands with (a) OmpW and 
(b) DNA gyrase in the interaction area 
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Table 4. Interaction of test ligands with OMPW and DNA gyrase amino acid residues 

No. Ligand 
Binding energy 
(kcal/mol) Hydrogen bond 

Amino acid residue 
Hydrophobic bond Others 

OMPW membrane protein 

1 LDA -5.05 Thr67 
Val176, Leu128, Val33, Ile65, Leu126, 
Ala163, Phe114, Tyr165, Phe31, Ile73  

2 ZnO -4.39 Leu126  Leu123, Phe114, Gly113, Leu126, Asp125, 
Ser124, Lys119 

 

3 Eugenol -5.08 Phe31 Pro17, Leu178 π-Donor hydrogen bond: Arg177, 
Val33  

4 ZnO/eugenol -6.77 Glu19 Arg68, Pro17, Val33 π-Anion: Glu19 Å, π-Lone Pair: 
Phe31  

5 GO -8.47 Thr34, Gly20, 
Pro17, Gly22 

 π-Anion: Glu19 

6 GO/ZnO/eugenol -9.45 Asp174, Gln171, 
Ala121 

Leu25, Leu28, Ala21, Ala163, Val176, 
Leu167, Leu123, Ala121 

π-Anion: Asp174, π-Cation: 
Phe31 

DNA gyrase protein 

1 E0F -8.54  Asp73 
Val43, Val120, Val162, Ile78, Pro79, Ile94, 

dan Ala47 
π-Anion: Glu50 
π-Cation: Arg76 

2 ZnO -4.07 Cys56, Gly75, 
Gly77 

Csy56, Gly75, Gly164, Gly77, Arg76, 
Ala47, Glu50, Asp73  

3 Eugenol -5.10 Gly77, Asp73 Val120, Ile94, Ile78, Arg76 π-Anion: Glu50 
π-Donor hydrogen bond: Thr165 

4 ZnO/eugenol -6.39 Thr165, Arg136 Val71, Val43, Ala47, Ile78, Pro79 π-Cation: Glu50, Arg76  

5 GO -8.90 Asn46, Arg136, 
Arg76 Pro79, Ile78, Ile94 π-Cation: Arg76, carbon-

hydrogen bond: Arg76, Gly101 

6 GO/ZnO/eugenol -11.65 Asp73, Arg76, 
Arg136 

Val118, Leu115, His116, Ala100, Ile78, 
Pro79, Ile94 π-Cation: Glu42, Arg76 

 

 
Fig 9. Interaction of GO/ZnO/eugenol with (a) OmpW 
and (b) DNA gyrase 

Almost the same pattern is obtained in DNA 
gyrase docking, where the binding energy of the 
composite increases. The ZnO/eugenol and 
GO/ZnO/eugenol composites have lower binding 
energy than that of ZnO, eugenol, and GO. The 
interaction, especially the presence of hydrogen bonds 
on the amino acid residues of the active side of DNA 
gyrase, is shown in the docking results, namely eugenol, 
ZnO/eugenol, GO, and GO/ZnO/eugenol, so that these 
ligands, especially GO/ZnO/eugenol which has three 
hydrogen bonds, interfere the bacterial growth by 
closing the ATP free energy pathway in DNA gyrase. 

The results of the molecular docking evaluation of 
OmpW and DNA gyrase show that each ligand has 
antibacterial activity. This docking study correlates with 
the results of MIC antibacterial testing. Experimentally, 
the modification of GO by the ZnO/eugenol composite  
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can increase antibacterial activity, and computationally, 
the interaction of the composite ligand with the protein is 
increasingly stable based on the binding energy and 
hydrogen bonds on the active site formed. 

■ CONCLUSION 

The GO/ZnO/eugenol composite materials were 
successfully synthesized by modifying GO using 
ZnO/eugenol via a sonochemical method. The composite 
showed antibacterial activity against E. coli, with the 
inhibition zone reaching 11.5 mm in the inhibition zone 
test. The MIC test showed that at a 25 mg/mL suspension 
material, the composite effectively inhibited the growth of 
bacterial colonies. Furthermore, the molecular docking 
study of GO/ZnO/eugenol ligands to the membrane 
protein and DNA gyrase of E. coli bacteria revealed that 
the interaction with DNA gyrase was very stable, forming 
a hydrogen bond with a binding energy of 
−11.65 kcal/mol at its active site. In contrast, the 
interaction with the bacterial membrane had a binding 
energy of −9.45 kcal/mol without forming a hydrogen 
bond at the active site of the membrane. These findings 
indicate that GO/ZnO/eugenol ligands have the potential 
to inhibit the DNA replication process through bacterial 
DNA gyrase. 
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