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 Finding novel antimicrobials to treat drug-resistant Psudomonas aeruginosa is 

a major health challenge. In this study, ZnO nanoparticles functionalized by 

Thiosemicarbazone nanoparticles (ZnO@Glu-TSC NPs) were synthesized and 

the effect of the NPs alone and in combination with thymol on the expression 

of biofilm and efflux pump genes in P. aeruginosa was investigated. 

Physicochemical features of the ZnO@Glu-TSC NPs were evaluated by FT-

IR, XRD, EDS-mapping, and SEM and TEM imaging. The inhibitory effect of 

ZnO@Glu-TSC NPs and thymol, alone and in combination, were determined 

by broth microdilution method, and quantitative PCR was used to evaluate the 

expression of the pelA, pslA, algD, mexA, mexB, and mexX genes. The 

synthesized NPs were almost spherical, without impurities, and in a size range 

of 20 to 60 nm. Simultaneous treatment of P. aeruginosa with ZnO@Glu-TSC 

and thymol had a significantly stronger inhibitory effect (MIC: 3.12-25.5 

µg/mL) than either agent alone. The relative expression of the pelA, pslA, and 

algD genes in P. aeruginosa strains treated with ZnO@Glu-TSC+thymol was 

reduced by 0.44, 0.43, and 0.46 folds, respectively. Furthermore, the 

expression of mexA, mexB, and mexX genes decreased in P. aeruginosa strains 

treated with ZnO@Glu-TSC+thymol (0.42, 0.45, and 0.41 folds, respectively). 

Also, it was found that the combination of ZnO@Glu-TSC and thymol could 

synergically reduce the expression of the mentioned genes in comparison with 

either agent alone. This study showed that ZnO@Glu-TSC NPs and thymol 

synergically inhibited biofilm maturation and efflux pump systems in P. 

aeruginosa strains and could be considered a novel antibacterial candidate 

against P. aeruginosa strains. 
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Introduction 

Pseudomonas aeruginosa is a gram-negative 

bacterium that is an opportunistic human 

pathogen responsible for several nosocomial and 

community-acquired infections (Tuon et al., 

2022; Dai et al., 2019). This bacterium can adapt 

to environmental changes, develop antibacterial 

resistance, and produce a large number of 

virulence factors (Tuon et al., 2022). P. 

aeruginosa could develop life-threatening 

infections, especially in burns, cystic fibrosis, 

and immunocompromised patients. In addition to 

the virulence factors, the development of 

antibiotic resistance is a major cause of infection 

progression and therapeutic failure of P. 

aeruginosa infections. The emergence of drug 

resistance is an important challenge in treating P. 

aeruginosa strains. Therefore, many studies aim 

to find novel antimicrobials to combat P. 

aeruginosa infections. Biofilm formation and 

active extrusion of antibacterial drugs by 

bacterial efflux systems play a major role in the 
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antibiotic resistance of this bacterium (Tuon et 

al., 2022; Dai et al., 2019). Biofilm is a bacterial 

community adhering to a surface and embedded 

in self-produced extracellular polysaccharide 

substances (EPS), including polysaccharides, 

proteins, and DNA molecules (Ha and O'Toole, 

2015). It has been reported that bacteria in 

biofilm growth show considerably more 

resistance to antibacterial substances (up to 1000 

folds). The decreased susceptibility to antibiotics 

is related to the physical protection of bacterial 

cells from the drugs by bacterial EPS, and the 

lower metabolic and growth rate of bacterial 

biofilm compared to planktonic growth (Ha and 

O'Toole, 2015; Franklin et al., 2011). 

Extracellular polysaccharides including alginate, 

Pellicle polysaccharide (Pel), and 

Pentasaccharide repeating units (Psl) are 

considered the major components of the P. 

aeruginosa biofilm matrix.  

Alginate is a high molecular weight 

polysaccharide composed of O-acetylated d-

mannuronic acid that is secreted into the 

surrounding medium and results in highly 

viscous colonies (Franklin et al., 2011). The Psl 

is a repeating pentamer polysaccharide 

composed of d-mannose, l-rhamnose, and d-

glucose and facilitates cell-cell and cell-surface 

interactions during biofilm development (Ma et 

al., 2009).  It was reported that Psl provides a 

fabric-like matrix that provides cell-to-cell 

connection in the biofilm matrix. Pel seems to be 

a glucose-rich polysaccharide that plays a role in 

cell-to-cell connection and the formation of a 

structured pellicle at the air-liquid interface in P. 

aeruginosa biofilm (Coulon et al., 2010).   

P. aeruginosa employs several efflux systems to 

extrude antimicrobial drugs from bacterial 

cytoplasm to the extracellular environment, 

which reduces the accessibility of the antibiotics 

to their target sites. Two efflux systems, 

including mexAB-oprM and mexXY-oprM, are 

considered the most important efflux systems 

responsible for the resistance to a large number 

of antimicrobial agents (Dreier et al., 2010). 

Thymol (2-isopropyl-5-methyl phenol) is an 

essential oil that is naturally isolated from the 

thyme or Lamiaceae family plants with several 

biological properties, including antibacterial, 

antifungal, antibiofilm, and antioxidant activities 

(Kazemi - Pasarvi et al., 2020; Najafloo et al., 

2020). Previous studies showed that the 

simultaneous use of Thymol with metal 

nanoparticles (NPs) not only can increase their 

antibacterial potential but also may reduce the 

undesirable cytotoxic effects of the NPs (Kazemi 

- Pasarvi et al., 2020). Given the small size, NPs 

have a large effective surface that could provide 

novel characteristics to be used in biomedical 

applications. Nano-sized ZnO and its derivatives 

have shown considerable antibacterial potential 

over a wide spectrum of bacteria (Sirelkhatim et 

al., 2015). Several mechanisms are associated 

with the antibacterial property of ZnO NPs, 

including the destruction of bacterial cell 

integrity through direct contact with the bacterial 

cell wall, the liberation of Zn2+ antimicrobial 

ions, and the generation of reactive oxygen 

species (ROS) that results in the damage to cell 

components (Sirelkhatim et al., 2015; Li et al., 

2011).  

Thiosemicarbazone is a chemical compound 

with several biomedical properties such as 

antibacterial, antifungal, and anticancer activities 

(Tada et al., 2011).  The antibacterial activity of 

TSC mainly relies on the chelation of essential 

ions from the bacterial surface that damage the 

bacterial envelope (Nejabatdoust et al., 2019). 

Therefore, ZnO@Glu-TSC NPs could provide a 

considerable antibacterial activity that is reported 

in the literature (Nejabatdoust et al., 2019). 

In this regard, the present study investigated the 

effect of treating P. aeruginosa strains with 

Thymol and ZnO nanoparticle functionalized by 

Thiosemicarbazone (ZnO@Glu-TSC) on the 

expression of some alginate, Pel, Psl, and efflux 

pump genes. 

Materials and Methods 

Synthesis of ZnO@TSC NPs 

At first, the ZnO@Glu NPs were synthesized 

using a method described previously 

(Nejabatdoust et al., 2020). In brief, a mixture 

containing 20mL of 0.1 M ammonia solution, 

0.5M ZnCl2.6H2O solution, and glutamic acid 

(with a 1:2 mole ratio) was prepared and heated 

at 100°C for 60 min. Next, the generated ZnO 

NPs were separated, washed (with distilled water 

and ethanol), and dried at 80°C for 8 h. To 

conjugate TSC to ZnO@Glu NPs, 500mg of 

ZnO@Glu and 200 mg of TSC (Merck, 
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Germany) were sonicated in 100mL ethanol for 

30 min and then stirred overnight at 40°C. 

Finally, the ZnO@Glu-TSC was harvested by 

centrifugation, washed with water and ethanol, 

and dried at 60°C for 6 h. 

Characteristics of ZnO@Glu–TSC NPs 

Physicochemical characteristics of ZnO@ Glu-

TSC NPs were studied using Fourier-transform 

infrared (FT-IR) spectroscopy, X-ray 

crystallography (XRD), Scanning and 

Transmission electron microscopy (SEM and 

TEM), and Energy dispersive spectrometry 

(EDS) analyses. The FT-IR (Perkin-Elmer FT-IR 

spectrophotometer 100) and XRD (Philips, 

PW1730) were used to evaluate the functional 

groups and crystalline structure of the NPs, 

respectively. SEM (TESCAN Mira3) and TEM 

(Zeiss EM-900) imaging were also used to 

determine the particle size, morphology, and 

distribution of the NPs. Moreover, an EDS-

mapping analysis was used to evaluate the 

elemental composition of ZnO@Glu-TSC NPs 

(TESCAN Mira3). 

Bacterial strains 

A total number of P. aeruginosa strains, 

including three pathogenic strains and reference 

P. aeruginosa (ATCC 19429) were used in this 

work. Pathogenic P. aeruginosa strains were 

received from the clinical samples (injuries and 

urine) from infected patients (Rasht, Iran) and 

identified using gram staining, culture in 

selective media, and standard biochemical 

assays. 

Minimum inhibitory concentration 

The Minimum inhibitory concentration (MIC) of 

the ZnO@Glu-TSC NPs and thymol for P. 

aeruginosa strains were measured by preparing a 

serial dilution of the NPs and thymol (3.125-100 

µg/mL) in 96-well plates. Initially, the NPs and 

thymol were dissolved as stock solutions (100 

mg/mL) in dimethylsulfoxide (DMSO) and 

diluted in Mueller-Hinton broth. Then, 100 µL 

of a fresh bacterial suspension was added to the 

wells and the plates were incubated overnight at 

37°.  The minimum concentration of each 

compound that inhibited bacterial growth was 

regarded as MIC (Nejabatdoust et al., 2020). 

Treating P. aeruginosa with ZnO@Glu-TSC 

NPs and thymol 

After measuring the MIC of each agent, a fresh 

culture of P. aeruginosa strains was prepared in 

Tryptic soy broth and treated with the NPs and 

thymol at their sub-inhibitory concentration. A 

total number of four experimental groups were 

designed, including a) treating bacterial cells 

with ZnO@Glu–TSC NPs, b) treating bacterial 

cells with thymol, c) treating bacterial cells with 

ZnO@Glu–TSC NPs and thymol, and d) control 

cultures. After incubation for 8 h at 37 °C, 

bacterial cells were harvested by centrifugation. 

Gene expression 

The harvested bacteria were subjected to RNA 

extraction using the TriZolTM (Thermo Fisher, 

USA) RNA extraction kit, according to the 

manufacturer’s instructions. The extracted RNA 

samples were treated with DNaseI (Cinaclone, 

Iran) to remove their DNA content. Then, the 

quality and quantity of RNA samples were 

evaluated by agarose gel electrophoresis and 

nanodrop spectrophotometry. The cDNA 

molecules were synthesized by the Yekta Tajhiz 

cDNA Synthesis Kit (Iran), according to the 

instruction. 

The relative expression of six P. aeruginosa 

virulence genes, the genes responsible for 

bacterial biofilm and efflux pumps were studied 

using the SYBR Green quantitative PCR assay 

(QIAGEN, Germany). The studied genes were as 

follows: pslA, pelA, algD, mexA, mexB, and 

mexX. Also, the 16s rRNA gene was used as an 

internal control gene (in three replicates). The 

characteristics of the primers used in this study 

are presented in Table 1. The assay was 

performed in three technical replicates and the 

expression of each gene in treated cells (relative 

to their respective control) was determined by 

the 2-ΔΔdt method (Pfaffl, 2001). 

Statistical analysis 

The statistical difference between the treatment 

groups was analyzed by the SPSS. 16.0 software, 

using one-way ANOVA analysis and considering 

the p-values of less than 0.05 statistically 

significant. 
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Table 1. The sequence of the primers used in this study. 

Primer Sequence (5’→ 3’) Amplicon size Reference 

pelA-F 5'-GGTATCTGAAAGAGCAGG 190 [This research] 

pelA-R 5'-GTAGCCCTGTTTGCGCAGCTC 

algD-F 5'-CTGATCAACCAGGGCAAGTCG 135 [This research] 

algD-R 5'-GCTCGGCGTGCCGACGCAGAT 

pslA-F 5'-ATGTTCCAGGCACTGGACGTC 147 [This research] 

pslA-R 5'-CCAGAAGATCACCAGCTTGCT 

mexA-F 5'-AAGCGCCTGTTCAAGGAAGGC 175 [This research] 

mexA-R 5'-GGACTGCAGGTAGGCGGCATT 

mexB-F 5'-TTCATTGATAGGCCCATTTTC 200 [This research] 

mexB-R 5'-GATGTAGCGCAGATTGTCGAT 

mexX-F 5'-AGTGCTGTTCCAGATCGAC 140 [This research] 

mexX-R 5'-GGTGTACTCGCGTTCGCTGAT 

16S rRNA-F 5'-GGGACCCGCACAAGCGGTGG-3' 191 [Atshan et al., 2013] 

16S rRNA-R 5'-GGGTTGCGCTCGTTGCGGGA-3' 
 

Results 

Characteristics of the ZnO@Glu–TSC NPs 

The FT-IR assay was used to evaluate the 

functional groups of the ZnO@Glu and 

ZnO@Glu-TSC NPs. According to the 

spectrogram of ZnO@Glu, the peaks observed at 

638 and 712 cm–1 are related to the vibration of 

Zn-O and C-H bonds, respectively. Additionally, 

the peaks observed at 885 and 1100 cm–1 belong 

to the C-O and C=O bonds. Moreover, the C-C, 

C=N, and N-H bonds caused peaks at 1368, 

1467, and 1550 cm–1. The absorption peak that 

appeared at 3634 cm–1 is associated with the 

scattering O-H bond.  

The FT-IR spectrogram of ZnO@Glu-TSC NPs 

showed the peaks associated with the Zn-O, C-

H, C-O, S=O, and N-O bonds at 648, 783.4, 

1000.3, and 1368 cm–1, respectively. Also, the 

peaks at 1627.24, 2010, 1589.3, and 2641.3 are 

related to the C=N, N=H, C-N, and N-N bonds, 

respectively. Finally, the peaks observed at 

3000-4000 cm–1 could be associated with the O-

H bond (Fig. 1). 

The XRD analysis was used to evaluate the 

crystalline structure of the ZnO@Glu-SC NPs. 

According to the XRD pattern, the peaks were 

observed at 20 of about 31.9, 34.5, 36.3, 47.6, 

56.7, and 62.9 degrees that comply with the 

JCPDS card No.89-1397 (Foo et al., 2014; Khan 

et al., 2016). The peaks at 2 of 10-30 degrees 

could be related to the Glutamic acid and 

considering the amorphous nature of TSC, the 

peak observed at 2 of 29.8 suggests the 

presence of TSC molecules (Fig. 2). 

 

 
 

Fig. 1. FT-IR analysis: a) ZnO@Glu; b) ZnO@Glu-

TSC NPs. The peaks associated with the Zn-O, C-H, 

C-O, S=O, and N-O bonds are at 648, 783.4, 1000.3, 

and 1368 cm–1, respectively. 

 

 
Fig. 2. XRD pattern of ZnO@Glu-TSC NP. 

According to the XRD analysis, the peaks at 31.9, 

34.5, 36.3, 47.6, 56.7, and 62.9 degrees correspond to 

crystal structure of ZnO NP. 
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The SEM and TEM imaging of the ZnO@Glu-

TSC showed that the NPs were almost spherical, 

with low aggregation, and were in a size range of 

20 and 60 nm (Fig. 3). 
 

 
 

Fig. 3. Electron microscope images of the synthesized 

ZnO@Glu-TSC NPs: A) SEM; B) TEM. The size 

range of ZnO@Glu-TSC NPs are from 20 to 60 nm. 
 

Investigation of the elemental composition of 

ZnO@Glu-TSC showed that the synthesized 

NPs contained C, N, O, S, and Zn atoms that 

indicate the purity of the NPs. The EDS-

mapping of the ZnO@Glu-TSC NPs is presented 

in the Fig. 4. 

 
Fig. 4. EDS-mapping analysis of ZnO@Glu-TSC 

NPs. The figure shows that the C, N, O, S, and Zn 

elements are present in the composition of 

ZnO@Glu-TSC NP. 
 

Investigating the effect of ZnO@Glu-TSC and 

thymol alone or in combination on the 

expression of biofilm-associated genes showed 

that the studied agents reduced the expression of 

pslA, pelA, and algD genes. Treating pathogenic 

and ATCC P. aeruginosa strains with 

ZnO@Glu-TSC decreased the expression of pslA 

by 0.37 and 0.30 folds, respectively. 

Additionally, the expression of this gene was 

reduced by 0.17-0.27 folds among the strains 

treated with thymol. Simultaneous treatment of 

bacterial cells with ZnO@Glu-TSC, and thymol 

reduced the expression of pslA by 0.38-0.44 

folds. Similarly, the expression of pelA in 

ZnO@Glu–TSC and thymol-treated bacteria 

decreased by 0.37 and 0.25 folds, respectively. 

Moreover, ZnO@Glu-TSC+ thymol (in 

combination) decreased the pelA by 0.44 folds. 

Treating P. aeruginosa strains with ZnO@Glu-

TSC, thymol, and ZnO@Glu-TSC+thymol also 

reduced the expression of algD by 0.40, 0.23, 

and 0.46 folds, respectively (Fig. 5). 

 
Table 2. The minimum inhibitory concentration of different agents on P. aeruginosa strains. 

Minimum inhibitory concentration (µg/mL) 

Strain Thymol ZnO@Glu-TSC Thymol+ ZnO@Glu-TSC 

PA-19 25 12.5 6.25 

PA-26 50 25 12.5 

PA-27 25 12.5 3.125 

PA-ATCC19429 50 50 25.5 
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Fig. 5. The effect of thymol, ZnO@Glu-TSC NPs, and thymol+ ZnO@Glu-TSC NPs on the expression of P. 

aeruginosa biofilm-related genes. Different letters show significant differences (p<0.5). 

 

 

Evaluating the effect of ZnO@Glu-TSC and 

thymol alone and in combination on the 

expression of efflux pump genes- mexA, mexB, 

and mexX- revealed that the expression of all 

genes was significantly decreased. According to 

the results, the highest reduction of the mexA 

was observed among the cells treated with 

ZnO@Glu-TSC+thymol (0.33-0.47 folds), 

followed by the cells treated with ZnO@Glu–

TSC alone (0.26-0.39 folds). A similar pattern 

was observed for the mexB gene, which was 

reduced by 0.35, 0.22, and 0.44 folds among the 

strains treated with ZnO @ Glu-TSC, thymol, 

and ZnO @ Glu-TSC + thymol, respectively. 

Investigating the expression of the mexX in 

treated cells showed similar results with the 

reduction of 0.32, 0.20, and 0.40 in ZnO@Glu-

TSC, thymol, and ZnO@Glu-TSC+thymol 

treated cells (Fig. 6). 

 

 

 
 

Fig. 6. The effect of thymol, ZnO@Glu-TSC NPs, and thymol+ ZnO@Glu-TSC NPs on the expression of mex 

genes in P. aeruginosa strains. 
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Discussion 

Thymol has shown efficient antibacterial 

activity over a large number of bacteria, 

including gram-positive and gram-negative 

species (Najafloo et al., 2020). The 

antibacterial activity of thymol relies on the 

inhibition of bacterial ATP generation and 

damage to the cell envelope that results in the 

leakage of cytoplasm components (Najafloo et 

al., 2020). The synergism of thymol with ZnO 

NPs has been previously reported in the 

literature (Kazemi - Pasarvi et al., 2020; 

Yanishlieva et al., 1999). Evaluation of the 

inhibitory effect of thymol and ZnO@Glu-TSC 

NPs for P. aeruginosa strains showed that both 

agents have considerable antibacterial 

properties. However, simultaneous treatment 

of P. aeruginosa showed considerable 

synergism of ZnO@Glu-TSC NPs and thymol 

that decreased the MIC value. 

Based on the results of the current study, it was 

found that ZnO@Glu-TSC NPs and thymol 

alone or in combination can significantly 

decrease the expression of the genes 

responsible for bacterial extracellular 

polysaccharides. Pel, Psl, and alginate play 

critical roles in biofilm development and 

maturation (Franklin et al., 2011; Coulon et 

al., 2010). Therefore, the considerable 

reduction of the pelA, pslA, and algD showed 

that ZnO@Glu-TSC NPs and thymol might 

synergically inhibit bacterial biofilm, which 

could increase the susceptibility of P. 

aeruginosa to either agent. 

Similarly, it was observed that the 

simultaneous treatment of P. aeruginosa with 

ZnO@Glu-TSC NPs and thymol inhibited the 

expression of the mexA, mexB, and mexX 

genes. The MexA and MexX are bacterial 

periplasmic lipoproteins that play important 

roles in the extrusion of antibiotics from 

bacterial cytoplasm. In addition, MexB is a 

membrane-bound protein that delivers 

antimicrobial agents to its periplasmic 

counterpart of the efflux pump (Askoura et al., 

2011).  Synergic reduction of all studied efflux 

pump genes also revealed that the major efflux 

systems MexAB-OprM and MexXY-OprM of 

P. aeruginosa were inhibited and failed to 

extrude ZnO@Glu-TSC NPs and thymol from 

bacterial cytoplasm, which resulted in the 

damages to the intracellular components of 

bacterial cells. However, further investigations 

are required to determine the possible 

mechanism of efflux pump inhibition by 

ZnO@Glu-TSC NPs and thymol. 

Conclusion 

According to the findings, it was found that 

ZnO@Glu-TSC NPs and thymol could 

synergically reduce the expression of the pslA, 

pelA, algD, mexA, mexB, and mexX genes, 

which could significantly reduce bacterial 

virulence and drug resistance. 
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