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Abstract
In the present study, the antibacterial and antibio�lm effects of Thymol-based chitosan nanogels were investigated. After clinical screening of MDR strains
from the hospital environment, the morphological characteristics of the synthesized nanoparticles were identi�ed using SEM, DLS, XRD and FTIR and the
e�ciency of encapsulation, stability and drug release were evaluated. The expression of OmpA and PgaB bio�lm genes were determined by q-Real-Time PCR
and the antibacterial and cytotoxic properties of the nanoparticles were determined by well diffusion and MTT methods, respectively. Nanoparticles with a size
of 82.71 nm, encapsulation e�ciency of 76.54% and stability up to 60 days at 4 °C were prepared. The results of the biological study showed strong
antibacterial properties of Thymol-based chitosan nanoparticles by reducing the expression of OmpA and PgaB bio�lm genes at a signi�cant level of P ≤ 0.05
and reducing antibiotic resistance compared to the free drug thymol and chitosan nanogels. Thymol-based chitosan nanogels at concentrations of 0.125 to
256μg/mL showed the lowest cytotoxicity against HEK-293 compared to chitosan and free Thymol nanogels. The results showed very strong antibacterial
properties of Thymol-based chitosan nanogels against MDR strains such as Staphylococcus, Acinetobacter and Pseudomonas as the challenging bacteria of
the century.

1. Introduction
A nosocomial infection is an infection that the patient does not have at the time of hospitalization and during the recovery period. The prevalence of
nosocomial infections is high, so that their risk also is high in the best-equipped hospitals [1]. According to studies, for every 100 patients admitted to different
wards of hospitals in developed and developing countries, 7% and 10% of them get nosocomial infections, respectively [2]. The increasing prevalence of
nosocomial infections has led to signi�cant problems, including; more extended hospital stays, microbial resistance, and even mortality rates [3]. The
signi�cant rate of nosocomial infections is related to the development of respiratory diseases [4]; however, comprehensive studies have not been conducted
on the classi�cation of nosocomial infections, the maximum range of damage of these infections, the density of diseases created, and the thickness of
bacteria involved. On the other hand, the prevalence of drug resistance following nosocomial infections limits treatment options, lowers the effectiveness of
antibiotics, and, eventually, the beginning of the "post-antibacterial" period [5]. Besides, the indiscriminate use (overuse) of antibiotics, by killing weaker
bacteria, arti�cially reconstructed the natural selection process and leading to the selection of more potent bacteria as the selected survivors [6]. This process
after this referred to as secondary selection. Identi�cation of resistant bacteria screened in the natural selection process, their density in different hospital
environments, Rate of occurrence of various diseases, and determining their MDR pattern is signi�cant [7]. Antibiotic-resistant microorganisms after the
secondary selection process can create resistance to other drug compounds by various methods such as bio�lm formation and transmits this property to
future generations [8]. Due to the multifactorial nature of bio�lm formation in bacteria, several genes and their products involved in this process, including
genes expressing OmpA [9], pgaB [10], and so on. These proteins play a vital role in adhesion and bio�lm formation in bacteria. OmpA is a purine and one of
the major outer membrane proteins with a molecular weight of 38 kDa that is effective in creating bio�lms, interacting with human epithelial cells, and their
relationship with each other [9]. PGAABCD, on the other hand, is an operon in bacteria involved in the production of poly-β (1, 6)-N-acetyl-D-glucosamine (PNAG).
PNAG affects bio�lm development by binding to abiotic surfaces and intercellular adhesion. All PGA genes required for optimal bio�lm formation under
different growth conditions [10]. PgaB is a two-barrel domains periplasmic protein with an N-terminal family of four carbohydrate esterases (CE4) that exhibits
metal-dependent acetylation activity on PNAG oligomers and enhances its e�ciency [11]. Today, failure in treating infectious diseases has become
commonplace, and multi-antibiotic-resistant strains are on the rise [12]. Due to the lack of new antimicrobial compounds to treat MDR (multidrug resistance)
bacterial infections and the slowness of making new effective antibiotics, increasing attention should be paid to natural compounds as adjunctive therapies
[13]. Medicinal plants, due to their small compositions, considered as critical new sources of treatment for various diseases, including infectious diseases [14].
Thymol is one of the small useful compounds of thyme (Thymus vulgaris L., Lamiaceae) plant whose antimicrobial effects have proven at every stage of the
growth cycle [15, 16]. Despite all the antimicrobial properties, limitations such as; Low solubility in water, ease of degradation, chemical reaction, and chemical
and biological instability due to volatility have limited the use of Thymol as an effective antimicrobial and preservative compound [17]. Nanobiotechnology,
with improving biocompatibility, uses various biomaterials to make nanostructures such as nanoparticles [18]. Nanoparticles, due to their small size, increase
the stability of the substance in the bloodstream and can carry higher amounts of the drugs due to their unique physical and chemical properties [19].
Recently, natural chitosan polymer with low toxicity and biodegradable and biocompatible properties is used in the manufacture of pharmaceutical
nanocarriers [20]. Chitosan is a carrier of a biodegradable drug in the body with the ability to adhere to mucosal cells, which with its permeability can help
open strong epithelial connections. Also, chitosan has considered as a biopolymer that has antimicrobial activity in a wide variety of fungi and bacteria [21].
Because Thymol is sensitive to light, the formulation of this compound with chitosan as a carrier could lead to a new drug formulation against virulence and
bio�lm of Dangerous pathogens.

2. Materials And Methods
2.1. Clinical studies

2.1.1. Ethics and Patients

During June to October 2019, from the patients referred to the Infectious Diseases Clinic of Rasoul Akram Hospital in Tehran, A total of 200 patients who
complained of symptoms such as fever and chills, dizziness and drowsiness, burning when urinating, the strange smell of urine, respiratory problems, muscle
and chest pain, cough with yellow, green or bloody mucus were selected and informed consent and ethical approval was received from these patients. The
initial diagnosis of the disease in these people was made by the fellow doctor. This study was conducted in compliance with the ethical principles and
regulations approved by Rasoul Akram Hospital, Iran.

2.1.2. Diagnosis of disease
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According to the fellow doctor, the history of smoking, weakened immune system and history of chronic disease was recorded in individuals. For screening,
blood, urine, respiratory samples (bronchial lavage, secretions suction), and chest x-ray were performed according to the fellow doctor's instructions.

2.1.3. Prescribing antibiotics and clinical examination of patients

After diagnosing the infection, the decision about the type of antibiotic to be used to treat the infection was made separately by the fellow doctor based on
each individual's symptoms. Prescribed antibiotics include; Cipro�oxacin, erythromycin, chloramphenicol, amikacin, tetracycline, imipenem, tazobactam,
ampicillin-sulbactam, kanamycin, ceftazidime, and clistin. After 15 days, the results of controlling or not controlling the disease were recorded by a fellow
doctor. A sampling of patients was also performed.

2.2. Laboratory detection

2.2.1. Recovery of bacterial isolates and biochemical tests

From patients who did not recover after antibiotic administration, blood, urine, and respiratory samples were collected in the hospital laboratory, and
biochemical tests, including growth on blood agar, McCangi agar, and oxidase, catalase, urease, lysine-decarboxylase, MR-VP, SIM, TSA, Simon citrate and
arginine tests were performed.

2.2.2. Detection of resistant bacteria

Initial screening was performed by a physician to diagnose resistant bacteria. Also, sampling was performed on patients who did not recover after antibiotic
treatment. After the initial diagnosis of bacteria, an antibiotic susceptibility test was performed by standard disk diffusion method according to CLSI (Clinical
and Laboratory Standard Institute) protocol and antibiotic discs of imipenem (IMI, 10 µg), cipro�oxacin (CIP, 5 µg), erythromycin (E, 15 µg), chloramphenicol
(C, 30 µg), amikacin (AK, 10 µg), tetracycline (T, 30 µg), clindamycin (CL, 2 µg), kanamycin (K, 30 µg), ceftazidime (CAZ, 30 µg) and cleistine (CO, 5 µg) (MAST,
England). Pseudomonas ATCC 27853, Acinetobacter ATCC 17978, and Staphylococcus ATCC BAA-2856 were used as positive controls.

2.2.3. Detection of bio�lm-forming bacteria

2.2.3.1. Bio�lm detection phenotypic test

According to the method of Mariana et al. [22], Congo Red Agar (CRA) medium was prepared by combining BHI (brain heart infusion broth) (37 g/L), sucrose
(50 g/L), agar (10 g/L) and Congo Red indicator (0.8 g/L) and clinical strains of bacteria were cultured on plates containing Congo Red culture medium for 24
hours at 37 °C. Under such conditions, bio�lm-producing bacteria form black colonies and other bacteria form red colonies.

2.2.3.2 Bio�lm detection genotype test

In this test, after culturing the bacteria, 200 μL of them was added to 96-well sterile polystyrene wells and incubated for 24 hours at 37 °C. 200 μL of 1% violet
crystal dye was added to it for staining for 15 minutes and then washed with PBS. After adding 200 μL of 33% acetic acid, absorbance was measured at 570
nm by ELISA Reader Stat Fax2100 (Awareness Technology, Ukraine). In order to investigate by Optical density cut-off (ODc) method, �rst the standard
deviation and mean OD of negative control wells and ODc were calculated according to Formula 1 and OD of the studied wells was classi�ed according to
Table 1.

Table 1. Classi�cation of bacteria based on bio�lm formation capacity

Results                   Bio�lm Class

Strong bio�lm OD > 4×ODc

Medium bio�lm 2×ODc  OD ≤ 4×ODc

Poor bio�lm ODc  OD ≤ 2×ODc

Negative bio�lm OD ≤ ODc

 

2.2.4. Molecular detection of bacteria and con�rmation of the presence of bio�lm genes

Initially, DNA extraction from screened resistant bacteria was performed according to the protocol of the DNA extraction kit (Sinaclon, Iran). Also, to detect
bacterial densities in clinical specimens, polymerase chain reaction (PCR) method using universal primer and sequence (F: 5'-AGAGTTTGATYMTGGCTCAG-3')
and (R: 5'-AGAAAGGAGGTGATCCAGCC-3') used. After determining the microbial density by polymerase chain reaction, the presence of Acinetobacter,
Pseudomonas and Staphylococcus as well as the presence of OmpA and PgaB genes were con�rmed. The primer sequences used in this study are listed in
the Table 2.

Table 2: Sequence of primers used for molecular detection
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  16SrRNA OmpA PgaB

Acinetobacter (F:5’-TAYCGYAAAGAYTTGAAAGAAG-3’)

(R:5’-CMACACCYTTGTTMCCRTGA-3’)

(F:5’-CGCTTCTGCTGGTGCTGAAT-3’)

(R:5’- CGTGCAGTAGCGTTAGGGTA-
3’)

(F:5’-AAGAAAATGCCTGTGCCGACCA-3’)

(R:5’- GCGAGACCTGCAAAGGGCTGAT-3’)

Pseudomonas (F:5’-CGAGGAGTAGTTTTCCCATGTTCACCT-
3’)

(R:5’- CCCGTAGAAATGCCTCGACTTC-3’)

(F:5’AGCGTTCGTCCTGCACAAGT-3’)

(R:5’-TCCACCATGCTCAGGGAGAT-3’)

(F:5’- GCGTGCTCAAGTGTTCAAGG-3’)

(R 5’- ATTCGCCAGCAACCGAAAAC-3’)

Staphylococcus (F:5’- ATCGTTTTATCGGGACCATC -3’)

(R:5’- TCATTAACTACAACGTAATCGTA-3’)

(F:5’TATCTGGTGGCGTAACACCTG-3’)

(R:5’-GATGAAGCCGTTACGTTGTTC-
3’)

(F:5’- AGAACCTACAACTTCAGAACCTGTG-3’)

(R 5’- AA ACCTTTAACCGTAGTTGGCGGTAT-
3’)

The �nal volume of the reaction (25 μL) includes: 13 µL PCR master mix (PCR buffer, MgCl2, dNTP, 0.2 units of Taq polymerase), 1 µL forward and reverse
primer, 1 µL template cDNA and 9 µL distilled water (Amplicon, Denmark). The PCR cycle program containing 95 °C at 5 min, 94 °C at 1 min, 60 °C at 1 min,
and 72 °C at 1 min (35 cycles) and �nal expansion at 72 °C for 5 min.

2.3. Synthesis, encapsulation and characterization of nanoparticles

2.3.1. Preparation of chitosan nanogels

1 gram of chitosan powder (Sigma-Aldrich, USA) was added to a container containing 1 mL of distilled water and 1 mL of hydrogen chloride (pH=4.5) and
mixed for 1 hour using a magnetic stirrer with 800 rpm. It was then centrifuged at 1000 rpm for 5 minutes. Dissolved 50 mg of myristic acid and 100 mg of
EDC and NHS in 1 ml of ethanol and then the resulting solution was added dropwise to chitosan for 2 hours. The pH of the reaction was then increased with
dilute sodium (0.1 M) to precipitate chitosan nanogels (pH=8.5). Finally, the chitosan nanogel precipitate was separated by centrifugation and washed with
ethanol and then distilled water.

2.3.2. Thymol encapsulation in chitosan nanogels

By adding dilute hydrochloric acid, the chitosan nanogel was dissolved and the resulting mixture was sonicated for 30 minutes using an ultrasonic
homogenizer. 0.5 mL of 99.9% Thymol essential oil (Plant Therapy, USA) was dissolved in 2 mL of ethanol, and myristate was added dropwise at the same
time as chitosan nanogel sonication. The sonication was continued for 15 minutes to encapsulate Thymol essential oil in nanogels.

2.3.3. Characterization and investigation of drug loading in nanoparticles with FESEM, XRD, and FTIR electron microscopy

Determination of particle size and the charge was performed using Dynamic light scattering devices and palladium electrodes of ZetaPals device (Brookhaven
Instruments Corp., USA) at a light scattering angle of 90° and at a temperature of 25 °C. The morphology of nanoparticles was investigated using �eld
scanning electron microscopy (FESEM) model MIRA3 (TESCAN, Czech Republic) and XRD model X' Pert Pro (Panalytical, Netherlands). 20 μL of dilute
nanoparticle solution was dried on aluminum foil at room temperature and then coated with a layer of gold to conduct electrical conductivity. For FTIR
spectroscopy, one percent of each sample was converted to a tablet by potassium bromide and then spectroscopy was performed in the frequency range of
400-4000 cm-1.

2.3.4. Evaluation of encapsulation e�ciency and release of encapsulated thymol in chitosan

After the encapsulation of thymol in chitosan nanogels, encapsulation e�ciency (EE) was evaluated. Then 1 mL of thymol-based chitosan was centrifuged for
1 hour at 14000 g at 4 °C and then washed with PBS. After determining the amount of encapsulated thymol in each sample by measuring the maximum
adsorption of the supernatant at a wavelength of 653 nm, the percentage of encapsulation e�ciency was calculated using Formula 2.

Formula 2: EE%= Total amount of initial drug entrapped into the Thymol formulations – amount of free drug in supernatant/ total amount of drug × 100

The process of examining drug release in vitro was performed in a 12 kDa dialysis bag (MWCO). For this purpose, after adding 2 mL of free thymol and 2 mL
of thymol encapsulated in chitosan nanogels to the dialysis bag, the whole fraction was placed in 50 mL of PBS solution at different pHs of 3, 5, and 7.4 and
gently mixed at 37 °C and 50 rpm. It was then aliquoted at speci�ed intervals and a new environment was added to it. Different kinetic diffusion models were
analyzed to evaluate drug release characteristics.

2.4. Investigation of anti-bio�lm properties of synthesized nanoparticles

2.4.1. Determination of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)

To determine the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC), the serial dilution method with three replications in
a culture medium was used. Dilutions ranging from 256 to 1 μL/mL of chitosan nanoparticles, Thymol essential oil, and Thymol-based chitosan nanoparticles
were added to the 96-well plate well. Then 100 μL of microbial suspension was added to each well and the plates were incubated overnight at 37 °C. One well
was selected as blank (empty culture medium), and one well was selected as the positive control (culture medium + standard bacteria). Finally, the turbidity of
all wells was measured using the ELISA Reader Stat Fax2100 (Awareness Technology, Ukraine) apparatus at 630 nm. The values of MIC, MBC (the lowest
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concentration of drugs that inhibit bacterial growth or death, respectively), and subMIC (the highest concentrations of drugs that have no effect on bacterial
growth) were determined.

2.4.2. Evaluation of OmpA, and PgaB bio�lm gene expression

Genomic RNA was extracted according to the protocol of the RNX-Plus kit (Sinagen, Iran) from bacteria isolated from clinical specimens after treatment with
subMIC concentrations of chitosan nanoparticles, Thymol essential oil, and Thymol-based chitosan nanoparticles. Concentrations of 1 to 2 μg of RNA were
determined by the Nanodrop Model One C (Thermo, USA) with a light absorption reading at 260 nm. Also, light absorption was measured at 260/230 nm to
ensure the absence of contamination and the light absorption ratio for RNA was considered equal to 2. CDNA was constructed from RNA extracted from
treated and untreated bacteria according to the YTA Kit Protocol (Yekta Tajhiz, Iran). Quantitative Real-Time PCR test was performed with Mastermix
Cybergreen YTA (Yekta Tajhiz, Iran) and 16SrRNA gene as a reference gene. 15 μL of reaction volume consisted of 0.5 μL of cDNA, 0.5 μL of the forward
primer, 0.5 μL of back primer, 10 μL of mastermix, and 3.5 μL of double sterile distillation water. The temperature cycle program also included initial
denaturation at 95 °C for 10 min, followed by 40 cycles at 95 °C for 20 sec and 60 °C for 40 sec. The �nal step to draw the Melting Curve was selected from 55
to 95 °C.

2.5. Investigation of antibacterial properties of synthesized nanoparticles

After preparing the Müller Hinton agar culture medium, using a sterile pipette No. 5, made 4 mm deep wells on a plate containing the culture medium and then
the suspension of resistant bacteria was cultured on the culture medium surface with a sterile swab. 30 μL of subMIC concentration of chitosan nanoparticles,
Thymol essential oil and Thymol-based chitosan nanoparticles were poured into wells and incubated for 24 hours. DMSO and gentamicin were used as
negative control and positive control, respectively, and the diameter of the growth inhibition zone was measured.

2.6. Investigation of cytotoxicity of synthesized nanoparticles

HEK 293 cells are widely used in biocellular research due to their reliable growth. Therefore, to evaluate the cytotoxicity and survival rate of synthesized
nanoparticles, the MTT tetrazolium salt-based colorimetric method was used on HEK 293 cells. According to the instructions of the DMA500 kalazist kit, cells
were cultured in 96-well plates with 2-5 ×104 cells per 100 μL of culture medium and incubated overnight in a CO2 incubator. Then the fresh culture medium
was replaced and incubation was performed at 37 °C for 24 hours. Dilutions of 256 to 0.125 μL/mL of chitosan nanogels, thymol essential oil, and thymol-
based chitosan nanogels were �rst dissolved in DMSO and then diluted in a culture medium and added to the cells. After incubation of CO2 at 37 °C for 48
hours, 20 mL of MTT solution (5 mg/mL in the colorless buffer PBS) (Kalazist, Iran) was added to the wells and after 4 hours of incubation, the contents of
the wells were drained and 100 μL of DMSO solution was added. The plates were placed on a shaker at 400 rpm for 6 minutes to completely dissolve the
formed formazan crystals in DMSO. The color intensity was then read by the ELISA Reader Stat Fax2100 (Awareness Technology, Ukraine) at 570 nm. The
cell- free culture medium was used as the blank of the ELISA reader apparatus and the culture medium with the cell without drug was used as the control of
the living cell. The percentage of viable cells was obtained from Formula 3.

2.7. Statistical analysis

Statistical analysis in this study was calculated using SPSS software version 16 and the results were subjected to One-way Analysis Of Variance (ANOVA).
Also, the expression of target genes between the control and treated samples was calculated by Tukey’s HSD post statistical method.

3. Results
3.1. Results of clinical studies

The clinical part of the study was a descriptive-analytical study. The study population included 200 patients admitted to different wards of Rasoul Akram
Hospital in the period from June 2019 to October 2019. To prove the infection, a set of patient pro�les includes; Fever, urine test, blood culture and other
secretions and chest x-ray were used. The required information was obtained through a checklist by daily examination by the fellow doctor and recording
patient characteristics in the �le. Patients' clinical signs were regularly examined by the fellow doctor. During the present study, 200 patients from the
Infectious Diseases Clinic of Rasoul Akram Hospital were studied, of which 110 were female (55%) and 90 male (45%). Patients ranging in age from 18 to 65
years were selected with a mean age of 17.63±44 for female patients and 53±19.77 for male patients. According to the results of the initial clinical screening
by the fellow doctor, the initial diagnosis of bacterial infection in patients was reported. In terms of length of hospital stay, for various reasons in Rasoul
Akram Hospital, 70 female patients (63.63%) were hospitalized for more than 20 days and 40 (36.36%) patients were hospitalized for less than 20 days. Also
in the male group, 57 patients (63.33%) were hospitalized for more than 20 days and 33 patients (36.66%) were hospitalized for less than 20 days. According
to the results, there was a signi�cant relationship between the length of hospital stay and the incidence of nosocomial infections, so that in patients who were
hospitalized for more than 20 days for various reasons, the rate of infections (density and severity of infection) was higher. After sampling and evaluation of
clinical features, patients were divided into 4 groups; Urinary tract infection, Bloodstream (sepsis), surgical wound infection and pneumonia. Of the 200
patients studied, 82 case urinary tract infections, 26 case sepsis, 49 case surgical wound infections, and 43 case pneumonia was reported by the fellow
doctor. The most common nosocomial infections in the present study were urinary tract infection (UTI) (41%), wound infection (24.5%), pneumonia (21.5%),
and blood infection or sepsis (13%), respectively. Also, the most common microbial strains causing nosocomial infections in the initial diagnosis of this study
were Escherichia coli, Enterobacter species, Staphylococcus aureus, Pseudomonas aeruginosa, and Acinetobacter baumannii. After receiving written consent,
patients were treated with antibiotics at the discretion of the fellow doctor and according to the patient's condition. After 15 days of treatment of patients with
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antibiotics according to the fellow doctor's prescription, clinical signs were evaluated and the symptoms of urinary tract infection, sepsis, surgical wound
infection, and pneumonia did not improve in 27, 19, 34, and 32 patients, respectively, which indicate a wide range of antibiotic resistance. According to the
results of this study, the most common nosocomial infections after antibiotic therapy are; Wound infections (17%), pneumonia (16%), UTI (13.5%), and sepsis
(9.5%). Examining the resistance of infections to antibiotic therapy, it was found that bacteria causing sepsis and pneumonia show more resistance to
antibiotic therapy. Out of 26 patients with sepsis, only 7 (26.9%) recovered after antibiotic therapy and 19 (73.09%) did not recover, which indicates a
signi�cant difference in response to antibiotic treatment. Also, in pneumonia, out of 43 patients, only 25.58% (11 patients) recovered after antibiotic therapy;
While the major rate of patients (79.06%, 34 patients) did not respond to antibiotic therapy. Regarding urinary tract infection and wound infection, respectively;
67.07% (55 patients) and 30.61% (15 patients) recovered, and 32.92% (27 patients) and 69.38% (34 patients) did not respond well to antibiotic therapy. Thus,
the rates of resistant bacteria in pneumonia and sepsis were higher than wound infection and urinary tract infection, respectively, which indicates the failure of
antibiotic treatment in these infections. These patients were selected as a source of MDR bacterial isolation and sampling was performed for laboratory
evaluation.

3.2. Laboratory diagnosis results

Of the samples collected from 112 unhealed patients, after biochemical tests, the most common bacterial densities were related to gram-negative organisms
and Escherichia coli, Acinetobacter, Pseudomonas aeruginosa, and other Enterobacter species. Then, antibiotic susceptibility testing was performed and the
highest resistance to broad-spectrum antibiotics was related to Acinetobacter, Staphylococcus, and Pseudomonas, respectively. Phenotypic bio�lm detection
test was performed in isolated strains according to Table 3.

Table 3: Screening of patients and clinical specimens for isolation of resistant bacteria
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Clinical screening of patients Laboratory screening of MDR samples

patients group Before antibiotic
therapy

After antibiotic
therapy

Bacterial density in patients Ability to
form
bio�lms

Antibiotic resistance
spectrum

 

 

 

 

 

200

 

Surgical wound
infection

Female Male Female Male Bacteria Percentage% Congo Red
TEST***

S* R**

 

27

 

22

 

18

 

16

Staphylococcus ~ 47 + CO, C IMI,CAZ, CIP, E,
AK, T, K

Acinetobacter ~ 32 + CO ,
CAZ

IMI, CIP, E, C, AK,
T, K

Pseudomonas ~ 16 - AK,
IMI,
CIP

CAZ, E, T, K

Other ~ 5 --- --- ---

 

Pneumonia

 

19

 

24

 

14

 

18

Staphylococcus ~ 42 + C, E IMI, CO ,CAZ, CIP,
AK, T, K

Pseudomonas ~ 26 + IMI AK, CAZ, E, T, K,
CIP

Acinetobacter ~ 21 + CO IMI, CIP, E, C, AK,
T, K, CAZ

Other ~ 11 --- --- ---

Urinary tract
Infection

 

51

 

31

 

17

 

10

E.coli ~ 55 - IMI,
CIP,
AK

CAZ, E, T, K

Pseudomonas ~ 26 + IMI,
CIP

AK, CAZ, E, T, K

Acinetobacter ~ 15 + CO ,
CAZ

IMI, CIP, E, C, AK,
T, K

Other ~ 4 --- --- ---

 

Sepsis

 

13

 

13

 

9

 

10

Staphylococcus ~ 47 + E, C,
CO, T

IMI,CAZ, CIP, AK,
K

Acinetobacter ~ 29 + --- IMI, CO ,CAZ, CIP,
E, C, AK, T, K

Pseudomonas ~ 17 + IMI,
AK

AK, CAZ, E, T, K,
CIP

Other ~ 7 *sensitive                           **Resistant 

 ***Bio�lm in more than 50% of the
samples (+)

 

MDR

Non MDR

Resistant bacteria were then selected for isolation and species identi�cation and PCR was performed with 16SrRNA primer and 27 pathogens with 110 bp
length were identi�ed as Ab, Pseudomonas aeruginosa, and Staphylococcus. According to the aim of the study to evaluate the strength of bio�lm in isolated
strains, a microtiter test was performed and the results showed strong and moderate bio�lms in 18 and 9 samples of each bacterium, respectively (Graph 1).

 

To evaluate the presence of bio�lm genes in bacteria, PCR test was performed using speci�c primers and con�rmed the presence of OmpA and pgaB genes in
the screened bacteria. Standard strains were used as positive control in this test.

3.3. Characterization and investigation of drug loading in nanoparticles

chitosan nanogels and Thymol-based chitosan nanoparticles were synthesized and optimized in terms of size, charge and shape. The average size of
chitosan nanogels and Thymol-based chitosan nanoparticles were 72.35 and 82.71 nm with spherical structure, respectively (Figure 1).

 

Suitable uniformity of the produced nanoparticles was determined using the DLS (Dynamic Light Scattering) technique. The Poly Dispersity Index (PDI) and
mean diameter of chitosan nanogels were 0.178 and 258.2 nm, respectively, and for Thymol-based chitosan nanoparticles were 0.115 and 179.3 nm,
respectively. The zeta potential of drug-free chitosan nanogels and thymol-based chitosan showed 64.19 and 66.35 mV, respectively. Also according to the
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XRD diagram, in the range of 2θ, the intensity of the peak increased with increasing irradiation time and peaks with higher intensities have more re�ection,
which indicates the presence of nanoparticles. Accordingly, the highest re�ections related to peak intensities at 29.470 angles in Figure 2C and angles 32.470,
and 38.940 in Figure 2D were related to chitosan nanogels and Thymol-based chitosan nanoparticles, respectively; Therefore, the amount of nanoparticles
formed in the range of these peaks is higher. FTIR test was performed and in the spectrum of chitosan nanoparticles, peaks in the range of 2858.54 cm-1 and
2928.83 cm-1 were related to C-H bond and peak 3329.24 cm-1 belonged to the amino group of chitosan and peaks of 1082.15, 1158.47 and 1739.11 cm-1

belonged to the carboxyl group. In the FTIR spectrum of the thymol, the peak of 2919.19 cm-1 is associated with the tensile vibration of C-H in the benzene
ring. The absorption peaks at 1742.34, 1630.90, 1460.77, and 1378.23 were four unequal stretches corresponded to a speci�c peak of Thymol. The peaks at
1247.83 and 1098.26 cm-1 were related to the -OH and C-O �exural vibrations. The peak of 3370.00 cm-1 belongs to the O-H group. The presence of these
peaks in Thymol-based chitosan nanoparticles indicates the loading of Thymol in the chitosan nanogel (Figure 2).

 

According to Table 4, encapsulation e�ciency (EE), PDI dispersion index, hydrodynamic diameter size and surface charge of nanoparticles indicate proper
synthesis and high encapsulation e�ciency of Thymol in chitosan nanogels.

Table 4. Morphological features of synthesized nanoparticles. Data are represented as mean ± SD, n =3

Nanomaterials Polydispersity index
(PDI)

Surface charge
(mV)

Vesicle size (nm)
(SEM(

Hydrodynamic diameter
(nm)

EE (%)

Chitosan nanogels 0.178 ± 0.024 64.19 ± 2.62 72.35 258.2 nm ± 6.38 ---

Thymol-based chitosan
nanogels

0.115± 0.005 66.35 ± 1.75 82.71 179.3 ± 5.26 nm 76.54 ±
0.62

A dialysis bag containing Thymol-free drug and Thymol-based chitosan nanogel was used to evaluate the controlled release pro�le of the drug. The resulting
curve is similar to the bacterial growth curve in that in the �rst 9 hours; the Thymol-free drug is released rapidly, followed by a slow release of the drug from the
dialysis bag. This reduction in emissions lasted up to 48 hours. According to the results, the release of Thymol-free drug and Thymol-based chitosan nanogel
in the �rst 9 hours was 88% and 69%, respectively, and then the drug release rate was proven so that after 48 hours, the release rate of the two drugs increased
to 97 and 76.54%, respectively. Morphological properties including; mean size, Poly Dispersity Index (PDI), and encapsulation e�ciency (EE) were measured to
evaluate the stability of Thymol-based nanogels at different temperatures and time intervals. The results showed that with increasing temperature, it changed
the morphological properties of chitosan-based nanogels that as a result of EE drug reduction was reduced. However, increasing the shelf life of the drug has
little effect on the morphological characteristics and EE of the drug (Figure 3). 

 

3.4. Investigation of inhibitory ability of synthesized nanoparticles

The susceptibility of 27 bio�lm-producing isolates in 3 bacterial genera was determined based on the minimum growth inhibitory concentration (MIC) for
chitosan nanogels, Thymol essential oil, and Thymol-based chitosan nanoparticles. Bacterial positive bio�lm strains were exposed to 100% to 0.39% of
essential oils and nanoparticles for 24 hours. According to Table 5, each strain had a range of MICs with concentrations between 256 and 1 µg/mL. All
isolates were treated with Sub-MIC concentrations of chitosan nanoparticles, Thymol essential oil, and Thymol-based chitosan nanoparticles. According to the
results, Thymol-based chitosan nanoparticles had the highest inhibition and then chitosan nanoparticles and Thymol essential oil had the highest inhibition in
all 3 bacterial genera, respectively. Pseudomonas was also less resistant than the other two genera. The highest resistance to synthesized compounds
belonged to the genus Staphylococcus. After determining the MIC of nanoparticles in 3 bacterial genera, samples S4, S12, and S27 were identi�ed as the most
resistant pathogens, respectively, and were selected to evaluate the e�ciency of the synthesized nanoparticles. For this purpose, fresh cultures of bacteria
were �rst prepared and a colony of each bacterium was cultured in a tube containing the Müller-Hinton broth medium. Then S4, S12, and S27 bacteria were
cultured at concentrations of 256 to 1 μg/mL chitosan nanogels and thymol-based chitosan nanoparticles and during 24 hours of incubation at 37 °C every 4
hours light absorption of the samples was read.

Table 5. Minimum inhibitory concentration (MIC) of chitosan nanogels, Thymol essential oil and Thymol-based chitosan nanoparticles in 3 bacterial genera
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Pseudomonas Staphylococcus Acinetobacter

OD3 MIC3 OD2 MIC2 OD1 MIC1 OD3 MIC3 OD2 MIC2 OD1 MIC1 OD3 MIC3 OD2 MIC2 OD1 MIC1

0.262 2 0.194 32 0.273 64 0.084 8 0.199 64 0.339 256 0.103 16 0.229 32 0.221 128

0.157 8 0.203 64 0.199 128 0.123 4 0.084 32 0.267 128 0.101 4 0.079 32 0.301 64

0.054 32 0.069 128 0.115 256 0.346 2 0.211 16 0.271 64 0.051 32 0.079 128 0.358 256

0.161 16 0.331 64 0.271 256 0.048 16 0.064 128 0.244 128 0.119 16 0.105 128 0.128 512

0.142 4 0.099 32 0.244 128 0.197 4 0.268 32 0.302 256 0.419 1 0.188 16 0.312 128

0.513 1 0.289 128 0.346 256 0.349 2 0.161 32 0.292 128 0.116 32 0.274 64 0.329 512

0.287 2 0.202 32 0.328 128 0.116 16 0.195 64 0.284 256 0.145 4 0.145 32 0.394 128

0.449 1 0.115 8 0.386 64 0.112 8 0.086 128 0.291 256 0.117 4 0.218 64 0.312 256

0.173 4 0.094 32 0.396 128 0.189 8 0.218 64 0.401 128 0.172 8 0.114 32 0.347 128

0.052 8 0.292 64 0.318 256 0.399 2 0.089 64 0.315 64 0.197 8 0.214 64 0.301 256

0.643 1 0.219 4 0.486 32 0.602 1 0.395 16 0.215 256 0.368 4 0.086 128 0.412 256

0.163 4 0.164 32 0.239 128 0.063 32 0.476 128 0.286 512 0.041 32 0.089 256 0.159 512

0.350 2 0.175 64 0.213 256 0.486 2 0.285 16 0.326 128 0.164 8 0.116 128 0.326 128

0.473 2 0.096 64 0.315 128 0.542 1 0.098 16 0.112 128 0.516 1 0.214 64 0.315 64

0.194 8 0.118 32 0.216 128 0.199 8 0.102 32 0.195 256 0.133 4 0.215 64 0.296 256

0.171 4 0.114 64 0.112 256 0.121 4 0.064 64 0.316 128 0.112 4 0.112 32 0.264 256

0.098 4 0.186 32 0.185 256 0.393 4 0.118 64 0.294 256 0.106 4 0.127 32 0.212 256

0.239 2 0.126 64 0.264 128 0.445 2 0.102 32 0.202 128 0.143 4 0.202 64 0.186 256

0.282 2 0.102 64 0.198 128 0.767 1 0.231 16 0.283 256 0.133 2 0.132 32 0.342 128

0.215 2 0.186 32 0.212 128 0.101 16 0.098 128 0.146 256 0.179 4 0.143 64 0.299 128

0.546 1 0.186 32 0.410 64 0.099 8 0.111 32 0.197 256 0.341 2 0.096 64 0.195 256

0.262 4 0.199 64 0.258 128 0.149 4 0.146 64 0.256 256 0.163 4 0.235 32 0.114 128

0.324 2 0.178 32 0.269 128 0.101 4 0.187 32 0.134 128 0.147 4 0.113 32 0.196 128

0.111 4 0.120 64 0.202 256 0.481 2 0.043 32 0.086 128 0.110 4 0.102 64 0.235 256

0.274 4 0.62 32 0.301 128 0.189 4 0.086 64 0.171 128 0.596 1 0.343 4 0.219 64

0.162 4 0.098 64 0.134 512 0.186 4 0.071 64 0.136 256 0.169 8 0.169 128 0.163 512

0.131 8 0.147 128 0.177 512 0.401 1 0.158 8 0.099 64 0.243 2 0.123 32 0.148 128

0.041 16 0.127 128 0.201 512 0.055 16 0.102 128 0.389 512 0.084 64 0.248 256 0.365 512

MIC1= MIC value of thymol essential oil         MIC2= MIC value of chitosan nanogels       MIC3= MIC value of chitosan-thymol nanoparticles 
       OD= Optical density

Abbre

As shown in Figure 3, Staphylococcus bacteria show a higher growth curve at concentrations of 1 to 256 μg/mL against synthesized nanoparticles, indicating
that Staphylococcus is more resistant to nanoparticles. Acinetobacter also has a growth curve close to Staphylococcus, although it lacks a cell wall. This
indicates the high e�ciency of Acinetobacter resistance mechanisms compared to other gram-negative bacteria such as Pseudomonas. Pseudomonas was
the most sensitive bacterial strain to the synthesized nanoparticles. On the other hand, Thymol-based chitosan nanoparticles showed the highest inhibitory
effect in all three bacterial genera. Concentrations between 256 and 8 μg/mL of Thymol-based chitosan nanoparticles showed the best inhibitory effects in all
3 bacterial genera.

Then, in order to evaluate the anti-bio�lm activity, the subMIC concentration of nanoparticles is used and the expression of PgaB and OmpA genes in all 3
bacterial genera is examined by Quantitative Real-Time PCR and the results of PgaB and OmpA gene expression relative to 16SrRNA reference gene in positive
bio�lm strains are shown in Graph 2. According to the results, the mean of the highest decrease in PgaB and OmpA gene expression was related to
Pseudomonas strain.

Thymol-based chitosan nanoparticles also showed the greatest inhibitory effect on the expression of bio�lm genes in all three bacterial genera; the expression
of PgaB gene in Pseudomonas, Acinetobacter, and Staphylococcus bacteria was 0.148, 208, 0.412 and the expression of OmpA gene was 0.212, 0.256, and
0.324, respectively. The results showed that different bacterial strains with different concentrations of MIC, under the in�uence of chitosan nanogels and
Thymol-based chitosan nanoparticles had different expression changes and showed a statistically signi�cant difference compared to the expression of the
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16SrRNA gene (P≤ 0.05). Finally, the antibacterial activity of the synthesized nanoparticles was investigated by the standard method of well diffusion. After
culturing Pseudomonas, Acinetobacter, and Staphylococcus separately, four wells were created in the plate containing the culture medium and chitosan
nanogels, Thymol-based chitosan nanoparticles, Thymol-free drug, and gentamicin antibiotic were added as positive controls to wells 1 to 4, respectively.

Table 6. The inhibition zone diameters (mm) of antibacterial compounds in bacteria

Pseudomonas Staphylococcus Acinetobacter Compounds

21 12 16 Chitosan nanoparticles

30 18 25 Thymol-based chitosan nanoparticles

3 2 0 Thymol essential oil

5 4 2 Gentamicin

According to Table 6, the highest growth inhibition zone is related to Thymol-based chitosan nanoparticles, which in Pseudomonas, Acinetobacter, and
Staphylococcus bacteria are 30, 25, and 18 mm, respectively. Also, all three bacterial genera were resistant to the antibiotic gentamicin. These results indicate
the appropriate antibacterial properties of the synthesized nanoparticles. Finally, the cytotoxicity of chitosan nanogels, free Thymol, and Thymol-based
chitosan nanogels were measured at concentrations of 0.125 to 256 μg/mL for HEK-293 cells. According to Figure 4, the results showed that Thymol-based
chitosan nanogels had the least inhibitory effect on HEK-293 compared to chitosan nanogels and Thymol-free drug in all samples.

4. Discussion
The discovery of antibiotics to treat bacterial infections was one of the most important advances in medical history. Unfortunately, bacteria are very adaptable,
and overuse of antibiotics has made many bacteria resistant to antibiotics [23]. With the increase in the range of antibiotic resistance, the density of MDR
bacteria in hospitals has increased and has created a new challenge called nosocomial infections [24]. According to the clinical results of this study, the main
spectrum of bacteria resistant to various nosocomial infections belonged to the three genera Staphylococcus, Pseudomonas and Acinetobacter. Previous
studies have reported an increase in the prevalence of antibiotic resistance in these three genera [25]. On the other hand, the results of the present study
showed that 83.3% of the bacteria are resistant to MDR and have the ability to form bio�lms. These results are consistent with the results of previous studies
indicates an increase in resistance to various antibiotics due to increased expression of bio�lm genes and consequently increased bio�lm formation capacity
[26]. 66% of the bacteria studied in this study formed strong bio�lms; while other bacteria were Intermediate in terms of bio�lm potency, indicating a direct
effect of bio�lm on antibiotic resistance and high activity of bio�lm genes in multidrug-resistant bacteria. According to previous studies, bacteria use various
physical, physiological and genetic factors to develop resistance mechanisms, that the highest resistance being related to bio�lm and expression of bio�lm
genes [27]. In this study, it was shown that OmpA and pgaB genes are actively present in MDR bacteria, which increase the ability of bio�lms to form in
bacteria and contribute to bacterial resistance to various antibiotics. Past studies indicate an important role for the pgaB protein in activating the bio�lm
response under stress conditions [28]. Many studies have identi�ed OmpA as a factor in antibiotic resistance and bio�lm formation [29]. Today, due to the
increase in nosocomial infections, the prevalence of MDR bacteria and the slow production of new antibiotics, the need to use natural antibacterial agents is
felt more than ever [30]. Therefore, most research is on various strategies to introduce new antibacterial agents or even overcoming bacterial resistance.
Therefore, in this study, after preparing chitosan nanogels, encapsulation of Thymol in the structure of chitosan nanogels was performed with the aim of
introducing a new antibacterial compound. In the formulation used, Thymol, as the main extract of thyme, is a known antibacterial agent (31). While chitosan
polymer, due to its positive charge, has a high ability to react with biological membranes (negative charge) and increases the transport capacity of drugs [32].
Chitosan also has different and special properties such as; non-toxic, biodegradable and emulsifying, which is used to convert oily and water-insoluble drugs
into soluble form [33]. According to previous studies, chitosan amino groups are responsible for properties such as; Controlled drug release, mucosal adhesion,
increased penetration, and bacterial growth inhibitory and inhibitory properties of the e�ux pump [34]. By converting chitosan polymer to nanoparticles, its
chemical properties can be improved and the transport e�ciency of drugs can be increased [35]. Therefore, encapsulation of drugs such as thymol can be
promising for new antibacterial compounds. Encapsulation e�ciency is an important factor in the synthesis of nanomaterials and various factors such as;
Nanoparticle diameters affect capsulation e�ciency and consequently drug release ability [36]. The results of our study showed that the capsulation of
thymol by chitosan nanogels increases its antibacterial properties. The results of this study are consistent with previous studies that show that the
antibacterial properties of thymol are increased at the nano level [37]. In this study, the uniformity of nanoparticles was con�rmed by DLS and the size of
nanoparticles for chitosan nanogels and Thymol encapsulated in chitosan nanogels were determined to be 258.2 and 179.3, respectively, while the size of
nanoparticles obtained by SEM indicates the appropriate size for chitosan nanogels (72.35) and Thymol encapsulated in chitosan nanogels (82.71). Since
DLS determines the hydrodynamic diameter, it consists of nanoparticles and ions or molecules attached to it.

But SEM is the exact method that determines the dry size of nanoparticles. These results, in line with previous studies, indicate the effect of scattering on
particle measurement error by DLS [38]. Also, the study of drug release pro�le showed that drug diffusion at PH = 7.4 in 48 hours is 76%. While in the �rst 9
hours, the highest rate of drug diffusion is seen. The initial diffusion rate can be attributed to the release of surface drugs. As time goes on, the surface-
encapsulated drugs are released more until after 9 hours the Thymol concentration at the surface is minimized and the encapsulated drugs in the underlying
layers begin to release. This slows down the release of the drug. Previous studies have introduced drug release control agents in polymer nanoparticles
diffusion and biodegradation and reported the rapid release of the drug in the early hours as an "explosion diffusion" [39]. The results of this study in line with
previous studies indicate the explosive diffusion of encapsulated Thymol release [40]. Protein stability study showed that temperature as a destructive factor
plays an important role in drug preservation [41]. So that with increasing temperature in 60 days interval, the morphological properties of nanoparticles
changed and as a result, the e�ciency of nanoparticles was decreased. However, according to the results, nanoparticles have a storage capacity of 15 to 30
days with good e�ciency. However, time has little effect on the morphology and e�ciency of nanoparticles, and thus by storing Thymol-based chitosan
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nanoparticles at 4 °C, the storage capacity can be increased to more than 60 days. Previous studies have also introduced temperature as a limiting factor in
drug storage, so that increasing the temperature causes the fat to lubricate and thus the drug to settle [42]. The main purpose of this study was to evaluate the
activity of anti-bio�lm and antibacterial activity of thymol-based chitosan nanoparticles. For this purpose, a clinical study was performed on infectious
patients of Rasoul Akram Hospital and bacterial density was determined. After initial screening, bio�lm formation ability, bacterial density and MDR speci�city
were evaluated and 3 genera Pseudomonas, Acinetobacter and Staphylococcus were identi�ed as MDR bacteria with positive bio�lm with the highest density.
According to the results of Table 3, Thymol-based chitosan nanoparticles showed the highest growth inhibitory properties against MDR strains of all three
bacterial genera. However, Thymol-free drug had the least inhibitory activity. Among the three bacterial genera, Staphylococcus was more resistant than the
other two genera. Acinetobacter and Pseudomonas are gram-negative and wallless bacteria, while Staphylococcus has a strong membrane wall, so a higher
concentration of the drug is needed for the drug to work effectively. The MBC results were a con�rmation of the MIC results. According to studies by
Jøraholmen et al. (2020), chitosan has the ability to bind to the outer membrane of gram-negative bacteria as well as penetrate the microbial plasma
membrane. This ability serves as strength of chitosan in targeted drug delivery that binds to the surface of bacteria and releases encapsulated drug at the
target site [43]. On the other hand, the growth rate of bacteria in 24 hours at different concentrations of chitosan nanogels and Thymol-based chitosan
nanoparticles was investigated and the results showed the growth control of microorganisms even at the lowest concentrations of nanoparticles compared to
the control. Under normal conditions, the bacterium enters the logarithmic phase after 4 hours and reaches its maximum growth; however, the highest rate of
drug release is in the �rst 9 hours. Therefore, with the highest drug release at the time of maximal bacterial growth, growth control was performed well even at
a concentration of 1 μg/L. Based on this study, it can be concluded that the capsulation of Thymol in chitosan nanogels increases its antibacterial properties
with targeted drug delivery and drug release control. The expression of OmpA and pgaB bio�lm genes in subMIC concentrations of nanoparticles was also
measured to evaluate antibio�lm activity. The results showed that the highest reduction in gene expression in all 3 bacteria was related to Thymol-based
chitosan nanoparticles, which indicates the interaction of Thymol-based chitosan nanoparticles with transcription factors and thus inhibition of gene
expression. Many studies have so far con�rmed the relationship between bio�lm formation and antibiotic resistance of bacteria [44]. Recently, Parrino et al.
(2018) in a study introduced bio�lm as the main cause of bacterial virulence [45]. Qi et al. (2016) clearly described the relationship between bio�lm formation
and antibiotic resistance in bacteria [46]. In various studies, the effect of many natural antibacterial substances and nanoparticles on the control of bio�lm
formation in bacteria has been investigated [47]. Piri Gharaghieh et al. (2018) introduced silver nanoparticles as particles with bio�lm control potential in MDR
strains of Acinetobacter baumannii [48]. It seems that Thymol-based nanogels have the ability to bind to the surface of bacterial bio�lms and deliver targeted
drug due to the speci�c properties of chitosan. Karygianni et al. (2016) showed a positive correlation between herbal treatments and the rate of elimination of
bacterial bio�lms in the mouth [49]. In the present study, the antibacterial properties of chitosan nanogels, Thymol-free drug and Thymol-based chitosan
nanogels were investigated by well diffusion method and the results showed that Thymol-based chitosan nanogels with the largest diameter of growth
inhibition in all three genera of MDR has the best growth inhibition. The results of the present study, consistent with previous studies, reports increased
properties of antibacterial agents in combination with chitosan nanoparticles [50].

Kumari et al. (2018) reported the antibacterial activity of Thymol nanoemulsion [51]. Abdelhamid et al. (2017) showed the combined effect of Thymol and
silver nanoparticles against Staphylococcus aureus [52]. The last aim of this study was to investigate the non-toxicity of Thymol-based chitosan nanogels on
human cells. For this purpose, MTT test was performed and the results showed low or no toxicity of this nanoparticle on HEK-293 cells. These results can be
attributed to the amazing properties of chitosan and its non-toxicity. Chitosan can also reduce the toxicity of drug agents [53]. Many studies have reported the
toxicity-modifying properties of chitosan nanoparticles [54]. Shukla et al. (2015) showed that the cellular damage of iron oxide nanoparticles was signi�cantly
reduced after encapsulation in chitosan [55]. The present study also showed that the coating of chitosan nanogels on Thymol reduced cell damage and, as a
result, the cytotoxic effect of free Thymol was signi�cantly reduced.

5. Conclusion
In summary, chitosan as a drug system based on a polymer acetylated from oral chitin which separates from the hard shell of the shrimp, has promising
results for increasing the antibacterial properties of medicinal substances or natural antibacterial substances. Therefore, the encapsulation of Thymol in
chitosan nanogels, in addition to increasing the antibacterial and anti-bio�lm properties of Thymol, reduces its cytotoxic properties and increases the
e�ciency of Thymol according to characteristics such as; targeted binding to bacterial levels and drug controlled release. Thymol-based chitosan nanogels
also have very strong antibacterial properties against MDR strains such as; Staphylococcus, Acinetobacter, and Pseudomonas, as the challenging bacteria of
the century showed. Therefore, the use of Thymol-based chitosan nanogels can be reported as a new strategy in the pharmaceutical industry.
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Figure 1

A) SEM image of chitosan; B) SEM image of chitosan nanoparticles containing Thymol; C) XRD diagram of chitosan nanoparticles; D) XRD diagram of
chitosan nanoparticles containing Thymol
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Figure 2

A) FTIR spectrum of chitosan; B) FTIR spectrum of Thymol free drug; c) FTIR spectrum of chitosan nanoparticles containing Thymol
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Figure 3

(A) Evaluation of drug release test; (B) the effect of time and storage temperature on mean size; (C) PDI index; (D) encapsulation e�ciency of Thymol-based
chitosan nanoparticles.
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Figure 4

(Given as Figure 3 in this version.) Growth curve of Acinetobacter (A), Staphylococcus (B) and Pseudomonas (C) under the in�uence of chitosan nanoparticles
in 24 hours; Growth curve of Acinetobacter (D), Staphylococcus (E) and Pseudomonas (F) under the in�uence of Thymol-based chitosan nanoparticles.
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Figure 5

(Given as Figure 4 in this version.) Percentage of HEK-293 cell viability at different drug concentrations
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