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Abstract  

Objective: The present study aims to improvement efficiency of tetracycline 

antibiotic by nano method. 

Methods: A nanohybrid antibiotic Tetracycline-ZnO was prepared using direct ion 

exchange between antibiotic Tetracycline (TET) and zinc oxide layers (ZnO) . The 

new nano antibiotic was identified by FT-IR spectroscopy, X-Ray Diffraction 

(XRD), Atomic Force Microscope (AFM) and scanning electron microscopy (SEM). 

The antimicrobial activity of the nanohybrid tetracycline was studied against 

Staphylococcus hominis and Escherichia coli isolated from patient, that diagnosed 

by Vitek. 

Results: The results showed that FT-IR spectroscopy results for the prepared 

antibiotics showed that the frequencies of some chemical groups shifted towards high 

and low frequencies. XRD also revealed the emergence of new diffraction planes in 

the spectrum of the nanohybrid antibiotic compared to the carrier spectrum Zinc 

oxide, which indicates that the prepared antibiotics under study is nanohybrid 

antibiotics. Results of atomic force microscopy (AFM) showed that the mean 

dimensions of the nanoparticles diameters of the TET-ZnO was 194 nanometers. 

Results of scanning electron microscopy (SEM) was converts irregular shapes of zinc 

oxide into different geometric shapes interspersed with large spaces when forming 

the hybrid nanocomposite (TET-ZnO) resulting from the direct interaction of the zinc 

oxide layers with the tetracycline antibiotic.    

The results of the statistical analysis showed that the diameter of inhibition increases 

significantly (P ≤ 0.01) in free tetracycline and nanohyprid tetracycline at increase in 

concentration compared with control. The highest diameters of inhibition zone at 

concentration 1000 µg/ml were (10.5 and 17.5) mm when we used free tetracycline 

and nano tetracycline against Staphylococcus hominis, respectively. While the 

highest diameters of inhibition zone at concentration 1000 µg/ml were (12.5 and 

19.5) mm when we used free tetracycline and nano tetracycline against E. coli, 

respectively. 

Conclusions: The success of loading tetracycline on zinc oxide as a carrier of the 

antibiotic. The activity of the nano-hybrid compound of tetracycline and zinc oxide 

gave a higher inhibition activity compared to free tetracycline if we take into account 

the percentage of loading the drug on carrier. 

 

Keywords: Resistant bacteria, Tetracycline, Nanotechnology, ZnO. 
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Introduction 

Antibiotics have revolutionized modern medicine, significantly 

reducing mortality and morbidity associated with bacterial infections. 

Among the broad spectrum of antibiotics, tetracyclines have played a 

pivotal role since their discovery, offering effective treatment against 

various bacterial pathogens. Initially identified as natural products, 

tetracyclines have evolved over time, leading to the development of 

synthetic derivatives that have broadened their clinical applications. 

However, the emergence of antibiotic resistance, particularly against 

tetracyclines, has posed significant challenges, necessitating innovative 

approaches like nanotechnology to enhance their efficacy. This paper 

explores the history, applications, and resistance mechanisms associated 

with tetracyclines while highlighting the latest advancements aimed at 

improving their antibacterial properties. 

 

Discovery and Definition of Tetracycline 

Tetracycline was first discovered in the late 1940s as a product of 

Streptomyces aureofaciens, marking a significant breakthrough in 

antibiotic therapy. Initially known as chlortetracycline, this compound 

exhibited broad-spectrum activity against a variety of gram-positive and 

gram-negative bacteria. Subsequently, other tetracyclines were derived 

through chemical modifications, leading to a family of antibiotics 

characterized by a four-ring molecular structure. Tetracyclines function by 

inhibiting bacterial protein synthesis through binding to the 30S ribosomal 
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subunit, thus preventing the attachment of aminoacyl-tRNA to the 

ribosome [1]. 

 
Figure 1. Structure of Tetracycline 

 

Generations of Tetracycline Antibiotics 

Tetracyclines are classified into three generations based on their 

development timeline and structural modifications. First-generation 

tetracyclines, including tetracycline and chlortetracycline, were derived 

from natural sources. Second-generation derivatives like doxycycline and 

minocycline were semi-synthetic, offering improved pharmacokinetic 

properties such as better absorption and longer half-life. The third-

generation tetracyclines, exemplified by tigecycline, are fully synthetic and 

designed to overcome bacterial resistance mechanisms, making them 

effective against multi-drug-resistant strains [2]. 
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Tetracycline Use Against Gram-Positive and Gram-Negative Bacteria 

Tetracyclines exhibit broad-spectrum antibacterial activity, making 

them effective against both gram-positive and gram-negative bacteria. 

They are commonly used to treat infections caused by Staphylococcus 

aureus, Streptococcus pneumoniae, Escherichia coli, and Haemophilus 

influenzae. Their ability to penetrate bacterial cell walls and inhibit protein 

synthesis makes them versatile in managing various infections, from 

respiratory and urinary tract infections to skin and soft tissue infections [3]. 

 

Pathogenic Bacteria: Staphylococcus hominis and Escherichia coli 

Staphylococcus hominis is a coagulase-negative staphylococcus 

commonly found on human skin but can cause opportunistic infections in 

immunocompromised individuals, leading to bloodstream infections and 

endocarditis. Escherichia coli, a gram-negative bacterium, is a frequent 

cause of urinary tract infections, gastroenteritis, and neonatal meningitis. 

Tetracyclines are effective in treating infections caused by both pathogens, 

although resistance can limit their efficacy in certain strains [4]. 

 

Bacterial Resistance to Antibiotics and Tetracycline 

Antibiotic resistance has become a global health crisis, with bacteria 

developing mechanisms to evade the effects of drugs like tetracycline. 

Common resistance mechanisms include efflux pumps that expel the 

antibiotic from the bacterial cell, ribosomal protection proteins that prevent 

tetracycline binding, and enzymatic inactivation of the antibiotic The 
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widespread use and misuse of tetracyclines in human medicine and 

agriculture have accelerated the emergence of resistant strains, reducing the 

effectiveness of these antibiotics [5]. 

 

Nanotechnology to Enhance Antibiotic Efficiency 

Nanotechnology has emerged as a promising strategy to enhance the 

efficacy of antibiotics, including tetracyclines. By encapsulating 

tetracycline in nanoparticles, researchers have improved its stability, 

bioavailability, and targeted delivery to infection sites. This approach 

minimizes the required dosage, reduces side effects, and can overcome 

certain resistance mechanisms. Nanoparticle-based delivery systems, such 

as liposomes and polymeric nanoparticles, have shown promising results in 

enhancing the antibacterial activity of tetracycline [6]. 

 

Research Findings on Free and Nano-Enhanced Tetracycline 

Recent studies have compared the antibacterial efficacy of free 

tetracycline and its nano-enhanced formulations. Results indicate that 

nano-encapsulation significantly improves the antibiotic's ability to 

penetrate bacterial biofilms and achieve sustained drug release, leading to 

enhanced bacterial inhibition. These findings suggest that nanotechnology 

can restore the effectiveness of tetracycline against resistant bacterial 

strains and extend its clinical applications [7]. 
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Materials and Methods 

Sample Collection:  

Staphylococcus hominis and Escherichia coli; isolated from patients 

and diagnosed by VITK 2 system, were obtained from the postgraduate 

laboratory in the Department of Biology/College of Education for Pure 

Sciences/University of Kerbala. 

 

Preparation of the hybrid nano tetracycline (Tetracycline Nano 

hybrid): 

The hybrid antibiotic was prepared using the method of Kolekar et al, 

[8] as follows: 

Solution of cephalexin: 0.5 g of tetracycline was dissolved in 50% ethanol 

to create this solution, and once the dissolution process was finished, more 

ethanol was added to get the volume up to 50 ml. 

Solution of zinc oxide (ZnO): This solution was made by dissolving one 

gram of zinc oxide in fifty percent ethanol. Once the dissolution process 

was finished, ethanol was also used to modify the volume to fifty milliliters. 

Creating the hybrid nanocomposite using cephalexin and zinc oxide layers 

Gel Sol, an ion exchange technique: In accordance with the previously 

employed methods credited to Kolekar [8]. 

 

Nutrient agar preparation 

1. In an appropriately sized glass beaker with 1000 milliliters of 

deionized water (DDW), 28 grams of the medium powder are added 

in accordance with the manufacturer's instructions. 
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2. To fully dissolve the medium, the mixture is then brought to a boil. 

3. After that, the dissolved medium is autoclaved for 15 minutes at a 

pressure of 15 pounds (121 degrees Celsius) to sterilize it. 

4. The flask is taken out and allowed to cool to around 40 degrees when 

the sterilizing procedure is finished. 45°C. 

5. Next, in sterile circumstances, the sterile medium is transferred onto 

sterile Petri plates. 

6. The cast plates can be put in a low-temperature hot air oven once they 

have solidified. for a few minutes to remove any moisture present on 

the plates before use.  

 

Preparation of the required concentrations and Petri dishes 

1. We prepare 36 plates, 18 of which are for testing the hybrid nano 

tetracycline antibiotic, and 18 of which are for free tetracycline. 

2. Label each plate for the free antibiotic and the hybrid nano-antibiotic 

according to the following concentrations: (0, 62.5, 125, 250, 500, 

1000) µg/ml, with three replicates for each concentration. 

3. Make holes in the center of all Petri dishes using a cork borer with a 

diameter of 6 mm. 

4. We prepare 12 test tubes to prepare the required concentrations of the 

antibodies mentioned in point 2, including 6 for the free antibiotic and 

6 for the nano hybrid antibiotic, as shown in Table 1. 

 

Stock solution preparation: 

10 milligrams of each antibiotic were weighed separately and put 

in different test tubes to create the stock solutions for free tetracycline 
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and hybrid nano tetracycline. The stock solution, which will be utilized 

in the next procedures to generate the concentrations employed in this 

investigation, had a concentration of 1000 µg/ml after 10 ml of distilled 

water was added. 

 

Preparation of free and hybrid nano tetracycline concentrations: 

In accordance with the methodology, the concentrations utilized in 

this investigation for free tetracycline and tetracycline nano hybrid were 

made independently according to Table 1. 

 

Table 1: Preparation of antibiotic concentrates.  

No. of 

tube 

Distal Water (ϻl) Stock 

Solution (ϻl) 

Final Volume 

(ϻl) 

Final Concentration 

(µg/ml) 

1 1000 0 1000 0 

3 938.5 62.5 1000 62.5 

4 875 125 1000 125 

5 750 250 1000 250 

6 500 500 1000 500 

7 0 1000 1000 1000 

 

Characterization   of    the nanohybrid antibiotic: 

The nanohybrid antibiotic under study was characterized   by using 

several    methods including Fourier transform infrared spectroscopy 

(FT-IR); X-ray diffraction (XRD);)Atomic Force Microscope, AFM) 

and precise analysis of C, H and N elements. 

1. FT-IR: The infrared spectrum for each of nanohybrid tetracycline 

and tetracycline free as well as the Zinc oxide (ZnO) was assessed, 
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by making disk from the compound under study with potassium 

bromide (KBr) after grinded well, and measuring the infrared 

spectrum in a wave number range (500-4000) cm-1. 

2. X-ray: diffraction spectrum was used to characterize    the nanohybrid 

tetracycline.  XRD explains the difference in the thickness of the layer 

before and after the intercalation process for tetracycline antibiotic by 

using Brack's low (nλ = 2dSinθ). 

3. Atomic Force Microscope (AFM):   In order to measure the 

diameters, sizes and aggregation of the nanoparticles, the samples of 

the nanohybid tetracycline were characterized by AFM. 

4. Analysis of CHNS Elements: The proportions of C, H, N, and S in 

free and hybrid nanocapsule tetracycline were examined. 

5. Scanning Electron Microscope (SEM): The exterior surface of 

tetracycline nanoparticles and free ZnO layers are also examined 

using a Scanning Electron Microscope (SEM). 

 

Measuring the antibacterial efficacy of free and hybrid nano 

Tetracycline: 

The effectiveness of the free and hybrid nano tetracycline antibiotics 

was examined using the methodology outlined by El-Rabi [9], as explained 

below: 

 

Broth with nutrients: 

Following the manufacturer's recommendations, 13 grams of the 

medium were weighed, dissolved in one liter of distilled water, and 

sterilized for fifteen minutes to create the nutritional broth. The bacteria 
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were activated using this media. In the center of Muller Hinton Steel is 

Muller Hinton Agar. To produce this medium, 38 grams of the medium 

were weighed, dissolved in one liter of distilled water, and then sterilized 

for 15 minutes. The antibacterial activity of free and hybrid nano 

tetracycline against the Staphylococcus hominis and E. coli was examined 

using these medium.  

 

Bacterial activation: 

Staphylococcus hominis and E. coli were activated in nutrient broth 

for one hour before using it to pollinate agricultural crops 

 

Measuring antimicrobial efficacy: 

After activating the bacteria, three wells (5 mm in diameter) were 

made in each plate (Muller Hinton agar), and 80 microliters of antibiotic 

concentration were added to each well. Then, 50 microliters of the activated 

bacterial suspension were spread on each plate, and the plates were 

incubated at 37 degrees Celsius for one day. The diameter of the inhibition 

zone around the wells was then observed and measured using a ruler.  

 

Statistical analysis:  

The results were statistically analyzed using the t-test for comparing 

two means and the one-way ANOVA test at a significance level of 0.05, 

using the SPSS program, Version 22 [10]. 
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Results and Discussion 

Characterization of the hybrid nan antibiotic: 

FTIR infrared spectrum: The FT-IR spectrum of zinc oxide (ZnO) 

showed small peaks and non-characteristic peaks at 690.54, 868.00, 

1616.40, and 3419.90 cm-1, which are attributed to the vibration of the Zn-

O metal bond, as zinc oxide is an inorganic oxide, as shown in Figure 2 

[11]. 

 
Figure 2. Infrared spectrum (FTIR) for Zinc oxide (ZnO) 

 

The structure of free tetracycline can be confirmed from the FTIR 

spectrum in Figure 3 and as shown below: 

1. Peaks at 3363.97 and 3302.24 cm-1 corresponding to phenolic and 

alcoholic OH group in addition to NH2 group (hydrogen bending). 

2. A peak at 2987.84 cm-1 corresponding to CH- aliphatic of N< group. 
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3. A peak at 1674.27 corresponding to 2C=O (ketonic and amidic). 

4. Two peaks at 1616.40 and 1583.61 cm-1 corresponding to C=C 

bending. In addition to peaks in finger print region from 569.02 to 

1523.82 cm-1 [12]. 

 

 

 
Figure 3. Infrared spectrum (FTIR) for Tetracycline (TET) 

 

 

 

Infrared spectrum (FTIR) for nano Tetracycline (nano-TET). 

As shown in Figure 4 IR spectrum showed of nano-tetracycline-ZnO 

showed the following absorption peaks: 

1. a small peak at 3742.03 (NH2 complexed with ZnO) very broad peak 

at 3419.00 cm-1 (OH complexed with ZnO). 
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2. A small peak at 2926.11 cm-1 corresponding to –N<. 

3. Disappearance of both 2C=O peaks due to complexation with ZnO. 

> C = O ------- Zn  > C – Ö – Zn [13]. 

 

 
Figure 4. Infrared spectrum (FTIR) for nano Tetracycline (TET-ZnO) 

 

Characterization by using X-ray diffraction spectrum (XRD):  

     The XRD spectrum of zinc oxide (carrier) and the nanohybrid   

antibiotic (TET-ZnO) were studied to find the difference in the thickness 

of the ZnO layers before and after the intercalation of tetracycline between 

ZnO layers. Figure 5   illustrated XRD of ZnO while Figure 6 showed the 

XRD spectrum of TET-ZnO, results confirmed that tetracycline was 

intercalated between ZnO layers. 
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Figure 5: X-ray diffraction spectroscopy of ZnO. 

 

 

Figure 6: X-ray diffraction spectroscopy of nano hybrid tetracycline. 

Characterization by using Atomic Force Microscope (AFM):  

      AFM was used to study the outer surface of the nanohybrid tetracycline 

TET-ZnO. Figure 7 showed semispherical forms of TET-ZnO in the two 

dimensional image. Figure 7 showed a three dimensional image of the 

surface section of the nanohybrid antibiotic indicating the successful of 

preparation of nanohybrid antibiotic where the elevation of molecular 

assemblies of up to 194 nm. 
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Fig. 7: Two-dimensional and three-dimensional, image of the TET-ZnO 
 

Characterization by using Scanning Electronic Microscope (SEM):  

      The Figure 8 shows the scanning electron microscope image of the 

layers of zinc oxide, where it is noticed that the clear-cut hexagonal shapes 

in which the oxide leaves appear superimposed on top of each other in 

irregular shapes and sizes (Bashi et al; 2013) [14], and that these irregular 

shapes convert into different geometric shapes interspersed with spaces 

when the hybrid nanocomposite (TET-ZnO) is formed resulting from the 

direct interaction of the zinc oxide layers with the tetracycline antibiotic 

Figure 9, which indicates the success of the process of intercalation of the 

antibiotic into the zinc oxide layers, which is supported by the X-ray 

diffraction spectrum as It is shown in the Figure 6. 
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Fig 8: Scanning Electron Microscope (SEM) image of Zinc Oxide layers. 
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Fig 9: Scanning Electron Microscope (SEM) image of Zinc Oxide layers / with TET-ZnO. 
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Precise Analysis of Elements in the Nanohybrid Antibiotic 

       Elements chemical analysis showed that the percentages of carbon, 

hydrogen and nitrogen were 54.35, 5.26 and 5.49 % for TET-free, while 

they were 52.13, 3.57 and 17.52 % for TET-ZnO. These results indicate 

that the level of tetracycline loaded between the zinc oxide layers was 95.91 

% (Table 2 and 3). 

 

 

Table 2: The components of free Tetracycline 
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Table 3: The components of nano Tetracycline 

 

 

Antimicrobial Activity of Tetracycline 

The results of the statistical analysis in Table 4 showed that there are 

a high significant differences (P ≤ 0.01) in the diameters of inhibition zone 

of the free tetracycline against Staphylococcus hominis at all concentrations 

that used compared with the control. In addition, there are increasing in 

inhibition zone when the concentration was increased. The diameters of 

inhibition zone to Free-TET were (0.5, 2.5, 7.0, 8.0 and 10.5) mm of the 

following concentrations (62.5, 125, 250, 500 and 1000) µg/ml; 

respectively. 

When we used the Nano-TET there are a high significant differences 

(P ≤ 0.01) in the diameters of inhibition zone of the nano tetracycline 

against Staphylococcus hominis at all concentrations that used compared 

with the control. In addition, there are increasing in inhibition zone when 

the concentration was increased. The diameters of inhibition zone to Nano-

TET were (2.5, 5.5, 10.5, 14.0 and 17.5) mm of the following 

concentrations (62.5, 125, 250, 500 and 1000) µg/ml; respectively. 
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In other hand, when we compare between Free-TET and Nano-TET 

to each concentration, the results refer to significance differences (P ≤ 0.01) 

in all concentrations, separately. 

 

Table 4: The inhibitory efficacy of Tetracycline against Staphylococcus homonis 

Concentration 

(µg/ml) 

Diameter of inhibition zone (mm)  
P value 

Tetracycline (Free) Tetracycline (Nano) 

0 (Control) 0 ± 0.00 0 ± 0.00 1.000 

62.5 (µg/ml)  0.5 ± 0.07 2.5 ± 0.07  0.0001 * 

125 (µg /ml) 2.5 ± 0.121 5.5 ± 0.707 0.0019 * 

250 (µg /ml) 7.0 ± 0.07 10.5 ± 1.121 0.0057 * 

500 (µg /ml) 8.0 ± 0.07 14.0 ± 0.01 0.0001 * 

1000 (µg /ml) 10.5 ± 1.121 17.5 ± 0.07 0.0004 * 

P value 0.0000 * 0.0000 *  

LSD 1.815 2.916  

The numbers refer to mean ± Standard Deviation            * refers to high significance differences ( P ≤ 0.01  ) 

The results of the statistical analysis in Table 5 showed that there are 

a high significant differences (P ≤ 0.01) in the diameters of inhibition zone 

of the free tetracycline against E. coli at all concentrations that used 

compared with the control. In addition, there are increasing in inhibition 

zone when the concentration was increased. The diameters of inhibition 

zone to Free-TET were (0.5, 1.5, 5.5, 10.5 and 12.5) mm of the following 

concentrations (62.5, 125, 250, 500 and 1000) µg/ml; respectively. 

When we used the Nano-TET there are a high significant differences 

(P ≤ 0.01) in the diameters of inhibition zone of the nano tetracycline 

against E. coli at all concentrations that used compared with the control. In 

addition, there are increasing in inhibition zone when the concentration was 

increased. The diameters of inhibition zone to Nano-TET were (1.5, 3.5, 

9.5, 15.0 and 19.5) mm of the following concentrations (62.5, 125, 250, 

500 and 1000) µg/ml; respectively. 
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In other hand, when we compare between Free-TET and Nano-TET 

to each concentration, the results refer to significance differences (P ≤ 0.01) 

in all concentrations, separately. 

 

Table 5: The inhibitory efficacy of Tetracycline against E. coli 

Concentration 

(µg/ml) 

Diameter of inhibition zone (mm)  
P value 

Tetracycline (Free) Tetracycline (Nano) 

0 (Control) 0 ± 0.00 0 ± 0.00 1.000 

62.5 (µg/ml)  0.5 ± 0.02 1.5 ± 0.06  0.0001 * 

125 (µg /ml) 1.5 ± 0.42 3.5 ± 0.23 10.0019* 

250 (µg /ml) 5.5 ± 0.06 9.5 ± 0.97 0.0020* 

500 (µg /ml) 10.5 ± 0.08 15.0 ± 0.21 0.0001 * 

1000 (µg /ml) 12.5 ± 1.04 19.5 ± 0.89 0.0009 * 

P value 0.0000 * 0.0000 *  

LSD 3.571 1.804  

The numbers refer to mean ± Standard Deviation            * refers to high significance differences ( P ≤ 0.01  ) 

 

Through the results we can conclude that improvement of tetracycline 

effect by carry it with ZnO. The reason for the close difference between 

free-tetracycline and nano-tetracycline is that the loading rate of nano-

tetracycline is 95.91% compared to free-tetracycline 100%. 

Tetracycline is a broad-spectrum antibiotic that has been widely used 

to combat bacterial infections since its discovery in the 1940s. However, 

the emergence of bacterial resistance has significantly reduced its clinical 

efficacy [15]. Recent advancements in nanotechnology have introduced 

hybrid tetracycline nanoparticles designed to overcome resistance 

mechanisms and enhance antibacterial activity [16]. This discussion 

focuses on the antibacterial effectiveness of free tetracycline (TC) and 

nanohybrid tetracycline (Nano-TC) against Staphylococcus aureus and 

Escherichia coli, two clinically significant bacterial pathogens. 
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Tetracycline functions by inhibiting bacterial protein synthesis 

through its reversible binding to the 30S ribosomal subunit, thereby 

preventing the attachment of aminoacyl-tRNA to the ribosome [17]. This 

action results in the inhibition of bacterial growth, making tetracycline a 

bacteriostatic rather than a bactericidal agent. While it has been effective 

against both Gram-positive and Gram-negative bacteria, resistance 

mechanisms have increasingly limited its effectiveness [18]. 

The resistance of S. aureus and E. coli to tetracycline has been 

attributed to several mechanisms, including efflux pumps, ribosomal 

protection proteins, and enzymatic inactivation [19]. Efflux pumps, such as 

those encoded by the tet(A–E) genes, actively transport tetracycline out of 

the bacterial cell, reducing its intracellular concentration [20]. Ribosomal 

protection proteins, encoded by tet(M) and tet(O) genes, alter ribosomal 

conformation, preventing tetracycline binding [21]. Additionally, some 

bacteria produce enzymes that degrade tetracycline, further decreasing its 

efficacy [22]. 

Several studies have investigated the antibacterial effects of free 

tetracycline (TC) and nanohybrid tetracycline (Nano-TC) against S. aureus 

and E. coli. Free TC exhibits moderate inhibition against S. aureus and E. 

coli, with minimum inhibitory concentrations (MICs) typically ranging 

from 0.5 to 4 μg/mL for susceptible strains [23]. However, resistant strains 

often require significantly higher concentrations or show complete 

insensitivity to treatment [24]. 

Nanohybrid tetracycline (Nano-TC) has been developed to enhance 

drug delivery and combat bacterial resistance. Studies indicate that Nano-

TC demonstrates a significantly lower MIC compared to free TC due to 

improved cellular uptake and prolonged retention within bacterial cells 

[25]. This enhanced efficacy is primarily attributed to the nano-

formulation's ability to bypass efflux pumps and deliver the drug directly 

to intracellular targets [26]. 

In an experimental comparison, Nano-TC exhibited MIC values of 

0.25–1 μg/mL for S. aureus and 0.5–2 μg/mL for E. coli, whereas free TC 

required higher concentrations to achieve similar inhibitory effects [27]. 

Additionally, time-kill studies revealed that Nano-TC maintained bacterial 
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suppression for a longer duration compared to free TC, indicating a 

sustained antibacterial effect [28]. 

Several previous studies have demonstrated the superior efficacy of 

nanotechnology-based antibiotics. For instance, a study by Zhang et al. [29] 

reported that tetracycline-loaded silver nanoparticles exhibited an MIC 

reduction of up to 80% compared to free TC in resistant E. coli strains. 

Similarly, Singh et al. [30] found that Nano-TC formulations improved 

antibacterial effects against multidrug-resistant S. aureus isolates. These 

findings align with the current research, reinforcing the notion that 

nanotechnology-enhanced antibiotics are promising alternatives to 

traditional formulations. 

However, some studies have reported variable results based on the 

type of nanomaterial used. For example, while silver-tetracycline 

nanoparticles demonstrated potent antibacterial effects, polymeric 

tetracycline nanoparticles exhibited a slower but sustained release profile, 

leading to extended bacterial suppression rather than immediate inhibition 

[31]. The variations in results suggest that further optimization of 

nanohybrid formulations is necessary to maximize their clinical potential. 

 

 

Conclusion 

The findings discussed highlight the limitations of free tetracycline in 

treating bacterial infections due to the prevalence of resistance mechanisms 

in S. aureus and E. coli. Nanohybrid tetracycline formulations offer a 

promising approach to overcoming these limitations by enhancing drug 

delivery, and prolonging antibacterial effects. While preliminary research 

supports the efficacy of Nano-TC, further studies are required to evaluate 

its clinical applications, safety, and potential resistance development. The 

integration of nanotechnology into antibiotic therapy represents a crucial 

advancement in the fight against bacterial resistance and may pave the way 

for more effective treatment strategies. 
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