
Digest Journal of Nanomaterials and Biostructures                Vol. 17, No. 1, January - March 2022, p. 11 - 19 

 

 

Functionalization of surgical meshes with antibacterial hybrid Ag@crown 

nanoparticles 
 

U. A. Hasanova
a
, A. R. Aliyev

a,e,*
, I. R. Hasanova

a,e
, E. M. Gasimov

b
,  

S. F. Hajiyeva
a,e

, A. A. Israyilova
c,e,f

, Kh. G. Ganbarov 
d
, Z. O. Gakhramanova

e
,  

P. F. Huseynova
g
, N. R. Amrahov

c,e,f
 

a
Baku State University, Chemical Department, Z.Khalilov 23, AZ 1148 Baku, 

Azerbaijan 
b
Azerbaijan Medical University, Surgical Department Bakikhanov str. 23, AZ 

1022, Baku, Azerbaijan 
c
Department of Molecular biology and Biotechnology, Baku State University, 

Z.Khalilov 23, AZ 1148 Baku, Azerbaijan 
d
Laboratory of Microbiology and Virology, Baku State University, Z.Khalilov 23, 

AZ1148, Baku Azerbijan 
e
Azerbaijan State Oil and Industry University, Azadlıq Ave 16/21, AZ1010, Baku, 

Azerbaijan 
f
Azerbaijan Research Institute of Crop Husbandry, Ministry of Agriculture, 

Pirshagi settlement, AZ1098, Baku, Azerbaijan 
g
Ganja State University, Chemical Department, Shah Ismayil Khetayi Ave, Ganja, 

Azerbaijan 
 

We report here on functionalization of surgical meshes (PVDF) with novel hybrid 

material, consisting of Ag@crown nanoparticles, embedded on CaCO3/PEG nanosheets. 

Nanosheets of PEG 4000 with average thickness of 25 nm enclosing CaCO3 nanoparticles 

with average sizes of 150 nm were applied for sustained release of Ag@crown 

nanoparticles that in turn serve as antibacterial agent. The characterization of obtained 

hybrid nanostructures was carried out by microscopic and spectroscopic methods. 

Microbiological tests confirmed the effectiveness of hybrid material, consisting of 

Ag@crown nanoparticles, embedded in CaCO3/PEG nanostructure, as an antibacterial 

coating for surgical meshes. This coating was applied to insure antibacterial properties of 

meshes against microorganism colonization, in order to significantly improve their action 

in typical applications.  
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1. Introduction 
 

The functionalization of surgical meshes with various antibacterial agents can significantly 

improve their characteristics and minimize the number of postsurgical complications. There are 

numerous reports of immobilization of surface of the surgical meshes with antibiotics and 

antibiotics containing composites [1-3]. However, the functionalization of medical devices with 

antibiotics often does not satisfy the expectations of prolongated action, due to their fast removal 

in the biological liquids. At the same time, considering the growing antimicrobial resistance 

towards existing antibiotics, we propose the functionalizing of the surface of PVDF surgical 

meshes with new hybrid material, consisting of Ag@crown nanoparticles embedded in PEG 4000 

nanosheets incorporating CaCO3 nanoparticles. The applications of Ag ions and nanoparticles as a 

very effective antimicrobial agent, even against resistant strains of microorganisms, are proved by 
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numerous studies [4,5] and some of them are commercialized [6-9]. In our previous studies we 

reported of synthesis and antimicrobial activity of Ag@crown nanocomposite. In this study it has 

been found that chelating of Ag with diazacrown ether allows to reduce the MIC of silver 

nanoparticles hundreds of times that may lead to diminishing of their toxic and adverse effects 

[10]. 

It also should be noted that sustainable controlled release of Ag nanoparticles is necessary, 

in order to avoid the cumulation of high concentration of silver nanoparticles in the organism and, 

as consequence, the possible occurrence of toxicity [11]. For this purpose different methods for 

controlled release of Ag nanoparticles were developed, among them immobilization of  Ag 

nanoparticles in the polymer matrix [12], glass [13], silica [14], natural fibers[15,16], 

hydroxyapatite [17], on the metal surface [18] and application of calcium carbonate nanoparticles 

[19].The stability, slow biodegradability and non-toxicity make CaCO3 nanoparticles promising 

candidate for sustained-release of drugs [20]. Beside this, at the present time there is no data of the 

application of hybrid material representing PEG 4000 nanosheets enclosing calcium carbonate 

nanoparticles as sustained release drug carrier.   

Thus, the purpose of given study was to functionalize surgical meshes with antimicrobial 

coating, based on nanocomposite of silver nanoparticles, chelated by diazacrown-ether and 

immobilized on the surface of CaCO3/PEG nanomaterial. 

 

 

2. Materials and methods  
 

Silver nitrate, calcium chloride (CaCl2), ammonium hydroxide (NH4OH), hydrochloriс 

acid (98%), nitric acid (65%), polyethylene glycol 4000 (PEG 4000), starch, sodium chloride 

(NaCl), ethanol were purchased from Sigma-Aldrich (Darmstadt, Germany), Muller Hinton broth 

was purchased from Biolife (Milan, Italy) and were used without purification. Deionized water 

was used in all experiments. Buffers were prepared by mixing appropriate amounts of 0.1M citric 

acid and 0.2 Na2HPO4. Sterile PVDF meshes were obtained from Lintex LLC (Russia) and were 

made correspondingly from polypropylene and polyvinylidene fluoride monofilaments with a 

diameter of 0.12 mm and a pore sizes 1 mm. 

Synthesis of Ag@crown. Synthesis of Ag nanoparticles was carried out by “green” 

synthesis method, using starch [21]. In the first step 25 mg of starch, dissolved in 50 ml of 

deionized water was mixed with 30 mg of AgNO3 dissolved in 50 ml of deionized water. After 

that, the 25% ammonia was added until pH11. The received solution was agitated in an ultrasonic 

bath during one hour with cooling. Further, obtained brown colloid was centrifuged at 4,000 rpm 

for 5 min and precipitated Ag nanoparticles were repeatedly washed with deionized water to 

remove the water-soluble ammonium nitrate. The washing process was repeated three times and 

the product was dried under a stream of nitrogen at ambient. In the second step, synthesis of 

Ag@crown nanoparticles was performed by dispersion of Ag nanoparticles powder dispersed in 

ethanol and mixing it with the ethanol solution of diazacrown ether. The obtained mixture was 

agitated in an ultrasonic bath for 15 minutes. Then obtained Ag@crown nanoparticles were dried 

under a stream of nitrogen at ambient.  

The morphology analysis was carried out by employing transmission electron microscopy 

(TEM) JEM-1400 (Japan) at 80-120 kV. For this, small amount of Ag@crown powder was taken 

to prepare ethanol dispersion. The drop of this dispersion was placed on carbon coated copper grid 

for TEM studies.  

 

2.1. Synthesis of graphene-like CaCO3 nanolayers 

0.6 g of calcium chloride and 0.015 g of PEG 4000 were dissolved in 50 ml of deionised 

water, and the solution was heated to 60°C. Afterwards, while keeping the temperature of 60° C, 

the stoichiometric quantity of NH4OH aqueous solution was added dropwise, whilst gaseous 

carbon dioxide was bubbled through the solution in flask under intense stirring. Since addition of 

base was carried out for 2 hours, refluxing was used for this system throughout synthesis. After 

addition of base, white precipitate was obtained, and the obtained mixture was kept under the same 

conditions of intense stirring and temperature of 60° C for the next 1.5 hours. Subsequently, the 
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mixture was left cooling to room temperature, followed by several repeated vacuum filtrations of 

the mixture. The precipitate, accumulated on glass filter, was washed with deionized water and 

ethanol. The small amount of obtained powder was taken to prepare ethanol dispersion. The drop 

of this dispersion was placed on carbon coated copper grid for TEM studies by employing 

transmission electron microscope (TEM) JEM-1400 (Japan) at 80-120 kV. 

 

2.2. Preparation of Ag@crown/CaCO3nanostructures and mesh surface modification  

       with obtained hybrid nanostructures.  

1.2 mg of Ag@crown was dispersed in 50 ml of deionised water and agitated in an 

ultrasonic bath for 15 minutes. Then, aqueous solution of CaCO3/PEG nanosheets was poured into 

the solution of Ag@crown. The solution was stirred for 12 h at room temperature using a magnetic 

stirrer at 150 rpm. The overall concentrations of Ag and diazacrown ether in the prepared solution 

of Ag@crown/CaCO3/PEG nanosheets were 0.25 µg/mL and 0.125 µg/mL correspondingly.  

For mesh surface modification the PVDF samples of meshes with 1x1 cm size were 

immersed in the prepared solution of Ag@crown/CaCO3/PEG hybrid nanostructures. Further, the 

meshes were dried under a stream of nitrogen.  

 

2.3. Characterization of hybrid nanostructures and surface modified meshes 

The morphology analysis was carried out by transmission electron microscopy (TEM) on 

JEM-1400 (Japan) at 80-120 kV. The morphology analysis of the mesh coated with 

Ag@crown/CaCO3/PEG nanostructures was carried out by employing Field Emission Scanning 

Electron Microscope JEOL JSM-7600F at an accelerating voltage of 15.0 kV, SEI regime.  

 

2.4. Accelerated release of Ag nanoparticles from surface modified meshes 

The samples of surface modified meshes were immersed in 8 ml of the appropriate buffer 

solutions with pH values equal to 6.5-6.8. The pH values were chosen, according to the fact that 

infected peritoneal fluid has pH < 7.1 [22]. They were vigorously stirred for a given period of time 

and then centrifuged. Supernatants were collected for ICP analyses and the next portions of fresh 

buffer solutions were added each time. The procedure was continued for 14 days. 

 

 

3. Antibacterial test 
 

The antibacterial activity of meshes, containing Ag@crown, Ag@crown/CaCO3/PEG and 

CaCO3/PEG, against S.aureus BDU23 and P.aeruginosa BDU49 was studied by measuring zone 

of inhibition [23]. Bacterial strains were taken from culture collections of the Department of 

Microbiology of Baku State University (Azerbaijan). The optical density of the overnight bacterial 

cultures in Muller Hinton broth (MHB) was adjusted to 0.5 McFarland (1.5 x 10
8
 cfu/mL) by 

diluting in saline solution (0.8% NaCl). Then 100 µl of bacterial culture suspension was spread on 

sterile Muller Hinton Agar (MHA) plates, and the plates were kept about 10 min. The meshes, 

modified with Ag@crown, Ag@crown/CaCO3/PEG and CaCO3/PEG, were gently placed at the 

centre of the MHA in different Petri dishes. Plates were incubated at 37
0
C for 24 h. After 

incubation the antibacterial properties of functionalized meshes were evaluated, according to the 

diameter of the inhibition zone (mm).  

 

 

4. Results and discussions 
 

Modern hernia repair techniques (hernioplasty), using synthetic polymer (polyvinylidene 

fluoride PVDF) endoprostheses, can significantly improve the results of surgical treatment of 

abdominal wall hernias [24]. As with all surgical procedures, surgical wounds that require the use 

of synthetic non-absorbable implants, such as surgical meshes, may be susceptible to infection 

[25,26]. Moreover, even if meshes are provided for use in a sterile state, they can nevertheless 

serve as a basis for the infection occurrence by providing a substrate for attachment of bacteria and 

formation of a biofilm [27]. Such biofilms can be extremely resistant to the treatment with 
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conventional and affordable antibiotics, and also can be life-threatening. Thus, for non-absorbable 

surgical implants, such as surgical meshes for treating a hernia, a long-term or even permanent 

antimicrobial surface is desirable. We modify the meshes surface by immersing of the samples of 

PVDF meshes in the colloid solution of prepared hybrid Ag@crown/CaCO3/PEG nanostructures. 

A significant feature for modifying a meshes with antimicrobial properties is the treatment of 

PVDF meshes with colloid solutions, containing supramolecular complexes of ultra-disperse silver 

nanoparticles with diazacrown ethers, embedded into CaCO3/PEG nanosheets, which may provide 

a prolonged antimicrobial effect.  

Considering the growth of microbial resistance towards antibiotics, we used the 

Ag@crown nanostructures as the main component of antibacterial coating for PVDF surgical 

meshes for hernia repair. For this purpose, we carried out the chelation of silver nanoparticles with 

diazacrown ethers by means of noncovalent interactions. Ag@crown nanoparticles were prepared 

by reduction of silver nitrate with applying the ultrasound waves and following chelating of 

obtained Ag nanoparticles with diazacrown ethers. Previously it has been shown that chelation of 

Ag nanoparticles with diazacrown ethers significantly diminished minimal inhibitory 

concentrations of silver nanoparticles [28]. The obtained samples of Ag@crown were examined 

by TEM analysis (Fig.1) 

 

 
 

Fig. 1. TEM image of Ag@crown nanoparticles. 

 

 

As it seen from the Figure 1(a) the Ag@crown nanoparticles have uniformed spherical 

shape and their sizes differ in the range 5-12 nm. Such narrow size distribution can be due to the 

coating of the surface of formed silver nanoparticles with starch molecules. The starch that have 

been used as reducer, in this case, also serve as stabilizer to prevent the growth of sizes of formed 

nanoparticles. The coupling of Ag nanoparticles with diazacrown ether is reasonable, since crown 

ethers behave like ionophores that can integrate into the membrane of a bacterial cell, violating its 

membrane potential. At the same time crown ether molecules, adsorbed on the surface of Ag 

nanoparticles, also prevent agglomeration process. 

Calcium carbonate in its micro and nano sizes modified with PEG has been shown to be 

efficient drug delivery agent (37,40,53), however, there is no information of application of 

CaCO3/PEG nanosheets hybrid structure as carrier. It can be assumed that due to high surface area 

of calcium carbonate nanoparticles dispersed within PEG nanosheets and partially covered by 

them, this nanostructure possesses high activity, which leads to better adsorption of Ag@crown 

nanoparticles. For this reason, we suggested to use this nanomaterial for sustained release drug 

system. In present study we consider following possible mechanism for the formation of 

CaCO3/PEG hybrid structure under reported conditions. At the first stage, Ca
2+

 binds to PEG to 

form alkoxide. Afterwards, when CO2 is dissolved in water by its slow bubbling through 

abovementioned solution, carbonate anions form and bind to Ca
2+

 to completely replace PEG. 

However, PEG being in coordination sphere of Ca
2+ 

coordinates to the cations with O atoms. Upon 

cooling, filtration and drying PEG molecules recrystallise to form nanosheets while keeping strong 

affinity with CaCO3 nanoparticles. The TEM images of obtained hybrid structure is shown on 

Figure 2. 
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Fig. 2. TEM images of CaCO3/PEG nanosheets hybrid nanomaterial. 

 

 

Figure 2 reveals PEG 4000 nanosheets with high surface area containing CaCO3 

nanoparticles. Basing on measurements form TEM images the average sizes of CaCO3 

nanoparticles were calculated to be 150 nm while average thickness of PEG 4000 nanosheets was 

calculated to be 25 nm. It should be noted that basing on measurement of mass of product we can 

state that portion of PEG in CaCO3/PEG hybrid was less than 1.1 % from the whole mass of 

hybrid nanostructure. 

In order to prepare the hybrid Ag@crown/CaCO3/PEG nanostructures, the obtained 

Ag@crown nanoparticles were embedded to CaCO3/PEG nanostrucutre. The resulting colloidal 

solution of prepared hybrid Ag@crown/CaCO3/PEG nanostructures then was analysed by TEM.  

 

 

 
 

Fig. 3. TEM image of Ag@crown/CaCO3/PEG nanoparticles. 

 

 

As it can be seen from the Figure 3 the hybrid Ag@crown/CaCO3/PEG nanostructures 

represent Ag@crown distributed in PEG 4000 nanosheets with incorporated CaCO3 nanoparticles  
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(a)                                               (b) 

 
(c) 

 

Fig. 4. a) Optical microscopy of PVDF meshes modified with hybridAg@crown/CaCO3/PEG 

nanostructures; b, c) SEM images of PVDF meshes modified with hybridAg@crown/CaCO3/PEG 

nanostructures 

 

 

Ag@crown/CaCO3/PEG were adsorbed to PVDF meshes successfully (Figure 4). The 2D 

structure of PEG provides the strong adhesion, lowering penetration of antimicrobial agent into the 

structure of mesh monofilaments, and prepares their surface for the subsequent formation of a 

silver nanostructured coating with a particle size of 10 to 20 nm. Also, in favor of the firm 

attachment of hybrid nanostructure to the surface of mesh speaks that high vacuum condition, 

applied during SEM analyses, did not affect them and we could clearly observe their presence and 

structure. In Figure 4 are given images modified with hybrid Ag@crown/CaCO3/PEG 

nanostructures PVDF meshes, made by optical and scanning electron microscopy techniques. 
 

Table 1. The antibacterial test results against S. aureus and P. aeruginosa. 

 

 

Bacterial strains 

Zone of inhibition of tested compounds 

Mesh with 

Ag@crown 

Mesh with 

Ag@crown/CaCO3/PEG 

nanosheets 

Mesh with 

CaCO3/PEG 

nanosheets  

PVDF meshes 

Staphylococcus 

aureus BDU23 

29 ± 0.57 20 ± 0.48 - - 

Pseudomonas 

aeruginosa BDU49 

28 ± 2.33 18 ± 0.48 - - 
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Fig. 5. Photographs of antibacterial test: a) Mesh with Ag@Crown on S. aureus BDU23; b) Mesh 

with Ag@crown on P. aeruginosa BDU49; c) Mesh with CaCO3/PEG nanosheets on S. aureus 

BDU23; d) PVDF mesh on S. aureus BDU23; e) Mesh with CaCO3/PEG nanosheets on P.aeruginosa 

BDU49; f) PVDF mesh on P. aeruginosa BDU49; g) Mesh with Ag@crown/CaCO3/PEG on P. 

aeruginosa BDU49; h) Mesh with Ag@crown/CaCO3/PEG on S. aureus BDU23 

 

 

As it can be seen from the Table 1 the surgical mesh, functionalized with Ag@crown 

demonstrated the highest antibacterial activity against selected bacterial strains. The diameter of 

inhibition zone on S. aureus BDU23 was equal to 29 ± 0.57 mm, on P. aeruginosa BDU49 - 28 ± 

2.33 mm. There was no significant difference between Gram-positive and Gram-negative bacteria. 

Functionalization of mesh with Ag@crown/CaCO3/PEG hybrid nanostructure leads to the 

reduction of the inhibition zone both on P. aeruginosa BDU49 and S. aureus BDU23 

approximately by 10 mm (20 ± 0.48 mm on S. aureus BDU23; 18 ± 0.48 mm on P. aeruginosa 

BDU49). Any antibacterial effect was not detected against S. aureus BDU23 and P. aeruginosa 

BDU49 when tested with the non-functionalized mesh and mesh with the CaCO3/PEG 

nanostructure. (Figure 5). From the results of antibacterial test, it can be inferred that that 

Ag@crown nanoparticles retain their antimicrobial activity in the composition of 

Ag@crown/CaCO3 hybrid nanostructure. The reduction in value of inhibition zone can be 

connected with sustained release of Ag@crown, provided by the effect of CaCO3/PEG carrier. 

Application of Ag@crown in a form of Ag@crown/CaCO3/PEG hybrid nanostructure may limit 

the toxicity of silver nanoparticles to human cells and make possible their long-term influence.  

 

 
 

Fig. 6. Sustained release of Ag@crown nanoparticles into buffer solution. 

 

 

Sustained release of silver nanoparticles from the meshes’ surface into the buffer solutions 

was studied by ICP-OES and AAS. The results of both methods show good correlation with each 

other. As it can be inferred from the Figure 6 Ag@crown nanoparticles can be slowly released 

over long period of time from the surface of PVDF meshes. Rapid release of Ag@crown 

nanoparticles in first 72 hours in the buffer solutions and equal to ca. 42% can be attributed to the 

presence of the most loosely attached fraction of nanoparticles. The efficient burst release of 

antimicrobial agent is valuable, because it will prevent the attachment of bacteria and biofilm 

formation on the surface of implanted meshes [29]. Further release of Ag@crown nanoparticles is 

mailto:Ag@crown/CaCO3%20on%20P.%20aeruginosa%20BDU49
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much slower, reaching sustained release on the seventh day of the experiment, and that can be 

explained by deeper embedment and more firmly attachment of nanoparticles to the matrix. Also, 

slow disintegration and dissolution of CaCO3 nanoparticles can take place. 

 

 

5. Conclusion 
 

The functionalization of and PVDF surgical meshes with hybrid Ag@crown/CaCO3/PEG 

nanostructures gave them antibacterial property against Pseudomonas aeruginosa BDU49 and 

Staphylococcus aureus BDU23 that can last over 14 days, due to sustained release of an active 

compound. The efficiency of CaCO3/PEG nanostructures as a sustained drug release agent has 

been tested, and it was revealed that they are a good candidate for the creation of an antimicrobial 

drug sustained release system with the application as a coating for surgical meshes. Sustained 

release of Ag@crown nanoparticles from Ag@crown/CaCO3/PEG hybrid nanostructure was 

reached on seventh day of the sustained release test. Considering that surgical meshes have to be 

able to prevent the occurrence of infection at the site of implantation, their functionalization with 

Ag@crown/CaCO3/PEG nanostructure is an efficient approach for giving them desirable 

properties. 
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