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Abstract 
In recent decades, the study of nanoparticles (NPs) has gained a great scientific interest, due to a wide range of potential applications,  
in different fields: electronic, optical and biomedical. Some of the most studied effects of NPs are antibacterial ones, because the large, 
sometimes unjustified and uncontrolled administration of antibiotics has led to the emergence of multidrug-resistant (MDR) bacterial strains. 
In our study, starting from silver nitrate (AgNO3), we made approximately 30 nm spherical AgNPs that were coated with a thin layer of ethylene 
glycol (EG) or EG and polyvinylpyrrolidone (PVP). The microbial culture study showed that AgNPs have antibacterial effects, depending on 
the dose of the NPs and the type of bacteria. 
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 Introduction 

Despite the fact that the emergence of antibiotic drugs 
has been a huge step forward for the medical world 
regarding the treatment of many infectious diseases, the 
resistance acquired by some pathogens to antibiotics 
represents a major public health concern for medical 
systems throughout the world [1–4]. 

Administration of broad-spectrum antibiotics or their 
use in different combinations resulted in the emergence 
of multidrug resistant (MDR) or pan-resistant bacterial 
strains. Thus, the increasing number of community or 
nosocomial infections due to MDR pathogens for which 
there is no effective antibiotic treatment is becoming an 
increasingly difficult obstacle to overcome [5–7]. 

To this date, an effective way to combat this pheno-
menon has not yet been discovered, apart from modifying 
the set of medicines administered or using stronger active 
substances to prevent the development of biofilms, the 
natural survival structures of bacteria. 

In recent years, several studies have been focusing 
their attention on the emerging nanotechnologies that use 
functionalized nanoparticles (NPs) as a viable alternative 
for antibiotic drugs [8–13]. Among the many types of 
NPs, a special interest was given to silver nanoparticles 

(AgNPs) [14–18]. AgNPs have increased interest in various 
medical applications, after it has been found that they 
have a high capacity to inhibit many types of pathogenic 
bacteria, have anti-inflammatory and even anti-tumor 
activity [19–26]. Research over the past 20 years has led 
to the hypothesis that AgNPs could be a new class of 
antibiotics that act against a large number of pathogens, 
including those that have developed antibiotic resistance 
[27, 28]. 

Aim 

The present study aims to evaluate the bactericidal/ 
bacteriostatic action of two types of AgNPs: ethylene 
glycol (EG) functionalized AgNPs (Ag/EG) and EG  
and polyvinylpyrrolidone (PVP) functionalized AgNPs 
(Ag/EG/PVP), on several pathogenic bacteria. 

 Materials and Methods 

Obtaining of AgNPs 

Materials 

All chemicals used in the experiments were of 
analytical reagent grade and were used without further 
purification. 
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Preparation of functionalized AgNPs 

Functionalized AgNPs (Ag/EG and Ag/EG/PVP) were 
prepared by a reduction reaction from silver nitrate 
(AgNO3), in alkaline solution, as follows: 0.1 g of AgNO3 
was dissolved in 100 mL of distilled water under stirring. 
The reducing solution was prepared by dissolving 1 mL 
of EG and 4 g of sodium hydroxide in 300 mL of distilled 
water. Subsequently, the first solution was slowly dropped 
over the second solution, at 70°C, under stirring conditions, 
resulting in a brown dispersion. In the end, AgNPs (Ag/EG) 
were washed several times by centrifugation and dried at 
room temperature. In the case of Ag/EG/PVP, preparation 
procedure was similar with Ag/EG, with some minor 
improvements: 1 g of PVP were added in the reducing 
solution. 

Characterization methods 

Transmission electron microscopy (TEM) 

TEM was done using a Tecnai™ G2 F30 S-TWIN 
high resolution (HR)-TEM (FEI Company, Hillsboro, OR, 
USA) equipment with selected area electron diffraction 
(SAED). The samples preparation steps consisted in 
dispersing the powders in ethanol, followed by sonication 
during 15 minutes and successive dilutions of the resulted 
suspensions, in order to result low concentrations suitable 
for the analysis. The following step consisted in placing 
the suspension onto a holey carbon–copper grid and drying. 
The equipment was set to transmission mode at 300 kV, 
with 2 Å point resolution and 1 Å line resolution. 

Differential thermal analysis–Thermogravimetry 
(DTA–TG) 

DTA–TG analysis was performed by DSC Jupiter, 
STA 449C (Netzsch, Germany) equipment. The samples 
(10 mg) were weighed directly in a standard alumina 
pan. An empty alumina pan was used as reference. The 
samples were heated from 25°C to 900°C, at a scanning 
rate of 10°C/min. 

Fourier-transform infrared (FTIR) spectroscopy 

IR analysis was performed on a Thermo Scientific 
Nicolet iS50 FTIR spectrometer (Thermo Fischer Scientific, 
Waltham, MA, USA). Thirty-two individual scans were 
recorded for each sample between 4000 and 400 cm−1 
wavenumbers, at 4 cm−1 resolution, co-added and converted 
to absorbance spectra by using the OMNIC™ software 
package. 

Microbiological testing 

Bacterial strains 

The bacterial strains tested were: 
[I] Reference strains [in conformity with the Clinical & 

Laboratory Standards Institute (CLSI)/European Committee 
on Antimicrobial Susceptibility Testing (EUCAST)] whose 
sensitivity was known (Figure 1): 

▪ Staphylococcus aureus American Type Culture 
Collection (ATCC) 25923 β-lactamase negative strain; 

▪ Escherichia coli ATCC 25922 β-lactamase negative 
strain; 

▪ Pseudomonas aeruginosa ATCC 27853 extended-
spectrum β-lactamases (ESBL) negative strain; 

▪ Candida albicans ATCC 10231 strain. 

 
Figure 1 – The four microbial reference strains. From 
left to right: E. coli ATCC 25922, S. aureus ATCC 
25923, P. aeruginosa ATCC 27853 and C. albicans 
ATCC 10231. 

[II] Antibiotic resistant (MDR) strains, represented by: 
▪ Multidrug-resistant S. aureus (MRSA) resistant to 

β-lactam antibiotics, isolated from a patient’s sputum; 
▪ E. coli resistant to β-lactam antibiotics, amino-

glycosides, fluoroquinolones, isolated from a tracheo-
bronchial secretion; 

▪ P. aeruginosa sensitive only to Colistin, isolated 
from the urine of a patient through uroculture; 

▪ C. albicans isolated from a patient’s pharyngeal 
exudate, resistant to Fluconazole, Voriconazole, Mico-
nazole, Caspofungin, Flucytosine and Amphotericin B. 

Diffusimetric method 

For the diffusimetric method, sterile microdisks (blanks) 
were used, which were then impregnated with the AgNPs 
functionalized with EG (Ag/EG) and with EG and PVP 
(Ag/EG/PVP). These had an initial concentration of  
1 mg/mL, at neutral pH, from which binary dilutions (1/1, 
1/2, 1/4, 1/8, 1/16, 1/32) were performed. The amount 
of AgNPs solution that impregnated each microdisk was 
35 μg. 

Each bacterial strain to be tested was resuspended  
in liquid broth medium and checked to 0.5 McFarland 
turbidimetric standard, which corresponds to a density of 
108 colony-forming units (CFU)/mL. The tested strains 
were then seeded on a Müller–Hinton solid-agar medium, 
poured into Petri dishes. After 20 minutes, during which 
the bacterial culture was impregnated in the solid culture 
medium, microdisks containing the two types of AgNPs 
(Ag/EG and Ag/EG/PVP) were applied on the surface 
of the Petri dishes, with a pin, under aseptic conditions, 
leaving a distance of 30 mm between them and 15 mm 
from the edge of the plate. For the S. aureus ATCC 25923 
β-lactamase negative strain, microdisks were impregnated 
with two types of AgNPs in 1/1, 1/2, 1/4, 1/8, 1/16 and 
1/32 dilutions. 

Petri dishes were then incubated at 37°C for 18–24 
hours. In the end, the diameter of the inhibition zones 
produced by each type of AgNPs that were impregnated 
on the sterile microdisks was measured for all of the 
tested microbial strains. Also, in the case of the S. aureus 
ATCC 25923 β-lactamase-negative strain, measurements 
were made for each dilution separately. 

Control of media and antibacterial substances was 
done using a microdisk that was not impregnated or was 
impregnated with saline (negative control), and with a 
microdisk impregnated with a chemotherapeutic agent 
with known concentration from the CLSI/EUCAST 
standard (positive control). 

The results were quantified and analyzed using the 
Microsoft Office 2010 Excel software package and the 
AnalysisPro (image analysis) software. 
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 Results 

Characterization of AgNPs by TEM 

Prepared samples, Ag/EG and Ag/EG/PVP NPs were 
characterized by TEM. The main results are plotted in 
Figure 2 (a–c) for Ag/EG NPs and in Figure 3 (a–c) for 
Ag/EG/PVP NPs. As it can be seen in Figures 2a and 3a, 
SAED pattern confirm that the unique crystalline phase 
presented in the samples is assigned to the AgNPs. In 
the Figure 2 (b and c) are presented TEM and HR-TEM 
images that highlight the crystalline shape of functionalized 
AgNPs. According to the TEM images, the dimension of 
Ag/EG NPs did not exceed 30 nm. Similarly, TEM images 
of Ag/EG/PVP NPs present the same characteristics. 

DTA–TG analysis 

Thermal analysis allowed the estimation of the amount 
of monomer (EG)/polymer (PVP) interacting with Ag NPs 
(Figure 4, a and b). 

In the case of Ag/EG, mass loss up to 215°C is 1.33%. 
The process is accompanied by an endothermic effect, 
at 194.9°C, caused by EG evaporation from the outer 
layers, which is not attached to the surface of the NPs 
[EG has a boiling point (b.p.) of 197.3°C]. 

Mass loss continues slowly to 340°C (-1.25%), with 
more strongly linked EG molecules. The main stage of 
sample decomposition is between 340–420°C, when a 
12.95% loss occurs, the process being accompanied by a 
sharp endothermic effect with a minimum of 385.2°C. 

Whether it is a decomposition of EG linked to AgNPs, 
or there breaks the EG–Ag bonds and EG is also completely 
volatilized. The residual mass is 84.28%. 

In case of Ag/EG/PVP sample, the thermal analysis 
in the first phase is similar. Mass loss up to 210°C is 
2.49%, with an endothermic effect at 193.5°C, probably 
due to the evaporation of a portion of EG. Then, there  
is a mass loss of 6.59% up to 290°C, accompanied by  
an endothermic effect with a minimum of 256.1°C. The 
two processes are superimposed and although we see 
them separately on the differential scanning calorimetry 
(DSC), the TG curve forms a single stage of mass loss. 
Between 290–420°C, the sample loses 6.14%, the process 
being also an endothermic one, the effect having a minimum 
of 393.8°C. The residual mass has 84.57%. 

FTIR spectroscopy 

The obtained samples were characterized by FTIR 
spectroscopy. The results obtained are shown in Figure 5. 
It can be seen the absorption bands characteristic of EG. 
PVP could not be identified in the FTIR recorded spectra 
because the amount of PVP that has interacted with AgNPs 
is below 3%, this amount of PVP being below of the limit 
detection of the equipment. Under these conditions, the 
absorption bands identified are: the absorption band  
at 1068 cm–1, characteristic of the C–O–H group; the 
absorption bands at 1324 cm–1 and 1399 cm–1, characteristic 
of the deformation C–H groups. Also, the absorption bands 
characteristic of the C–H stretching were identified at 
2853 cm–1 and 2922 cm–1. 

 

 
Figure 2 – SAED pattern (a) and TEM images (b and c) of AgNPs functionalized with EG (Ag/EG). SAED: Selected 
area electron diffraction; TEM: Transmission electron microscopy; AgNPs: Silver nanoparticles; EG: Ethylene glycol. 

 

 
Figure 3 – SAED pattern (a) and TEM images (b and c) of AgNPs functionalized with EG and PVP (Ag/EG/PVP). 
SAED: Selected area electron diffraction; TEM: Transmission electron microscopy; AgNPs: Silver nanoparticles; EG: 
Ethylene glycol; PVP: Polyvinylpyrrolidone. 
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Figure 4 – DTA–TG analyses for Ag/EG NPs (a) and Ag/EG/PVP NPs (b). DTA–TG: Differential thermal analysis–
Thermogravimetry; DSC: Differential scanning calorimetry; Ag: Silver; EG: Ethylene glycol; PVP: Polyvinylpyrrolidone; 
NPs: Nanoparticles. 

 
Figure 5 – FTIR spectra for Ag/EG NPs and Ag/EG/PVP NPs. FTIR: Fourier-transform infrared; Ag: Silver; EG: 
Ethylene glycol; PVP: Polyvinylpyrrolidone; NPs: Nanoparticles. 
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Results of the microbiological assay 

Following testing using the diffusimetric method 
and the evaluation of the inhibition zones (halos) that 
appeared around the microdisks impregnated with the two 
types of AgNPs, in an amount of 35 μg, the following 
evolutions could be observed: 

Ag/EG NPs formed the largest inhibition zone on the 
C. albicans ATCC 10231 strain, having a diameter of 

13.27 mm and an area of 138.2 mm2. This was followed 
by the S. aureus ATCC 25923 strain, where the inhibition 
zone had a diameter of 9.48 mm and an area of 70.55 mm2 
(Figure 6a), and by the P. aeruginosa ATCC 27853 strain, 
that had an inhibition zone with a diameter of 9.29 mm 
and an area of 67.75 mm2. For the E. coli ATCC 25922 
strain, the diameter of the inhibition zone was 8.17 mm, 
and its area measured approximately 52.4 mm2 (Table 1). 

 

Figure 6 – Bacteriostatic effect of Ag/EG 
NPs (a) and Ag/EG/PVP NPs (b) against 
S. aureus ATCC 25923 reference strain. 
Ag: Silver; EG: Ethylene glycol; PVP: 
Polyvinylpyrrolidone; NPs: Nanoparticles; 
ATCC: American Type Culture Collection. 

 

Table 1 – Diameter and area of the inhibition zone 
developed by Ag/EG NPs against the four microbial 
reference strains 

Reference strain 
Diameter of the 
inhibition zone 

[mm] 

Area of the 
inhibition zone 

[mm2] 
S. aureus ATCC 25923 9.48 70.55 

E. coli ATCC 25922 8.17 52.4 

P. aeruginosa ATCC 27853 9.29 67.75 

C. albicans ATCC 10231 13.27 138.2 

Ag: Silver; EG: Ethylene glycol; NPs: Nanoparticles; ATCC: American 
Type Culture Collection. 

In the case of resistant (MDR) microbial strains, these 
did not form an inhibition zone around the impregnated 
microdisks. 

When binary dilutions from these types of AgNPs were 
used on the S. aureus ATCC 25923 strain, 1/2 dilution 
formed an inhibition zone with a diameter of 8.88 mm 
and an area of 61.9 mm2, 1/4 dilution formed an inhibition 
zone with a diameter of 8.29 mm and an area of 53.95 mm2, 
1/8 dilution formed an inhibition zone with a diameter 
of 7.61 mm and an area of 45.46 mm2, while 1/16 dilution 
generated an inhibition zone with a diameter of 7.34 mm 
and an area of 42.29 mm2 (Table 2). 

The last dilution, 1/32, did not form an inhibition zone 
around the microdisks impregnated with these amounts 
of Ag/EG NPs. 

Table 2 – Diameter and area of the inhibition zone 
around each microdisk impregnated with 35 μg from 
each AgNPs (in decreasing dilutions). The analyzed 
strain was S. aureus ATCC 25923 

S. aureus ATCC 25923 

Dilution 1/1 1/2 1/4 1/8 1/16 1/32
Ag/EG  
NPs 

10.35 8.88 8.29 7.61 7.34 0 
Diameter 

of the 
inhibition 

zone  
[mm] 

Ag/EG/PVP 
NPs 

9.79 10.3 9.48 8.83 7.41 0 

Ag/EG  
NPs 

84.09 61.9 53.95 45.46 42.29 0 
Area  
of the 

inhibition 
zone  
[mm2] 

Ag/EG/PVP 
NPs 

75.23 83.28 70.55 61.2 43.1 0 

Ag: Silver; NPs: Nanoparticles; ATCC: American Type Culture Collection; 
EG: Ethylene glycol; PVP: Polyvinylpyrrolidone. 

Ag/EG/PVP NPs formed the largest inhibition zone on 
the C. albicans ATCC 10231 strain, with a diameter of 
13.08 mm and an area of 134.3 mm2. This was followed 
by the S. aureus ATCC 25923 strain, which formed an 
inhibition zone with a diameter of 10.26 mm and an area 
of 82.63 mm2 (Figure 6b), and the P. aeruginosa ATCC 
27853 strain, with an inhibition zone that had a diameter 
of 10.1 mm and an area of 80.07 mm2. In the case of 
E. coli ATCC 25922 strain, the diameter of the inhibition 
zone was 9.27 mm and its area was 67.45 mm2 (Table 3). 

Table 3 – Diameter and area of the inhibition zone 
developed by Ag/EG/PVP NPs against the four microbial 
reference strains 

Reference strain 
Diameter of the 
inhibition zone 

[mm] 

Area of the 
inhibition zone 

[mm2] 
S. aureus ATCC 25923 10.26 82.64 

E. coli ATCC 25922 9.27 67.45 

P. aeruginosa ATCC 27853 10.1 80.07 

C. albicans ATCC 10231 13.08 134.3 

Ag: Silver; EG: Ethylene glycol; PVP: Polyvinylpyrrolidone; NPs: Nano-
particles; ATCC: American Type Culture Collection. 

When these AgNPs were used against resistant (MDR) 
microbial strains, there was no inhibition zone around 
the microdisks. 

For testing binary dilutions of Ag/EG/PVP NPs on the 
S. aureus ATCC 25923 strain, 1/2 dilution formed an 
inhibition zone with a diameter of 10.3 mm and an area 
of 83.28 mm2, 1/4 dilution formed an inhibition zone 
with a diameter of 9.48 mm and an area of 70.55 mm2. 
The 1/8 dilution formed an inhibition zone with a diameter 
of 8.83 mm and an area of 61.2 mm2, while 1/16 dilution 
formed an inhibition zone with a diameter of 7.41 mm 
and an area of 43.1 mm2 (Table 2). 

Just as before, the 1/32 diluted NPs did not form an 
inhibition zone around the microdisks in which they were 
impregnated. 

Table 4 and Figure 7 highlight the comparative view 
of the area of the inhibition zone developed around each 
microdisk impregnated with 35 μg from each AgNPs 
and then placed into culture media containing the four 
microbial reference strains. 
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Figure 7 – Area of the inhibition zone developed around each microdisk impregnated with 35 μg from each AgNPs and 
then placed into culture media containing the four microbial reference strains. Ag: Silver; EG: Ethylene glycol; PVP: 
Polyvinylpyrrolidone; NPs: Nanoparticles; ATCC: American Type Culture Collection. 

Table 4 – Comparative view of the area of the inhibition 
zone developed around each microdisk impregnated 
with 35 μg from each AgNPs and then placed into 
culture media containing the four microbial reference 
strains 

Area of the inhibition zone [mm2]
Reference strain 

Ag/EG NPs Ag/EG/PVP NPs

S. aureus ATCC 25923 70.55 82.64 

P. aeruginosa ATCC 27853 67.75 80.07 

C. albicans ATCC 10231 138.2 134.3 

E. coli ATCC 25922 52.4 67.45 

Ag: Silver; NPs: Nanoparticles; EG: Ethylene glycol; PVP: Polyvinyl-
pyrrolidone; ATCC: American Type Culture Collection. 

 Discussions 

In recent decades, the study of NPs has gained a 
great scientific interest, due to a wide range of potential 
applications, in various fields: electronic, optical and 
biomedical [28–32]. Some of the most studied effects of 
NPs are antibacterial, as it was shown that many metal 
NPs have toxic effects on bacterial or viral strains. In 
addition, the frequent and sometimes incorrect use of 
antibiotics has created favorable conditions for the 
selection and development of antibiotic-resistant bacteria, 
so that today the prevalence of infections with MDR 
bacteria is growing alarmingly [33, 34]. 

For these reasons, since 2005, nanomaterials have 
been extensively studied for possible use in the medical 
and pharmaceutical fields [32, 35]. Of these, the most 
intensively investigated are AgNPs that appear to have 
the ability to inhibit numerous pathogenic bacteria, such 
as E. coli, P. aeruginosa, S. aureus, etc. [17, 19]; also, it 
seems that AgNPs have anti-inflammatory and anticancer 
effects [20, 36]. 

In our study, starting from AgNO3, we made spherical 
AgNPs, with a cca. 30 nm diameter, functionalized with 
EG and PVP. These NPs, at a concentration of 1 mg/mL, 
were tested in the Laboratory of Microbiology, to 
determine their antibacterial properties. To prevent 
agglutination and maintain a homogeneous dispersion in 
aqueous solution of AgNPs, they were coated with EG 
or with EG and PVP. It has been shown that the two 

substances act as stabilizing agents, but also as reducing 
agents of AgNPs [37–39]. 

Several studies have shown that the bactericidal activity 
of AgNPs depends on their size and shape [40–42]. It 
appears that the spherical AgNPs offer the largest contact 
surface with bacteria, having the highest bactericidal 
capacity [43]. Also, other studies have shown that smaller 
AgNPs exhibit higher bacterial toxicity [31, 44]. In our 
study, by obtaining cca. 30 nm spherical AgNPs, we believe 
that we have created optimal conditions for optimal testing 
of the antibacterial effects of AgNPs. 

In our study, we evaluated the antimicrobial effects 
of AgNPs on known microbial strains (reference strains) 
but also on antibiotic resistant strains, selected from the 
pathological products of patients admitted to the Emergency 
County Hospital, Craiova, Romania, during July–October 
2018. 

In the diffusimetric method, we used 35 μg of AgNPs 
for each antibiogram disk, and the dilutions started from 
1 mg/mL to 1/32 mg/mL. 

Our study confirms the data obtained by other 
researchers, demonstrating that the bactericidal action of 
AgNPs varies depending on the concentration of the 
NPs. Also, the bactericidal activity of AgNPs is variable 
from one pathogen to another. 

The mechanism of bactericidal actions of AgNPs is 
not well understood and demonstrated to this day. There 
are several hypotheses that attempt to explain the action 
of AgNPs. Thus, Sondi & Salopek-Sondi (2004), by 
electron microscopy studies, show that the bactericidal 
activity of AgNPs is due to the interaction between them 
and the constituent elements of the bacterial membrane, 
through which structural changes occur, and then the 
deterioration of bacterial membranes eventually leading 
to cell death [45]. Other studies have shown that the action 
of AgNPs on the microbial membrane would be due to 
the Ag+ ions that bind to the thiol (–SH) groups in  
the proteins and enzymes found on the surface of the 
microbial membrane, causing increased cell membrane 
permeability and altered cellular adenosine triphosphate 
(ATP) synthesis pathways. Also, AgNPs would cause direct 
cell membrane injury resulting in the penetration of Ag+ 
ions into the cell and their interaction with intracellular 
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proteins and enzymes containing –SH groups, and even 
with intracellular organelles (ribosomes), blocking their 
activity [46–48]. 

Other studies argue that AgNPs would induce the 
formation of reactive oxygen species (ROS) that affect 
metabolic processes and cell division and cause irreversible 
damage to microbial deoxyribonucleic acid (DNA) [49–51]. 

Other studies claim that Ag+ ions are strong nucleic 
acid binders and form different complexes with DNA or 
ribonucleic acid (RNA). They preferentially interact with 
the nitrogenous bases, in particular with guanine and 
adenine, causing the blocking of bacterial DNA replication 
[52, 53]. 

 Conclusions 

We succeeded in synthesizing and physically charac-
terizing AgNPs, with a diameter of ~30 nm, functionalized 
with EG and, respectively, with EG and PVP. Tested in 
microbial cultures, the two types of AgNPs have shown 
antibacterial effects, varying from one type of germ to 
another. The most sensitive to the action of the AgNPs 
was the strain of C. albicans, and the least sensitive was 
E. coli. The sensitivity of pathogenic germs was directly 
proportional to the concentration of AgNPs in the test 
solution. 
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