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Abstract. Relevance. Although the primary purpose of using antibiotics is to treat infectious diseases, their misuse gradually 
leads to loss of their effectiveness. The aim of the current investigation was to explore the changes that occur in uropathogenic 
bacteria after long exposure to antimicrobials. Materials and Methods. We compared the effects of long-term exposure to 
ampicillin, cefazoline, kanamycin and silver nanoparticles (AgNPs) on susceptibility, biofilm formation and planktonic bacteria 
in 4 clinical uropathogenic strains namely Escherichia coli (UPEC), Staphylococcus aureus (S. aureus), Enterococcus faecalis 
(E. faecalis) and Streptococcus agalactiae (St. agalactiae). The minimum inhibitory concentrations (MIC) were determined using 
the microplate mircodilution method and bacteria were exposed to increasing concentrations of each antimicrobial (from MIC/2 
to MIC) prepared in the brain heart infusion broth for 8 days. The susceptibility of bacteria to antibiotics was assessed using 
the Kirby Bauer disc diffusion method and the biofilm formation was assessed using crystal violet bacterial attachment assay. 
Results and Discussion. The data in this investigation highlight that long-term exposure to antimicrobials may induce changes 
in susceptibility to other antibiotics and biofilm formation in Uropathogenic strains. Indeed, exposure to ampicillin made E. 
faecalis resistant to ceftazidime and St agalactiae resistant to tetracycline, ceftazidime/clavulanate and ceftazidime. Following 
exposure to cefazolin, a significant decrease in susceptibility was observed in E. coli to ceftazidime/clavulanate and ceftazidime 
while S. aureus became resistant to ceftazidime/clavulanate, ceftazidime and to ceftriaxone. Similar variations were observed 
on St agalactiae and E. faecalis, which in addition to the 3 antibiotics above- mentioned, have become resistant to tetracycline. 
The most significant variations in susceptibility to antibiotics were observed following exposure to kanamycin: E. coli developed 
resistance to ceftazidime and a decrease in sensitivity was noted on ceftazidime/clavulanate while S. aureus, E. faecalis and 
St. agalactiae all 3 became resistant to ceftazidime/clavulanate and ceftazidime. In addition, except for E. coli all the bacteria 
in this investigation which had undergone successive passages in AgNPs developed resistance to ceftazidime/ clavulanate and 
ceftazidime. Bacteria exposed to ampicillin and cefazolin produced more biofilms than their respective controls. Conclusion. 
Long term exposure of uropathogens to antibiotics and AgNPs induces significant changes in susceptibility to other antibiotics 
and biofilm formation and antibiotics should therefore only be used when necessary.
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Introduction
The use of antibiotics is essential in the treatment 

of infectious diseases of bacterial origin [1,2] including 
urinary tract infections (UTIs). UTIs are caused by 
so-called uropathogenic microorganisms, most often 
commensal bacteria or fungi, which under certain con-
ditions can become pathogenic [3]. 80 to 90 % of UTIs 
are caused by so-called Uropathogenic Escherichia coli 
(UPEC) while other species such as Staphylococcus 
saprophyticus, Pseudomonas aeruginosa, Staphylococ-
cus aureus, Klebsiella pneumoniae, Proteus mirabilis, 
Acinetobacter baumannii, Streptococcus and Entero-
coccusus are less rarely involved [3, 4].

UTIs are usually treated by antibiotics such as 
trimethoprim- sulfamethoxazole (TMP-SMX), nitrofurantoin 
or Fosfomycin for acute uncomplicated urinary tract infec-
tions [5]. Since resistance to TMP-SMX and ciprofloxacin 
preclude their use as empiric treatment for UTIs in patients 
who were previously exposed to them or who are at risk 
to be infected with extended- spectrum β-lactamases (ES-
BLs)-producing bacteria [6], other antibiotics are sometimes 
used in second line and generally include oral cephalosporins 
(fluoroquinolones, cefixime) and β-lactams (amoxicillin- 
clavulanate) [6]. Notwithstanding this multitude of choices 
in terms of antibiotics, due to attitudes of self-medication, 

taking antibiotics without prior antibiogram and all negligent 
behavior related to the misuse of antibiotics, the resistance of 
bacteria to antibiotics has grown meteorically worldwide [7, 
8]. Although this problem is progressively leading to the 
general mobilization for the research of new antimicrobial 
compounds and alternative ways of fighting bacterial infec-
tions, the mechanisms of this resistance are better and better 
elucidated but the direct implication of the consumption of 
antibiotic has not yet been totally established.

While previous investigations have focused on 
the consequences of long-term exposure to commonly 
used biocides such as polyhexamethylene biguanide 
(PHMB), triclosan, benzalkonium chloride (BAC) on 
the antimicrobial susceptibility of many clinical isolates 
including uropathogens [9–11], there are currently not 
enough investigations into the multiple phenotypic 
consequences that can occur due to long-term exposure 
to antibiotics and silver nanoparticles. Therefore, the 
present study aimed to assess the effects of long-term 
exposure to ampicillin, kanamycin, cefazoline and 
AgNPs in four Uropathogenic clinical isolates namely 
E. coli (UPEC), S. aureus, E faecalis and St. agalac-
tiae. The variations induced on the susceptibility to 
other antibiotics was evaluated as well as the biofilm 
formation and planktonic bacteria.
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Materials and methods
Bacterial strains and culture conditions

This investigation included 4 previously isolated 
Uropathogenic strains namely E. coli, S. aureus, E. fae-
calis and St. agalactiae, all provided by the laboratory 
of microbiology and virology of the RUDN University. 
Bacteria were cultured on BHIB (Brain Heart Infusion 
Broth) (HIMEDIA®, Ref 173–500G) and Muller Hin-
ton Agar (MHA) (HIMEDIA®, Ref 173–500G) and 
incubated aerobically at 37 °C for 18–24h.

Stocks solution of antibiotics and AgNPs
Stock solutions of each antimicrobial were prepared 

at a concentration of 1024 µg/ml and dilutions were 
made as needed. Ampicillin, cefazolin, and kanamycin 
were prepared in physiological water (NaCl 0,9 %) 
and 2 nm silver nanoparticles (Nanoserebro Argitos, 
OOO NPP Sintek Nano, Russia) were prepared in 
distilled water. All the solutions were sterilized by 
microfiltration (0.45 μm) prior to use.

Susceptibility of bacteria to antibiotics
The modified Kirby- Bauer’s disc method described 

in our previous study [12] was used to assess the sus-
ceptibility to antibiotics of uropathogenic strains used. 
Briefly, after bringing the bacteria to room temperature, 
they were cultured at 37 °C for 24 hours in sterile BHIB. 
1.5 ml of each overnight culture was centrifuged (Ep-
pendorf Centrifuge 5415 R) for 10 minutes at 3000 RCF 
and the centrifugate was collected, washed 3 times 
with Phosphate buffer saline (PBS) and resuspended 
in 5ml of physiological water to obtain a concentration 
equivalent to 0.5 McFarland. 100µL of the culture was 
plated on Muller Hinton Agar (MHA) (HIMEDIA®, 
Ref 173–500G) and the antibiotic discs were placed 
aseptically using a dispenser. After 18–24 hours of 
incubation, the inhibition diameters were measured 
and interpreted referred to the Clinical & Laboratory 
Standards Institute [13]. The petri dishes were again 
incubated for 48 hours at 37 °C and the bacteria of the 
second growth in the inhibition zones were isolated and 
subjected to a second antibiogram as described above. 
The 8 antibiotics used were: tetracyclin (TE), 30 μg/disc, 
cefazolin/ clavulanic acid (CAC), 30/10 per disc; 

ceftazidime (CAZ), 30 µg/disc; ceftriaxone (CTR), 
30 μg/disc; ciprofloxacin (CIP), 30 μg/disc; imipen-
em (IMP), 10 μg/disc; nitrofurantoin (NIT), 200 μg/disc 
and trimethoprim (TR), 30 μg/disc.

Determination of minimal inhibitory 
concentration (MIC) and minimal bactericidal 

concentration (MBC)
MICs of antibiotics and AgNPs on the 4 bacte-

ria tested were determined by microbroth dilution 
method as previously described [14]. Briefly, all the 
stock solutions above- mentioned were submitted to 
serial twofold dilutions in BHI broth sterile U-bottom 
96-well microplates. 100 μL of broth were added in all 
the wells of the plates and 100µL silver nanoparticles 
or antibiotics (1024mg/mL) were added in the first line. 
100 µL of sterile distilled water was added in column 
11 and 12. Then serial dilutions were performed by 
passing 100 μL of wells of the line A to the wells 
of line B and so forth. In each test hole 10 μL of 
the respective inoculum was added (with turbidity 
equivalent to a 0.5 McFarland scale). In the column 11, 
10 μL of saline solution was added (0.9 %) and served 
as positive control while column 12, where 10µL of 
inoculum was added served as the negative control. 
Finally, plates were covered and incubated at 37 °C 
for 24 h. After incubation, MIC was considered as 
the lowest concentration that inhibited the visible 
growth of bacteria. Further, MBCs were determined 
by subculturing the wells without visible growth (with 
concentrations ≥ MIC) on MHA plates. Inoculated 
agar plates were incubated at 37 °C for 24 h. MBC 
was considered as the lowest concentration that did 
not give any bacterial growth on agar.

Long-term exposure of bacteria to antibiotics  
and silver nanoparticles

Bacteria were exposed to increasing concentrations of 
ampicillin, cefazolin, kanamycin and AgNPs using U-bottom 
96-well microplates. 8 concentrations of each antimicrobial 
were prepared in sterile BHIB then the mixture was sterilized 
by microfiltration prior to use. The concentrations varied 
from MIC/2 to MIC with an increment of MIC/16. For 
each antimicrobial, 200 µL of the preparation of MIC/2 
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concentration was introduced into line 1 of the microplate, 
then MIC/2 + 2MIC/16 in line 2, MIC/2 + 3MIC/16 in 
line 3 … and MIC in line 8. 15 µL of overnight culture 
of each bacterium prepared at a concentration equivalent 
to 0.5 of McFarland was inoculated in the first line and 
after 24H of incubation at 37 °C, the wells of line 1 were 
homogenized and 15 µL was transferred to line 2 of the 
corresponding columns and the same operation was repeated 
for the following lines until the 8th day. Bacteria passaged 
8 times on antimicrobial-free medium were also included 
and were considered as the controls. During incubation, the 
microplates were placed in a container containing distilled 
water to limit water loss by evaporation. After successive 
passages, the bacteria were kept at –80 °C in cryovials 
(Cryoinstant; Deltalab, Spain) for subsequent testing. The 
antibiotic sensitivity of the bacteria obtained was evaluated 
exactly as described above.

Evaluation of biofilm formation  
by crystal violet bacterial attachment assay
The biofilm formation of original strains and ex-

posed strains was assessed in sterile 96-well microtiter 
plate [15]. 200 µL of sterile BHIB was introduced in 
each well and was inoculated by the corresponding 
overnight culture (18 to 24 h at 37 °C and 100 rpm) 
centrifugated and resuspended in physiological water 
to obtain a turbidity equivalent to 0.5 of McFarland as 
described above. Sterile controls were also included. The 
plates were incubated statically for 48 h at 37 °C. 100 µL 
of the medium was transferred in the corresponding 
well in another microtiter plate for planktonic meas-
urement. The remaining medium was removed from 
the wells and replaced with 200µl of 1 % (w/v) crystal 
violet solution during 90 s. The wells were rinsed three 
times with distilled water prior to drying at 37 °C. The 
biofilm- bound crystal violet was solubilized in 200 µl 
of 100 % ethanol and the A450 was determined and 
compared with the negative controls. Each test was 
repeated 4 t  =  imes and each repeat was read 3 times.

Planktonic measurement
Free bacteria were assessed simultaneously with 

the biofilm assay. The 100 μl of medium transferred to 
another microtiter plate during the biofilm formation 

test were diluted with 100 μL of physiological water. 
Free bacteria were evaluated by determining A450 and 
compared with the negative controls [16].

Statistical analysis
All experiments were carried out at least in triplicate. 

The statistical significance was set at p≤0,05. T-test, princi-
pal component analysis (PCA) and Ascending Hierarchical 
Classification (AHC) were carried out using the statistical 
software XLSTAT 2020 (Addinsof Inc., New York, USA). 
All the other graphs were plotted by Excel software or 
SigmaPlot 12.5 (Systat Software, San Jose, CA, USA)

Results and discussion
Bacteria resulting from the second growth in the 

inhibition zone after antibiogram are more resistant to 
certain antibiotics than the parent strains.

The antibiogram is a test to assess the susceptibility of 
bacteria to antibiotics and should always be done before 
any prescription for antibiotics [17]. It often happens that 
some bacteria, although sensitive to antibiotics, present 
a second growth zone, which could be explained on the one 
hand by the loss of the bacteriostatic effect of the antimi-
crobial considered and on the other hand, by the acquisition 
of resistance of the bacteria tested after long exposure to 
the antibiotic. During this investigation, we carried out an 
antibiogram of 4 uropathogenic strains and after 24 hours 
of incubation, the diameters of inhibition were measured 
then the petri dishes were again incubated for 48 hours 
and the colonies which grew inside the inhibition zones 
were recovered. These colonies were grown and a second 
antibiogram was performed. The results presented on Table 
1 show the antibiotic sensitivity of the uropathogens used 
and their analogues and the variations rates of inhibition 
diameters relative to the parent strains. No colony was 
observed in the inhibition zone of St agalactiae whereas 
this was the case with S. aureus, E. coli and E. faecalis. 
Except for EC–CTR (E. coli isolated from the inhibition 
zone of Ceftriaxone), the greatest variations were observed 
in bacteria isolated from inhibition zone of ceftriaxone, 
ceftazidime and ceftazidime/clavulanate. The SA-CTR 1 
strain became resistant to ceftriaxone, ceftazidime / clavu-
lanate and even more resistant to ceftazidime (Table 1). 
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Similar variations were observed in SA-CAZ and EF-TR, 
but EF-TR did not become resistant to ceftriaxone. Nu-
merous recent investigations have highlighted that changes 
in sensitivity such as those observed in this study were 
mainly due to the very strong adaptability of bacteria in 
stressful environments [18–23]. Alarmingly, the results of 

this study and those of similar other recent investigations 
show that changes can be induced in bacteria over a very 
short period of exposure to antibiotics and highlight the 
importance of taking antibiotics only when necessary, 
under prescription and after an antibiogram.

Table 1
Sensitivity to antibiotics of uropathogens and their analogues isolated from the second growth in the inhibition zone

Strain Parameter TE CAZ CTR CAC TR CIP NIT IMP

S. aureus

S. aureus ‑ 12R 12R 25S 16I 6R 26S 21S 29S

SA‑CAC 1 CAC 12R 13R 21S 12R 6R 22S 18S 23S

SA‑CAC 2 CAC 12R 14R 20I 12R 6R 23S 19S 24S

SA‑CTR 1 CTR 13R 6R 6R 6R 6R 23S 18S 22S

SA‑CTR 2 CTR 12R 12R 23S 12R 6R 23S 24S 24S

SA‑CAZ CAZ 13R 6R 6R 6R 6R 26S 21S 26S

SA‑TE TE 12R 13R 20I 13R 6R 23S 20S 24S

E. coli
E. coli ‑ 8R 23S 25S 22S 6R 24S 22S 27S

EC‑TR TR 6R 21S 26S 23S 6R 26S 21S 23S

E. faecalis

E. faecalis ‑ 15I 17I 22S 17I 29S 32S 23S 31S

EF‑CTR 1 CTR 12R 13R 19I 17I 6R 21S 19S 23S

EF‑CTR 2 CTR 13R 6R 6R 6R 33S 27S 22S 28S

EF‑TR TR 12R 8R 22S 8R 6R 29S 20S 29S

EF‑CAC 1 CAC 11R 11R 20I 12R 30S 26S 19S 26S

EF‑CAC 2 CAC 12R 6R 18I 6R 29S 26S 21S 26S

EF‑CAZ CAZ 13R 13R 21S 12R 26S 25S 21S 26S

Note: The results show the mean of 3 trials rounded to the unit. The standard deviation varied between 0.0 and 1.7. R = Resistant, 
I = Intermediate, S = sensible, TE = tetracycline, CAZ = ceftazidime, CTR = ceftriaxone, CAC = ceftazidime/clavulanate TR = trimethoprim, 
CIP = ciprofloxacin, NIT = nitrofurantoin and IMP = imipenem.

Minimum inhibitory concentration (MIC)  
and minimum bactericidal concentration (MBC)

The sensitivity of the tested strains to the antimicro-
bials they were subsequently exposed to was investigated 
to determine the exact proportions to which these bacteria 
could be subjected without however killing them. Thus, 
MICs and MBCs of ampicillin, kanamycin, cefazolin, and 
silver nanoparticles (AgNPs) were determined (Table 2). 
The results presented in this table suggest that cefazolin, 
considering the relatively low MIC and MBC (compared 
to other antimicrobials) for all the uropathogens used, can 
be an interesting remedy in the fight against antibiotic 
resistance. Indeed, broad- spectrum antimicrobials that 
have not lost their effectiveness despite the increase in 
the growth of antibiotic resistance can be used as the 

last line to limit the damage this phenomenon has on the 
health of patients and particularly on the prolongation 
of hospitalizations, an increased medical expenses and 
mortality. Moreover, specifically for AgNPs, the low MIC 
(8µg/mL) and MBC (16µg /mL in E. coli suggests that 
infections caused by this pathogen can easily be treated 
by AgNPs. These results are in accordance with those 
observed in previously reported studies [24, 25] but fur-
ther investigation is needed to confirm such a hypothesis.

Each of the antimicrobials whose MIC and MBC 
are presented in Table 2 was prepared specifically for 
each strain at 8 different concentrations varying from 
MIC/2 to MIC with an increment of MIC/ 16 for re-
current exposure of Uropathogenic bacteria for 8 days.
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Table 2
Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)  

of uropathogens to antibiotics and silver nanoparticles to which they have been further exposed

Strain
MIC (µg/mL) MBC (µg/mL)

Ampicillin Kanamycin Cefazolin AgNPs Ampicillin Kanamycin Cefazolin AgNPs

E. coli 1024 32 32 8 ND 128 64 16

S. aureus 64 8 32 256 128 16 128 512

E. faecalis 32 128 64 256 64 128 64 256

St. agalactiae 32 16 16 256 128 64 32 256

Bacteria long-exposed to antimicrobials do not 
present the same susceptibility to antibiotics as parent 
strains.

The use of antibiotics is almost unavoidable in medicine 
and in other sectors such as agriculture and animal husband-
ry. However, in recent years concerns have been raised that 
exposure to antimicrobials (here mainly antibiotics and 
nanoparticles) can induce cross resistance to other antibiotics 
[9,10]. In the present study, the changes in the susceptibility 
to antibiotics were assessed by inhibition diameters as well 
as the variation rate referring to the original strains and the 
results were classified as resistant (R), Intermediate (I) or 
sensitive (S) as defined by the Clinical & Laboratory Stand-
ards Institute [13]. As shown in Table 3, antibiotic sensitivity 
was determined for 4 Uropathogenic strains before and after 
exposure to ampicillin, kanamycin, cefazolin and silver 
nanoparticles (AgNPs). For all strains, long exposure to at 
least one antimicrobial induced acquisition of resistance 
with a high variation rate in inhibition diameter. Exposure 
to ampicillin made E. faecalis resistant to ceftazidime and 
St agalactiae resistant to tetracycline, ceftazidime/clavu-
lanate and ceftazidime. In addition, following exposure to 
cefazolin, a significant decrease in susceptibility of E. coli 
to ceftazidime/clavulanate and ceftazidime was observed 
while S. aureus became resistant to ceftazidime/clavulanate, 
ceftazidime and to ceftriaxone. Similar variations were 
observed on St agalactiae and E. faecalis, which in addition 
to the 3 antibiotics above- mentioned, have become resistant 
to tetracycline. Moreover, the most significant variations 
in susceptibility to antibiotics were observed following 
exposure to kanamycin: On the one hand, E. coli developed 
resistance to ceftazidime and a decrease in sensitivity was 
noted on ceftazidime / clavulanate and on the other hand 
S. aureus, E. faecalis and St agalactiae all 3 became resistant 
to ceftazidime/clavulanate and ceftazidime. Finally, except 

for E. coli all the bacteria in this investigation which had 
undergone successive passages in AgNPs developed resist-
ance to ceftazidime/clavulanate and ceftazidime as observed 
with exposure to other antimicrobials. Surprisingly, the 
E. coli strain that was initially resistant to tetracycline has 
become sensitive. However, and more globally, the data in 
this research highlight that long-term exposure to antibiotics 
and silver nanoparticles may influence susceptibility to other 
antibiotics in Uropathogenic bacteria. These results are 
similar to those observed in other studies which consisted 
in prolonged passage of uropathogens in biocidal agents 
[9, 26, 27]. It is well known that the sensitivity of bacteria 
to antibiotics depends mainly on the mode of action of the 
antimicrobial, the conditions of use and the characteristics of 
the bacteria tested [28]. However, exposure to low doses of 
antibiotics can induce significant changes in bacteria which 
may be phenotypic and/ or genotypic. Phenotypically, the 
potential causes of the changes in susceptibility observed 
in this study may be structural variations in the bacterial 
cell [9] which modify bacteria- antimicrobial interactions, 
inducing changes in membrane permeability and changes 
in the activity of efflux pumps that allow bacteria to expel 
antimicrobials out of the cell [29, 30]. Nevertheless, Henly 
et al. [9] suggested that the exact mechanisms governing 
a specific adaptation depend largely on the antimicrobial 
and the bacterium itself. In our study, the reversibility of 
the acquisition of resistance and the observed variations in 
susceptibility to antibiotics was not evaluated, but many 
previous studies on the issue provide contradictories findings. 
Indeed, while some authors have indicated that the observed 
changes result from a reversible phenotypic adaptation 
induced by the expression of variations in gene expression in 
responses to stress [11], others have noted that these changes 
after long exposure to antimicrobials are the result of the 
selection of antimicrobial- resistant mutants with a stable 
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phenotypic that cannot experience any reversibility 
[9, 31]. Notwithstanding this divergence of views, it 
is important to highlight that numerous investigations 
carried out in both humans and animals show an increase 
in resistance to antibiotics worldwide [12, 29, 32–34]. 

Therefore, in addition to further investigations to shed 
light on the exact mechanism of these changes, further 
efforts must be made to research new antimicrobials 
and reposition of existing drug to explore their potential 
antimicrobial properties.

Table 3
Antibiotic susceptibility of uropathogens before and after successive passages in antibiotics and AgNPs

Strain Substance Inhibition zone in mm (variation rate in %)Sensitivity (R, I, S)

E. coli

Exposure CAC CIP TE CTR IPM CAZ NIT TR
Initial 22S 24S 8R 25S 27 23S 22S 6R

Unexposed 22 (0)S 21 (–13)S 10 (25)R 22 (–12)S 27 (0)S 25 (9)S 21 (–5)S 6 (0)R

Ampicillin 19 (–14)S 23 (–4)S 8 (0)R 25 (0)S 26 (–4)S 18 (–22)S 20 (–9)S 6 (0)R

Cefazolin 16 (–27)I 21 (–13)S 9 (13)R 25 (0)S 24 (–11)S 16 (–30)I 20 (–9)S 6 (0)R

Kanamycin 17 (–23)I 25 (4)S 9 (13)R 26 (4)S 26 (–4)S 12 (–48)R 21 (–5)S 6 (0)R

AgNPs 20 (–9)S 23 (–4)S 24 (200)S 27 (8)S 25 (–7)S 19 (–17)S 19 (–14)S 6 (0)R

S. aureus

Initial 16I 26S 12R 25S 29S 12R 21S 6R

Unexposed 17 (6)I 23 (–12)S 14 (17)R 21 (–16)S 26 (–10)S 14 (17)R 20 (–5)S 6 (0)R

Ampicillin 16 (0)I 29 (12)S 18 (50)I 24 (–4)S 28 (–3)S 13 (8)R 23 (10)S 6 (0)R

Cefazolin 6 (–63)R 25 (–4)S 15 (25)I 6 (–76)R 29 (0)S 6 (–50)R 22 (5)S 6 (0)R

Kanamycin 11 (–31)R 16 (–38)I 11 (–8)S 19 (–24)I 24 (–17)S 12 (0)R 20 (–5)S 6 (0)R

AgNPs 12 (–25)R 26 (0)S 23 (92)S 22 (–12)S 27 (–7)S 11 (–8)R 15 (–29)I 6 (0)R

E. faecalis

Initial 17I 32S 15I 22S 31S 17I 23S 29S

Unexposed 13 (–24)R 27 (–16)S 15 (0)I 22 (0)S 29 (–6)S 15 (–12)I 21 (–9)S 26 (–10)S

Ampicillin 12 (–29)R 27 (–16)S 15 (0)I 24 (9)S 28 (–10)S 13 (–24)R 21 (–9)S 27 (–7)S

Cefazolin 6 (–65)R 26 (–19)S 16 (7)I 15 (–32)I 26 (–16)S 6 (–65)R 19 (–17)S 24 (–17)S

Kanamycin 6 (–65)R 26 (–19)S 14 (–7)R 14 (–36)I 26 (–16)S 6 (–65)R 22 (–4)S 28 (–3)S

AgNPs 12 (–29)R 25 (–22)S 16 (7)I 22 (0)S 25 (–19)S 12 (–29)R 16 (–30)I 21 (–28)S

St. 
agalactiae

Initial 20S 29S 21S 28S 27S 20S 21S 26S

Unexposed 23 (15)S 28 (–3)S 17 (–19)I 22 (–21)S 27 (0)S 12 (–40)R 16 (–24)I 27 (4)S

Ampicillin 11 (–45)R 25 (–14)S 14 (–33)R 20 (–29)I 26 (–4)S 10 (–50)R 20 (–5)S 28 (8)S

Cefazolin 10 (–50)R 22 (–24)S 14 (–33)R 20 (–29)I 24 (–11)S 10 (–50)R 17 (–19)I 27 (4)S

Kanamycin 10 (–50)R 27 (–7)S 24 (14)S 24 (–14)S 26 (–4)S 10 (–50)R 17 (–19)I 26 (0)S

AgNPs 12 (–40)R 27 (–7)S 28 (33)S 24 (–14)S 30 (11)S 13 (–35)R 19 (–10)S 30 (15)S

Note: The results show the mean of 3 trials rounded to the unit. The standard deviation varied between 0,3 and 2,1. In bracket () 
the variation rate calculated by referring to the initial strain. The global variation in each bacterium was significant for P ≤ 0,05. 
R = Resistant, I = Intermediate, S = sensible, TE =  tetracycline, CAZ = ceftazidime, CTR = ceftriaxone, CAC = ceftazidime/clavulanate, 
TR = trimethoprim, CIP = ciprofloxacin, NIT = nitrofurantoin and IMP = imipenem.

Some bacteria exposed to antibiotics and AgNPs 
produce more biofilm and planktonic bacteria than control 
strains.

Biofilms are multicellular communities of microor-
ganisms held together by a self-produced extracellular 
matrix and are known as a virulence factor and for their 
involvement in certain pathologies such as catheter infec-
tion, cochlear implant infection, wound infection, cochlear 
implant infection, central nervous system shunt infection, 
chronic otitis media and pulmonary infection in cystic 
fibrosis patient [35]. (Gebreyohannes et al., 2019). It is 
well known that Bacteria that have adapted to the presence 

of antimicrobials or biocides agents may exhibit several 
phenotypic alterations such as changes in growth rate and 
biofilm formation [9]. In the present study, biofilm forma-
tion was assessed by crystal violet bacterial attachment 
assay. Figures 1 and 2 respectively show the measurements 
of the formation of biofilms and planktonic bacteria in the 
4 bacteria used in this investigation as well as their analogs 
having undergone passages in ampicillin, kanamycin, 
cefazolin and silver nanoparticles (AgNPs). Compared to 
the controls, the E. coli and St agalactiae strains exposed 
to ampicillin and cefazolin produced more biofilms while 
the E. coli passed in kanamycin and AgNPs produced 
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less biofilms. In S. aureus, except for the strain passed in 
ampicillin which produced more biofilms, no significant 
variation was noted in the formation of biofilms of other 
exposed strains and in their planktonic bacteria. In addition, 
the E. faecalis strains exposed to AgNPs, Kanamycin and 
ampicillin produced more biofilms and exhibited a greater 
quantity of planktonic bacteria. Moreover E. coli passed 
in kanamycin and E. faecalis and St. agalactiae passed 
in cefazolin showed relatively low amounts of planktonic 
bacteria compared to their respective controls. Referring 
to the results on the susceptibility of strains to antibiotics, 
contrary to the findings of some authors [1, 9, 36, 37], 
in this study the increase in biofilm production does not 
correlate with antibiotic resistance in E. coli and other 
uropathogens. However, it is important to emphasize that 
exposure to ampicillin induces a considerable increase in 
biofilm production in all strains tested and this antibiotic 
should be carefully monitored for its use to treat associated 
biofilm diseases.

Several bacteria are found in a cluster different from 
that of the parent strain after an ascending hierarchical 

classification taking into account all the parameters 
studied in this investigation.

Fig. 3 shows the ascending hierarchical classifica-
tion (AHC) of all strains having undergone exposure 
to antibiotics or nanoparticles. This HCA was obtained 
following a principal component analysis including 
all the parameters evaluated in this study, namely the 
inhibition diameter and their variation compared to the 
parent strain, the biofilms formation, and planktonic 
bacteria as well as their respective variations. As shown 
in Figure 3, two large clusters were formed. The first 
cluster (in blue) does not divide into several sub-clusters 
and groups together bacteria that do not show very 
significant variations. Thus, in the E. coli strain, except 
those having been exposed to AgNPs, significant varia-
tions were not identified. For most of the other bacteria, 
some were found in the sub-clusters of bacteria from 
a completely different species and far from their control 
strains, proof of the significant variations induced by 
this long exposure to the antimicrobials used.

Fig.1. Biofilm formation in Uropathogenic bacteria exposed or not to antibiotics and silver nanoparticles. The data show the 
mean absorbance (A450) of 12 trials, representative of biofilm formation evaluated by Crystal violet assay for each bacterium 

after exposure or not to ampicillin (AMP), Cefazolin (CZ), Kanamycin (Ka) and Silver nanoparticles (AgNPs)
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Fig. 2. Planktonic bacteria in Uropathogenic strains before and after successive exposure to antibiotics and silver nanoparticles. 
The data show the mean absorbance (A450) of 12 trials, representative of planktonic bacteria evaluated simultaneously with 

biofilm assay for each bacterium after exposure or not to ampicillin (AMP), Cefazolin (CZ), Kanamycin (Ka)  
and Silver nanoparticles (AgNPs)

Fig. 3. Dissimilarity of uropathogens long exposed or not to antibiotics and nanoparticles. The dendrogram was obtained after 
a principal component analysis including the Spearman correlation test and considering the susceptibility to antibiotics, the 

biofilm formation, the planktonic bacteria and the variations of the 3 above- mentioned parameters compared to the initial strains
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Conclusion
The growth of antibiotic resistance is a real danger 

worldwide. It mainly occurs due to the overuse and 
misuse of antibiotics. In this study we were able to 
highlight the possibility of the acquisition of antibiotic 
resistance in clinical isolates of uropathogens follow-
ing prolonged exposure to other antibiotics and silver 
nanoparticles. In addition to the permanent monitoring 
of the growth of antimicrobial resistance in each zone 
in order to follow its evolution, permanent efforts must 
be made to search for new antimicrobials, to reposition 
the already existing molecules to exploit their antimi-
crobial properties and to study and better understand 
specific resistance mechanisms. Finally, to prevent this 
phenomenon from worsening, it is necessary that any 
antibiotic prescription be preceded by an antibiogram 
and that the antibiotics be used only when necessary.
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Влияние длительного воздействия субингибирующих доз 
антибиотиков и наночастиц серебра на уропатогенные бактерии

М.Д.А. Мбарга , Р. Маруф , И.В. Подопригора , К.Л.Д. Анютулу ,  

Ю.В. Чапурин , И.Н. Шарова

1Медицинский институт, Российский университет дружбы народов, Москва, Российская Федерация
 josepharsenembarga@yahoo.fr

Аннотация. Актуальность. В последние годы все более нерациональное использование антибиотиков привело 
к потере их эффективности. Цель исследования. Настоящее исследование было направлено на изучение изменений, 
происходящих у уропатогенных бактерий после длительного воздействия противомикробных препаратов. Матери-
алы и методы. Мы оценили влияние длительного воздействия ампициллина, цефазолина, канамицина и наночастиц 
серебра (AgNP) на чувствительность к другим антибиотикам, образование биопленок и планктонные бактерии у 4 
клинических уропатогенных штаммов, а именно Escherichia coli (UPEC), Staphylococcus aureus, Enterococcus faecalis 
и Streptococcus agalactiae. Минимальные ингибирующие концентрации (МИК) определяли с использованием метода 
микроразведений на микропланшетах, и бактерии подвергали воздействию увеличивающихся концентраций каждого 
противомикробного препарата (от МИК/2 до МИК) в течение 8 дней. Чувствительность бактерий к антибиотикам 
оценивали с использованием метода дисковой диффузии Кирби- Бауэра, а образование биопленки оценивали с помощью 
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анализа прикрепления бактерий кристаллическим фиолетовым. Результаты и обсуждение. В результате воздействие 
ампициллина сделало E. faecalis устойчивым к цефтазидиму, а St agalactiae — к тетрациклину, цефтазидиму/клавуланату 
и цефтазидиму. После воздействия цефазолином наблюдалось значительное снижение чувствительности E. coli к цеф-
тазидиму/клавуланату и цефтазидиму, в то время как S. aureus приобретала устойчивость к цефтазидиму/клавуланату, 
цефтазидиму и цефтриаксону. Аналогичные вариации наблюдались у St. agalactiae и E. faecalis, которые в дополнение 
к трем вышеупомянутым антибиотикам стали устойчивыми к тетрациклину. Наиболее значительные изменения в чувстви-
тельности к антибиотикам наблюдались после воздействия канамицина: у E. coli развилась устойчивость к цефтазидиму 
и снижение чувствительности было отмечено к цефтазидиму/клавуланату, в то время как S. aureus, E. faecalis и St agalactiae 
все 3 стали устойчивыми к цефтазидиму/клавуланат и цефтазидим. Кроме того, за исключением E. coli, все бактерии 
в этом исследовании, подвергшиеся последовательным пассажам в AgNP, выработали устойчивость к цефтазидиму/
клавуланату и цефтазидиму. Бактерии, подвергшиеся воздействию ампициллина и цефазолина, продуцировали больше 
биопленок, чем их соответствующие контроли. Выводы. Длительное воздействие антибиотиков и AgNP на уропатогены 
вызывает значительные изменения в чувствительности к другим антибиотикам и образование биопленок.

Ключевые слова: длительное воздействие, антибиотики, наночастицы серебра, биопленка, адаптация
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