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determine the MICs during 20 successive bacteria 
exposures to AgNPs to investigate whether AgNPs 
induce tolerance in bacteria. The antibiofilm activi-
ties of AgNPs were also evaluated by determining the 
minimum biofilm inhibitory concentration (MBIC). 
The spherical AgNPs present diameters ranging from 
9.3 to 62.4  nm, and some samples also have rod-, 
oval-, and triangle-shaped nanoparticles. The MIC 
and MBC values ranged from 0.8 to 25  μg/mL and 
3.1 to 50  μg/mL, respectively. Smaller and spheri-
cal AgNPs exhibited the highest activity, but all the 
AgNPs developed in this study exhibit bactericidal 
activity. There was no significant MIC increase after 
20 passages to the AgNPs. Regarding the antibi-
ofilm activity, MBICs ranged from 12.5 to 50 μg/mL. 
Again, smaller and spherical nanoparticles presented 
the best results with phenotypic inhibition of pro-
duction of slime or exopolysaccharide (EPS) matrix. 
Thus, it was concluded that AgNPs have a promising 
potential against resistant bacteria and bacteria that 
grow on biofilms without inducing tolerance.

Keywords  Silver nanoparticles–chitosan 
composites · Resistance · Biofilm · Tolerance · Health 
effects

Introduction

Bacterial infections remain one of the leading causes 
of death for millions of people worldwide, and, in 

Abstract  This study aimed to evaluate the effec-
tiveness of silver nanoparticles–chitosan composites 
(AgNPs) with different morphologies and particle 
size distributions against resistant bacteria and bio-
film formation. Four different samples were prepared 
by a two-step procedure using sodium borohydride 
and ascorbic acid as reducing agents and character-
ized by UV–Vis absorption spectra, scanning trans-
mission electron microscopy. The minimum inhibi-
tory concentration (MIC) and minimum bactericidal 
concentration (MBC) of the AgNPs were determined 
according to the Clinical and Laboratory Standards 
Institute (CLSI) against clinical isolates multidrug-
resistant and strains of the American Type Culture 
Collection (ATCC). An assay was performed to 
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2019, antimicrobial resistance appeared in the World 
Health Organization (WHO) list “Ten threats to 
global health” (WHO 2019). When an infection is 
acquired in a clinical environment, with manifesta-
tions during hospitalization or after discharge, it is 
classified as a nosocomial or healthcare-associated 
infection (HAI). The transmission of resistant bac-
teria among hospitalized patients is numerous and 
frequently aggravates their health condition (Brazil 
1997; WHO 2002; Jenkins 2017).

According to the Centers for Disease Control and 
Prevention, in the USA, nearly 3 million people are 
infected with antibiotic-resistant bacteria and fungi 
every year, and 35,900 die as a consequence (CDC 
2019). The concerns caused by this issue worldwide 
led WHO to launch the Global Action Plan on Anti-
microbial Resistance in 2015, considering that “It 
reflects a global consensus that antimicrobial resist-
ance poses a profound threat to human health” (WHO 
2015).

The insurgence of resistant bacteria occurs due to 
a number of factors such as over-prescribing of anti-
biotics, poor infection control in clinics, and poor 
hygiene and sanitation practices. The outcome is an 
increase in the number of antibiotic-resistant bacteria 
and the emergence of resistance to multiple drugs and 
extremely drug-resistant bacteria (Khameneh et  al. 
2016; Marston et al. 2016).

Biofilm is the predominant life-mode of most bac-
terial species and a virulence factor that increases 
bacterial resistance since they act as barriers for the 
antibiotics’ action and can also promote the develop-
ment of resistance due to cell contact and DNA acqui-
sition from the bacterial communities and environ-
ment. Biofilms are also responsible for most chronic 
and recurrent human bacterial infections. They help 
the microorganisms survive in hostile environments 
with physiology and behavior significantly differ-
ent from their free-living (planktonic) counterparts. 
Bacteria that grow on biofilms are highly resistant to 
antibiotic therapy due to the exopolysaccharide (EPS) 
matrix providing anchorage and making them less 
susceptible to therapeutic agents (Venkatesan et  al. 
2015; Flemming et al. 2016; Jamal et al. 2018).

Even though new generations of antimicrobials 
have been developed in the last few decades, none has 
shown to be fully effective against multidrug-resistant 
bacteria and bacteria that grow on biofilms because 
it is a double challenge for the choice of treatment 

(Jamal et al. 2018; Hauser et al. 2016). Hence, other 
strategies are mandatory, and pharmaceutical nano-
technology is promising to generate new therapeutic 
products for biomedical applications. Nanotechnol-
ogy has already opened new doors to researchers 
dealing with infections caused by resistant bacteria 
and bacteria that grow on biofilms (Yang et al. 2012; 
Gurunathan et al. 2014; Natan and Banin 2017). The 
antimicrobial effectiveness activity of silver nanopar-
ticles (AgNPs) against bacteria, fungi and, viruses 
have been extensively documented in the litera-
ture in the last two decades (Chaloupka et  al. 2010; 
Ssekatawa et  al. 2020). They are currently consid-
ered the most promising candidate for developing a 
new generation of antibiotics since the mechanisms 
of action are, in principle, difficult to overcome by 
bacteria. In essence, the AgNPs bactericidal activity 
is related to their capacity to adhere to the cell walls 
(Zheng et al. 2018). Several mechanisms triggered by 
the release of ionic silver (Ag+) can kill bacteria, and 
even though some take place in the inner part of the 
cells, this is not a requirement that must be fulfilled. 
Hence, AgNPs can be less susceptible to the develop-
ment of bacterial resistance (Wang et al. 2017).

The antimicrobial action of AgNPs relies on sil-
ver oxidation to Ag+ overwritten and its release to the 
bacteria (Noronha et al. 2017). Consequently, factors 
such as particle size and morphology, capping agent, 
aggregation, and synergistic effects with other mol-
ecules or nanostructures are important. When spheri-
cal nanoparticles are considered, a smaller size tends 
to result in a higher efficiency since the higher sur-
face area is more prone to dissolution than the larger 
ones. For the same reason, aggregated nanoparticles 
have lower activity than isolated nanoparticles (Le 
Ouay and Stellacci 2015a; Pal et  al. 2007; Zhang 
et al. 2016). These features can be tailored to prepare 
AgNP colloids if strict control over the synthesis can 
be attained.

Our research group has demonstrated AgNPs-
based formulations’ effectiveness as a caries arrest-
ment agent in clinical trials (Dos Santos et al. 2014), 
and the formulations also have low toxicity (Targino 
et  al. 2014; Freire et  al. 2015). The present study 
investigated the antibacterial and antibiofilm activi-
ties and the tolerance of AgNPs with different sizes 
and morphologies against pathogenic bacteria, 
including resistant clinical isolates.
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Finally, people at the most significant risk of suf-
fering from infections caused by resistant bacte-
ria already had a decreased immunologic system. 
H1N1 influenza, in 2009, resulted in almost 300,000 
deceases worldwide, and it was estimated that 29% 
to 55% of these resulted from subsequent bacterial 
action (Morris et al. 2017). Probably, a similar picture 
will result from the COVID-19 pandemic. It is urgent 
to find alternatives.

Material and methods

Material

The culture media used in this study were obtained 
from Himedia and Kasvi, and all solvents were pur-
chased from Merck. Sigma-Aldrich supplied antimi-
crobial agents. The bacteria were stored at − 80  °C 
in brain heart infusion broth (BHIB) containing 
20% glycerol as a cryoprotectant in the Laboratory 
of Immunopathology Keizo Asami from the Federal 
University of Pernambuco (LIKA/UFPE).

Silver nitrate (AgNO3), sodium borohydride 
(NaBH4), ascorbic acid, glacial acetic acid, and chi-
tosan (75–85% deacetylation degree) were all sup-
plied by Sigma-Aldrich and used without further 
purification. Ultrapure sterile water (conductiv-
ity = 18.0 MΩ) was used in all experiments.

The chitosan average Mw is 6.95 × 105 g·mol−1 as 
determined by viscosity measurements (Kasaai et al. 
2000), and the deacetylation degree is 79.08%, calcu-
lated from FTIR spectroscopy data (Moore and Rob-
erts 1980).

Synthesis of silver nanoparticles‑chitosan composites

A two-step procedure was carried out to synthe-
size the AgNP colloids with different particle sizes 
and morphologies: (i) the AgNP_1 was prepared by 

chemical reduction of Ag+ ions with NaBH4; (ii) dif-
ferent amounts of the AgNP_1 colloid was used to 
grow AgNPs with different sizes and morphologies. 
This methodology was developed following guide-
lines provided by Bin-Ahmad et  al. (Bin-Ahmad 
et  al. 2011) and Stamplecoskie and Scaiano (Stam-
plecoskie and Scaiano 2011). A detailed description 
of the method and the characterization was disclosed 
in a previous publication of our group (Freire et  al. 
2016).

AgNP_1 was synthesized in an aqueous solution 
in the presence of low molecular–weight chitosan as 
a stabilizing agent (Bin-Ahmad et  al. 2011; Huang 
and Yang 2004), as described previously (Dos Santos 
et al. 2014). An AgNO3 aqueous solution was added 
to a 1.0% chitosan solution in acetic acid, followed by 
adding the NaBH4 solution dropwise under stirring to 
give a yellow colloid. This step was carried out in an 
ice bath, and the Ag+ to NaBH4 was (1:6).

The other samples were prepared by adding an 
ascorbic acid aqueous solution to 30.0  mL of the 
chitosan solution, followed by the addition of differ-
ent amounts of AgNP_1: 50 µL (AgNP_2), 200 µL 
(AgNP_3), and 300 µL (AgNP_4). All samples pre-
sent nearly the same total silver amount. The result-
ing particles’ final size and morphology will depend 
on the amount of AgNP_1 added (Stamplecoskie and 
Scaiano 2011). The resulting AgNP colloids are yel-
low, orange, red wine, and purple, respectively. The 
information about the syntheses is summarized in 
Table 1.

Characterization of AgNPs

UV–Vis absorption spectra were recorded in an 
Ocean Optics (HR400CG-UV-NIR) equipment using 
1.0  cm to 1 quartz cuvettes from 300 to 1000  nm 
range with water as the reference. All samples’ zeta 
potentials were measured in a Malvern Zetasizer 

Table 1   AgNP colloids 
used in this work and 
parameters used in the 
syntheses

Sample Seed volume 
(µL)

Ag+ solution vol-
ume (µL)

Ascorbic acid solution 
volume (mL)

Ag total (ppm)

AgNP_1 4170 - - 100.1
AgNP_2 50 250 0.5 115.1
AgNP_3 200 250 0.5 112.7
AgNP_4 300 250 0.5 109.1
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Nano ZS instrument, equipped with a He–Ne laser at 
633 nm.

The particle morphologies were investigated by 
scanning transmission electron microscopy (STEM), 
using a Tescan Mira3 microscope under 25  kV and 
transmission electron microscopy (TEM), a 200  kV 
FEI Tecnai20 G2 equipment. The samples were 
prepared by dilution in deionized water, dropping 
directly to the grids and allowing them to dry at room 
temperature for 24  h before the analyses. STEM 
images were used to determine the particle size dis-
tributions and morphologies of the silver nanoparti-
cles–chitosan composites. A public domain image 
processing software, ImageJ, was used. At least 300 
particles in each sample were counted to generate the 
statistics results.

Bactericidal activity of AgNPs

Firstly, the clinical isolates of resistant bacteria and 
bacteria that grow on biofilms were reactivated in 
brain heart infusion (BHI) broth from samples pre-
served in glycerol kept in an ultra-freezer at − 80 °C 
at LIKA/UFPE. They were subjected to phenotypic 
identification of the resistance profile using methods 
standardized by the Clinical and Laboratory Stand-
ards Institute (CLSI 2019), and the biofilm was deter-
mined by the crystal violet method (Adukwu et  al. 
2012). The clinical isolates used in this study were 
collected from patients in the Clinic Hospital of Per-
nambuco (HC/UFPE), Brazil: Klebsiella pneumoniae 
carbapenemase (KPC), polymyxin-resistant Escheri-
chia coli, aminoglycosides-resistant Acinetobacter 
spp., extended-spectrum beta-lactamase (ESBL)-
producing enterobacteria (ESBL), and vancomycin-
resistant Staphylococcus aureus (VRSA). Standard 
strains of the American Type Culture Collection 
(ATCC) were also be used, such as Pseudomonas 
aeruginosa ATCC 27853, Klebsiella pneumoniae 
ATCC 700603, methicillin-sensitive Staphylococcus 
aureus (MSSA) ATCC 29213, and methicillin-resist-
ant Staphylococcus aureus (MRSA) ATCC 33591.

The minimum inhibitory concentration (MIC) was 
determined using the microdilution method accord-
ing to the CLSI (Freire et al. 2016). Initially, Müeller-
Hinton broth was added to all wells of the microdi-
lution plates. Subsequently, the AgNPs and the silver 
solution (AgNO3) were introduced in concentrations 
ranging from 0.1 to 50  µg/mL. An AgNO3 solution 

with the same silver total amount was used as a com-
parative group with the AgNPs. The bacterial sus-
pensions were adjusted to 0.5 on the McFarland 
scale, diluted, and deposited in the wells to obtain a 
2–5 105 CFU/mL final concentration. After that, the 
plates were incubated at 37 ± 2  °C for 22 to 24  h. 
MIC was determined to be the lowest concentration 
of the standard drug capable of inhibiting microbial 
growth through a spectrophotometric at 620 nm. The 
minimum bactericidal concentration (MBC) was 
determined after the MIC results. An aliquot of 10 
µL was aseptically removed from each well in which 
no visible bacterial growth was observed and seeded 
on Müeller-Hinton agar. The plates were incubated 
at 35  °C for 24  h. After this incubation, MBC was 
the lowest concentration, where there was no micro-
bial growth. The experiments were carried out in 
triplicate.

Evaluation of the tolerance of bacterial isolates to 
AgNPs

The MICs of AgNP_1, AgNP_2, and AgNO3 against 
polymyxin-resistant Escherichia coli, aminoglyco-
side-resistant Acinetobacter spp., Klebsiella pneumo-
niae ATCC 700603, Pseudomonas aeruginosa ATCC 
27853, Escherichia coli ATCC 25922, and MRSA 
ATCC 33591 were determined using the microdilu-
tion method, according to CLSI (Clinical and Labo-
ratory Standards Institute 2019). Subsequently, the 
contents of the first three wells of subinhibitory con-
centrations with surviving bacteria were removed 
from the plate and mixed. The mixture was applied in 
the blood agar medium in Petri dishes and incubated 
at 35 ± 2 °C for 24 h. The bacteria were then adjusted 
at 0.5 on the McFarland scale, diluted, and deposited 
in the microdilution plate wells. The final concentra-
tion was 2–5 105 UFC/mL; they have then exposed 
again to AgNP_1, AgNP_2, or AgNO3 for the new 
determination of MIC, to verify, at each stage, if 
there was the induction of tolerance to the isolates. 
The methodology described refers to one step in the 
process. For this tolerance study, the bacteria were 
repeatedly exposed to AgNP_1, AgNP_2, or AgNO3, 
subjecting them to 20 steps of successive cultures in 
microdilution plates and MIC determination. After 
the twentieth exposure, it was evaluated whether there 
was a change in MICs during consecutive exposures 
of bacteria to AgNPs. The whole experiment was 
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carried out in triplicate, and the bacteria were consid-
ered tolerant to AgNPs when the MIC value increased 
at least four times (Elbehiry et al. 2019; Panáček et al. 
2018).

Antibiofilm activity assessment of AgNPs

Congo Red Agar method

The qualitative determination of slime or EPS matrix 
production by bacterial isolates was performed 
according to the Congo Red Agar method (Freeman 
et al. 1989; Türkyilmaz and Kaynarca 2010). In this 
study, the polymyxin-resistant Escherichia coli clini-
cal isolate, Klebsiella pneumoniae carbapenemase 
clinical isolate, Pseudomonas aeruginosa ATCC 
27853, Klebsiella pneumoniae ATCC 700603, MSSA 
ATCC 29213, and MRSA ATCC 33591 were used.

Initially, the bacteria were adjusted to 0.5 of the 
McFarland scale (108  CFU/mL) in BHIB and incu-
bated at 35 ± 2  °C for 24  h. Subsequently, the bac-
teria were seeded on plates containing Congo Red 
Agar and allow slime or EPS matrix production at 
35 ± 2 °C for 48 h. After this period, the colonies that 
presented blackish coloration with dry or rough con-
sistency were considered bacteria that grew on bio-
films. Red colonies with mucosal consistency were 
considered as bacteria that did not grow on biofilms.

To evaluate the effect of AgNPs on the produc-
tion of slime or EPS matrix in Congo Red Agar, the 
AgNPs were incorporated into the culture medium, 
and subsequent, the bacteria were seeded. The plates 
were incubated at 35 ± 2  °C for 48  h. After incuba-
tion, it was verified whether bacteria still produced 
slime or EPS matrix after exposure to AgNPs incor-
porated into the culture medium.

It is worth mentioning that this study is one of 
the few types of research incorporating silver nano-
particles–chitosan composites in Congo Red Agar 
to verify the inhibition of the bacteria that grow on 
biofilms.

Violet Crystal method

The polymyxin-resistant Escherichia coli clinical 
isolate, Klebsiella pneumoniae carbapenemase clini-
cal isolate, Pseudomonas aeruginosa ATCC 27853, 
Klebsiella pneumoniae ATCC 700603, MSSA ATCC 

29213, and MRSA ATCC 33591 were reactivated in 
Soy Triptona broth (STB) and subjected to biofilm 
formation evaluation, using the violet crystal method 
(Adukwu et al. 2012).

At first, TSB + 1% glucose was distributed in 
each well of flat bottom microdilution (TTP) plates. 
Then, AgNP_1, AgNP_2, and AgNO3 were added 
to the wells through serial dilution to obtain a con-
centration range of 0.1 to 50 μg/mL. Then, the bac-
teria concentration was adjusted to 105 UFC/mL and 
added to the plates. Afterward, the plates were incu-
bated at 35 ± 2 °C for 24 h. Post incubation, the wells’ 
contents were removed, the wells were washed with 
saline solution 0.9%, and the plates were dried at 
room temperature. Then, the bacteria adhered to the 
plate were fixed with methanol 99%. After fixation, 
methanol was removed, and the plates were set to dry 
again. Subsequently, the bacteria adhered to the plates 
were stained with violet crystal 0.5%. The excess dye 
was removed, and the wells were rewashed with auto-
claved distilled water. The optical density (OD) was 
recorded at 570 nm using Multiskan microplate pho-
tometer FC (Costa Lima et al. 2017). The minimum 
biofilm inhibitory concentration (MBIC) was the low-
est concentration that inhibited 90% of the biofilm 
formation (Adukwu et  al. 2012). The experiments 
were carried out in triplicate.

Results and discussion

AgNPs characterization

The two-step procedure employed in this work allows 
for the obtention of small spherical AgNPs initially 
and their subsequent use as seeds to generate bigger 
particles with different morphologies, as described 
by Stamplecoskie and Scaiano (2011). These authors, 
however, used ascorbic acid as a reducing agent and 
sodium citrate as the stabilizer. In this study, we used 
NaBH4 and chitosan, respectively, similarly to the 
strategy reported by Bin-Ahmad et  al. (2011). Since 
the volumes of the Ag + solution added were all the 
same in the second step, larger nanoparticles result 
when fewer seeds are added.

The normalized UV–Vis absorption spectra of 
the AgNP colloids are presented in Fig. 1, and repre-
sentative TEM images of the nanoparticles are shown 
in Fig.  2. The absorption spectrum of the AgNP_1 
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sample, with a single band centered at 398 nm, is typ-
ically observed when there are only spherical nano-
particles. In the spectra of AgNP_2, 3, and 4, a shoul-
der appears. The maximum absorption is dislocated 
to higher wavelengths, which indicates that asymmet-
ric nanoparticles and/or other morphologies appear, 
as demonstrated by Huang and Xu (2010). The maxi-
mum absorption is dislocated to higher wavelengths 
for larger particles (Huang and Xu 2010). Sample 
AgNP_2 presents mainly spherical and elliptical 
nanoparticles (Fig.  2b) and a small number of tri-
angles; AgNP_3 and 4 triangular nanoparticles can 
also be detected (Fig.  2c,d). The maximum absorp-
tion at 700 nm of sample AgNP_4 is consistent with 
the presence of larger triangles. This shift in the 
maximum absorbance to higher wavelengths and the 
appearance of new bands is consistent with the for-
mation of particles with different sizes and morpholo-
gies, as reported by other authors (Huang and Xu 
2010; Yang et al. 2007).

Fig. 1   UV–vis absorption spectra of the AgNP colloids. 
(black) AgNP_1; (green) AgNP_2; (magenta) AgNP_3; (red) 
AgNP_4

Fig. 2   Transmission 
electron images of the silver 
nanoparticles–chitosan 
composites. a AgNP_1; 
b AgNP_2; b AgNP_3; d 
AgNP_4

J Nanopart Res (2021) 23: 196Page 6 of 13196
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The TEM images were analyzed using software 
(iTEM), and at least 300 nanoparticles were measured 
to generate the statistics present in Table 2. Additional 
images of all samples are also providing as Supple-
mentary Material. The AgNP_1 sample presents only 
spherical particles, as shown in Fig. 2a, with an aver-
age of 9.3 ± 3.5  nm. Sample AgNP_2 (Fig.  2b) also 
presents ellipsoidal particles and a small number of 
triangles (~ 3%). In samples AgNP_3 and AgNP_4 
(Fig. 2c,d), the amount of triangular nanoparticles are 
above 23%. The percentages change from sample to 
sample, and the particle dimensions increase despite 
the morphology from AgNP_2 to AgNP_4. The parti-
cle sizes, morphologies, and percentages are detailed 
in Table 2. The zeta potentials are higher than 20 mV 
for all samples, which means that they present good 
colloidal stability.

Evaluation of the antibacterial activity of AgNPs

The MICs and MBCs values of AgNO3 and AgNPs 
against Gram-positive and Gram-negative bacteria are 
shown in Table  3. The MICs and MBCs of AgNO3 
ranged from 6.3 to 25 µg/mL and 12.5 to 50.0 µg/mL, 
respectively. These values are higher when compared 
with AgNPs in most of the experiments. MICs and 
MBCs were lower for the AgNP colloid with smaller 
and spherical nanoparticles.

The smaller and spherical nanoparticles (AgNP_1) 
presented MICs ranging from 0.8 to 3.1  µg/mL 
while the three samples with rod-, oval-, and trian-
gle-shaped nanoparticles (AgNP_2, AgNP_3, and 
AgNP_4) presented values in the 3.1–25.0  µg/mL 
range.

Liao et al. (2019) recently reported silver nanopar-
ticles’ antibacterial activity and mechanism against 
multidrug-resistant Pseudomonas aeruginosa. The 
MIC values found ranged from 1.406 to 5.625 μg/mL 
and MBC from 2.813 to 5.625  μg/mL. Shaker and 
Shaaban (2017) produced AgNPs from strains of Aci-
netobacter baumannii and evaluated the antibacterial 
activity of these AgNPs against Gram-negative patho-
genic bacteria, obtaining MICs ranging from 1.56 
to 3.125  μg/mL. In the study performed by Erjaee, 
Rajaian, and Nazifi (2017), AgNPs synthesized using 
Chamaemelum nobile extract presented MIC ranging 
from 15.6 to 31.2 μg/mL and MBC between 15.6 and 
62.5 μg/mL against Gram-positive pathogenic bacte-
ria, including Staphylococcus aureus.Ta
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Overall, the size, shape, surface charge, and struc-
ture of the nucleus are some important factors that 
determine the biological effects of nanoparticles, such 
as cell uptake, cell activation, and intercellular distri-
bution. Regarding the size of the nanoparticles, the 
smallest particles have a higher surface contact area. 
Consequently, potentially higher amounts of Ag+ ions 
will be released, in addition to being capable of faster 
dissolution in the medium (Elbehiry et  al. 2019; Le 
Ouay and Stellacci 2015b; Helmlinger et al. 2016).

Studies conducted by Makwana et  al. (2015) and 
Sotiriou and Pratsinis (2011) have shown that smaller 
silver particles are more effective. These particles 
release silver ions more quickly, leading to more sig-
nificant toxicity due to a higher effective concentra-
tion of silver ions. Also, Sotiriou and Pratsinis (2011) 
found that silver nanoparticles’ antibacterial effect 
decreased with increasing particle size, as observed 
in the present study (Helmlinger et al. 2016; Sotiriou 
and Pratsinis 2011).

Furthermore, AgNPs can physically interact with 
the cell surface of various bacteria and can dam-
age cell membranes, leading to structural changes 
that can induce bacterial death. This effect is highly 
influenced by the nanoparticles’ size, shape, and 

concentration (Le Ouay and Stellacci 2015b; Franci 
et al. 2015).

Some reports also indicated that the nanoparticle 
shape plays an essential role in antibacterial activ-
ity, especially isotropic geometries, such as spherical 
particles. These spherical nanoparticles demonstrated 
high antibacterial effectiveness, possibly because of 
the large surface-to-volume ratio of spherical shapes, 
which provided the maximum reactivity to obtain the 
highest antibacterial activity. Others, however, cite 
that nanoprisms and nanorods are more active than 
nanospheres due to a higher exposure of their facets, 
which contributed to an easier dissolution of facets 
of silver, leading to a faster Ag+ release and thus a 
higher activity for nanoparticles that exhibit more of 
these facets (Le Ouay and Stellacci 2015b; Raza et al. 
2016).

Evaluation of the tolerance of bacterial isolates to 
AgNPs

All bacteria used in this study did not exhibit an 
increase in MIC in the tolerance experiments, which 
would indicate tolerance when exposed to AgNO3, 

Table 3   Antibacterial activity of AgNPs against pathogenic bacteria

AgNO3, silver nitrate aqueous solution; AgNP, silver nanoparticles-chitosan composites; ATCC​, American Type Culture Collection; 
MSSA, methicillin-sensitive Staphylococcus aureus; MRSA, methicillin-resistant Staphylococcus aureus; VRSA, vancomycin-resistant 
Staphylococcus aureus; ESBL, extended-spectrum beta-lactamase (ESBL)-producing enterobacteria; KPC, Klebsiella pneumoniae 
arbapenemase; MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration

Bacteria MIC (µg/mL) MBC (µg/mL)

AgNO3 AgNP_1 AgNPs_2,3,4 AgNO3 AgNP_1 AgNPs_2,3,4

Gram-positive
MSSA ATCC 29213 6.3 0.8 3.1–6.3 50.0 3.1 3.1–6.3
MRSA ATCC 33591 12.5 1.6 3.1–6.3 50.0 3.1 3.1–6.3
VRSA 25.0 3.1 12.5 25.0 6.3 12.5–25.0
Gram-negative
Pseudomonas aeruginosa
ATCC 27853

12.5 3.1 3.1–6.3 25.0 12.5 25.0

Klebsiella pneumoniae
ATCC 700603

6.3 3.1 12.5 25.0 6.3 25.0

Escherichia coli
ATCC 25922

12.5 1.6 12.5 25.0 6.3 12.5–25

ESBL 6.3 3.1 6.3 25.0 6.3 6.3
Aminoglycoside-resistant Acinetobacter spp. 12.5 1.6 3.1 12.5 6.3 6.3
Polymyxin-resistant Escherichia coli 12.5 1.6 6.3–25.0 12.5 3.1 12.5–25.0
KPC 6.3 3.1 12.5 25.0 12.5 12.5–25.0
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AgNP_1, and AgNP_2 for the 20 successive steps 
(Table 4).

Elbehiry et  al. (2019) also did not observe toler-
ance induction in most isolates of S. aureus after 
exposure to AgNPs. From the total of 20 isolates of 
S. aureus used in that study, only 4 indicated toler-
ance for AgNP of 10 nm and 10 strains for AgNP of 
20  nm. For isolates with no indication of tolerance, 
the NPs’ MICs remained the same after 10 passages 
or were lower than those initially observed. With the 
10 nm AgNP, the S2 isolate, for example, had an ini-
tial MIC of 12.5 µg/mL, and after 10 steps, the value 
was 6.25 µg/mL. For the S3 isolate exposed to 20 nm 
AgNP, the initial MIC of 12.5 µg/mL was maintained 
after 10 steps.

On the other hand, there are reports in the lit-
erature on bacterial tolerance to Ag+ compounds 
(Mijnendonckx et  al. 2013). However, there are no 
conclusive reports on the induction of bacterial resist-
ance by silver nanoparticles to date. Some studies 
have suggested that bacteria developed resistance 
to a sublethal dose of AgNPs, below the IC50, after 
successive selections of surviving cells (Kaweet-
eerawat et  al. 2017). Panáček et  al. (2018) observed 
that E. coli CCM 3954 was shown to be tolerant to 
AgNP after 6 successive exposures with a change in 
MIC from 3.38 to 13.5 µg/mL, and in the eighth step, 
the MIC was already > 54  µg/mL. Similarly, P. aer-
uginosa CCM 3955 and E. coli 013 became resistant 
to AgNPs after 11 and 13 steps, respectively. All the 
bacteria used in the study conducted by Panáček et al. 

(2018) remained resistant to AgNPs until the end of 
the study, which corresponded to 20 steps.

Unlike the findings described above, the AgNPs 
investigated in the present study did not induce toler-
ance in any tested bacteria, even though the bacteria 
used in this study exhibit a resistance profile to drugs 
used in the clinic therapy.

Evaluation of antibiofilm activity

Klebsiella pneumoniae carbapenemase clinical iso-
late, Pseudomonas aeruginosa ATCC 27853, Kleb-
siella pneumoniae ATCC 700603, MSSA ATCC 
29213, and MRSA ATCC 33591, in the Congo Red 
Agar method, produced blackish coloration with dry 
or rough consistency, distinctive aspects of bacteria 
that grow on biofilms (Fig.  3A). After exposure to 
AgNP_1, the slime or EPS matrix production was 
inhibited, revealing red colonies with mucosal texture 
(Fig. 3B).

The MBIC values were the same for AgNO3 
and AgNP_2 against all the bacteria of this study 
(MBIC = 50 µg/mL). Regarding AgNP_1, the results 
were more promising, especially against Gram-posi-
tive bacteria (MBIC = 12.5  µg/mL). For Gram-neg-
ative bacteria, the MBIC of AgNP_1 was 25 µg/mL 
(Table 5).

Again, the smaller sized AgNPs (AgNP_1) had a 
more significant antibiofilm effect. Ikuma, Decho, and 
Lau (2015) suggest that the size of the nanoparticles 
is essential in the interaction with the biofilm, as it 
has been reported that the size of AgNPs is important 

Table 4   Tolerance study of the bacteria to AgNO3 and AgNPs. MIC (µg/mL) values before passage and after the 20th passage

AgNO3, silver solution; AgNP, silver nanoparticles-chitosan composites; KPC, Klebsiella pneumoniae carbapenemase; MRSA, methi-
cillin-resistant Staphylococcus aureus; ATCC​, American Type Culture Collection. *The MIC for MRSA was 12.5 µg/mL after the 
10th passage

Bacteria AgNO3 AgNP_1 AgNP_2

Before passage At 20th passage Before passage At 20th passage Before passage at 20th passage

MRSA* 12.5 25.0 3.1 3.1 12.5 25.0
P. aeruginosa ATCC 27853 12.5 12.5 3.1 6.3 12.5 12.5
K. pneumoniae ATCC 

700603
12.5 12.5 6.3 12.5 12.5 12.5

Polymyxin-resistant 
Escherichia coli

12.5 25.0 3.1 3.1 12.5 12.5

Aminoglycoside-resist-
ant Acinetobacter spp.

12.5 12.5 3.1 3.1 3.1 6.3

KPC 12.5 12.5 3.1 6.3 12.5 12.5
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in modulating their transport in biofilms, with their 
diffusion coefficients decreasing with increasing size 
of the nanoparticle.

Other studies in the literature have also highlighted 
the antibiofilm potential of silver nanoparticles. Lotha 
et  al. (2018) developed silver nanoparticles synthe-
sized from Capsicum annuum L. extract and obtained 
more promising MBIC50 values with Gram-positive 
bacteria, ranging from 4 to 16 µg/mL. As for Gram-
negative bacteria, in the study conducted by Lotha 
et  al. (2018), the MBIC50 varied between 16 and 
32  µg/mL. In the studies of Siddiqui et  al. (2020), 
who synthesized AgNPs by chemical reduction, 
there was no significant difference between MBIC 
values obtained compared to their bacterial groups 
used (MBIC ranging from 75 to 150  µg/mL). The 
study included Gram-positive bacteria (S. aureus and 
S. epidermidis) and Gram-negative bacteria (P. aer-
uginosa and Klebsiella pneumoniae). Besides, other 

studies point to an increase in biofilm inhibition with 
the increasing concentration of AgNPs, as the authors 
found inhibition of approximately 92% and 62% of 
S. aureus biofilm after exposure to AgNP at concen-
trations of 100  µg/mL and 75  µg/mL, respectively 
(Vanaraj et al. 2017).

Conclusions

Silver nanoparticles–chitosan composites synthesized 
in this work exhibit promising antibacterial and antib-
iofilm therapeutic potential. The samples with spheri-
cal AgNPs and the smallest size presented the best 
results for both Gram-positive bacteria Gram-nega-
tive with and without resistance profiles. Also, silver 
nanoparticles–chitosan composites did not induce 
tolerance in the bacteria. Thus, the AgNPs devel-
oped in this study have the potential to be applied as 

Fig. 3   Production of 
slime or exopolysaccharide 
(EPS) matrix by Klebsiella 
pneumoniae carbapenemase 
clinical isolate character-
ized by blackish coloration, 
with dry or rough consist-
ency, before being exposed 
to AgNP_1 (A) and absence 
of slime or EPS matrix 
after exposure to AgNP_1 
revealing red colonies with 
mucosal texture without 
blackish coloration (B)

Table 5   Antibiofilm activity of the AgNPs

MBIC, minimum biofilm inhibitory concentration; AgNO3, silver solution; AgNP, silver nanoparticles–chitosan composites; ATCC​, 
American Type Culture Collection; MSSA, methicillin-sensitive Staphylococcus aureus; MRSA, methicillin-resistant Staphylococcus 
aureus; KPC, Klebsiella pneumoniae carbapenemase

Bacteria group Bacteria MBIC (µg/mL)

AgNO3 AgNP_1 AgNP_2

Gram-positive MSSA ATCC 29213 50 12.5 50
MRSA ATCC 33591 50 12.5 50

Gram-negative Pseudomonas aeruginosa@ATCC 27853 50 25 50
Klebsiella pneumoniae@ATCC 700603 50 25 50
Polymyxin-resistant Escherichia coli 50 25 50
KPC 50 25 50
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nanotechnological therapeutic products in combating 
multidrug-resistant bacterial infections and bacte-
ria growth on biofilms without inducing tolerance in 
bacteria.
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