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Abstract: A lot of effort has been dedicated recently to provide a better insight into the mechanism
of the antibacterial activity of silver nanoparticles (AgNPs) colloidal suspensions and their released
silver ionic counterparts. However, there is no consistency regarding whether the antibacterial effect
displayed at cellular level originates from the AgNPs or their ionic constitutes. To address this issue,
three colloidal suspensions exhibiting different ratios of AgNPs/silver ions were synthesized by a
wet chemistry method in conjunction with tangential flow filtration, and were characterized and
evaluated for their antimicrobial properties against two gram-negative, Escherichia coli (E. coli) and
Pseudomonas aeruginosa (P. aeruginosa), and two gram-positive, Staphylococcus aureus (S. aureus) and
Staphylococcus epidermidis (S. epidermidis), bacterial strains. The produced samples contained 25%
AgNPs and 75% Ag ions (AgNP_25), 50% AgNPs and 50% Ag ions (AgNP_50), and 100% AgNPs
(AgNP_100). The sample AgNP_100 demonstrated the lowest minimum inhibitory concentration
values ranging from 4.6 to 15.6 ppm for all four bacterial strains, while all three samples indicated
minimum bactericidal concentration (MBC) values ranging from 16.6 ppm to 62.5 ppm against all
strains. An increase in silver ions content results in higher bactericidal activity. All three samples were
found to lead to a significant morphological damage by disruption of the bacterial cell membranes as
analyzed by means of scanning electron microscopy (SEM). The growth kinetics demonstrated that
all three samples were able to reduce the bacterial population at a concentration of 3.1 ppm. SEM
and growth kinetic data underline that S. epidermidis is the most sensitive among all strains against
the investigated samples. Our results showed that all three AgNPs colloidal suspensions exhibited
strong antibacterial properties and, thus, they can be applied in medical devices and antimicrobial
control systems.

Keywords: minimum inhibitory concentration; minimum bactericidal concentration; growth kinetics;
Escherichia coli; Pseudomonas aeruginosa; Staphylococcus aureus; Staphylococcus epidermidis; nanosilver;
microbiology

1. Introduction

In recent years, a significant increase in the number of bacterial strains resistant to
commercial antibiotics has been observed. Nowadays, over 70% of bacterial infections
are caused by strains resistant to at least one type of the most commonly used drugs [1].
Numerous studies have evaluated the biocidal capacity of colloidal silver (Ag), advocating
its effectiveness against both gram-negative and gram-positive bacteria [2], while suggested
it as a valid alternative to conventional antiviral [3] and antiprotozoal agents [4]. Colloidal
silver inherently refers to silver nanoparticles (AgNPs) suspended within a liquid; however,
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their diffusion and sedimentation results in ion formation [5], which reduces the mass
of the particles in favor of their ionic counterparts. Consequently, AgNPs coexist with
their silver ions, and silver content is conventionally defined by both the nanoparticles
and the ions, rarely providing insight to their exact percentile allocation. This complicates
the comparative evaluation of literature reports on the effectiveness of nanosilver due to
an apparent lack of consensus as to whether this originates from AgNPs [6] or their ionic
constitutes [7].

Four primary bactericidal mechanisms of colloidal silver are highlighted in the liter-
ature [8,9] including (i) bacteriolysis, triggering the destruction or dissolution of cellular
membranes, (ii) generation of reactive oxygen species (ROS) and free radicals, (iii) desta-
bilization of intracellular structures (e.g., mitochondria or ribosomes) and biomolecules
(e.g., DNA and proteins), and (iv) modulation of signal transduction pathways. These
mechanisms could be attributed to either AgNPs or cationic silver, despite their different
chemical and physical structure [10–12].

The effectiveness of silver ions and AgNPs against gram-positive and gram-negative
bacterial cells has been recently reviewed [13], suggesting different modes of action. Gram-
negative bacteria were found to be more prone to silver ions [14], whereas initial evidence
would suggest that AgNPs display a superior penetration ability into gram-positive bac-
teria [12]. However, size, shape [15], coating [16], and even production route [17] of the
nanoparticles have been suggested to affect their biocidal capacity and, thus, a direct com-
parison of individual studies might be subject to methodological details. Another recent
report on nanosilver coatings produced by flame aerosol direct deposition revealed that the
silver ion concentration in solution mostly drives the antibiofilm activity [18], illustrating
at the same time the size effect of the AgNPs on their antimicrobial effect, with the smallest
ones around 6 nm and demonstrating the highest inhibition action against S. aureus.

Despite the effort dedicated to this subject [19], the current literature does not pro-
vide adequate insight into the activity displayed at a cellular level and whether this
originates from the AgNPs or their ionic counterparts. To address this issue, antibac-
terial properties of three colloidal suspensions exhibiting different ratios of AgNPs/silver
ions were evaluated in two gram-negative bacterial strains, Escherichia coli (E. coli) and
Pseudomonas aeruginosa (P. aeruginosa), and two gram-positive strains, Staphylococcus aureus
(S. aureus) and Staphylococcus epidermidis (S. epidermidis). The determination of the minimum
inhibitory and minimum bactericidal concentration, as well as the bacterial morphology by
means of scanning electron microscopy (SEM) were conducted, while the growth kinetics
of four bacterial strains in the presence of different concentrations of the three agents were
analyzed, aiming at providing a better insight into the varying antibacterial mechanisms
exhibited at molecular level.

2. Materials and Methods
2.1. Nanoparticles Production

Silver nitrate (99.9% AgNO3, Mr = 169.873 g/mol) was used as silver precursor and
purchased from Duchefa Biochemie (Haarlem, The Netherlands). The reduction agent was
produced by components conventionally found in the literature [20–22]. Two reagents were
used for the stabilization of the nanoparticles: a protein with a molecular mass between
20,000 and 25,000 g/mol (Sigma Aldrich) and a non-ionic surfactant with a molecular mass
between 1000 and 2000 g/mol (of a 98%–99% purity), both purchased from Alfa Aesar
(Haverhill, MA, USA). All reagents were used as received without any further purification.
Silver nanoparticles were synthesized through a wet chemistry approach by dissolving
silver salt and reduction agents separately in deionized water. The silver salt solution was
magnetically stirred along with the protein-based stabilizer up to a predefined temperature
to ensure complete dissolution. The reduction agent was then added to the aqueous
solution of the silver precursor whilst stirring. The color of the solution changed to dark
orange, thus indicating the formation of AgNPs, and the non-ionic surfactant was added to
the colloid.
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2.2. Quantification of Silver Content

The as-produced colloidal suspension had a silver content of 1500 ppm. Tangential
Flow Filtration (TFF) was employed to increase nanoparticle concentration up to 5 times.
During this process, the colloid flows tubularly past a membrane, which the silver-ions
permeate along with other organic constituents (smaller than the membrane’s pore size),
while the nanoparticles are retained within the circular flow [23]. Towards this, a membrane
pore size of 5 kDa (Pall Corporation) was rinsed through hot sanitization with sodium
hydroxide (NaOH, 0.1–0.25 M). The filter was flushed for each sample set with deionized
water for 25 min to ensure full removal of the NaOH prior to filtration of the AgNPs.
Following this, the silver content of the supernatant solution (e.g., high in silver ion
content) and that of the retentate containing the AgNPs were evaluated through Inductively
Coupled Plasma—Optical Emission Spectrometry (ICP-OES). Three different samples
were prepared, containing 25% (AgNP_25), 50% (AgNP_50), and 100% (AgNP_100) silver
nanoparticles, respectively.

2.3. Physicochemical Characterization

The physicochemical characteristics of the produced AgNPs suspensions were as-
sessed in terms of particle size and distribution profiles, obtained by Dynamic Light
Scattering (DLS) using a VASCO 3 DLS analyzer (Cordouan Technologies, Pessac, France).
The UV-Vis spectra of the samples were determined, upon dilution, using a Cary 60 UV-Vis
(Agilent Technologies, Santa Clara, CA, USA).

2.4. Preparation of Bacterial Suspension

The bacterial strains of two gram-negative E. coli and P. aeruginosa and two gram-
positive S. epidermidis and S. aureus bacteria were inoculated and cultivated in the CLSI
standard Mueller–Hinton Broth (MH-B) and incubated at 37 ◦C for 18–20 h at 200 rpm. The
concentration of bacterial suspension was then determined by the optical density at 600 nm
using a UV-Vis spectrophotometer and diluted for further tests. All bacterial strains were
maintained as glycerol stocks at −80 ◦C.

2.5. Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC)

MIC and MBC were determined using a broth microdilution method according to the
Clinical and Laboratory Standards Institute (CLSI) protocol, as previously described [24].
Briefly, bacteria were streaked from frozen glycerol stocks onto non selective LB agar plates
and incubated overnight at 37 ◦C. Colonies from the fresh plates were suspended in MH
broth and grown at 37 ◦C in a shaking incubator at 200 rpm. Before each experiment,
the optical density of the cell suspension was normalized to the optical density OD600
of 0.1, which corresponds to 2 × 107 colony forming units (CFU) per mL through serial
dilutions [25]. The bacterial cell number was then adjusted in the broth to a concentration of
2 × 106 CFU/mL, 50 µL of which was added to triplicate wells of a 96-well plate, containing
50 µL of AgNPs to various concentrations from a stock of 200 ppm. The final concentrations
tested were 100, 50, 25, 12.5, 6.25, 3.125, 1.562, 0.781, and 0.39 ppm. The plates were
incubated overnight at 37 ◦C. The MIC values present the lowest concentrations at which
each of the triplicate wells (n = 3) in each 96-well plate was clear after 16–24 h of incubation.
The MBC was determined by plating, on LB agar plates, the wells with the concentrations
that indicated growth inhibition (clear), and noting the lowest concentration that resulted
in lack of growth after an overnight incubation at 37 ◦C. The results are presented as mean
of triplicates of three independent experiments (n = 9).

2.6. Tolerance Level

The tolerance levels of each bacterial strain against AgNPs were determined according
to the method of May et al. [26] using the following formula:

Tolerance =
MBC
MIC
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2.7. Morphological Observation

The morphology of E. coli, P. aeruginosa, S. epidermidis, and S. aureus cultured with the
material suspensions for 3, 6, and 24 h, was observed by Scanning Electron Microscope
(SEM). The bacterial suspension contained (1–2) × 108 CFU/mL and was prepared as
previous described [27]. Briefly, stocks of the materials diluted in MH-B were prepared
at a concentration of 200 ppm and were added to bacterial suspension until the final
concentration was 100 ppm. The samples were incubated at 37 ◦C and after 3, 6, and 24 h,
100 µL aliquot were centrifuged and the pellet washed with PBS. Every sample was then
fixed with 100 µL of 4% v/v para-formaldehyde on nitrocellulose (NC) filter membranes
with a 0.2 µm pore size for 15 min and then dehydrated in increasing concentrations
(30–100% v/v) of ethanol. Samples were finally dried using hexamethyl disilazane (HMDS),
sputter-coated with a 20 nm thick layer of gold (Baltec SCD 050), and observed under
a scanning electron microscope at an accelerating voltage of 15 kV (JEOL JSM-6390 LV,
Peabody, MA, USA).

2.8. Kinetic Study

For the kinetic study, 50 µL of bacterial suspension at a concentration of 2 × 105 CFU/mL
were placed in each well of a 96-well plate. Stock solutions of AgNPs diluted in MH-
B were prepared at a concentration of 100 ppm. The final concentrations tested were
50, 25, 12.5, 6.25, and 3.125 ppm. The bacterial suspension in pure MH-B and in the
presence of amoxicillin/clavulanic acid (50 ppm) was taken as negative and positive
control respectively. For the growth kinetic experiments of P. aeruginosa, streptomycin
(100 ppm) was used as positive control due to resistance in amoxicillin/clavulanic acid.
The 96-well plate was transferred to a spectrophotometer (Synergy HTX Multi-Mode
Microplate Reader) and the absorbance was measured at 600 nm every 15 min for 24 h. All
experiments were performed in triplicate. The results are presented as mean of triplicates
of three independent experiments (n = 9).

2.9. Statistical Analysis

All experiments were performed in triplicate. The results are presented as mean of
triplicates of three independent experiments (n = 9). Statistical analysis and graph plotting
was conducted using GraphPad Prism 8.

3. Results
3.1. Physicochemical Characterization

The size distribution of the nanoparticles in all three samples is demonstrated in
Figure 1a, indicating the presence of a similar-sized and monodisperse populations of
nanoparticles. UV-Vis spectroscopy revealed absorption peaks at wavelengths between
425–435 nm, as illustrated in Figure 1b.
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Table 1 provides an overview of the quantification of the three tested samples in terms
of AgNPs and their solvated ions.

Table 1. Silver content allocation.

Sample % Ag NPs % Ag ions

AgNP_25 ~25% ~75%
AgNP_50 ~50% ~50%
AgNP_100 100% -

The physicochemical characteristics of all three colloids are summarized in Table 2. The
antibacterial activity of AgNPs depends primarily on size, ionic strength of the medium,
and the type of capping agent. According to the literature, differences in antibacterial
action are presented between silver nanoparticles synthesized in acidic and basic medium.
However, these results are mostly related to the size of AgNPs, which is affected by the
pH of the medium during the synthesis process. Our samples presented an acidic pH
and similar diameters and were evaluated for the effect of different ion/particle ratio with
respect to their antibacterial activity.

Table 2. Physicochemical characterization of AgNPs.

Sample Size (nm) pH

AgNP_25 5.1 ± 0.8 3.92
AgNP_50 4.8 ± 1.0 3.55
AgNP_100 4.2 ± 0.7 3.91

3.2. Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC) and
Tolerance Level

The antibacterial action of the three colloidal AgNPs suspensions against both gram-
negative (E. coli, P. aeruginosa) and gram-positive (S. aureus, S. epidermidis) microorganisms
at different concentrations revealed a strong dose-dependent antimicrobial activity against
all four strains (Table 3).

Table 3. MIC and MBC values of AgNPs solutions for E. coli, P. aeruginosa, S. epidermidis, and S. aureus
expressed in ppm.

E. coli P. aeruginosa S. aureus S. epidermidis

MIC MBC MIC MBC MIC MBC MIC MBC
AgNP_25 12.3 25.0 12.5 50.0 12.3 50.0 12.5 25.0
AgNP_50 20.8 50.0 16.6 41.6 12.5 100.0 10.4 16.6
AgNP_100 15.6 56.2 12.5 31.3 9.4 62.5 4.6 25.0

The antimicrobial activity (MIC and MBC) of AgNPs was absent up to 4.6 ppm against
all of the bacterial strains. The MIC values of AgNPs were in the range of 4.6 to 20.8 ppm,
and MBC values for all three samples ranged from 16.6 to 100.0 ppm. The AgNP_100
sample demonstrated the lowest MIC values in three out of four tested bacteria, indicating
a greater inhibition effect compared with AgNP_25 and AgNP_50. To avoid possible
misinterpretations due to the turbidity of insoluble compounds into the broth dilution tube,
MBC was determined by culturing the MIC dilutions on the sterile LB agar plates. The
MBC values against all bacteria range from 16.6 ppm to 56.2 ppm, except of S. aureus with
MBC values of 100.0 ppm (AgNP_50) and 62.5 ppm (AgNP_100). S. epidermidis expressed
the lowest MBC value against AgNP_50 sample at 16.6 ppm, followed by both AgNP_100
and AgNP_25 at 25 ppm. E. coli also presented an early bactericidal effect for AgNP_25
treatments at 25 ppm.
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The tolerance level of each strain against various concentrations of AgNPs was calcu-
lated from the respective MIC and MBC values (Table 4). In general, the tolerance levels
against AgNP_50 sample were the lowest. The implication is that bactericidal agents
kill microbes, whereas bacteriostatic agents simply inhibit the bacterial growth. When
the MBC/MIC ratio is greater than or equal to 16 for bacteria, the antimicrobial agent is
considered bacteriostatic and when this ratio is less than or equal to four, then the agent is
considered bactericidal [28]. The National Clinical Committee for Laboratory Standards
(NCCLS) further suggests that an agent is bactericidal when it causes greater than a 3-log
(99.9%) reduction in colony-forming units (CFU)/mL after 18–24 h of incubation in liquid
media. MBC is usually identical to or within one or two doubling dilutions of the MIC; if the
MBC exceeds the MIC by 32-fold or more, the microbe is defined as tolerant. The MBC/MIC
ratio is a parameter that reflects the bactericidal capacity of the analyzed compound. In our
study, tolerance values ranged from 1.6 to 8.0, implicating strong antibacterial properties
against all four tested bacteria. Treatment with AgNP_25 exerted a bactericidal effect for all
strains, and AgNP_50 proved to be bactericidal for all strains except of the gram-positive
S. aureus. AgNP_100 demonstrated a bactericidal effect only for gram-negative bacteria
E. coli and P. aeruginosa.

Table 4. Tolerance values of E. coli, P. aeruginosa, S. epidermidis, and S. aureus against AgNPs samples.

AgNP_25 AgNP_50 AgNP_100

E. coli 2.0 2.4 3.6
P. aeruginosa 4.0 2.5 2.5

S. aureus 4.0 8.0 6.7
S. epidermidis 2.0 1.6 5.3

3.3. Morphological Observation of E. coli, P. aeruginosa, S. aureus and S. epidermidis

The morphological changes of gram-negative E. coli and P. aeruginosa and gram-
positive S. aureus and S. epidermidis bacterial cell membranes under the induction of 100 ppm
AgNPs samples for 3, 6, and 24 h were observed under SEM and are shown in Figures 2–5.
The morphological changes were compared to non-treated bacteria. Micrographs by
SEM depict that the surface of bacterial cells of untreated control group was smooth
and showed typical characteristics of the surface of native cells, while cells treated with
AgNPs appeared severely damaged. Some cells showed large leakage, and other appear
misshapen and fragmentary.
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Figure 2. Representative SEM images showing the induction of 100 ppm AgNPs on E. coli for 3, 6,
and 24 h. The control represents the morphology of the bacteria without AgNPs. Magnification is
15,000× and scale bar represents 1 µm.
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15,000× and scale bar represents 1 µm.
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Figure 4. Representative SEM images showing the induction of 100 ppm AgNPs on S. aureus for 3, 6,
and 24 h. The control represents the morphology of the bacteria without AgNPs. Magnification is
15,000× and scale bar represents 1 µm.

As shown in Figure 2, after 3, 6, and 24 h of incubation, E. coli bacterial cells appeared
with a flattened morphology with damaged cell membranes when treated with all three
AgNPs samples, in contrast to the physiological rod-shaped control. For AgNP_25 and
AgNP_50, a decrease in cell number corresponding to the incubation time was observed.
Overall, an increase of silver ions content leads to more extensive morphological damage
and decrease of cell number.

P. aeruginosa presented a flattened morphology compared with the untreated rod-
shaped control bacteria. After 24 h of incubation, the shrinkage of the bacterial membrane
was dramatically increased (Figure 3). P. aeruginosa cells in direct contact with samples
AgNP_25 and AgNP_50 were severely affected even after short incubation periods of 3 and
6 h compared with AgNP_100-treated cells.
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Figure 5. Representative SEM images showing the induction of 100 ppm AgNPs on S. epidermidis for
3, 6, and 24 h. The control represents the morphology of the bacteria without AgNPs. Magnification
is 15,000× and scale bar represents 1 µm.

SEM images for S. aureus and S. epidermidis confirmed that the surface of bacterial cells
of the untreated control group exhibited characteristics typical to those of native cells and
appeared smooth and intact, while cells treated with AgNPs were damaged severely. Some
cells showed large leakage, and other appear misshapen and fragmentary.

Even more pronounced was the effect on the cell membranes of S. epidermidis, in
which an extensive cell membrane disruption, fragmented morphology, and agglomerate
formation were observed. Induction of all AgNP samples caused a dramatic decrease in
bacterial cell number for the first 3 h.

3.4. Bacterial Growth Kinetics at Various AgNPs Concentrations

The growth kinetics of E. coli, P. aeruginosa, S. aureus, and S. epidermidis were monitored
in 100 µL MH-B supplemented with final concentrations of 50, 25, 12.5, 6.25, and 3.125 ppm
AgNPs, which were incubated for 24 h (Figures 6–9).

Absorbance values at 600 nm reflect the number of bacterial cells. The values were
found to increase in a sigmoidal fashion in the absence of AgNPs. For E. coli cells, the usual
sigmoidal growth was observed at 0 ppm concentration of AgNPs (C-). The presence of
low AgNPs concentrations (3.125, 6.25, and 12.5 ppm) resulted in partial inhibition of the
growth of the E. coli cells, as demonstrated by the extended lag phases (Figure 6). The
increase of AgNPs percentage seemed to increase the delay of the bacterial growth from
2 h (AgNP_25) to 8 h (AgNP_50) and 10 h (AgNP_100), causing a profound bactericidal
effect from 12.5 ppm (AgNP_25) to 6.25 ppm (AgNP_50) and 3.1 ppm (AgNP_100) for the
first 24 h.

For the growth kinetic experiments of P. aeruginosa, streptomycin (100 µg/mL) was
used as positive control due to its resistance in amoxicillin/clavulanic acid. For all treat-
ments, P. aeruginosa cells presented a growth kinetics delay of 6 h in the presence of 3.1 ppm
of AgNPs samples in comparison with the untreated control C- (Figure 7). After 12 h of
incubation, there was an increase in growth at 6.25 ppm of the AgNP_50 sample.

The growth kinetics of S. aureus demonstrated a similar trend to E. coli for all tested
AgNPs samples (Figure 8). Based on the kinetic diagrams, similarities were observed
in the extended lag phases with a delay from 1 h (AgNP_25) to 8 h (AgNP_50) and
10 h (AgNP_100) and a robust bactericidal effect from 12.5 ppm (AgNP_25) to 6.25 ppm
(AgNP_50) and 3.1 ppm (AgNP_100).
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Figure 6. Growth kinetics of E. coli in the presence of different concentrations (from 3.125 to 50 ppm)
of AgNPs. Optical density was measured for 24 h at 37 ◦C using a multi-detection microplate reader
at 600 nm and automatically recorded for each well every 15 min. In all experiments, the bacterial
suspension in pure MH-B and in the presence of amoxicillin/clavulanic acid (50 ppm) were taken as
negative and positive control, respectively.
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Figure 7. Growth kinetics of P. aeruginosa in the presence of different concentrations (from 3.125 to
50 ppm) of AgNPs. Optical density was measured for 24 h at 37 ◦C using a multi-detection microplate
reader at 600 nm and automatically recorded for each well every 15 min. In all experiments, the
bacterial suspension in pure MH-B and in the presence of streptomycin (100 ppm) were taken as
negative and positive control, respectively.
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Figure 8. Growth kinetics of S. aureus in the presence of different concentrations (from 3.125 to
50 ppm) of AgNPs. Optical density was measured for 24 h at 37 ◦C using a multi-detection microplate
reader at 600 nm and automatically recorded for each well every 15 min. In all experiments, the
bacterial suspension in pure MH-B and in the presence of amoxicillin/clavulanic acid (50 ppm) were
taken as negative and positive control respectively.
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Figure 9. Growth kinetics of S. epidermidis in the presence of different concentrations (from 3.125 to
50 ppm) of AgNPs. Optical density was measured for 24 h at 37 ◦C using a multi-detection microplate
reader at 600 nm and automatically recorded for each well every 15 min. In all experiments, the
bacterial suspension in pure MH-B and in the presence of amoxicillin/clavulanic acid (50 ppm) were
the negative and positive control, respectively.
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S. epidermidis is the strain that presented the highest sensitivity of all four tested
bacteria against all three AgNPs samples. The incubation of S. epidermidis with all tested
concentrations led to a bactericidal effect against S. epidermidis cells during the first 24 h
(Figure 9). These results are in good agreement with the morphological observation by
SEM images showing the complete damage of the bacterial cell membranes (Figure 5).

4. Discussion

The AgNPs have been reported to exhibit a broad spectrum of antibacterial activities
on both gram positive and gram-negative bacteria and various drug-resistant strains. The
release of silver ion has been reported to be higher when fine AgNPs with a particle size
of less than 10 nm are used for antibacterial action compared to larger AgNPs [29]. As
dissolution of silver ions directly released from the AgNPs into the samples may affect
their biocidal profile, the determination of the colloidal silver content is of significant
importance; thus, it was the subject of this study. Although the exact mechanism of the
antibacterial effect of AgNPs has not been entirely clarified, various antibacterial actions
have been proposed. Among them, the most common modes of action can be attributed
to (i) free silver ions uptake causing interruption of ATP molecules and preventing DNA
replication, or (ii) formation of reactive oxygen species by AgNPs, or (iii) direct damage
of cell membrane by silver ions [8,24]. It has been generally recognized that AgNPs form
holes in the bacterial cell wall, causing increased permeability and cell death. Since AgNPs
cause denaturation and oxidize the cell wall, they lead to rupture of organelles, resulting in
cell lysis [30]. The tangential flow filtration (TFF) employed in this study to increase the
concentration of nanoparticles up to five times was considered as the preferable procedure
for the separation process, as conventional methods such as ultracentrifugation or dialysis
tubes may favor the ionic generation, or provide artificially high ionic concentrations,
and thus lead to allocation inconsistencies [31]. Following the filtration of the AgNPs by
TFF, the content of the supernatant containing the silver ions and that of the retentate
containing the AgNPs were evaluated through ICP-OES, leading to the production of three
colloidal solutions comprising 25% AgNPs and 75% Ag ions (AgNP_25), 50% AgNPs and
50% Ag ions (AgNP_50), and 100% AgNPs (AgNP_100). The antibacterial properties of
these three colloidal solutions containing different ratios of AgNPs and silver ions were
evaluated against two gram-negative, E. coli and P. aeruginosa and two gram-positive,
S. aureus and S. epidermidis bacterial strains, in an attempt to elucidate whether variations in
silver nanoparticle and silver ion concentrations have an effect on the antimicrobial action.

The results presented here are partially in agreement with the literature, as Ag ions
had higher toxicity to E. coli than AgNPs [32]. Although other studies have suggested
that silver ions have a similar, yet more pronounced mode of action than the AgNPs [33],
this was not a trend that could be verified in all evaluation methods performed in this
study. AgNPs exhibited a lower minimal inhibitory concentration against gram-positive
bacteria than colloids with increased ionic silver, which is in alignment with the literature,
suggesting that silver ions are more effective against gram-negative bacterial cells [15]. In
particular, the sample AgNP_100 demonstrated with 4.6 to 15.6 ppm the lowest MIC values
for all four strains, which may suggest a greater inhibition effect in general for increased
Ag nanoparticle concentrations. Looking into the results of the sample AgNP_100 on
the MBC, we observed similar values ranging from 16.6 ppm to 56.2 ppm against both
gram-negative strains and the gram-positive strain S. epidermidis, implicating its strong
antibacterial activity. The S. aureus is an exception for which the MBC values were found
to be higher, namely 62.5 ppm for AgNP_100, and 100.0 ppm for AgNP_50. These results
could be interpreted due to the thick peptidoglycan layer of the gram-positive bacterium
S. aureus. In addition, our data on the tolerance, calculated as the MBC/MIC ratio, range
from 1.6 to 8.0, implicating strong antibacterial properties against all four tested bacteria.
Specifically, gram-positive bacteria depict a greater tolerance to all three colloidal samples
compared to the gram-negative strains. Moreover, tolerance values indicated that treatment
with AgNP_25 exerted a bactericidal effect for all four bacterial strains, while AgNP_50



Nanomaterials 2022, 12, 31 12 of 14

was found to be bactericidal for all strains except of the gram-positive S. aureus, and
AgNP_100 demonstrated a bactericidal effect only against the gram-negative bacteria
E. coli and P. aeruginosa, underlying that an increase in silver ion content leads to a higher
bactericidal activity against gram-positive bacteria.

The growth kinetics of E. coli, P. aeruginosa and S. aureus incubated with the three sam-
ples demonstrated a similar trend. All three colloids, even at the lower concentrations of
3.1 ppm, were able to reduce the final bacterial population. Based on the growth kinetic
diagrams, an increased nanoparticle concentration seems to be related to a better inhibi-
tion effect of the bacterial growth. Lower concentrations of AgNP_100 (<3.1 ppm) and
AgNP_50 (<6.25 ppm) inhibited the growth of bacterial strains for more than 24 h compared
with AgNP_25.

Comparing all four bacterial strains employed in this study, S. epidermidis demon-
strated a great sensitivity to all three AgNP samples. S. epidermidis presented the lowest
MBC value at 16.6 ppm in the presence of AgNP_50, followed by a value at 25 ppm under
the induction of both samples, the AgNP_100 and the AgNP_25. An extensive bacterial
membrane damage and dramatic decrease of cell number from the first 3 h of incubation
were observed by means of SEM. The incubation with all tested concentrations led to a
bactericidal effect against S. epidermidis cells during the first 24 h as evidenced from the
kinetic studies. All experimental results indicated that S. epidermidis is more affected by
the action of the three agents than the other three investigated bacterial strains, which
may be attributed to the particle size of 5 nm of the AgNPs produced in this work. The
highest cytotoxic activity against S. epidermidis has been reported by other research groups
as being caused by AgNPs with a particle size below 10 nm [34]. Previous work on
S. epidermidis suggested that exposure to silver ions promotes the formation of the lethal
hydroxyl radical in a process believed to result from the inhibition of electron transport
chain components and production of the superoxide anion [35], justifying the extensive cell
membranes damage observed in our case. Overall, it can be stated that the particle size of
less than 10 nm enabling higher permeability through the cell membrane, together with the
formation of reactive hydroxyl species from the silver ions, may have led to the highest
antibacterial action of the colloidal agents against S. epidermidis. In addition, our results
indicated a strong antibacterial activity of all three formulations against P. aeruginosa, with
a comparable effect on cell membrane damage. Based on literature reports, P. aeruginosa
displays resistance to a variety of antibiotics, including aminoglycosides, quinolones, and
β-lactams [36]. Generally, the major mechanisms of P. aeruginosa used to counter antibiotic
attack can be classified into intrinsic, acquired, and adaptive resistance [37,38]. Moreover,
multidrug-tolerant cells that are able to survive antibiotic attack can form biofilms; these
cells are responsible for prolonged and recurrent infections [39]. The development of new
antibiotics or alternative therapeutic strategies for the treatment of P. aeruginosa infections
is urgently required for the patients with resistant infections to conventional antibiotics.
New antibiotics with novel modes of action have been explored in recent years, as they
have new routes of administration and resistance to modification by bacterial enzymes.
AgNPs are considered potential agents to help manage and prevent infections [27] towards
this direction, and this is in line with our data.

5. Conclusions

The antibacterial effect of Ag ions was distinguished from that of AgNPs by monitoring
the growth of two gram-negative and two gram-positive bacterial strains in the presence of
three different samples, containing different ratios of AgNPs and Ag ions. The prepared
samples comprised 25% AgNPs and 75% Ag ions (AgNP_25), 50% AgNPs and 50% Ag
ions (AgNP_50), and 100% AgNPs (AgNP_100). The particle size was determined to be
approximately 5 nm for all three sample compositions. We observed that both AgNPs and
Ag ions displayed a strong antibacterial activity. An increase of the AgNPs concentration
resulted in a stronger inhibitory effect of the bacterial growth, while an increase in Ag ions
content displayed higher bactericidal properties. In our study, gram-positive S. epidermidis
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expressed great sensitivity to all tested samples. These results suggest that the produced
colloidal suspensions comprising AgNPs and Ag ions can be used as efficient antibacterial
agents in biomedical applications.
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