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ABSTRACT: Silver nanoparticles (AgNPs) as antimicrobial agents have been 25
extensively studied. It is generally assumed that their inhibitory activity heavily 20
depends on their physicochemical features. Yet, other parameters may affect the 15 .
AgNP traits and activity, such as culture medium composition, pH, and temperature, 10
among others. In this work, we evaluated the effect of the culture medium 0.5

physicochemical traits on both the stability and antibacterial activity of AgNPs. We 00 T

found that culture media impact the physicochemical traits of AgNPs, such as 05| T

hydrodynamic size, surface charge, aggregation, and the availability of ionic silver L0 B = ~ —
release rate. As a consequence, culture media play a major role in AgNP stability and Culture media

antimicrobial potency. The AgNP minimal inhibitory concentration (MIC) values

changed up to 2 orders of magnitude by the influence of culture media alone when single-stock AgNPs were tested on the same
strain of Escherichia coli. Furthermore, a meta-analysis of the AgNP MIC values confirms that the “chemical complexity” of culture
media influences the AgNP activity. Studies that address only the antimicrobial activities of nanoparticles on common bacterial
models should be performed by standardized susceptibility assays, thus generating replicable, comparable reports regarding the
antimicrobial potency of nanomaterials.

1. INTRODUCTION wide array of different conditions for assessing the AgNP
antimicrobial activity on common bacterial models, such as
Escherichia coli.

Understanding the AgNPs’ antimicrobial activity and their
potential toxicity is critical for improving their current and

. . - fut licati 11 as for deali ith tential risk
cosmetics, health care (nanopharmaceuticals), and more.' ™ In ure appiications as we'l as for dea ing with any potentiar ris

.. . . . to health and the environment. Yet, the different culture
medicine, AgNPs are of particular interest due to their potent o . . . .
6 conditions used for assessing the antimicrobial activity of

antimicrobial activity against viruses,” bacteria,”” and ﬁJngi,8’9 . . .
. - AgNPs lead to challenges regarding the understanding of their
among others. Moreover, AgNPs may exhibit synergistic effects . . 1
. o ) . > . potency, mechanisms of action, stability, etc. Moreover, the
with antibiotics and can be applied as sanitizers, which increase . . o
lack of consistency in the susceptibility assays may even lead to

their relevance.'’”"?
. 1 . reproducibility issues as some of the published results may not
Therefore, understanding and properly establishing their be readily replicated under a different experimental setup. In

antimicrobial potency and toxicity are of utmost relevance. As : L . .
. L e . . the literature, among the variations in culture conditions are
with common antibiotics, the antimicrobial activity of AgNPs 1 216,17 . .18
initial inoculum size, incubation time, © and the culture

is usually determined by assessing the minimal inhibitory media. 192!
concentration (MIC) or the minimal effective concentration : . . .
Culture media are a key factor as their formulation may

(MEC), which can be an experimental or calculated endpoint . . : .
) include different concentrations of proteins, sugars, and
value. The MIC can be assessed through diverse methods, . . Lo
inorganic salts, among others. Moreover, their different

which may consider different criteria, with the CLSI and hvsicochemical ch - . . .

o ) - ) physicochemical characteristics provide them with different
EUCAST guidelines being the most common. Regarding their
toxicity, there are several guidelines to address it ° as well as
different works aiming to assess their toxicity.'*'> However, it
is not uncommon to find a plethora of different methods for
evaluating and interpreting the antimicrobial activity and the
toxicity of AgNPs. Although it is true that some strains or
particular experimental setups may need specific culture
conditions, it is not uncommon to find articles that use a

Silver nanoparticles (AgNPs) are among the most studied and
produced nanomaterials worldwide due to their wide range of
applications. AgNPs are key components in hundreds of
commercial products, such as paints, coatings, electronics,
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pH values, ionic strength, redox potential, etc. Consequently,
due to their very different chemical composition, culture media
are complex systems that influence the biological behavior of
cells and may alter the potency of antimicrobials.

Regarding AgNPs and other silver species, some of their
interactions with culture media and their components have
been reported by several authors. When culture media interact
with AgNPs, they may affect their properties in different ways,
such as the silver ion release rate, aggregation, or surface
oxidation process.n’23 Biomolecules, salts, and other culture
medium, components destabilize the nanoparticles,”*** where-
as proteins produce protein corona,”®*” which may affect their
antimicrobial activity.”* > Also, parameters such as salinity
and pH impact AgNPs>*** particularly their stability in
aqueous solutions.”> >’

However, up to now, these studies have not shown a
potential correlation between the physicochemical properties,
stability, and the antimicrobial activity of AgNPs under
different culture conditions. Back in 2011, MacCuspie
concluded that no clear trends are found between the AgNP
properties, stability, and activity,”® and recently, although it has
been suggested several times that the culture medium may
affect the AgNP antimicrobial potency,”"*” still, no clear trends
have been found. Furthermore, it is still assumed that the
antimicrobial activity of the AgNDPs relies almost exclusively on
nanoparticle physicochemical traits rather than on the cell—
nanoparticle—environment interactions. This idea has led to an
incomplete comprehension of the AgNP activity and weakens
the capacity to compare its antimicrobial activity and potential
toxicity.

In this work, we hypothesized that the influence of culture
media on the stability and antimicrobial activity of AgNPs is
related to the “chemical complexity” of culture media. The aim
was to establish a possible correlation between the chemical
composition of the culture medium, as a complex system, the
AgNPs’ physicochemical traits, and their antimicrobial activity.
Although the culture medium components and nanomaterial
interactions have been addressed, the consequences of these
interactions on the biological activity of AgNPs have not been
correlated under the cell-nanoparticle—environment complex
system approach. To achieve our goal, we evaluated the effect
of five different culture media (NB, LB, MH, TSB, and RPMI)
on the antimicrobial activity of AgNPs, using the same
microbial strain (E. coli) and the same AgNPs. Additionally, a
comparative meta-analysis of the literature was performed to
contrast our experimental data with the available information.
The role of culture media regarding toxicity assays of AgNPs is
discussed.

2. RESULTS AND DISCUSSION

2.1. Culture Media and Their Components Change
the Stability of AgNPs. 2.1.1. AgNP Surface Plasmon
Changes under Different Culture Media. AgNPs, in Milli-Q
water, display the expected UV—vis absorbance profile with a
single peak, typical for silver nanoparticles, with a maximum at
A =415 nm (Figure 1); also, the UV—vis profile of AgNO; was
measured, displaying a profile with a maximum at 4 = 290 nm.

The absorbance of AgNPs in different culture media showed
variations in intensity, position, and shape. At t = 0, AgNPs
diluted with different culture media displayed minor differ-
ences in their surface plasmon (Figure 2A). However, the
surface plasmon displayed a noticeable decrease from the
AgNPs suspended in YPD. AgNPs in LB, YPD, and TSB show
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Figure 1. Culture medium components change the UV—vis spectra of
the AgNPs. UV—vis spectra of AgNPs and AgNO; in deionized water.
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Figure 2. Culture medium components change the UV—vis spectra of
the AgNPs. UV—vis spectra of AgNPs when exposed to different
culture media, at t = 0 h (A), and after 24 h of incubation, t = 24 h

(B).

small, low-intensity peaks around the A,y band, which has
been associated with the presence of other silver species and
nanoclusters."” AgNPs in RPMI and NB show a small shoulder
toward the blueshift, while those in YPD displays a broad
shoulder toward the redshift, which may suggest that
nanoparticles are disintegrating and agglomerating, respec-
tively. Baset et al. showed how the shift of the peak reveals if
AgNPs are clustering or becoming smaller.*!

At t = 24 h, the variations in the surface plasmon were more
evident, which suggests that the physicochemical properties
and stability of AgNPs were affected (Figure 2B). The AgNP
absorbance intensity reduction (in MM9, RPMI, TSB, and
YPD) and the redshift in the absorbance (in NB) suggest that
nanoparticles may be precipitating or aggregating over time.
Also, the full width at half-maximum (FWHM) of the
absorbance peak of AgNPs is broadening at t = 24 h (in NB
and MH), which suggests that AgNPs are more polydisperse,
possibly due to oxidizing processes.”” However, the FWHM of
AgNPs decreased in LB, suggesting that the reduction of the
nanoparticles was predominant and that nanoparticles are
transitioning to be monodisperse. Moreover, there was a
blueshift in the surface plasmons of AgNPs in MM9, YPD, and
TSB, suggesting that nanoparticles may be disintegrating,
favoring the release of silver species. AgNPs in NB and MH
show an increment in the intensity in the 4 range between 300
and 400 nm, which may suggest an increase in the relative
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concentration of other silver species. In Figure S1, the
individual graphs for the AgNPs suspended in each culture
medium, at £ = 0 h and 24 h, are provided.

The distinctive chemical composition and pH found in the
different culture media lead to unique interactions with the
AgNPs, changing their physicochemical properties, as revealed
by the surface plasmon. These changes may be predominantly
caused by fast and spontaneous physicochemical interactions —
redox processes, passivation, or chemical bonding, among
others — with the culture medium components. The
predominant components for most culture media are
proteins/amino acids, reducing sugars, and salts, which are
known to interact with metals.

2.1.2. Protein Concentration Influences AgNP Stability.
For AgNPs suspended at low peptone concentrations, the
surface plasmons were similar to the profile of the control
(AgNPs in Milli-Q water). In contrast, AgNPs in the solution
with the highest concentration of peptone (5.24%) showed
different surface plasmon (Figure 3A). The intensity of the
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Figure 3. Different pH values change the UV—vis spectra of the
AgNPs. Absorption spectra of the AgNPs exposed to deionized water

with different concentrations of peptone (A) and exposed to different
pH (B).

peak decreased and shifted toward blue, although a small
shoulder at 4,5 is kept. The change in the profile may be due
to the precipitation of AgNPs. Also, AgNPs may dissolve,
leading to the formation of other silver species, as suggested by
the broadening of the peak below 400 nm. This corresponds to
observations in the literature, which indicate that cysteine can
passivate AgNPs due to the formation of chemical bonds with
the silver ions.**~* Also, proteins may adsorb Ag(I) and
dissolve the AgNPs.***® Additionally, it has been widely
reported that the AgNP—protein interaction leads to the
“protein corona” formation around the AgNPs.*’” Protein
corona induces changes in the AgNPs’ traits, such as size,
stability, and even in the way they interact with cells.”® Hence,
proteins and some amino acids alter the physicochemical
properties of the AgNPs, which may impact their stability. This
observation may be of special interest when producing AgNPs
via green synthesis as the proteinic content from the extracts
directly impacts the AgNPs; therefore, if the protein content is
not consistent, the properties of the nanoparticles may be
compromised.*®

2.1.3. The Stability of AgNPs Depends on the Acidic/
Alkaline Environment. The surface plasmon of AgNPs in an
acidic pH (6.2) solution was similar to the profile of AgNPs in
the control solution (pH 7.2) (Figure 3B), although it showed

a reduction in intensity and a slight shift to red. In contrast,
AgNPs in the basic pH (8.2) solution showed a different
surface plasmon. The peak wideness increased and exhibited a
slightly shift to red, suggesting an increasing oxidation and size
polydispersity. Also, the noticeable reduction in intensity and
the emergence of a small shoulder around A;5, suggest that
AgNPs may be dissolving. Therefore, the silver ion release rate
may be favored in alkaline environments, leading to faster
degradation of the AgNPs, but the release decreases in acidic
environments.”® Nevertheless, some authors suggest the
opposite effect: acidic environments reduce the stability of
silver nanoparticles, whereas the stability is maintained in an
alkaline environment. Goswami et al. reported that AgNP
stability was higher in a basic solution (pH 9) than in the
acidic one (pH 5).* Similarly, Qu et al. found that AgNPs
became unstable in pH 2 but remained unaffected at pH 12.%
Then, solutions with extreme pH values may have different
effects on AgNP stability as the ion release, oxidation state, and
other chemical effects may interact simultaneously. Addition-
ally, the pH can alter the ionic strength in a solution, and an
increase in the jonic strength leads to the destabilization of the
AgNPs.25 Also, an increase in ionic strength promotes the
aggregation of chemically synthesized AgNPs, whereas the
opposite effect has been observed in biologically synthesized
AgNPs.*” Therefore, the impact of pH on nanoparticles may
be attributed to their characteristics, such as coating agent, size,
and shape, among others.

For this study, the pH values were chosen according to the
recipes for culture medium preparation. Culture medium pH
values usually range between 6.5 and 7.5, being around 7.2 for
most bacterial models, such as E. coli. Based on our results, it
seems that pH plays only a minor role in the AgNP stability
when the experiments are performed under environments close
to pH 7. A further study, on a more complete scale of pH, may
provide a deeper insight into the influence of pH on the
behavior of AgNPs beyond the scope of the culture medium
conditions.

2.1.4. The Culture Media Change the Hydrodynamic Size
and {-Potential of AGNPs. DLS spectroscopy analysis shows
that AgNPs diluted in Milli-Q water have a polydispersity
index (PDI) of 0.247. The PDI implies that AgNPs have a
moderate polydispersity, yet most of them are within a major,
single population size. The AgNPs’ {-potential is —14.1 mV;
therefore, their surface is negatively charged due to the PVP
coating. A {-potential value of >I30l mV is generally accepted
as the limit of stability.”® According to our results, the (-
potential value suggests that the AgNP suspension has
relatively moderate stability. AgNPs have a hydrodynamic
size of 95.3 nm. A previous characterization from our group15
showed that these AgNPs have an average size of 35 + 15 nm.
Thus, their hydrodynamic size is more than 2 times greater
than their metallic core. The large hydrodynamic size of the
AgNPs may be partly due to the PVP coating, which expands
when AgNPs are in an aqueous solution. Moreover, the
previous TEM analysis does not provide any evidence of AgNP
initial aggregation (t = 0 h), although the low {-potential value
may be an indication that they slowly aggregate over time. At ¢
= 24, the DLS analysis revealed the presence of AgNPs in
suspension despite that UV—vis spectrophotometry showed
that their surface plasmon intensity was noticeably reduced.
The original stocks of these PVP—AgNPs are stable for
months, according to our observations. No precipitate
formation was perceived in the container, and both the surface
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plasmon and antimicrobial activity remain practically un-
changed over time (at least for 20 months). This stability may
be influenced by the PVP, which acts as a dispersant, prevents
aggregation, and acts as a reducing agent, preventing the
reduction of the PVP.>'

All nanoparticles used in this study came from the same
stock, yet when suspended in different culture media, they
exhibited variations in their hydrodynamic diameter (Figure
4A) and (-potential (Figure 4B). Regarding the hydrodynamic
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Figure 4. Culture media affect the size and charge of the AgNDPs.
Hydrodynamic size (A) and {-potential (B) of AgNPs when diluted in
different culture media.

size, at t = 0 h, changes in the AgNP size were more noticeable
for some culture media than in others. AgNPs in NB and MH
displayed a hydrodynamic size similar to the control (Table
S1). In LB and TSB, AgNPs displayed a hydrodynamic size
smaller than AgNPs in Milli-Q water (87.8 and 67.4 nm,
respectively). Both culture media have different chemical
compositions; however, they share a high concentration of
added inorganic salts (0.5 and 0.75%, respectively), but the
protein content is higher in TSB, as described in Table S2. In
these media, the salts may be hindering the interactions with
proteins and other components avoiding protein corona
formation.

In contrast, AgNPs in M9, RPMI, and YPD displayed a
hydrodynamic size larger than in the control (124.5, 136.2, and
299.6 nm, respectively). In particular, AgNPs in YPD displayed
a hydrodynamic size 3 times larger than the control. YPD has a
high content of proteins, no added salts, and a high content of
reducing sugars (2%), which may favor protein corona
formation and also lead to rapid aggregation and precipitation
of AgNPs. This matches the observation from their surface
plasmon (Figure 2A), in which a broad shoulder emerges
between 500 and 700 nm, evidence of larger nanoparticles.
This phenomenon resembles an observation from Kvitek et al,,
where the profile intensity and shape were affected by the
ascending concentration of poly(diallyl-dimethyl-ammonium)
chloride, a cationic polyelectrolyte.”® They showed that the

maximum peak of AgNP absorbance decreased as the
hydrodynamic size increased, while other peaks were rising
at 4 > 500 nm, confirming the increase of AgNP size and
polydispersity. However, M9 and RPMI have a very low
content of proteins/amino acids and sugars and a high content
of salts (around 1%). It is unclear why the hydrodynamic size
of AgNPs increased (around 30% larger). This observation
does not correlate with their surface plasmon as they are
similar to the profile control (in Milli-Q water), although some
differences were observed. At t = 24 h, the AgNP hydro-
dynamic size in Milli-Q water, as well as AgNPs in LB and
MH, was similar to the size at t = 0. For AgNPs in LB and MH,
the surface plasmon at t = 24 h was also comparable to their
corresponding profiles at t = 0 h. An increase in the AgNP
hydrodynamic size was observed in M9, RPMI, NB, TSB, and
YPD. For AgNPs in M9, RPMI, YPD, and TSB (332.4, 784.2,
314, and 373.5 nm, respectively), these changes match the
intensity decrease of their surface plasmon (Figure 2B).
Interestingly, AgNPs in NB showed a slight increase in the
hydrodynamic size (215 nm), whereas their UV-—vis
absorbance profile remained almost unchanged.

At t = 0 h, the polydispersity index (PDI) of AgNPs is
between the 0.2 and 0.3 range in water and most culture
media, but in RPMI, the PDI of AgNPs is higher (0.621)
(Table S1). However, at t = 24 h, the PDI values increased in
most culture media (between the 0.3 and 0.4 range), except in
RPMI and NB, which showed a decrease regarding their
corresponding values at t = 0 h. As the PDI represents the
distribution of size populations within the sample, the obtained
values revealed that the size distribution was moderately
uniform in most samples at t = 0 h and remained relatively
close to the monodispersity threshold at t = 24 h in NB, TSB,
and RPMI, whereas those in LB, MH, and YPD increased,
which provides additional evidence that hydrodynamic size of
the AgNPs changes under different conditions (Figure S4).
The closer the PDI values are to zero, the more uniform is the
size of the particles within the samples. Usually, PDI values
below 0.2 are considered to represent a monodispersity
distribution.”> Our values were close to the limit of 0.2 at t
= 0 h, and although their polydispersity changed at t = 24 h,
they remained relatively within a major population size.

Regarding {-potential, there were noticeable variations in the
different culture media over time (Figure 4B). However,
nanoparticles maintained a negative surface charge under all
conditions (Table S1). At t = 0 h, the {-potential absolute
value remained similar to that of the control (I114.1l mV) for
AgNPs in NB, and TSB, showing a decrease in the {-potential
absolute value in LB and MH. Interestingly, the surface
plasmons in these culture media were similar to those in the
control at t = 0 h. AgNPs in M9, RPMI, and YPD showed a
slight increase in the {-potential absolute value. The AgNPs in
these culture media also exhibited an evident reduction in their
surface plasmon intensity at t = 0 h. Particularly, AgNPs in
YPD also displayed a noticeable decrease and the emergence of
a shoulder starting at A5 nm. At t = 24 h, the {-potential
absolute value of AgNPs in Milli-Q water increased to [20.5I
mV, which is contrary to the expected based on the intensity
reduction of their surface plasmon. However, as described
above, their hydrodynamic size remained practically un-
changed at t = 0 h. The potential causes of the differences
observed between the UV—vis spectrophotometry analysis and
the DLS results remain to be further explored. For AgNPs in
the culture media, all the {-potential absolute values were
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different at t = 24 h (Table S1). For AgNPs in M9, RPMI, and
TSB, the {-potential absolute values remained close to their
values at t = 0 h, which contradicts the observations from both
their surface plasmon and hydrodynamic size, which were
noticeably different over time. For YPD, AgNPs’ {-potential
absolute value was also similar to the t = 0 h, which is also true
for their HS; however, their surface plasmons were noticeably
different over time. AgNPs in NB showed a decrease in the (-
potential absolute value regarding the initial time, suggesting
loss of stability. This matches the aggregation observed for
their hydrodynamic size over time, although the surface
plasmon remained stable at t = 24 h. AgNPs in LB and MH
displayed higher {-potential absolute values, which suggest an
increase in stability, particularly in MH. This is similar to the
observations from their surface plasmon and hydrodynamic
size, which remained very similar regarding the t = 0 h.

Some of the culture media with similar chemical
components, such as LB and YPD, exert a very different
impact on the AgNP {-potential, hydrodynamic size, and
surface plasmon. In contrast, culture media with different
compositions, such as MH and LB, have a similar, marginal
effect on the AgNP surface plasmon, (-potential, and
hydrodynamic size. The optical characterizations (UV—vis
spectrophotometry and DLS) remain consistent for determin-
ing the AgNP stability (LB and MH) or instability (M9, RPM],
and TSB) over time. In contrast, for AgNPs in NB and YPD,
there is not an evident trend as the data from the optical
characterization are not consistent and cannot be correlated
with our current data. AgNPs are subject to instant
physicochemical interactions with the culture medium
components that alter their surface chemistry. These
interactions lead to changes in hydrodynamic size, stability,
and surface plasmon, suggesting aggregation, disintegration,
and different redox processes over time.

Also, a future study considering the protein corona
formation on different media may expand the explanation
and shed some light on the matter. LB, NB, MH, YPD, and
TSB contain proteins from different sources. For MH, YPD,
and TSB, the protein content is particularly high (2 to 3%);
therefore, they are more likely to form protein corona on the
AgNPs. However, the stability of AgNPs was only negatively
impacted on TSB and YPD. Yet, intriguingly, they exhibited a
different behavior regarding their hydrodynamic size: MH
remained unchanged over time, with a hydrodynamic size
similar to the control, AgNPs in TSB exhibited a reduction in
their hydrodynamic size at t = 0 h (67 nm), but noticeably
increased at t = 24 h (374 nm), whereas for YPD, there was an
increased in their HS at t = 0 h (300 nm) keeping
hydrodynamic size at t = 24 h (314 nm). TSB and YPD also
have a high content of other components, 2% of sugars for
YPD, and 0.75% of salts for TSB, which may also play a role in
the AgNP chemistry and even in the protein corona formation.

Therefore, different and diverse mechanisms and inter-
actions may be simultaneously present due to the diversity of
the culture medium components. Moreover, these interactions
may be influenced by the traits of the AgNPs (size, shape,
surface charge) and even the presence and nature of a coating
agent, which alter the surface chemistry of the AgNPs. In this
study, AgNPs are coated with PVP, which acts as a dispersant,
confers stability, and also acts as a reducing agent, and it may
confer resilience against some of the chemical effects from the
culture medium components.”* However, as the culture
medium is more than the sum of its components and pH, it

is difficult to predict how it will impact the stability and optical
properties of the AgNPs.

2.1.5. The Silver Content and the Silver lon Release Rate
Depend on the Culture Media. ICP-OES analysis was
performed to evaluate the silver content of centrifuged media
(Figure S). At t = 0 h, the lowest silver content was in RPMI

2.04

1.54

%

Ag [ppm]
5

0.54

0.0

RPMI Oh MH Oh YPD Oh RPMI24h MH 24h  YPD 24h
oh 24h

Incubation time

Figure S. Silver content variations in different culture media, at 0 and
24 h of incubation. There are significant differences in the silver
content in the different culture media over time. One-way ANOVA
was performed on the replicates of each treatment followed by
Tukey’s multiple comparison post-test, using the software OriginPro 8
(OriginLab), * = p < 0.0, *** = p < 0.001.

(0.34 ppm), while the highest was in YPD (1.41 ppm). At t =
24 h, the silver content was significantly different in the culture
media. The silver content decreased in RPMI and MH (0.17
and 0.89 ppm, respectively) but increased in YPD (1.7 ppm)
(Table S3). Therefore, the silver ion release rate and behavior
are different in each culture media, being more readily released
in RPMI and MH than in YPD; thus, the silver content in the
pellet (AgNPs) is lower.

To corroborate that AgNPs were precipitated by centrifu-
gation, the supernatant of each culture medium was analyzed
by UV—vis spectrophotometry after centrifugation. UV—vis
analysis revealed that the typical profile of the AgNPs was not
observed in any supernatant, at t = 0 h. At t = 24 h, the AgNP
absorbance profile was not observed in RPMI and MH, but the
YPD supernatant revealed the typical profile of the AgNPs but
with a very low intensity (ODyjsom < 0.3). A possible
explanation could be that YPD has a high dextrose content,
a reducing sugar, which may interact with the silver ions from
the supernatant, favoring the AgNP formation, as reported
elsewhere.”* Additionally, the UV—vis analysis of the super-
natant revealed the presence of non-nanostructured silver
species, below A3, according to the literature™ (Figure S2).
The formation of different silver species may be due to the
interaction of the silver ions with the culture medium
components, and the silver species continue to bind to them
after centrifugation, remaining in the supernatant. For each
condition, the corresponding culture medium, centrifuged,
with no AgNPs, was used as a blank in the UV-—vis
spectroscopy analysis; therefore, the absorbance profile
obtained is the result of the interaction of silver with the
culture media.

2.1.6. The Concept of Chemical Complexity of the Culture
Media. At this point, it is evident that culture media influence
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the AgNP size, surface charge, ion release, and, therefore, their
stability. Culture media are formulated using a wide array of
chemical components; therefore, they have a varying degree of
chemical complexity. For this study, we set chemical
complexity as the relative quantity and chemical diversity of
the culture medium components. The pH value was also
considered. This “complexity” ranges from the defined —
synthetic — media (such as M9 or RPMI) to the nondefined —
complex — media (such as LB and MH). The straightforward
relationship between the observed changes in AgNPs and the
culture medium composition has yet to be addressed due to
the multiple interactions among the components, exposition to
light, temperature, ionic strength, and interaction with salts,
among others.

We observed consistency between the changes in the optical
characterization of the AgNPs and their stability for some
culture media, yet for others, a not evident trend was observed.
However, although it may be difficult to predict the impact of
culture media on AgNPs, the effects on their stability and
morphology are clear. Then, what are the consequences of
these changes on antimicrobial activity? We addressed this
issue below.

2.2. Culture Media Determine the Antimicrobial
Activity of AgNPs. 2.2.1. Culture Medium Composition
Impacts E. coli Growth. Bacterial growth with no AgNPs in
the peptone-/dextrose-modified MH was measured. Our
results reveal that E. coli displayed significantly different
growth in the peptone-/dextrose-modified MH (Figure 6).
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Figure 6. Culture medium components impact the growth of E. coli.
E. coli growth in MH broth under standard conditions, with variations
in peptone and dextrose concentrations. There are significant
differences in microbial growth. One-way ANOVA with the Holm—
Sidak post-test, * = p < 0.0S. @ = MH reference media (containing
1.75% peptone and 0% dextrose).

Moreover, an interesting observation is that E. coli showed the
best growth under the standard MH formulations, which are
1.75% peptone and no dextrose. This was contrary to the
projected as it was expected that E. coli would grow better in
the enriched MH.

E. coli Growth Is Influenced by the Culture Media. The
growth of E. coli incubated in different culture media with no
AgNPs was determined. Our results show that there are
significant differences in microbial fitness even before the use
of any antimicrobial treatment. The highest bacterial growth
was observed in TSB broth (>200%), while the lowest in
RPMI (<50%) (Figure 7). These disparities in bacterial growth
under different culture media should be relevant when
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Figure 7. Effect of culture media on bacterial growth. E. coli was

cultured in different media, with no AgNPs. Growth in MH was set as

100%. One-way ANOVA was performed on the replicates of each

treatment followed by Tukey’s multiple comparison post-test, using

the software OriginPro 8 (OriginLab), * = p < 0.05, **¥** = p <
0.001.

comparing susceptibility assays from different experimental
setups. Moreover, our results highlight that any variation in the
culture media conditions modifies both the AgNP stability and
bacterial growth. Furthermore, these variations suggest that
there may be misleading interpretations regarding the
antimicrobial activity, particularly if no additional controls
are used.

2.2.3. The Antimicrobial Activity of AgNPs Is Influenced
by the Components of the Culture Media. The effects of
AgNPs on E. coli grown in peptone- or dextrose-modified MH
were assessed. The lowest AgNP MIC was found in the lowest
concentrations of peptone (0.58%) and dextrose (0%), with
MICs of <7.5 and 10 ug mL™, respectively (Table 1). On the

Table 1. AgGNP MICs on E. coli when Cultured on Modified
MH

peptone (%) MIC (ug mL™") dextrose (%) MIC (ug mL™")
0.58 <7.5 0 12.5
1.16 12.5 1 >20
1.75¢ 12.5 2 >20
2.63 17.5
5.24 20

“MH standard formulation.

other hand, the highest MICs were found for the highest
concentrations of peptone (5.24%) and dextrose (2%), with
MICs of 20 and >20 ug mL™', respectively. This is an
interesting finding because the AgNP MIC values raised
proportionally as the concentration of dextrose or peptone
increased. Nevertheless, for E. coli in modified MH broth with
no AgNPs, the growth decreased when the concentration of
peptone/dextrose was higher than in the standard formulations
(Figure 6). Hence, although the bacteria had a lower fitness at
high concentrations of peptone and dextrose, the MIC values
increased. Therefore, peptone and dextrose are hindering the
AgNP antimicrobial potency. This must be considered when
culture media are prepared as sometimes they are enriched
without considering the effect of culture media on AgNPs.
2.2.4. The MIC of AgNPs Depends on Culture Media. The
AgNPs displayed diverse MIC values in different culture
media. The lowest MIC was 0.25 ug mL™" for RPMI, while the
highest was 15 pug mL™}, for TSB, whereas for MH, the MIC
was 12.5 ug mL~". The MIC variations were caused by the
culture medium components, which impaired the silver ion
release, reducing its bioavailability and dissolving/aggregating
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the nanoparticles, among other effects. Therefore, although the
same stock of AgNPs and bacterial strain were used and they
were tested under identical culture conditions, the MIC varied
up to 2 orders of magnitude just by the influence of the culture
media (Table S4). It is relevant to remark that our
experimental MIC values increased correspondingly as the
chemical complexity of the culture media augmented, as
follows: RPMI, LB, NB, MH, and TSB. Although this
hierarchical organization is arbitrary, as explained -earlier
(Section 2.1.6), it correlates the AgNP antibacterial activity
with the chemical complexity of the culture media. Moreover,
it also correlates with bacterial growth in different culture
media (Figure 7).

Furthermore, from the literature meta-analysis, we obtained
the AgNP MIC values against E. coli. These MIC values were
grouped by culture media; then, the MIC ranges were
determined for each group (Table S2). The culture media
were assorted according to our concept of chemical complex-
ity, described before (Section 2.1.6). The average values from
the literature also increased as the culture media become more
“chemically complex”. Therefore, our experimental results and
the meta-analysis corroborate the influence of the chemical
composition over the AgNP stability and antimicrobial activity.
In Figure 8, we display the AgNP antimicrobial activity ranges
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Figure 8. Culture media affect the antimicrobial activity of AgNPs.
The AgNP minimal inhibitory concentration for E. coli is different in
each culture medium, as can be observed in the ranges reported in the
literature (blue bars) and our experimental results (red lines). Data
are expressed as logl0.

on the logarithmic scale in the different culture media,
organized by their chemical complexity. The blue bars
represent the MIC ranges from the literature, whereas the
red lines represent our punctual MIC values. The values from
the literature and our experimental results are presented in
Table S4.

This work reveals the importance of considering the culture
medium conditions when assessing the AgNP antimicrobial
activity. Also, it demonstrates that the AgNP antimicrobial
potency from studies with the different experimental setups
should not be directly compared as a comparison may be
misleading. Finally, this approach could be potentially
extended beyond AgNPs as there are many other nanoanti-
biotics under research.”**°

As an additional observation, the literature review revealed
that several studies regarding the antimicrobial activity provide
a limited characterization of the AgNPs and/or limited
information about the culture conditions. Most studies did
not specify if the MIC values provided correspond to the
estimated silver content or the total mass of the AgNPs when
they are coated or otherwise modified. Most of the studies that
were not considered for the meta-analysis lacked basic

information regarding the traits of the nanomaterials or
about the susceptibility assays used.

3. CONCLUSIONS

Culture media play a critical role in the AgNP stability and
antimicrobial activity. When AgNPs and E. coli from the same
feedstock were tested under identical conditions, the MIC
value changed up to 2 orders of magnitude by the effect of the
culture media alone. Culture media influence AgNP phys-
icochemical properties, such as hydrodynamic size, surface
charge, silver ion release rate, and stability. Consequently, the
antimicrobial potency of AgNPs is affected directly by the
culture medium chemical complexity. The interactions and
effects in the cell-nanoparticle—environment (culture con-
ditions) system should be considered when assessing and
interpreting the effect of AgNPs on the cell. Culture conditions
are as relevant as the physicochemical traits of AgNPs when
evaluating the antimicrobial potency of nanomaterials. More-
over, this study confirms that performing a comparative
analysis to assess the antimicrobial potency or toxicity of AgNP
data from the different reports could lead to misleading
interpretations. More studies are still needed to expand the
understanding of the role of the culture medium components
on the AgNPs, particularly from the cell-nanomaterial—
environment approach.

It is known that some strains require specific culture
conditions; also, some experimental setups require particular
arrangements in order to achieve their research aims. However,
many research articles that only aim to assess the antimicrobial
activities of nanomaterials, on common aerobic bacterial
models, still use different culture conditions, such as culture
media, inoculum size, initial incubation time, and temperature,
among others. Moreover, in these studies, external controls are
rarely used. For that reason, the authors emphasize that
standardized protocols (CLSI, EUCAST, etc.) should be used
whenever possible for assessing the antimicrobial activities of
nanoparticles. Standardized protocols provide the advantage of
facilitating reproducibility. Moreover, it facilitates comparing
data across many different reports, allowing evaluation of the
actual activity between nanomaterials, and even with common
antibiotics. Additionally, experimental setups for nanomaterials
that cannot follow standardized guidelines should include
additional controls, such as the corresponding metallic ions,
which may be a silver salt (AgNO;) for AgNPs. Finally, our
analysis of the current literature reveals that a vast majority of
the published studies provide limited information regarding
both the AgNP characterization and the conditions of
antimicrobial susceptibility tests.

4. MATERIALS AND METHODS

4.1. Materials and Strains. 4.1.1. Silver Nanoparticles
(AgNPs). AgNPs were acquired from Vector Vita Ltd.
(Novosibirsk, Russia). According to the manufacturer, these
AgNPs are coated with polyvinylpyrrolidone (PVP) and are
suspended in distilled water. These PVP—AgNPs were
analyzed by transmission electron microscopy (TEM) (Figure
S$3). We found that the nanoparticles have an aspect ratio close
to 1, with a metallic core diameter of 35 + 15 nm."> Moreover,
a single-particle analysis revealed the crystalline arrangement of
these nanoparticles.” AgNPs were used as received, and the
silver concentrations correspond to the silver content in the
nanoparticles. For this study, we assessed the optical
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characteristics of the AgNPs, as described in the corresponding
sections (below).

4.1.2. Microorganism. The Gram-negative E. coli DHSa
bacterial strain was obtained from the microbial collection kept
at the Centro de Nanociencias y Nanotecnologia at the
Universidad Nacional Autonoma de Mexico. For the
susceptibility assays, E. coli was subcultured in Mueller Hinton
broth (MH) (BD Difco, MD) and incubated overnight, at 180
rpm, 37 °C.

4.1.3. Culture Media. The following culture media were
prepared according to the standard formulations provided by
the manufacturers: Roswell Park Memorial Institute (RPMI)
1640 medium from Sigma-Aldrich; Luria Bertani Broth (LB),
Nutrient Broth (NB), Mueller Hinton Broth (MH), Yeast-
Peptone-Dextrose Broth (YPD), and Tryptic-Soy Broth
(TSB), all acquired from BD Difco (MD). The standard
formulations for each culture medium are listed in the
Supporting Information (List S1. Culture Media Broth
Formulations).

4.2. Methods. 4.2.1. Effect of the Culture Medium
Composition on the Stability of AGNPs. To assess the impact
of culture media on the AgNP stability, different sets of
solutions were prepared in Milli-Q water, as follows: (a)
peptone concentration gradient (0.58, 1.16, 1.75, 2.63, and
5.24%), pH 7.2; (b) dextrose concentration gradient (1 and
2%), pH 7.2; and (c) culture media: RPMI, LB, NB, MH,
YPD, and TSB. Additionally, a set of Milli-Q water was
adjusted to different pH values: 6.2, 7.2, and 8.2. All solutions
were autoclaved, and then AgNPs were added in a final
concentration of 50 ug mL™". As a control, AgNPs were also
diluted in Milli-Q water, pH 7.2. All sets of solutions, with and
without AgNPs, were incubated overnight, at 180 rpm, 37 °C,
under sterile conditions. To ensure the reproducibility of
results, solutions were prepared in triplicate.

4.2.2. Optical Characterization of the AGNPs. The effect of
the different conditions in the AgNP size and stability was
assessed at times 0 and 24 h.

4.2.2.1. UV—vis Spectrophotometry. 1 mL from each of the
different AgNP solutions was transferred to a quartz cuvette
and analyzed using a Multiskan Go spectrophotometer
(Thermo Scientific), in a range of 275 to 700 nm, at room
temperature. The corresponding solutions with no AgNPs
were used as blanks. The collected data was used to graph the
UV—vis profiles with the OriginPro 8 software (OriginLab).

4.2.2.2. Dynamic Light Scattering (DLS) Spectroscopy.
The different AgNP solutions were transferred to a DTS 1060
folded capillary zeta cuvette. Then, the hydrodynamic diameter
(HD) and the {-potential of the AgNPs were determined using
a Zetasizer Nano NS (Malvern), at room temperature. The
data was analyzed and graphed with OriginPro 8 (OriginLab).

4.2.3. Estimation of the Silver Release from the AgNPs
over Time. The release of silver species over time from the
AgNPs suspended in different culture media was assessed by
inductively coupled plasma optical emission spectrometry
(ICP-OES). Briefly, AgNPs were suspended in RPMI, MH,
and YPD, for a final concentration of 10 yg mL™". For the time
0 h samples, the solutions were freshly prepared, whereas for
the time 24 h samples, the solutions were incubated overnight,
at 180 rpm, 37 °C, under sterile conditions. All samples were
centrifuged for 15 min, at 5000 rpm. The supernatant was
removed (then stored, see below), and the pellet was
resuspended in 1 mL of Milli-Q water, and then it was
sonicated and diluted with 9 mL of Milli-Q water. The silver

content from the resuspended pellet was measured using a
Vista-MPX spectrometer (Varian). Regarding the supernatants
from the different samples, they were kept in a sealed, light-
protected container, at 4 °C, until they were analyzed. The
supernatants were examined to determine the potential
presence of AgNPs and non-nanostructured silver. Briefly, 1
mL of the supernatants was transferred to quartz cuvettes and
analyzed via UV—vis spectrophotometry, in a range of 275 to
700 nm, at room temperature, using a Multiskan Go
spectrophotometer (Thermo Scientific). The corresponding
culture media, also centrifuged and with no AgNPs, were used
as blanks. To confirm the reproducibility of the results, ICP-
OES was performed in duplicate for each condition. Data were
analyzed with the OriginPro 8 software (OriginLab). The
silver content from the pellets was analyzed via one-way
ANOVA followed by Tukey’s multiple comparison post-test,
whereas the data collected from supernatants were graphed to
build the UV—vis profiles.

4.2.4. coli Growth under Different Culture Conditions.
The growth of E. coli under the different culture media was
evaluated. Briefly, E. coli from the overnight MH cultures was
adjusted to 10° cells mL™" and then subcultured under the
following conditions, in triplicate: (a) modified MH broth:
different peptone concentrations: 0.58, 1.16, 1.75 (standard),
2.63, and 5.24% and different dextrose concentrations: 0
(standard), 1, and 2%; (b) liquid culture media: RPMI 1640,
NB, LB, MH, and YPD. Subsequently, E. coli was incubated in
standard conditions (37 °C, 24 h, 180 rpm). The microbial
growth was determined by measuring the optical absorbance at
A = 600 nm, using the corresponding untreated culture media
as the blank, with a Multiskan Go spectrophotometer (Thermo
Scientific). The absorbance values were converted to the
percentage of growth. E. coli growth from the unmodified MH
formulation was set as the reference (100%). The statistical
analysis was performed via one-way ANOVA with Tukey’s
multiple comparison post-test, with the OriginPro 8 software
(OriginLab).

4.2.5. Effect of Culture Conditions on the Antimicrobial
Activity of the AGNPs. The antibacterial activity of AgNPs was
assessed following the guidelines of the CLSI MO09-A7
protocols,”” with variations in the culture media. From the
overnight cultures, E. coli was washed with PBS and adjusted to
10° cells mL™" in the different culture media, as follows: (a)
modified MH broth: different peptone concentrations: 0.58,
1.16, 1.75, 2.63, and 5.24% and different dextrose concen-
trations: 0, 1, and 2%; (b) liquid culture media: RPMI 1640,
NB, LB, MH, YPD, and TSB. Then AgNPs were added into
the 96 multiwell plates, in a concentration range of 7.5 to 20 ug
mL™" (in 2.5 ug mL™" serial steps) and incubated in standard
conditions (37 °C, 24 h, 180 rpm). The minimal inhibitory
concentration (MIC) was set as the concentration where no
visible growth was observed. The reported AgNP MIC values
are the ones that were more commonly observed. However, in
some cases, the AgNP MIC values were within one step of the
reported value. To ensure reproducibility, three biological
susceptibility assays were performed in 96-multiwell plates,
with duplicates of each condition within each plate.

4.2.6. Meta-Analysis of the AGNP MIC Ranges in Different
Culture Media. To assess any potential correlation between
the AgNP MIC values and the culture media, a meta-analysis
from the published MIC values was performed. Original
research articles were chosen according to the following
criteria: use of an E. coli strain, mention the quantitative size of
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the initial inoculum, mention/describe the culture media, use
of a microdilution method for the susceptibility assays (and
describe it), and explicitly display the MIC value (mass/
volume, moles, ppm, or any other equivalent). More than 400
original research articles were evaluated (antibacterial AgNPs
vs E. coli); from these, less than 10% met all the
criteria, 01 119/1921223335,3942,5355-84 MICs were organized
by culture media, and their MIC range within each group was
calculated. Finally, our experimental AgNP MIC values were
contrasted with the meta-analysis to compare them with the
trending data.
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