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Abstract

Background: Antimicrobial resistance has developed as a significant world health prob-
lem, and numerous approaches have been actively studied to address the challenge. Some
metals, including silver, copper, and zinc, have emerged as potential alternatives to tradi-
tional antibiotics, especially in the context of medical devices and coatings that can be
applied to these devices. However, the effective dose and spectrum of activity of these
metals have been areas of question for many material scientists, as well as those looking
to translate the coatings into clinical trials. Methods: Here, we have evaluated the efficacy
of three antimicrobial metals in solution against a panel of clinically relevant bacteria
grown in three different growth media types. We used a combination of microbiological
approaches, including determining susceptibility by broth microdilution assays, bacterial
growth curves, analysis of biofilm mass using crystal violet binding and metabolism using
XTT conversion, and analysis of bacterial morphology by scanning electron microscopy.
Results: The results demonstrate that not all antimicrobial metals are equally effective in
all media types. Across all conditions tested, Ag* ions were the most effective, followed
by Cu? and Zn?*. Notably, Cu?* and Zn?* showed increased variability in MIC against bac-
teria grown in nutrient broth media, with both increased susceptibility and decreased
growth rates for all bacteria tested. Both E. coli and S. aureus exhibited significantly smaller
cell sizes in NB media when treated with metal ions. Bacterial biofilms grown in nutrient
broth media exhibited lower metabolic activity and decreased biomass, although not sta-
tistically significant in all cases. Importantly, when compared to mammalian cytotoxicity
levels, the dramatic effects of media on the MIC values can have significant impact on
calculations of effective dosage. Conclusions: These results demonstrate that studies on
the antimicrobial efficacy of metal-based antimicrobials, including metal-based coatings,
should be viewed through the lens of differential activity depending on the media condi-
tions used.

Keywords: antimicrobial coatings; antimicrobial materials; bacterial growth media; anti-
microbial susceptibility
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1. Introduction

Medical devices are often prone to bacterial contamination infection, which may re-
sult in negative outcomes, including revision surgeries, increased healing and recovery
times, significant losses in productivity, and even death [1-4]. The negative impact of in-
fection on and around these devices is exacerbated by the continued development of an-
timicrobial resistance, which can make these device-associated infections significantly
more difficult to treat [5,6]. Similarly, the COVID-19 pandemic elicited significant in-
creases in both antimicrobial resistance development and a shocking 51% increase in cen-
tral line associated bloodstream infections (CLABSIs) and catheter-associated urinary
tract infections (CAUTISs) [7-9].

Many groups have focused on the development of coatings on medical devices to
prevent or actively combat infections, promote bone or tissue integration, and safeguard
device functionality during the implantation procedure [10,11]. There have been a wide
variety of chemistries and functionalities used as coatings for different applications, such
as hydrophilic polymeric coatings to reduce friction and increase lubricity [12,13]. Poly-
mer and hydrogel coatings have also been extensively utilized as drug-releasing coatings
where a small molecule is embedded within the coating material and releases over time
[14]. Indwelling orthopedic devices have been coated with various materials such as hy-
droxyapatite, extracellular matrix components, magnesium, or chitosan to improve osse-
ointegration [15].

Coating devices with an antimicrobial agent has emerged as an attractive option to
limit infection rates and thereby limit the development of resistance in these infections.
Coatings have been developed based on a variety of chemistries, as well as for a wide
range of applications and substrate materials on which the coating is applied. One ap-
proach has used traditional antibiotics, such as rifampin and minocycline, to coat the sur-
faces of catheters used in delivery of anticancer chemotherapeutics [16]. Numerous appli-
cations of drug-releasing polymers have been employed which incorporate antibiotics im-
bedded in a polymer matrix thaat releases the antimicrobial spontaneously or upon envi-
ronmental triggers [17]. Antimicrobial metals have been incorporated in various molecu-
lar compositions, alloys, and often in combination with titanium for application to ortho-
pedic devices [1,11,18,19]. However, there have been significant challenges in the imple-
mentation of these metal-based coatings due to safety concerns around effective dosing
[20,21].

While metals are widely known and applied as antimicrobial and specifically anti-
bacterial agents, there is still a great deal of uncertainty on the mechanism of action of
these ions. Traditional small molecule antibiotics are often developed with inhibition of a
specific protein or cellular target as the mechanism of action; however, metal ions are so
small and structurally simple that targeted interactions are effectively impossible. As
such, metal ions have been indicated to act as antimicrobials by multiple mechanisms with
a variety of cellular targets and interactions. Numerous groups have identified ROS gen-
eration, protein damage, DNA damage, disruption of transmembrane ion gradients, cell
membrane damage, and inhibition of protein synthesis as mechanisms of antimicrobial
activity [22,23]. As a result, the growing consensus is that metals ions act through a multi-
factorial assault on the bacterial cell, inducing damage in multiple areas simultaneously.

When characterizing the antimicrobial activity of molecules and compounds, most
assays in the field are focused on the activity of small molecules on planktonic bacterial
targets. The assays for antimicrobial susceptibility are governed by the guidelines of
global organizations like the Clinical and Laboratory Standards Institute [24] and ASTM
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methods E2149, E2799, and E2180 [25]. However, when evaluating the efficacy of medical
device coatings or other surface activity, there is significantly less standardization, espe-
cially when antimicrobial testing requires creative approaches to how antimicrobial activ-
ity is measured [26-29]. These are not always compatible with the exact requirements of
published standards, which often include specific test organisms and also open the door
to lab-to-lab variations in experimental procedures, which may influence reported anti-
microbial efficacy.

Previous results from our lab and others have shown that release rates of metal ions
from surfaces can vary dramatically based on the media in which that release occurs [26].
When evaluating the efficacy of metal ions as antimicrobials, the number of ions in solu-
tion is a key driver of activity and can thus be directly influenced by media composition.
We first evaluated the antimicrobial efficacy of three commonly utilized metals in antimi-
crobial coatings, silver, copper, and zinc in three different growth media that have been
commonly used in the literature, Luria Bertani (LB), Mueller Hinton (MH), and nutrient
broth (NB). Using this efficacy data, we evaluated the effects of the metal species on
growth kinetics in different media, cellular metabolism, biofilm formation, and overall
cellular morphology.

2. Results
2.1. Antimicrobial Activity of Metal Ions

A series of experiments were carried out to determine the effectiveness of metal ions
as antimicrobial agents against a panel of Gram-negative and Gram-positive bacteria. The
Minimum Inhibitory Concentrations (MICs) and Minimal Bactericidal Concentrations
(MBCs) were determined by the standard broth microdilution assay for each metal in LB,
NB, and MH. The MIC and MBC results are generally in agreement with one another,
with MBC values being equal to or higher than the corresponding MIC value (Tables 1
and 2). AgNO:s is dramatically more effective than the other metals tested, having MIC
values of 100uM or lower against all strains tested, while CuSOs and ZnSOs were gener-
ally 1-2 orders of magnitude higher. As expected, MgSOa did not exhibit any antibacterial
activity at the highest concentration tested of 100 mM. Importantly, the overall trend of
MIC values showed that the MIC in NB was generally lower than either MH or LB, with
only three exceptions (AgNOs— K. pneumoniae, ZnSOs— A. baumannii, and B. subtilis).

Table 1. Minimal Inhibitory Concentrations.

AgNOs (uM) CuSO: (mM) ZnSOs (mM) MgSO4 (mM)
IB MH NB LB MH NB LB MH NB LB MH NB
E. coli 125 125 10 5 10 0.25 2.5 2.5 1 >100 >100 >100
K. pneumoniae 6.25 625 50 25 10 25 0.625 25 0313 >100 >100 >100
A. baumannii 100 125 100 >10 10 2.5 5 2.5 5 >100 >100 >100
P. aeruginosa 100 125 125 >10 >10 2.5 >10 >10 >10 >100 >100 >100
B. subtilis 100 50 125 10 25 0.5 25 1.25 6.25 >100 >100 >100
S. aureus 50 50 25 5 5 0.625 1.25 2.5 0.156  >100 >100 >100
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Table 2. Minimal Bactericidal Concentrations.

E. coli

AgNOs (uM) CuSO: (mM) ZnSOs (mM) MgSOs (mM)
LB MH NB LB MH NB LB MH NB LB MH NB
125 125 125 5 10 1 5 2.5 6.25 >100 >100  >100

K. pneumoniae

625 625 100 25 10 2.5 2.5 2.5 6.25 >100 >100  >100

A. baumannii

50 125 100 10 10 5 5 2.5 6.25 >100  >100  >100

P. aeruginosa

62.

5 125 100 10 >10 2.5 10 >10 >10 >100  >100  >100

B. subtilis

125 100 25 10 5 0.5 25 1.25 50 >100  >100 >100

S. aureus

50 100 50 5 5 0.625 5 5 0313 >100 >100 >100

The effect of the metal ions on bacterial growth was further evaluated using tradi-
tional Kirby-Bauer assays to determine the zone of inhibition (ZOI). The physical size of
the ZOl is primarily driven by the efficacy of the compound being tested but can also be
influenced by diffusion and media composition. We compared the ZOlIs of the panel of
bacteria grown on agar plates containing the different media types (Table 3). In these ex-
periments, MgSOs was excluded since there was no antimicrobial activity determined in
the MIC/MBC experiments above. Representative images of the ZOI plates are shown in
Figure S1. The results of these experiments support those of the MIC experiments above,
in that the ZOIs on NB plates are generally equal to or larger than the zones of inhibition
in LB or MH media, a trend that holds across all three metal species tested.

Table 3. Zones of Inhibition (mm).

LB MH NB

AgNO:s

CuSO:s ZnSO:s AgNOs CuSO:s ZnSO: AgNOs CuSOs:s ZnSOs

E. coli

10.3

10.9 14 9.1 6.9 10.6 12 19.5 22.8

K. pneumoniae

7.7 14 8.3 6.6 10.6 10.9 11 16.8

A. baumannii

11.8

9.5 9.7 10 8.5 10.7 11 14.5 11.3

P. aeruginosa

8.4

9.8 11 6.9 7.6 9.2 8.1 15.8 11.2

B. subtilis

10.5

7.8 8.4 8.9 6.8 16.3 8.5 21.2 23.5

S. aureus

11.1

14.5 17.1 9.3 14.3 17.6 12.6 14.7 18.8

The data immediately demonstrate several salient details regarding growth and effi-
cacy in these systems. As shown by the MIC values in Table 1, silver ions are more effec-
tive compared to copper or zinc, by several orders of magnitude. As expected, the MgSOs
controls showed no antimicrobial activity up to 100 mM, the highest concentration tested
in these assays. Similarly, the influence of growth media was immediately evident in the
MIC and MBC values. In almost all cases, the MIC for bacteria grown in NB was lower
than that of the same bacterial species grown in LB or MH. A direct comparison of efficacy
in different media was carried out by calculating the ratios of MIC values for a given metal
in two different media types, shown in Table 4. These comparisons show an overall trend
of increased antimicrobial activity, i.e., lower MIC, in NB media. In some cases, the change
in MIC between media was 20-fold or higher (e.g., CuSOxs against E. coli). In general, the
metals tested yield lower MIC values in NB media compared to LB or MH media (the
standard media for MIC assays), although the extent of these changes varies by organism
and metal.

Table 4. Minimal Inhibitory Concentration Ratios.

AgNO:s CuSO:s ZnSOs

LB/MH

LB/NB MH/NB LB/MH LB/NB MH/NB LB/MH LB/NB MH/NB

E. coli

1

1.25 1.25 0.5 20 40 1 2.5 2.5

S. aureus

1

2 2 1 8 8 0.5 8 16
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A. baumannii 8 1 0.125 >1 >4 4 1 1 1
P. aeruginosa 8 8 1 >1 >4 1 n.d. n.d. n.d.
B. subtilis 2 8 4 4 20 5 20 4 0.2
K. pneumoniae 1 0.125 0.125 0.25 1 4 0.25 2 8
n.d. =not determined.
2.2. Bacterial Growth Kinetics
Based on the MIC and MBC results, bacterial growth kinetics were evaluated for sev-
eral bacterial strains at various metal concentrations (Figures 1, 2, and 52-S5). For both E.
coli (Figure 1) and S. aureus (Figure 2), all three metal ions exhibited a dose-dependent
interaction with the bacteria, with increasing metal concentration resulting in greater in-
hibition of bacterial growth. The data support the MIC and MBC findings in that across
all strains tested, silver was more effective as a growth inhibitor than copper or zinc, as
evidenced by the lower concentrations required for inhibition of growth. Similarly, in all
cases the antimicrobial effects of metal ions were most impactful in NB media. It should
also be noted that all bacterial strains grown in NB media exhibited slower growth rates
when compared to LB or MH and did not reach the same cell density in the control sam-
ples over the course of the experiments, as evidenced by the lower ODsw values in the
control samples. In all samples, an aliquot of the culture was plated on plain media after
the end time point in the growth curves to confirm viability of the cultures.
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Figure 1. Growth curves of E. coli in different media with metals. The bacteria were exposed to
differing amounts of AgNO:s (top row), CuSOs (middle row), or ZnSOs (bottom row). Bacteria were
cultured in either MH (left column; A,D,G), LB (middle column; B,E,H), or NB (right column; C,F,I).
Curves are representative of three biological replicates, with the exception of the untreated controls,
which are representative of five replicates. Please note the different ranges of metal concentrations
in each panel is a result of the differential susceptibility of the bacteria to different metal species

under different conditions.

https://doi.org/10.3390/antibiotics15111092


https://doi.org/10.3390/antibiotics15111092

Antibiotics 2026, 15, 1092

6 of 21

—_
>
<

c Abs (ODyoq)
2
o Teme

Abs (ODgqq)
2

Abs (0Dgue)
S

- se

MH - S aureus - AAgNO,

.
.

t *
. .
. .

smes

40 60 80

Time (minutes)

MH - 8. aureus - ACuSO,

40 60 B0 100 120 140
Time (minutes)

MH - §. aureus - AZnSO,

40 60 80 100 120 140
Time (minutes)

sm o

100

(B) LB - S aureus - AAgNO, ) NB - §. aureus - AAgNO,
12 1
®Ag-5 M - +
)\ . JEE e -
.
Ay 1008
+— e o8 * o #AL- 400N = Ag- 15
Ag - 6001 o +* - ° a e oAg-25 M
) S o + 1 Ag-tso 2
. srg2M g 2 04 oAp-50/M
. " 2 04 * - s 3 8 E
[ @ Ag - 4800 M HEMEE B . @ Ag- 4500 M . ®Ag- 100 pM
- ] * 0z .
02 % [ B | e 8 * Control
St et o N i vrsororg
a o
120 140 160 180 200 0 20 40 60 £ 100 120 140 160 180 020 40 60 0 100 120 140 160 180
Time (minutes ) Time (minutes )
(E) LB - S. aureus - ACuSO, (F) NB - 8. aureus - ACuSO,
12 . 1
l i e v tec oM
®Cu- 2400 oM 1 i * o Cu- 400 M 08 .
Eos : ., Yocu-sooum ] t @ Cu- 600 M
. o " g i ¢ g o escu-teum g 06 . *
H S . s 8 g .
scu-ggnpm 206 e & s eCu-m00pM = . . * ®Cu- 1200 M
z T s z .
EDEPE A I oo £ 01 .
LR R . ) * Comiml
+ & 3 # Control 02 J o o+ o .
*+ Contral 2g o 4
o o
160 180 o 20 40 60 B0 100 120 140 160 180 o 20 40 60 B0 100 120 140 160 180
Time (mimutes) Time (minutes)
LB - 8. aureus - AZnSO, NB - §. aureus - AZnSO,
(H) U]
) 12 1
®2n- 20030 + ®n- 300 0
. 1 08
. . — .
. - 500 uM g ox 701200 4M g .
: = & 06 ! . *Zn- 800 uM
S os =) - #1200 M
sra- @0 . eem-200uM % 04 .
O Z 04 . s . = . 1 7 - 2400 gM
. H . * Contiol
. 70~ 4500 gM . * . ® Za- 3600 M 02 * . o
02e * 8 s 8 @
S I T S N N R EEE N
* Control 0 * Control 0
160 180 020 40 60 0 100 120 140 160 180 0 20 40 60 0 100 120 140 160 180

Time (minutes ) Time (mimutes)

Figure 2. Growth curves of S. aureus in different media with metals. The bacteria were exposed to
differing amounts of AgNO:s (top row), CuSO4 (middle row), or ZnSOs (bottom row). Bacteria were
cultured in either MH (left column; A,D,G), LB (middle column; B,E,H), or NB (right column; C,EI).
Curves are representative of three biological replicates with the following exceptions: all untreated
controls are representative of five replicates, and AgNOs in LB at 4800 uM is representative of five
replicates. Please note the different ranges of metal concentrations in each panel is a result of the

differential susceptibility of the bacteria to different metal species under different conditions.

2.3. Bacterial Morphology

Bacterial morphology was investigated using scanning electron microscopy to deter-
mine if the media type and metal treatments influenced overall bacterial cell size and
shape. If the media composition influenced bacterial growth properties or cellular shape,
it could be the underlying cause of the differential sensitivity to the metal ions. Two strains
were selected for analysis, E. coli and S. aureus, as representatives of Gram-negative and
Gram-positive species (Figures 3 and 4, respectively). There were very little morphological
differences in terms of shape of the cells treated by any of the metals compared to the
controls. However, in both E. coli and S. aureus, there was significant trend toward smaller
average cell size under most treatment conditions when grown in NB media (Figure 5,
Table S1). Interestingly, the LB-NB difference is most significant for E. coli, while the MH-
NB difference is most significant for S. aureus. There were no significant differences in cell
size for untreated samples in LB, but a significant difference was present in S. aureus be-
tween MH and NB samples. However, these results arise from a single biological replicate,
so additional replicates are needed before conclusive links can be determined. Addition-
ally, the ZnSOxs treated samples exhibited small, irregular aggregates around the cells,
which were determined to be Zn-particles by Energy-dispersive Spectroscopy (EDS, Sup-
plementary Figures S8 and S9). Taken together, there is a trend toward smaller cell size in
NB media compared to LB and MH when bacteria were exposed to antimicrobial metal
ions, and there are likely species-specific preferences that also play into this.
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Control/Untreated AgNO, CuSO,

LB

MH

Figure 3. Scanning electron micrographs of E.coli grown in LB (top row), MH (middle row), or NB

(bottom row) media. Cells were treated with water (left column), AgNOs (second column), CuSOs
(third column), or ZnSOs (right column). 1 um scale bars are at the bottom right of each panel.

Control/Untreated AgNO, CuSO, ZnSO,

Figure 4. Scanning electron micrographs of S. aureus grown in LB (top row), MH (middle row), or

NB (bottom row) media. Cells were treated with water (left column), AgNOs (second column),
CuSOs4 (third column), or ZnSOs4 (right column). 1 pm scale bars are at the bottom right of each panel.
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Figure 5. Scanning electron microscopy analysis of cell size. Cell sizes were measured from single
biological replicates under each treatment condition in each media type. (A) E. coli cells measured
across the long axis of the cell, (B) S. aureus cells measured along the equatorial diameter. In all cases,
data represent the average of 12 measurements of different bacterial cells from a single biological
sample and error bars represent the standard deviation. Statistical significance was determined by
a t-test, with a p-value of <0.05 considered significant. p <0.05 (LB-MH comparison, + = LB-NB com-
parison, * = MH-NB comparison; note that none of the MH-NB samples were statistically different).

2.4. Biofilm Formation and Inhibition

Based on the results of the growth kinetics experiments above, the effects of the
growth media on bacterial biofilm formation were next evaluated. Biofilm metabolic ac-
tivity is determined using the XTT reduction assay (Figures 6 and S6), while biofilm mass
is determined using the crystal violet assay (Figure S7). While these assays exhibit inher-
ent variance, likely due to fluctuations in cell density and replication processes, there are
several clear findings from these experiments. Most evident is that biofilms in NB media
exhibit lower metabolic activity and that metabolic activity is less responsive to treatment
with metal ions. This trend was also evident for biofilm mass in the wells (Figure S7).
While most conditions did not show significant differences in biofilm metabolic activity,
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for those that were significantly different, the bacteria grown in NB media exhibited the
lowest activity (Figures 6 and S6; Tables S2 and S3).
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Figure 6. XTT-reduction assay of metabolic activity in biofilm cells (A—C) A. baumannii average cel-
lular metabolism when in the presence of (A) AgNOs3, (B) CuSOy, (C) ZnSOs, and (D-F) Methicillin-
resistant S. aureus (MRSA) average cellular metabolism when in the presence of (D) AgNOs, (E)
CuSOsq, (F) ZnSOs in LB (blue), MH (red), NB (green), and TSB (purple) media. Note, the MRSA
strain used in these experiments is a clinical isolate and not the same S. aureus strain used in Figures
2 and 4. Data for each graph consist of averages from 3-5 biological replicates, and error bars repre-
sent the standard deviation of these sample sets. Statistical significance was determined by a t-test,
with p-value <0.05 considered significant. The following designations p <0.05: (LB-MH comparison,
+=LB-NB comparison, * = MH-NB comparison; note that none of the MH-NB samples were statis-

tically different).

2.5. Cytotoxicity Analysis

A major underlying factor in the importance of bacterial growth and sensitivity to
antibacterial agents is in the application of these agents in clinical settings. In the devel-
opment of new coatings, devices, and treatments, there is a long and complex series of
experiments and evaluations that take place to ensure safety and lack of toxicity to the
host. One commonly used metric to screen compounds for biocompatibility at early stages
of development is cytotoxicity to cells in culture. Previous results on AgNOs against red
blood cells showed minimal hemolytic activity at concentrations well above the MIC val-
ues [26]. This was expanded to screen cytotoxicity against mammalian cells in culture for
the metals used in this study. The cytotoxicity data against Tigl human fibroblasts are
shown in Figure 7. As expected, the data show that Mg?* ions had little-to-no effect on cell
viability, effectively the same as the negative controls treated with water. The Ag-, Cu-,
and Zn-treated samples all induced 50% cell death in the range between 1-10 mM.
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Figure 7. Cytotoxicity against Tigl human fibroblasts. Average cell viability when screened against
AgNO:s (gray), CuSOs (purple), (C) MgSOa (green), ZnSOs (red), CTAB (yellow, positive control), or
water (blue, negative control). Experiments were performed in triplicate from independent biolog-
ical samples, and the values shown are the averages of the triplicates of each respective treatment,

with error bars representing the standard deviation.

Using this cytotoxicity data, we calculated an “in vitro selectivity index” for each
metal against each bacterial strain tested in Table 5. This was calculated by dividing the
approximate concentration, which induced 50% cytotoxicity by the MIC value, similar to
the calculation of a therapeutic index. The data are shown in Table 5. The in vitro selectiv-
ity index values represent efficacy against bacterial targets as a function of cytotoxic con-
centration, with higher in vitro selectivity index values meaning a greater difference be-
tween antibacterial activity and mammalian cytotoxicity. In vitro selectivity index values
below 1.0 indicate that the concentration of metal required for antimicrobial activity is
greater than the concentration that caused 50% mammalian cell death. Overall, the highest
in vitro selectivity index values were found for silver because of the micromolar efficacy
against the bacterial strains tested despite having the lowest calculated ICs0 against the
mammalian cells (Figure 6). This analysis also showed that copper exhibited higher in
vitro selectivity index values in NB than LB or MH against all bacteria tested. Zinc exhib-
ited a similar trend to copper comparing NB and LB but showed lower in vitro selectivity
index values in NB compared to MH for A. baumannii and B. subtilis. The variance in cal-
culated in vitro selectivity index values between the media types demonstrates how inter-
pretation of efficacy data can be influenced by bacterial growth media.

Table 5. In vitro selectivity index.

AgNOs CuSOs ZnS0O4

MH NB LB MH NB LB MH NB

E. coli 90.4 90.4 113 1.394 0.697 27.9 1.97 1.97 4.93

K. pneumoniae 180.8 180.8 22.6 2.79 0.697 2.79 7.89 1.97 15.75
A. baumannii 11.3 90.4 113 <0.697 0.697 2.79 0.986 1.97 0.986
P. aeruginosa 113 90.4 90.4 <0.697 <0.697 2.79 <0.493 <0.493 <0.493
B. subtilis 11.3 22.6 90.4 0.697 2.79 13.94 0.197 3.94 0.789
S. aureus 22.6 22.6 45.2 1.39 1.39 11.15 3.944 1.97 31.6
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3. Discussion

Developing novel coating materials for medical devices has been an interest in the
medical field for decades. The demands on these coatings vary based on the materials that
they are applied to as well as the specific application and usage location of the device.
However, despite the significant interest in this area, there is little standardization of test-
ing protocols for these novel materials and coatings because of the varying demands and
application goals. This is especially challenging for antimicrobial coatings, as common in-
fectious agents associated with devices can vary based on the location and application of
the device [2,30]. Metals have long been investigated as a potential component of antimi-
crobial coatings and surfaces because they exhibit antimicrobial activity [31]. For many
applications, metal nanoparticles are the major active component of the antimicrobial
composition, including several compositions of silver or ceramic nanoparticles [32]. Na-
noparticles can function through a variety of mechanisms, but antimicrobial activity is
associated with released metal ions. Thus, most of the active species remain trapped
within the nanoparticle and are subject to bulk forces that drive dissolution [33,34].

There has been significant research on the effect of environmental stimuli, nutrients,
and environmental conditions on bacterial growth [35-39]. It is well established that dif-
ferent bacteria grow optimally based on macronutrient and micronutrient availability and
specific temperature ranges for a given species. These foundational microbiological stud-
ies have expanded into evaluating the effectiveness of antimicrobials as a function of
growth conditions. There are numerous instances where bacteria exhibit increased toler-
ance to conventional antimicrobials, often due to the specific antibiotic target being less
active when the bacteria are not actively dividing or are present in a biofilm [40]. How-
ever, the susceptibility to some antibiotics inversely correlates with bacterial growth, pre-
sumably because the bacteria can respond to antimicrobial insults through a variety of
mechanisms, which are all options because the cells have abundant resources available
for protein synthesis and gene expression. Notably, P. aeruginosa requires high nutrient
conditions to produce efflux pumps in response to tetracycline treatment [41]. Im-
portantly, expression of efflux pumps is the primary mechanism for bacteria to respond
and combat exposure to the metal ions used in this study. Beyond efflux pumps, redox
stress-response pathways have also been shown to be a mechanism for active response to
metal exposure and are also negatively impacted by nutrient limitation [42,43]. Similarly,
Wu and coworkers demonstrated that tea-derived polyphenols exhibited 4- to 64-fold in-
creases in MIC against bacteria grown in robust, complex media as opposed to chemically
defined medium [44]. In another study, Wand and colleagues demonstrated that the anti-
microbials colistin and polymyxin B exhibited significantly higher MIC values in MHII
media when compared to TSB [45]. Most recently, the phenomenon was demonstrated to
extend to multiple Mycoplasma species, where Mycoplasma gallisepticurn and Mycoplasma
synoviae showed differential growth rates in different media compositions and variable
MIC values against multiple traditional antimicrobials such as doxycycline, erythromy-
cin, and tilmicosin [46].

The role of media composition on metals in the solution has been studied for decades.
One of the earliest studies evaluated metal ion availability in different media using elec-
trochemical measurements [47]. Those results showed that metals were complexed to dif-
ferent extents when added to complex growth media. Notably, copper was extensively
complexed by NB media, yielding very low amounts of Cu? ions, the antimicrobially ac-
tive form, available in solution. Our results parallel these findings with bacteria exhibiting
decreased MIC values in NB broth, which could result from less Cu?* ions being available
to interact with the bacteria. However, full metal speciation and analysis of the chelators
and counterions present in NB would be required for identifying a causal link. More re-
cently, the same metal ions tested in the work presented here were evaluated with
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different media compositions [48]. Their results for MH and LB broth parallel the results
shown in Tables 1 and 4, with similar MIC values between the two media types. The over-
all trend holds that in rich media like LB, the MIC values are generally higher than in
poorer media such as NB is consistent. Similar results for silver ions against B. subtilis
were reported where increasing concentrations of yeast extract, Cl- ions, and 5* ions mit-
igated the efficacy of silver ions [49]. Our results are consistent with these findings as well,
with the MIC values against all bacteria in LB, which contains added NaCl as a media
component, being equal or higher than those in MH and NB, which do not contain added
NaCl. These results indicate that the Ag susceptibility changes observed in our studies
may be partially driven by Ag* ion availability and solubility, which is influenced by the
presence of Cl- ions.

These results lead to the question of what is causing the changes in the efficacy of the
metal ions. Based on the results of the XTT metabolic assay performed here, the overall
metabolic state of the bacteria under biofilm conditions may be playing a role leading to
this difference in sensitivity. Clearly, under all conditions tested, the bacteria grown in NB
media exhibited less metabolic activity under biofilm conditions (Figures 6 and S6), which
correlates with and supports the results of the growth kinetics experiments. It should be
noted that while these results parallel one another, there are a wide range of metabolic
differences for bacteria when in a biofilm compared to growing planktonically as in the
growth curve experiments. As such, these results should not be strictly directly compared.
Importantly, the NB-cultured strains also exhibited a trend toward lower biofilm mass
(Figure S7), although not statistically significant in most cases. The biofilm results are con-
sistent with the findings of numerous groups that media composition can have effects on
biofilm formation by S. aureus, E. coli, Enterococcus faecalis, Salmonella enterica, and P. aeru-
ginosa [50-53]. Taken together, these results imply that the bacteria are nutritionally defi-
cient in NB compared to other media types, perhaps impairing the ability to respond and
counteract the action of the metal ions. However, more in-depth experimentation on cel-
lular metabolism under biofilm conditions and metabolic intermediates under metal-
treated conditions would be necessary to determine a causal link between basal metabo-
lism and susceptibility.

Metal ion speciation in the media likely plays a contributing role to antimicrobial
susceptibility. Earlier work demonstrated that media composition can have effects on re-
lease rate of silver ions from solid surfaces, with chemical complexity of the medium in-
versely correlating with release rates. The change in release rate is most likely caused by
the formation of a passivation layer at the metal surface through ion interactions resulting
in insoluble or sparingly soluble salts. Those studies used sample preparation methods
that were able to assess all Ag atoms in solution, regardless of their speciation or complex-
ation with other molecules or chelators. The antibacterial efficacy studies presented in this
work and others are preferential for the active form of the metal, i.e., the metal ion [48,49].
The media compositions used in this study all contain significant amounts of similar un-
defined media building blocks, including tryptone (LB), yeast extract (LB and NB), pep-
tone (NB), and casein hydrolysate (MH). Media components such as tryptone, yeast ex-
tract, 5%, and PO+~ had the most significant effects on bacterial growth and metal ion sus-
ceptibility [48,49]. The study presented here is unable to evaluate the effects of this varia-
ble since only LB and NB have one common component. The variable nature of the unde-
fined components can potentially influence availability and efficacy of metal ions. The
work presented here expands upon previous studies, demonstrating that growth-rate re-
ductions and metal ion sensitivity are common among multiple strains of bacteria, and
the effect is present, although to differing degrees, for different metal ions. These changes
in susceptibility may be related to the differing ionic conditions in the growth media, spe-
cifically the presence of differing amounts of counterions and chelators that could alter
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the solubility and availability of the metal ions tested. For example, increased Cl- concen-
trations mentioned above likely result in the formation of some insoluble AgCl, while the
insoluble Zn-containing clusters were observed by SEM (and EDS measurements) in dif-
fering extents in different media types, although the presence of these structures did not
correlate to MIC values (Figure S8). Direct measurement of metal ion speciation, known
chelator concentrations, soluble metal concentrations, and metal uptake into bacteria are
necessary to clearly determine the role of metal ion availability to antimicrobial activity.

All bacteria investigated were able to reach saturation density and exist as viable cul-
tures in all media tested. The results presented here demonstrate that among the three
media types tested, copper antimicrobial activity is the most susceptible to differences in
media composition, in some cases 20- to 40-fold lower in NB compared to MH or LB. Ad-
ditionally, our results show that MIC values determined in LB are generally increased for
Ag, likely due to the complexation of Ag* with Cl-ions in the medium. The complex mix-
tures of media can clearly affect both the growth rate and susceptibility to metal ions as
antimicrobials. Based on the XTT and CV assays, there were very few cases where there
were significant differences in biofilm formation between LB and MH media. The most
common cases where statistically significant differences in CV or XTT results involved a
difference between NB media and either LB or MH. Importantly, the differences in cell
morphology were more significant, in that the bacterial cell sizes observed in treated sam-
ples were significantly different in NB compared to MH and LB. Interestingly, the largest
differences were between LB and NB for E. coli and MH and NB for S. aureus with both
cases exhibiting smaller cell sizes in NB broth. However, there were no significant differ-
ences in cell size in the untreated samples, indicating that the media effects only exist or
are amplified when the bacteria are under stress from the metal antimicrobials. However,
this is only a preliminary analysis stemming from a single biological replicate for each set
of conditions, so further study is necessary before forming conclusive relationships. While
all three media are clearly viable options for antibacterial studies, the results demonstrate
that judicious selection of media for these studies is critical for proper interpretation of
results, as well as comparison between studies from different research groups.

Study Limitations: There are several limitations to the study as presented that should
be considered and can guide the development of future experiments. The direct measure-
ment of metal speciation was not performed. As discussed above, metal speciation can
affect metal ion solubility in the aqueous media used in this study as well as altering bio-
availability. As such, it is impossible to determine what concentration of the metals were
available to the bacteria, as well as how much the bacteria absorbed. Similarly, bacterial
responses such as ROS responses and expression of genes linked to resistance mechanisms
were not directly investigated. The in vitro selectivity index was determined using only 1
mammalian cell line, which would need further testing against a panel of cell types before
using this as an indicator for additional studies involving animal models. Additionally,
this study was designed to have a broad scope across multiple bacterial species, foregoing
the analysis of multiple strains of the same species. This excludes the possibility of iden-
tifying strain-specific differences that may respond to media conditions and/or metal ex-
posure. Finally, as with all in vitro-based experimentation, the data are not directly indic-
ative of suitability and translation for medical device coatings. Another limitation is the
lack of availability of full elemental analyses of the commercial media used for bacterial
growth. While there are bound to be lot-to-lot differences due to the biological sources of
the nutrient materials, an in-depth evaluation of composition requires in-house determi-
nation. The studies presented here were designed to continue to inform researchers on
some of the subtleties of using metal ions as antimicrobials and the influence of the media
on the analysis.

https://doi.org/10.3390/antibiotics15111092


https://doi.org/10.3390/antibiotics15111092

Antibiotics 2026, 15, 1092

14 of 21

4. Materials and Methods
4.1. Materials

Liquid and solid bacterial culture media were from EMD (LB, currently Sigma cata-
log number L3522; St. Louis MO, USA), Criterion (MH, catalog number C7521; Hardy
Diagnostics, Santa Maria CA, USA), and BD Biosciences Difco (NB, catalog number
233000; Franklin Lakes, NJ, USA). Metal salts and buffers were from VWR (Radnor PA,
USA) and dissolved in distilled water before use. In addition, 2,3-Bis-(2-Methoxy-4-Nitro-
5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT) and crystal violet (CV) were from
VWR and dissolved in dimethylformamide (XTT) or deionized water (CV). Hexamethyl-
disilane (HDMS) and paraformaldehyde for electron microscopy were from Sigma-Al-
drich.

4.2. Bacterial Strains and Culturing

Bacterial strains Escherichia coli D31 (CGSC 5165), Staphylococcus aureus (ATCC 35556),
Pseudomonas aeruginosa PA-01 (ATCC 47085), Acinetobacter baumannii (ATCC 19606), Bacil-
lus subtilis (ATCC 6051), and Klebsiella pneumoniae (ATCC 700603) [54] were stored as glyc-
erol stocks at —80 °C until use. Deidentified methicillin-resistant S. aureus (MRSA) strains
were acquired from the clinical microbiology laboratory at Cooper University Hospital,
Camden, NJ, USA. This strain was identified and characterized by drug susceptibility
tests, VITEK 2, and mass spectrometry. Each bacterial species was first streaked across LB-
Miller agar plates. Single colonies were inoculated into fresh growth media and incubated
within a shaking incubator at 220 RPM at 37 °C for 18 h. Following inoculation, bacteria
were diluted 1:200 and grown to an optical density at 600 nm (ODsw) of 0.220130.6, which
is within the logarithmic growth phase. Next, the culture was diluted across several sets
of sterile glass test tubes—1 mL of culture diluted into 2 mL of fresh media, producing a
3 mL sample. Test tubes were established in triplicate with multiple metal ion concentra-
tions surveyed throughout each experiment. Bacterial cultures had absorbance measured
every 20 min over a 3 h period. After 3 h, 10 pL of each tube were transferred onto their
own agar petri dish of the same growth medium as used during the experiment, spread,
incubated overnight at 37 °C, and visually inspected/imaged the following day for bacte-
rial growth.

4.3. Minimal Inhibitory Concentration and Minimal Bactericidal Concentration Determination
by Broth Microdilution

Bacterial growth inhibition and cell death were assessed with the traditional broth
microdilution assay, derived from the CLSI method [55,56]. Cultures were incubated over-
night and subsequently diluted into fresh media. Cultures were grown to an ODs00 0.2-0.6
and were diluted to a final cell density of ~5 x 105 CFU/mL for the experiment. Cultures
were diluted based on previously published ODew to colony-forming units per mL
(CFU/mL) conversion factors that ODewo = 1.0 is equivalent to ~1 x 10° CFU/mL for A. bau-
mannii, ~2 x 108 CFU/mL for P. aeruginosa, ~2 x 108 CFU/mL for B. subtilis, and ~2 x 10°
CFU/mL for K. pneumoniae, ~1 x 10° CFU/mL for E. coli, and ~5 x 108 CFU/mL for S. aureus
[67-62]. These values were determined in LB and MH media and were extended to the
bacterial cultures grown in NB. Exact CFU/mL to ODsow relationships in NB were not per-
formed. Treatments were aliquoted from a template 96-well plate with serial dilutions
from a top row concentration down to a control containing only deionized water with no
treatment. Starting concentrations varied depending on the metal being tested, with a
highest concentration of 100 uM for AgNOs and 100 mM for CuSOs, ZnSO4, and MgSOs.
Each dilution was 2-fold lower than the row above. In cases where no MIC could be de-
termined because all tested concentrations inhibited growth, experiments were repeated
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with 4x dilution to the starting (highest) concentration, e.g., the next experiment would
start with 25 uM of AgNOs. Bacterial cultures were added to a final concentration of ~5 x
105 CFU/mL in a final volume of 200 puL on the experiment plate. Experiments were per-
formed in at least triplicate from biological replicates. The plate was incubated at 37 °C
for 18 h. After incubation, the ODsw of each well was measured using a Spectramax M5
multimode plate reader (Molecular Devices, San Jose CA, USA). MIC was defined as the
consensus of the lowest concentration of treatment that prevented bacterial growth as
judged by turbidity, with ODeow < 0.1 being the cutoff value used for no bacterial growth
[63]. Subsequently, 1 uL of each well was aliquoted onto a petri dish containing the same
agar type that corresponds to the growth medium tested, i.e., MICs performed with MH-
cultured bacteria had bacteria transferred onto an MH agar plate. Agar plates were incu-
bated overnight at 37 °C, and images were collected the following morning. MBC was
defined as the consensus concentration of treatment that prevented bacterial growth on
the agar plate from of three biological replicates. In all cases, the MBC values were within
1 dilution of each other between biological replicates.

4.4. Kirby-Bauer Test

The Kirby-Bauer test was used as previously described with minor changes [64].
Overnight cultures were prepared as above, diluted the following day, and incubated at
37 °Cuntil ODsoo=0.2. Next, 50 uL of culture were used to inoculate agar plates containing
either LB, NB, or MH media as nutrient source, and spread using glass beads. After 10
min of incubation to ensure bacterial adhesion, filter paper discs containing 20 pL of met-
als from a 1 mM stock solution or water as a control were placed onto the agar plate and
allowed to incubate overnight for a total of ~18 h at 37 °C. After incubation, the zone of
inhibition was measured in mm, using digital calipers, and the plate was imaged using
digital photographs.

4.5. Biofilm Formation Protocol

Overnight cultures were prepared as above. The next day, overnight cultures were
diluted to an ODsoo of 0.1 and added to the plate, which contained a 2-fold dilution series
of the metals at concentrations corresponding to 8x MIC down to 0.125x MIC, and an un-
treated well. Plates were then incubated at 37 °C for 48 h.

4.6. Biofilm Mass Analysis by Crystal Violet

Planktonic cells were removed from the biofilm plates by aspiration. Wells were
washed 3x with 200 uL of phosphate buffered saline (PBS, 10 mM sodium phosphate, 150
mM NaCl, pH 7.2), which was removed by aspiration after each wash step. Next, 200 pL
of 0.1% (w/v) crystal violet solution was added to each well and incubated at room tem-
perature for 20 min, followed by four additional rounds of washing with PBS. After re-
moving the final wash, plates were allowed to incubate overnight to allow evaporation of
any remaining PBS. The next morning, 250 pL of destaining solution (80% ethanol, 20%
acetic acid) were added to each well and incubated at room temperature for 15 min. After
incubation, contents of the wells were mixed by pipetting, and 100 pL were transferred to
a new 96-well plate. Absorbance of CV was measured at 550 nm. All assays were per-
formed with six technical replicates in at least in triplicate biological replicates.

4.7. Biofilm Metabolism Assay by XTT

Planktonic cells were removed from the biofilm plates by aspiration. Wells were
washed 3x with 200 uL of PBS, which was removed by aspiration after each wash step.
Next, 200 uL of PBS and 12 pL of XTT-menadione solution (0.833 mg/mL XTT, 660 uM
menadione, final concentrations) were added to each well and incubated at room
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temperature for 20 min. The XTT stock was prepared in PBS, and the menadione stock
was prepared in dimethyl formamide. The stock concentration of XTT should be 1 mg/mL,
and the stock concentration of menadione should be 0.174 M. Plates were covered and
wrapped in aluminum foil (including lid) and allowed to incubate overnight at 37 °C. The
next day, the absorbance of each well was measured at 450 nm. All determinations were
made in at least biological triplicates, with six technical replicates and error bars reported
represent standard deviations.

4.8. Scanning Electron Microscopy (SEM)

The bacteria were cultured in three broth types: LB, NB, and MH. Each culture was
then grown to an ODsoo of 0.15-0.45 and divided into four sample groups. The cultures
were exposed to either water (negative control), AgNOs, ZnSOs, or CuSOs. The samples
were then incubated at room temperature for 1 h and the bacteria isolated from the me-
dium by centrifugation. The supernatant was removed, the pellet was then resuspended
in 1 mL of 4% paraformaldehyde, and then the samples were centrifuged again, with the
supernatant being removed. The samples were then dehydrated by adding 1 mL of etha-
nol at 50%, 60%, 70%, 80%, 90%, and 100% concentrations with the concentration increas-
ing by 10% after each repeated centrifugation step. Once 100% ethanol was used to resus-
pend the pellet, 9 mL of 100% ethanol were added to make a 1:10 dilution of the sample.
Each sample was centrifuged for 60 min at 14000 rpm using an ALLEGRA X-14R (Beck-
man-Coulter Life Sciences, Indianapolis, IN, USA) at 20 °C to form a pellet. Solvents were
removed using a micropipette, leaving only the pellet. The pellets were then stained by
applying 1 mL of hexamethyldisilane (HDMS) for 20 min. The HDMS was removed, and
the pellets were placed in a hood for 12 h to allow the residual HDMS to evaporate. The
samples were then mounted on stubs, made more conducting using 10 nm of sputtered
with 10 nm of Au, and imaged in an Apreo S scanning electron microscope (Thermo
Fisher, Waltham, MA, USA) using approximately a 3 mm working distance, and an accel-
eration potential of between 2 and 3 kV. Images were collected using the T1 in-lens
backscattered electron detector. Measurements were taken from individual frames of bio-
logical replicates, depending on the sample. Measurements of cell size were performed
using the XT Microscope Control) software (v13.9.1).

4.9. Mammalian Cell Cytotoxicity

Tigl human fibroblast cells (Coriell: AG06173) were incubated in DMEM media with
10% FBS at 37 °C until 80-95% confluency was attained. Once the proper confluency level
had been reached, the fibroblasts were trypsinized and aspirated to create a homogeneous
mixture. Then, 1 mL of cells was added to 20 mL of DMEM media. Next, 180 pL of the cell
suspension were added to each well of a 96-well plate containing serially diluted com-
pounds. The plate was incubated for 24 h at 37 °C, followed by the addition of 20 uL of
CellTiter-Blue to each well, and incubated for an additional 18-24 h. The absorbance was
measured at 590 nm.

4.10. Statistical Analysis

Biofilm Assay Statistical Analysis— Absorbance data were analyzed using a linear
mixed-effects model in JMP (JMP Statistical Discovery LLC; Cary, NC, USA). Technical
replicates were averaged for each biological replicate and experimental condition prior to
analysis. Media, treatment concentration, and their interaction were included as fixed ef-
fects, while biological replicate was included as a random effect to account for variation
among independent biological replicates. Models were fitted using the Fit Model plat-
form, and the significance of fixed effects was assessed using the corresponding t-tests.
Where appropriate, pairwise comparisons were performed to evaluate differences in
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absorbance between media across treatment concentrations. p-values were tabulated, and
statistically significant results were highlighted to facilitate interpretation. Statistical sig-
nificance was defined as a = 0.05.

Scanning Electron Microscopy Statistical Analysis —Pairwise comparisons of bacte-
rial size between growth media were performed separately for each metal treatment
(AgNOs, CuSOs, ZnSOs, and H20) and bacterial type (E. coli and S. aureus) using two-sided
Welch'’s t-tests based on summary statistics (mean, standard deviation, and sample size,
n =12). Welch’s t-test was used to account for potential differences in variance between
groups. p-values were adjusted using the Holm—-Bonferroni method to correct for multiple
comparisons, with adjustments applied separately to the three pairwise media compari-
sons within each metal treatment and bacterial type. p-values were tabulated, and statis-
tically significant results were highlighted to facilitate interpretation. Statistical signifi-
cance was defined as a = 0.05.

5. Conclusions

The results presented here demonstrate that among the three media types tested (LB,
MH, NB), the antimicrobial activity of copper is the most susceptible to differences in me-
dia composition. These effects are likely a combination of differences in bacterial metabo-
lism in the different media types, as well as contributions from metal —ion interactions
with media components.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/antibiotics15111092/s1, Figure S1: ZOI images, Figures S2—
S5—Growth curves, Figure S6—additional XTT assays, Figure S7 —biofilm mass analysis by crystal
violet assay, Figures S8 and S9-EDS analysis of SEM images, Tables S1-S3—p-values from statistical
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Abbreviations

The following abbreviations are used in this manuscript:

CFU Colony Forming Units

Ccv Crystal Violet

DMEM Dulbecco’s Modified Eagle Medium
FBS Fetal Bovine Serum

LB Luria-Bertani

MBC Minimal Bactericidal Concentration
MIC Minimal Inhibitory Concentration
MH Mueller-Hinton
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NB Nutrient Broth

ODe0o Optical Density @ 600 nm

PBS phosphate buffered saline

ROS Reactive oxygen species

SEM Scanning Electron Microscopy

XTT 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide
Z01 Zone of Inhibition
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