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Abstract

Background: Pseudomonas aeruginosa is a Gram-negative bacterium that
thrives in diverse environments, including the human body and on inert sur-
faces such as medical devices. It is notorious for resistance to nearly all con-
ventional antimicrobial agents, driven by intrinsic and acquired mechanisms,
posing significant therapeutic challenges. Hydroxyapatite (HAp) nanocompo-
sites are widely studied for antimicrobial properties, but their biomedical ap-
plications remain in early stages. Aim: This study characterized four Ag/ZnO-
HAp nanocomposites with Ag:ZnO mole ratios of 0.005/0.005 (nanocompo-
site A), 0.01/0.005 (nanocomposite B), 0.005/0.01 (nanocomposite C), and
0.01/0.01 (nanocomposite D) to advance therapeutic strategies. Methods: We
performed agar diffusion, bactericidal, and time-kill assays against P. aeru-
ginosa PAO1. We also determined minimum bactericidal concentrations
(MBCs) for eight multidrug-resistant P. aeruginosa clinical isolates. Results:
Agar diffusion assays showed inhibition zones of 8, 11, 11, and 12 mm for
nanocomposites A, B, C, and D, respectively, while the control HAp showed
no inhibition zone. The bactericidal assay showed log reductions of 1.34, 5.07,
1.67, and 5.69 for nanocomposites A, B, C, and D, respectively, and time-Kkill
kinetics showed specific death rates (min™) of 0.034, 0.07, 0.054, and 0.082 for
the same nanocomposites, respectively. MBCs for clinical isolates ranged from
<0.06 to >4 mg/mL, independent of their antibiotic susceptibility profiles.
Conclusions: Overall, the results suggest that bactericidal efficacy follows the
order D > B > C > A. Ag content primarily determines bactericidal activity,
with ZnO contributing secondarily. However, higher ZnO levels inhibit Ag
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activity. Therefore, optimizing the Ag:ZnO ratio is crucial for maximizing bac-
tericidal effects, and customizing the nanocomposites for specific bacterial
strains is essential for effective biomedical applications.
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1. Introduction

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative bacterium known
for its exceptional metabolic versatility, enabling it to flourish in diverse environ-
mental niches. As a result, P. aeruginosa can infect virtually any part of the human
body and cause diseases such as lung, bloodstream, and urinary tract infections.
Additionally, P. aeruginosa can form biofilms on indwelling medical devices, in-
cluding urinary and central venous catheters, as well as on implanted surgical de-
vices [1] [2]. Notably, this organism employs intrinsic, acquired, and adaptive re-
sistance mechanisms, becoming multidrug-resistant to almost all traditional anti-
biotics [3]. P. aeruginosa is categorized by the World Health Organization as a
priority “ESKAPE” organism due to its high adaptability and formidable antibi-
otic resistance [2]. Given the severity of this threat, new drugs or alternative ther-
apies beyond traditional antibiotics are urgently needed to combat multidrug-re-
sistant P. aeruginosa.

Hydroxyapatite (HAp), a bio-ceramic material similar to bone’s main inorganic
component, has been widely studied for bone regeneration. Notably, its antibac-
terial effect increases when it is embedded with silver (Ag) or metal oxides. Ag
and zinc oxide (ZnO) nanoparticles have been broadly studied for their antibac-
terial properties [4]-[6]. In Ag/ZnO-HAp nanocomposites, Ag within the hydrox-
yapatite (HAp) matrix releases Ag* ions. These ions damage bacterial membranes,
inactivate proteins, and impair DNA, resulting in metabolic dysfunction and in-
creased reactive oxygen species (ROS). Meanwhile, ZnO releases Zn** ions and
promotes additional ROS production, further damaging bacterial membranes and
impairing cellular metabolism; thus, combining Ag and ZnO in HAp enhances
antibacterial effects [4] [7]. HAp nanocomposites are primarily used in bone tis-
sue engineering and in orthopedic or dental biomaterials. Research has focused
on physicochemical properties, osteogenic capacity, biocompatibility, and anti-
bacterial effects [5] [8] [9]. However, most studies on antibacterial effects remain
limited to in vitro and preclinical phases [9] [10].

We previously reported the antibacterial effects of Ag/ZnO-HAp nanocompo-
sites in four mole ratios against E. coli and Aggregatibacter actinomycetemcomi-
tans [11]. Here, we confirmed a similar antibacterial effect against P. aeruginosa

PAOL1 using agar diffusion tests. We further assessed bactericidal activity using
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bactericidal and time-kill assays. Overall, the results showed that Ag content pri-
marily determined antibacterial activity, with ZnO contributing secondarily, and
higher ZnO levels may inhibit Ag’s bactericidal activity. We also tested potential
biomedical applications by determining MBCs for eight multidrug-resistant clin-
ical isolates of P. aeruginosa, ranging from <0.06 to >4 mg/mL, regardless of an-

tibiotic susceptibility or resistance.

2. Materials and Methods

2.1. Bacterial Strains, Culture Conditions, and Chemicals

P. aeruginosaPAO1 and clinical isolates of P. aeruginosa were used from the pre-
vious study [12], with additional clinical isolates obtained from the State Univer-
sity of New York (SUNY) Downstate Medical Center (Brooklyn, NY). To prepare
cultures, bacterial strains were grown aerobically on Luria-Bertani (LB; Becton,
Dickinson and Company, Sparks, MD) agar plates or in LB broth at 37°C. All
chemical reagents, antibiotics, and bacteriological media were purchased from
Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Hampton, NH).

Four Ag/ZnO-HAp nanocomposites from the previous study [11] were used,
which were prepared with the following Ag:ZnO mole ratios: nanocomposite A
(0.005:0.005), nanocomposite B (0.01:0.005), nanocomposite C (0.005:0.01), and
nanocomposite D (0.01:0.01). Each Ag/ZnO-HAp nanocomposite was dissolved
in sterile distilled water to form a colloidal dispersion as previously described [13].

2.2. Agar Diffusion Test

Agar diffusion tests of Ag/ZnO nanocomposites were performed against 2. ae-
ruginosaas described previously [14]. Briefly, a bacterial lawn (~5 x 10° cells per
milliliter) was prepared on the agar surface, and each Ag/ZnO-HAp nanocom-
posite (0.1 mg; 5 uL) was applied to the lawn. Each nanocomposite had a specific
Ag-to-ZnO mole ratio of A (nanocomposite-A, 0.005:0.005), B (nanocomposite-
B, 0.010:0.005), C (nanocomposite-C, 0.005:0.010), D (nanocomposite-D,
0.010:0.010), and Cot (control; unmodified HAp). The agar plates were then in-
cubated overnight (14 to 18 hours), and the results were assessed by measuring

the diameter (mm) of the inhibition zones.

2.3. Bactericidal Assay and Log Reductions

A bactericidal assay of P. aeruginosaP AO1 was performed as previously described
[14] with a minor modification. Briefly, Ag/ZnO nanocomposites were diluted (3,
2,1, 0.5, 0.25, and 0.125 mg/mL) in LB broth. Fresh overnight cell cultures were
inoculated into the nanocomposite dilutions (3 x 10° cells/mL). The inoculum was
then incubated at 37°C for 18 hours without shaking. After incubation, an aliquot
from each dilution was plated on LB agar plates and incubated for 24 hours to
count colony-forming units (CFU) per mL. Standard deviations were calculated
from three independent experiments. Bactericidal efficacy was quantified as log
reductions (logio[N,] - logio[V]), where N, is the initial inoculum, and N, is the
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cell count at different nanocomposite concentrations after 18 hours.

2.4. Time-Killing Assay and Time-Kill Kinetics

A time-killing assay of P. aeruginosaPAQO1 was performed as previously described
[15] with a minor modification. Briefly, bacterial cells were diluted in LB broth (5
x 10° cells/mL) with 0.5 mg/mL of each nanocomposite and incubated at 37°C
without shaking. At 30-minute intervals, a 100 pL aliquot was spread on an LB
agar plate, and CFU per mL were counted. Experiments were performed in tripli-
cate to determine standard deviations. Survival data at each time point were ana-
lyzed by time-kill kinetics to determine the specific death rate (& min™) and dec-
imal reduction time (D-value) as previously described [16]. The specific death rate
(k) was calculated as k= In (N./N;)/t, where N, is the initial cell count per mL, N;
is the cell count at time £ and ¢is the elapsed time in minutes. The D-value was
calculated as D = 1n (10)/ 4

2.5. Minimum Inhibitory Concentration (MIC) Determination

MIC levels of clinical isolates of P. aeruginosa were determined by the broth dilu-

tion method as described previously [14].

2.6. Minimum Bactericidal Concentration (MBC) Determination

MBC levels of Ag/ZnO-HAp nanocomposites were determined as described pre-
viously [14]. Briefly, serial two-fold dilutions of each nanocomposite were pre-
pared in LB broth (4, 2, 1, 0.5, 0.25, 0.125, and 0.0625 mg/mL). Fresh overnight
cultures of clinical isolates of P. aeruginosa were diluted in sterile saline, and a
portion of the cells (5 uL; 5 x 10° cells/mL) was inoculated into each serial two-
fold dilution. The cells were incubated overnight (16 to 18 hours) at 37°C and then
spread on plain LB agar plates. The agar plates were incubated at 37°C for 24 hours
to determine the MBC. MBC values were defined as the lowest nanocomposite

concentration required to completely inhibit bacterial growth.

3. Results and Discussion

3.1. Antibacterial Activity of Ag/Zn0O-HAp Nanocomposites
against P. aeruginosa

An agar diffusion test was performed to assess the antibacterial activity of four
Ag/ZnO-HAp nanocomposites (A, B, C, and D) and their parental HAp (control:
Cot) against P. aeruginosa PAO1. As shown in Figure 1, the inhibition zone (di-
ameter) of nanocomposite D was the largest (12 mm), nanocomposite A was the
smallest (8 mm), and nanocomposites B and C were similar (11 mm). In contrast,
the parental HAp showed no inhibition zone. These results demonstrate that all
four Ag/ZnO-HAp nanocomposites exhibit antibacterial activity against P. aeru-
ginosa PAO1, whereas the parental HAp does not. This finding is consistent with
the previous report describing antibacterial effects in E. coli and Aggregatibacter

actinomycetemcomitans [11]. Although the nanocomposites show clear inhibi-
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tion zones, the variation in zone size may not be sufficient to differentiate their

antibacterial efficacy.

Cot A B C D

0000

Figure 1. Agar diffusion test of Ag/ZnO-HAp nanocomposites against P. aeruginosa
PAOL. A bacterial lawn was prepared on the agar surface, and each Ag/ZnO-HAp nano-
composite was applied to the lawn. Each nanocomposite had a specific mole ratio
(Ag:ZnO): A (nanocomposite A, 0.005:0.005), B (nanocomposite B, 0.010:0.005), C (nano-
composite C, 0.005:0.010), D (nanocomposite D, 0.010:0.010), and Cot (control), as de-
scribed in the Materials and Methods.

The agar (or disk) diffusion test is the most common method used in clinical
microbiology for initial antimicrobial susceptibility screening because of its cost-
effectiveness, simplicity, and high versatility [17]. Despite these advantages, the
test method has notable limitations in precisely quantifying antimicrobial suscep-
tibility or resistance. For example, high-molecular-weight or poorly soluble anti-
microbial agents are unsuitable because their diffusion in agar matrices may be
impeded, causing inaccurate inhibition zones [17] [18]. The Ag/ZnO-HAp nano-
composites used in this study have relatively high molecular weights (>1000
g/mol) and poor solubility in pure water. Consequently, the antibacterial activity
of the nanocomposites, as measured by the size of the inhibition zones, may be

underestimated.

3.2. Bactericidal Activity at Different Concentrations of
Ag/Zn0-HAp Nanocomposites

Bactericidal activity was evaluated by measuring bacterial killing patterns at dif-
ferent concentrations of Ag/ZnO-HAp nanocomposites. Results showed that
nanocomposite D killed cells 100% at 0.5 mg/mL over 18 hours, whereas nano-
composites A, B, and C killed cells 100% at 1 or 2 mg/mL over the same period
(Figure 2). However, at 0.125 mg/mL, the initial inoculum (3 x 10° cells/mL) de-
creased to ~2 x 10* cells/mL for nanocomposites B and D, while to ~1.5 x 10°
cells/mL for nanocomposites A and C. In parallel, bacterial colonies in the nano-
composite-untreated growth and in HAp-only controls were uncountable. This
corresponds to log reductions of 1.34, 5.07, 1.67, and 5.69 for nanocomposites A,
B, C, and D, respectively. Notably, the Ag content in nanocomposites B and D
(0.01 mole) is twice that in nanocomposites A and C (0.005 mole) but does not
correlate with the ZnO content. Thus, these results suggest that the enhanced bac-
tericidal activity of nanocomposites B and D may be associated with a 2-fold in-
crease in Ag. However, although Ag content is the primary factor in bactericidal

activity rather than ZnO content, the bactericidal assay conditions, such as bacte-
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rial culture conditions, media, and cell concentrations, may alter the relative roles

of Ag and ZnO in bactericidal activity.

(A) (B)
108 108
= 2 104
5 10° 2 10°
S ()
= 104 < 102
S 2
2 102 E 101
a (7}
0 & * L 0 * - L
0 1 2 3 4 0 1 2 3 4
Nanocomposite A (mg/mL) Nanocomposite B (mg/mL)
© (D)
105
g 2 104
£ o §
2 2 10
S 400 S
— - 2
£ £
g 102 g 10"
n (7]
1] 0 *+—o * -
V] 1 2 3 4 o 1 2 3 4
Nanocomposite C (mg/mL) Nanocomposite D (mg/mL)

Figure 2. Bactericidal patterns of Ag/ZnO-HAp nanocomposites at differ-
ent concentrations. Bactericidal patterns were determined by bacterial kill-
ing at varying concentrations (0.125, 0.25, 0.5, 1, 2, 3 mg/mL) of Ag/ZnO-
HAp nanocomposites against P. aeruginosa PAOL, as described in the Ma-
terials and Methods. Standard deviations represent the results of three in-
dependent experiments.

3.3. Time-Killing in the Presence of Ag/Zn0O-HAp Nanocomposites

A time-Kkilling assay of P. aeruginosa PAO1 was performed in the presence of 0.5
mg/mL of each nanocomposite, including the parental HAp (control). Results
showed that the initial inoculum (5 x 10° cells/mL) decreased to ~3 x 10* cells/mL
over the first 30 minutes for all nanocomposites as well as the control (Figure
3(A)). Over the next 120 minutes, cell concentrations for nanocomposites A, B,
C, and D decreased to an average of 253, 4, 57, and 0 cells/mL, respectively, while
cell concentrations in the control increased (Figure 3(A)). These results indicate
that nanocomposites B and D have significantly higher killing rates than A and C,
and that C and D have slightly higher killing rates than A and B. The differences
in killing rate correspond to the amounts of Ag and ZnO in the nanocomposites.
A 2-fold increase in Ag (from 0.005 to 0.01 mole) leads to significantly higher
killing rates (A to B and C to D), and a 2-fold increase in ZnO (from 0.005 to 0.01
mole) results in slightly higher killing rates (A to C and B to D) (Figure 3(A)).
Therefore, both Ag and ZnO increase bactericidal activity. However, Ag likely
plays a primary role, with ZnO as a secondary contributor.

To assess bactericidal efficacy, we determined the time-kill kinetics of each
nanocomposite by calculating the specific death rate (k) and decimal reduction

time (D-value), as described in Materials and Methods, over a 120-minute period
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starting at 30 minutes (cell concentration was 5.5 x 10* per mL), with measure-
ments taken every 30 minutes. As shown in Figure 3(B), nanocomposite D had
the most potent bactericidal activity, with the highest specific death rate (0.082
min™") and the lowest D-value (28.08 minutes), implying that approximately 8.2%
of surviving cells are killed each minute and that it takes 28.08 minutes to kill 90%
of the cells. Conversely, nanocomposite A was the least potent, with the lowest
specific death rate (0.034 min™') and the highest D-value (67.72 min). However,
the control HAp showed a negative specific death rate and negative D-values, in-
dicating that it promoted cell proliferation rather than inducing cell death (Figure
3(A) and Figure 3(B)). Overall, the results suggest that bactericidal efficacy fol-
lows the order D > B > C > A, as also supported by the log reductions in bacterial

killing at 0.125 mg/mL for each nanocomposite, as shown in Figure 2.
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Figure 3. Time-killing and time-kill kinetics of P. aeruginosa PAO1. (A) Time-killing in
the presence of Ag/ZnO-HAp nanocomposites (0.5 mg/mL), performed as described in
Materials and Methods. Nanocomposite A: square; Nanocomposite B: diamond; Nano-
composite C: triangle; Nanocomposite D: closed circle; and Cot (control): open circle.
Three independent experiments were used for standard deviation. (B) Time-kill kinetics
were calculated using the specific death rate (k) and D-value for each nanocomposite, as
described in the Materials and Methods.

The time-kill kinetics also demonstrated that doubling the Ag concentration
from 0.005 to 0.01 mole (A to B) led to more than a two-fold increase in the spe-
cific death rate (0.07/0.034 = 2.1) when combined with 0.005 mole ZnO. In con-
trast, doubling Ag (C to D) resulted in less than a two-fold increase (0.082/0.054
= 1.5) when combined with 0.01 mole ZnO. The same D-value trends were also
seen from A to B and C to D (Figure 3(B)). Likewise, doubling the ZnO concen-
tration from 0.005 to 0.01 mole produced less than a two-fold increase in specific
death rate, both A to C (0.054/0.034 = 1.6) and B to D (0.082/0.07 = 1.2) with the
same as D-values when combined with either 0.005 or 0.01 mole Ag. These results
suggest that Ag’s bactericidal activity may be higher at lower ZnO concentrations,
but that ZnO’s bactericidal activity may not be significantly affected by Ag. Taken
together, high ZnO levels may hinder Ag’s bactericidal activity, and ZnO’s effect
may be insignificant on overall bactericidal activity. Thus, optimizing the Ag:ZnO

ratio in HAp nanocomposites may be crucial for maximizing bactericidal activity.
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3.4. Bactericidal Activity of Ag/Zn0O-HAp Nanocomposites against
Clinical Isolates of P. aeruginosa

HAp-based nanocomposites have been proposed for various biomedical applica-
tions, including bone tissue engineering, orthopedic implant coatings, and dental
applications. These HAp-based nanocomposites are expected to exhibit high an-
timicrobial activity while maintaining biocompatibility and material stability [4]
[8] [19]. To evaluate the Ag/ZnO-HAp nanocomposites in biomedical applica-
tions, eight multidrug-resistant clinical isolates of P. aeruginosa were used to de-
termine MBC. Results showed that MBC levels for the four Ag/ZnO-HAp nano-
composites varied widely, ranging from <0.06 to >4 mg/mL, regardless of suscep-
tibility or resistance to traditional antibiotics (Table 1). Although clinical isolates
showed different MBC levels, nanocomposite D consistently had the lowest
MBCs. Nanocomposite B had lower MBCs than the other two nanocomposites;
nanocomposite C likely had lower MBCs than nanocomposite A, but, exception-
ally, in isolate NY215, nanocomposite A showed lower MBCs than nanocompo-
sites B and C (Table 1). These results indicate that the bactericidal activity of
Ag/ZnO-HAp nanocomposites may be strain-specific, reflecting heterogeneity in
cellular targets among isolates. Clinical isolates of P. aeruginosahave marked het-
erogeneity in both core genome sequences and accessory gene profiles [20].
Therefore, biomedical applications of Ag/ZnO-HAp nanocomposites may need

to be customized to each clinical isolate.

Table 1. Bactericidal effect of Ag/ZnO-HAp nanocomposites against clinical isolates of P. aeruginosa.

Clinical isolates of 2, MBC (mg/mL) to Ag/ZnO-HAp nanocomposites Antibiotic susceptibility*
aeruginosa A B C D CAR  CHL CIP KAN  TET

NY98 2 <0.063 0.5 <0.063 R R S R S
NY214 4 1 2 0.5 R S R R R
NY215 0.063 0.25 0.5 <0.063 R S R R S
NY219 4 1 1 0.5 R R S R R
NY220 2 0.125 2 0.063 R S R R S
NY268 >4 2 >4 0.25 R R S S R
NY269 >4 2 >4 1 R S R S
NY273- >4 2 >4 1 R R S S R

MBC: minimum bactericidal concentration; MIC: minimum inhibitory concentration; *CAR: Carbenicillin (R: MIC: >128 pg/mL,
S: MIC: <64 pg/mL); CHL: Chloramphenicol (R: MIC: >128 ug/mL, S: MIC: <64 pg/mL); CIP Ciprofloxacin (R: MIC: >2 pg/mL, S:
MIC: <1 pg/mL); KAN: Kanamycin (R: MIC: >50 ug/mL, S: MIC: <25 pug/mL); TET: Tetracycline (R: MIC: >8 pg/mL, S: MIC: <4

pg/mL).

4. Conclusion

In this study, we confirmed the antibacterial activity of four previously reported
Ag/ZnO-HAp nanocomposites (A, B, C, and D) [11] using the agar diffusion test
against P. aeruginosa PAO1. We further analyzed patterns of bacterial death at
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various concentrations to assess bactericidal effectiveness. We also performed
time-killing assays against P. aeruginosa PAO1. The overall results showed that i)
nanocomposite D exhibited the highest bactericidal activity, followed by B, C, and
A; ii) Ag was a primary factor, and ZnO was a secondary contributor to bacteri-
cidal activity; and iii) increased ZnO inhibited the effect of Ag. Additionally, we
determined the MBC levels of the nanocomposites against eight multidrug-re-
sistant clinical isolates of P. aeruginosa. The MBC levels varied widely among clin-
ical isolates, regardless of their susceptibility or resistance to traditional antibiot-
ics. Taken together, these findings suggest that the nanocomposites are broadly
effective against P. aeruginosa. However, to maximize bactericidal activity, it is
essential to optimize the Ag:ZnO ratio and customize the nanocomposite for the

targeted bacterial strain to ensure effective medical applications.
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