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Abstract

This study investigates the synergistic antibacterial effects of ceftazidime-loaded silver nanoparticles (AgNPs-CAZ) on
P. aeruginosa recovered from humans as well as cats. A total of 103 clinical and veterinary samples (60 human, 43
cat) revealed 12 isolates (9 human, 3 cat), as confirmed by biochemical and VITEK 2 analysis. All isolates produced
biofilms. Silver nanoparticles were prepared using a chemical reduction method, then conjugated with ceftazidime and
characterized using UV-Vis, DLS, FTIR, and FESEM. The macrodilution tube method was used to determine MICs,
and antibacterial activity was further tested using agar well diffusion. Following conjugation, ceftazidime MICs were
lowered 32fold in human isolates and 8-fold in cat isolates. FICI analysis showed additive effects (0.812 in humans,
0.515 in cats). Moreover, the AgNPs-CAZ combination showed increased inhibition zones than either drug alone,
demonstrating enhanced antibacterial action. These results suggest that AgNPs-CAZ conjugates may enhance
antibiotic activity and could be a viable option for treating resistant P. aeruginosa infections.
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INTRODUCTION

Pseudomonas aeruginosa, an opportunistic bacterium, can induce life-threatening infections not only in
humans and animals, especially immunodeficient ones such as cats [1, 2]. P. aeruginosa is well known to
generate biofilms and virulence factors [3, 4], which enable P. aeruginosa to escape from the immune
system and set up chronic infections [5-7]. P. aeruginosa has multidrug resistance and there are various
mechanisms by which P. aeruginosa resistance could be acquired such as, efflux pumps, low permeability
of outer membrane, antibiotic hydrolyzing enzymes. This makes it more difficult to cure [8, 9]. Overuse
of antibiotics allows bacteria to become more resistant to them, a major threat to public health globally.
Therefore, new and efficient antibacterial solutions that could be applied for the antibiotic-resistant P.
aeruginosa have to be found [10, 11]. Nanoparticles (NPs) emerge as new tools against bacterial resistance
[12, 13]. For example, silver nanoparticles (AgNPs) can cause bacteria to die by disrupting their cell
membrane or cell wall, rather than penetrating the cell. Also, AgNPs have been used with common
antibiotics to improve their working against bacteria synergistically [14, 15]. AgNPs promote the
effectiveness of antibiotics by directing them to the various sites, leading to lower doses and fewer negative

side effects [16, 17].

MATERIALS AND METHODS

Collection of Samples

From 3 November 2024 to 3 January 2025, 103 swab samples were collected in Baghdad City, from the
Baghdad Medical City (Burns Center) and various veterinary clinics. Of these, 60 were from humans and
43 from Cats. Sterile gloves were used to prevent contamination. Transport medium swabs were collected
from both genders, ages 2 to 78 years for humans and 3 months to 7 years for animals. The samples were
sent to the Microbiological Laboratory at the College of Veterinary Medicine, University of Baghdad.
MacConkey, Cetrimide, and Blood agar media were used to culture the samples for bacterial isolation
and preliminary identification [18].

Preparation of Culture Media

The culture media, including MacConkey, Cetrimide, and blood agar, were prepared per the
manufacturer's instructions and maintained under refrigerated conditions until needed.

Phenotypic Characterization of Pseudomonas aeruginosa
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To observe the morphological aspects of colonies, including form, size, color, odor, and pigment
production. After culturing P. aeruginosa on MacConkey, Cetrimide, and blood agar, Gram staining was
performed to evaluate their staining reaction, morphology, and cellular arrangement under the light
microscope [18,19,20].

Biochemical and Vitek2-based Identification of P. aeruginosa

Preliminary identification relied on conventional biochemical tests such as oxidase and catalase, MR-VP,
citrate, TSI, urease, SIM, phenylalanine deamination, and gelatin liquefaction tests, performed [18]. The
VITEK 2 system was utilized for final confirmation, following the protocol provided by the manufacturer
(BioMérieux, France) [21, 22].

Maintenance and Preservation of P. aeruginosa

According to [23], in an Eppendorf tube, 1 mL of the bacterial culture was combined with an equivalent
volume of Brain Heart Infusion (BHI) broth that contained 20% glycerol. The mixture was then vortexed
vigorously and kept at -20°C to preserve it.

Biofilm Formation Assay

The tube adherence method, as previously outlined by [24, 25, 26], was employed to evaluate biofilm
formation by P. aeruginosa isolates. Biofilm production was evaluated visually by seeing stained residues
around the inner walls of the test tubes.

Synthesis of Silver Nanoparticles

Silver nanoparticles (AgNPs) were prepared using a modified chemical reduction protocol. In brief, 4 mM
of AgNO3 and 0.2 mM of PVP were dissolved in 100 mL of deionized water and magnetic stirred until a
clear solution was obtained. Subsequently, 0.4 mM TSC (in 100 mL water) solution was drop-wise
introduced within 30 min. The solution was then heated at 80°C for 2 h and stirred (350 rpm). The color
change to yellow showed the formation of AgNPs. The cold solution was kept in dark capped glass vials
at 4°C [27].

Loading of Ceftazidime onto Silver Nanoparticles (AgNPs)

A modified procedure by [28] was used. The AgNPs solution was ultrasonicated (40 kHz, 150-200 W)
for 30-45 min at 42 °C in order to maintain homogeneity. Ceftazidime was stirred at 100 to 200 rpm,
and AgNPs were added dropwise. Afterwards, the drug adsorption was realized at room temperature for
1 h under agitation. The AgNPs-CAZ conjugate was stored at 4 °C until use.

Characterization of AgNPs and AgNPs-CAZ

The optical properties of AgNPs and AgNPs-CAZ were evaluated by UV-Vis spectrophotometry (Model
1200, Shimadzu, Kyoto, Japan) from 200 to 1000 nm. Morphological and surface images were observed
by Field Emission Scanning Electron Microscopy (FESEM) (FEI, Thermo Fisher Scientific, USA).
Determination of functional groups and verification of the formation of nanoparticles FTIR analysis was
performed using an IFS 48 spectrometer (Bruker, Germany range 4000-400 cm™). The hydrodynamic
size distribution of the NPs was determined using Dynamic Light Scattering (DLS) [29, 30, 31]. Both
AgNPs and ceftazidime loaded AgNPs were analysed in separate analyses.

Determination of MIC and FICI

The MICs of ceftazidime (CAZ), silver nanoparticles (AgNPs), and their combination (AgNPs-CAZ) were
conducted using the broth macrodilution assay under standardized CLSI guidelines [32], with minor
modifications. After incubation, 20 puL of triphenyl tetrazolium chloride (0.5%) solution was added to
the ceftazidime tubes, then incubated for 30 minutes to help in visually checking for bacterial growth.
The MIC is the minimum concentration of an antimicrobial agent needed to inhibit the growth of a
microorganism. To determine the interaction between CAZ and AgNPs-CAZ, the formula used to
calculate the fractional inhibitory concentration index (FICI) values as follows: FICI = (MIC of CAZ in
Mix / MIC of CAZ alone) + (MIC of AgNPs in Mix / MIC of AgNPs alone). If the FICI value is < 0.5,
meaning a synergetic effect, more than 0.5 < and less than < 1, meaning an additive effect, and if the
value 1 < FICI < 2, meaning an Indifferent effect, and if the value is more than > 2, it means an
antagonistic effect [33].

Assessment of Antimicrobial Activity

Antibacterial activity of AgNPs and this of ceftazidime and ceftazidime loaded nanoparticles was assessed
using the agar well diffusion technique [27, 34, 35]. Synergy was considered present when the inhibition
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zone produced by ceftazidime-loaded silver nanoparticles (AgNPs-CAZ) exceeded the larger inhibition
zone obtained by either ceftazidime (CAZ) or silver nanoparticles (AgNPs) alone by at least 2 mm.
Ethical Approval

We confirm that this study was approved by the Ethics Committee of the College of Veterinary Medicine,
University of Baghdad (Approval No. P-G/1337, dated 2 June 2025). No experiments were performed
on animals. We only collected swab samples from cats during regular clinical visits, and the collection
process followed ethical and professional guidelines.

Statistical Analysis

We used the 2019 edition of SPSS to look at how different factors affected the observed proportions. We
used the Chi-square test to check for statistical significance at 95% and 99% confidence levels [36].

RESULTS

Pseudomonas aeruginosa Isolation and Validation
Twelve Pseudomonas aeruginosa isolates were found in the 103 samples that were examined. Three of
these isolates were from cats, while nine were from human clinical samples. The cultural and microscopic
characteristics of the isolates were consistent with Pseudomonas aeruginosa. On MacConkey agar, the
colonies appeared pale due to the absence of lactose fermentation. In contrast, growth on Cetrimide agar,
a selective medium, produced yellowish-green, smooth, and mucoid colonies, supporting the selective
growth of P. aeruginosa while inhibiting other bacterial species. On blood agar, colonies displayed beta-
hemolysis and had a gray to grayish-white appearance (Figure 1).Microscopically, the bacterial cells were
Gram-negative rods, according to [37]. Figure 2 (microscopic appearance).

Figure 1: Colonies of Pseudomonas aeruginosa on different bacteriological media: (a) MacConkey agar,
(b) Cetrimide agar, grayish-white colonies on blood agar, and (D) beta-hemolysis on blood agar

Figure 2: P. aeruginosa on Gram stain (100x oil immersion)

The biochemical identification of isolates indicated results aligned with P. aeruginosa. Oxidase and
catalase (a), as well as gelatin hydrolysis (b), yielded positive results. TSI (c) exhibited K/K without the
presence of gas or H,S. SIM (d) exhibited positive motility and negative indole. Citrate (e) tested positive,
although MR/VP (f), urease (g), and phenylalanine deaminase (h) all tested negative, as illustrated in
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Figure 3. For further assurance, we used the VITEK 2 system, which correctly identified P. aeruginosa in
a variety of samples (see Table 1 for details).

Figure 3: Biochemical test findings for P. aeruginosa isolates
Table 1: VITEK 2 system-based identification of P. aeruginosa isolates

No | Host Sample No of Isolates Probability (%)
1 Humans Burns 9 93-99 %

2 Cats Wound 3 99 %

Total 14

Biofilm Formation

The qualitative tube adherence approach showed that all of the Pseudomonas aeruginosa isolates have
the biofilm-forming capability. It was suggested that the presence of a discolored coating on the inside of
the tubes meant that biofilm was forming. Table 2 and Figure 4 show the full results.

Table 2: Positive biofilm production of P. aeruginosa isolates

No | Source of Isolates Number of Isolates Biofilm Production (%)
1 Human 9 100

Cat 3 100

Total 14 -

P-value 1.00 NS e
NS: Non-Significant.

Figure 4: Positive results of P. aeruginosa biofilm forming ability (tube adherence method)
Synthesis and characterization of silver nanoparticles and their conjugates with ceftazidime
Silver nanoparticles generated through chemical reduction result in a unique golden-yellow colour. This
comes from the surface plasmon resonance (SPR), which is a common phenomenon in silver
nanoparticles [38]. After ceftazidime loading, the golden-yellow intensity faded a little bit without any

clear aggregation, which showed that ceftazidime had been successfully loaded onto the AgNPs (Figure
5).

Figure 5: Chemically synthesized AgNPs and AgNPs-CAZ
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UV-Visible spectroscopy

When the colour shifted to golden-yellow, a clear SPR peak at 407 nm in the UV-Vis spectrum showed
that silver nanoparticles had formed. After loading ceftazidime, the spectra showed two peaks at 254 nm
and 414 nm. These peaks show the ceftazidime absorbance and the SPR of the loaded nanoparticles,
respectively (Figure 6).
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Figure 6: Uv-Vis spectroscopy of (a) AgNPs, (b) AgNPs-CAZ
Dynamic Light Scattering (DLS)
DLS analysis showed that AgNPs were evenly spread out, with a PDI of 0.246 and a particle size of 19.8
nm. After loading ceftazidime, the size increased to 28.4 nm and the PDI to 0.321, which shows that the

surface changed and the heterogeneity was moderate (Figure 7).
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Figure 7: DLS Analysis of (a) AgNPs, (b) AgNPs-CAZ
Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis of AgNPs showed clear bands at 3414 cm™! (O-H/N-H), 2949-2889 cm™! (C-H),
and strong carbonyl peaks at 1737-1680 cm™! (Figure 8). This suggested that stabilizers like PVP had
successfully capped the particles. After loading ceftazidime, the carbonyl peaks moved a lot (to 1768 and
1651 cm™!), and the fingerprint regions changed slightly (Figure 8). This showed that the medication
interacted with the nanoparticles and changed the structure of the surface slightly.
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Figure 8: FTIR analysis showing characteristic peaks for (a) AgNPs and (b) AgNPs-CAZ

Field Emission Scanning Electron Microscopy (FESEM)

FESEM images indicated that unmodified AgNPs were equally distributed, spherical, and well-dispersed
with modest diameters. Following the loading of ceftazidime, the particles retained their spherical shape
but were marginally larger and denser, suggesting effective surface coverage by the antibiotic (Figure 9).
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Figure 9: FESEM images of (a) AgNPs, and (b) AgNPs-CAZ

Minimum Inhibitory Concentration (MIC) and FICI Values

Ceftazidime alone resulted in an MIC of 512 pg/mL for the human isolate as well as 64 ng/mL for the
cat isolate (Figure 10). Figure 11 shows that silver nanoparticles (AgNPs) had similar MIC values (8
pg/mL) in samples recovered from humans and cats. Loading ceftazidime to AgNPs lowered the MIC
values to 16/6.25 pg/mL (CAZ/AgNPs) for human isolates and 8/6.25 pg/mL for cat isolates, which

means the antibacterial activity was enhanced (Figure 12).
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Figure 10: MIC of ceftazidime (CAZ) for (a) Human, (b) Cat isolates visualized using triphenyl
tetrazolium chloride (TTC)
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Figure 12: MIC of AgNPs-CAZ for (a) Human, (b) Cat isolates
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As shown in Table 3, both samples recovered from human (0.812) and cat (0.515) isolates had additive
effects on the FICI values. This proves that the antibacterial efficacy of the combined therapy is increased.
Table 3: FICI Values and Interaction Interpretation

Samples MIC of Ceftazidime | MIC of AgNPs | MIC of AgNPs-CAZ FICI
(Interpretation)

Human 512 8 16/6.25 0.812 (Additive)

Cat 64 8 8/3.12 0.515 (Additive)

Agar Well Diffusion Test for Antibacterial Activity Assessment

For both the human and feline isolates, the inhibition zones measured 29.36 mm and 19.03 mm,
respectively, when the AgNPs-CAZ combination was compared to ceftazidime and AgNPs alone. It is
revealed that the antibacterial activities are enhanced remarkably after the conjugation. A visual aid of
these inhibitory zones based on the comparative diameters is presented in Figure 13.

Figure 13: Agar well diffusion showing zones of inhibition for samples from (a) human and (b) cat
isolates

DISCUSSION

Pseudomonas aeruginosa Isolation and Identification

We identified 9 samples of human burns and 3 samples of cat wounds. We discovered P. aeruginosa in
15% of human burn samples and 7% of cat wound samples. [39, 40] found rates as high as 62%, which
is not what these results show. We get 11.7% for both human burns and cat wounds, which is different
from what [41] discovered in Samawa (8.2%) and [42] found in samples of cat wounds (20%). There are
a few things that could cause the isolation rate to be different, like where the person lives, whether or not
they have been around antibiotics previously, and how clean the area is. All 12 isolates presented with
normal growth characteristics including no lactose fermentation on MacConkey agar (pale colonies),
smooth yellow green colonies with fruity smell on Cetrimide agar, B-hemolytic growth on blood agar.
These results are consistent with [43]. in light microscope, and that were stained red as a Gram-negative
form under a microscope, consistent with [44]. The biochemical test results in this work were similar to
those of P. aeruginosa which was consistent with [39]. Subsequently, further identification was confirmed
by the VITEK 2 system whose findings were similar to those reported in [44].

Biofilm formation

We discovered that all five strains of Pseudomonas aeruginosa that we got from humans and cats could
make biofilms (100%). We found that burns on humans and wounds on cats may all generate biofilm.
[45] found very similar results, showing that 100% of the biofilm-forming potential was also present. [46]
found an 89% of the P. aeruginosa collected from cats could make biofilms. [47] found that 93% of the
isolates from both humans and animals could also make biofilms. These two studies accord with part of
what we discovered, though. It's known that biofilm formation helps Pseudomonas aeruginosa survive
and resist antibiotics in both humans and animals.

Structural and Functional Analysis of AgNPs and Their Conjugates

We noticed a unique surface plasmon resonance (SPR) signal at 407 nm in the UV-Visible absorption
spectra of AgNPs. This is in line with [48], who record a peak at 408 nm. The peak moved to 414 nm in
the AgNPs-CAZ conjugate, which means that the ceftazidime was loaded successfully. This is like what
was recorded by [27], where the SPR changed from 405 to 415 nm following loading with ciprofloxacin.
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There was another signal at 254 nm that verified the presence of ceftazidime (Figure 6). The
hydrodynamic diameter of AgNPs was determined to be 19.8 nm by DLS measurements, which is quite
close to the 18 nm reported by [49]. The size increased to 28.4 nm after ceftazidime loading, which is the
same as [49], who record 27.9 nm in drugloaded AgNPs. This growth confirms that the ceftazidime has
been adsorbed onto the surface and that the conjugation process has been successful. FTIR analysis of
AgNPs showed unique peaks at 3414 cm™! (O-H/N-H), 2949-2889 cm™! (C-H), and carbonyl bands at
1737.86 and 1680.00 cm™. These results are comparable to what [27] found with galactose-assisted
AgNPs. When ceftazidime was loaded, the peaks shifted (for example, from 1737.86 to 1768.72 cm™! and
from 1680.00 to 1651.07 cm™?), the bands got wider, and the intensity went down. These changes in the
spectrum suggest a strong interaction with the antibiotic, which is in line with the studies [49, 47]. The
FESEM analysis of the AgNPs showed that the particles were well-dispersed, spherical, had a consistent
shape, and had smooth surfaces. This was similar to the results for unloaded AgNPs as reported by [27].
After loading with ceftazidime, the particles kept their spherical shape but became rougher and thicker,
which suggests that they covered the surface well. These traits are consistent with [27], who record the
same results with ciprofloxacin-loaded AgNPs, which had a denser surface without clumping. The form
that stays the same before and after loading shows that the medicine sticks well while keeping the
nanoparticles' integrity.

MIC and FICI Findings

Our findings of MIC for ceftazidime alone were 512 ng/mL for the human isolate and 64 pg/mL for the
cat isolate. Additionally, for AgNPs, both human and animal isolates were 8 pg/mL. After loading
ceftazidime with AgNPs, the MIC was reduced to 16/6.25 pg/mL for humans as well as 8/6.25 png/mL
for cats. Our results mean that ceftazidime decreased by 32-fold for humans and 8-fold for cats. Our
results are in agreement with [50], who also reported a 2-9-fold decrease in MIC when loaded ceftazidime
with AgNPs. Interaction between silver nanoparticles and antibiotic was determined by the FICI, if the
FICI value is < 0.5, meaning a synergetic effect, more than 0.5 < and less than < 1, meaning an additive
effect, and if the value 1 < FICI < 2, meaning an Indifferent effect, and if the value is more than > 2, it
means an antagonistic effect. Our results show an additive effect, which is partially in agreement with
[50], who found a synergistic effect when ceftazidime was loaded with AgNPs in 76% of the P. aeruginosa.
These findings support that AgNPs enhance the antibacterial effect of antibiotics.

Agar Well Diffusion Test

When we used AgNPs-CAZ on human and cat isolates, the inhibition zones expanded to 35.33 mm and
31.66 mm, respectively. There were more zones than the 16 mm and 14 mm zones that were found with
ceftazidime alone and the 18 mm and 17 mm zones that were seen with AgNPs alone. Our results are in
agreement with [27], who reported that adding AgNPs to ciprofloxacin generated the same increase in
the size of inhibitory zones: 31.00 mm for A. baumannii, 32.66 mm for S. marcescens, and 35.33 mm for
S. aureus. These results back up the hypothesis that nanoparticles with antibiotics can help antibiotics
perform better against bacteria by going deeper into the body and concentrating the antibiotic where the
sickness is.
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