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Abstract
Background. Biofilm extracellular polymeric matrix (EPS) biomass plays a central role in bacterial resistance 
to carbapenems, especially imipenem (IPM), which poses a serious threat to public health.

Objectives. The present study aims to use ZnO NPs to improve the susceptibility of imipenem-resistant 
Klebsiella pneumoniae (IRKP) to imipenem (IPM) and to reduce biofilm extracellular polymeric matrix (EPS) 
biomass.

Materials and methods. Susceptibility to IPM and biofilm formation were evaluated in 20 uropathogenic 
K. pneumoniae isolates. ZnO NPs were prepared using an extract of Thymus vulgaris leaves. The effects 
of sub-minimum inhibitory concentrations (MICs) of IPM and ZnO NPs on biofilm formation were evaluated. 
The additive effect of sub-MICs of ZnO NPs on IRKP susceptibility to IPM and biofilm formation was assessed.

Results. The diameter of the prepared ZnO NPs was less than 50 nm. Biofilm formation negatively correlated 
with inhibition zone diameter (r = −0.819, p = 0.001) and positively with IPM MICs (r = 0.79, p = 0.001). 
Sub-MICs of IPM and ZnO NPs reduced biofilm formation on polystyrene in a concentration-dependent man-
ner. The synergistic role of sub-MICs of ZnO NPs in decreasing the MICs of IPM against K. pneumoniae was 
observed, from 250 ± 50 µg/mL to 116.6 ± 14.4 µg/mL (at 1⁄2, 1⁄4, and 1⁄8 MICs of ZnO NPs), while 1⁄16 MIC of ZnO 
NPs decreased the MICs of IPM to 125 ± 25 µg/mL. The 1⁄32 and 1⁄64 MICs of ZnO NPs reduced the MICs of IPM 
to 141.6 ± 14.4 µg/mL and 158.3 ± 80.36 µg/mL, respectively. The greatest reduction in biofilm extracellular 
polymeric matrix (EPS) formation was observed at the highest concentrations of the IPM/ZnO NP combina-
tion, while the lowest reduction was observed at the lowest concentrations of both materials (p < 0.05).

Conclusions. The present study demonstrated a synergistic effect of sub-MIC ZnO NPs on the antibacterial 
and antibiofilm activities of imipenem against K. pneumoniae (IRKP).
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Background

Biofilm-associated infections with this bacterial species 
are difficult to treat because the extracellular polymeric 
matrix (EPS) of the biofilm acts as a barrier, reducing an-
tibiotic penetration and promoting bacterial resistance.1 
Therefore, new strategies to reduce biofilm formation may 
help limit and enhance the activity of antibiotics against 
resistant bacteria. New approaches in materials science 
have focused on polymers and nanoparticles (NPs) as mul-
tifunctional platforms for antibacterial applications.2 Natu-
ral and synthetic polymers play a significant role in the de-
sign of functional nanoparticles, which serve as stabilizers, 
carriers, or surface modifiers. Polymeric materials can 
modify nanoparticle size, surface charge, dispersibility, 
and interactions with biological cellular processes; they 
can improve biocompatibility and antimicrobial activity.3 

Furthermore, polymer–nanoparticle composites offer tun-
able physicochemical properties that can be used to disrupt 
bacterial membrane systems, alter biofilm structure, and 
improve drug activity in terms of delivery efficiency against 
bacterial cellular processes.4

The rise in antimicrobial resistance among Gram-nega-
tive pathogens has become a critical global health concern, 
especially during periods of limited availability of effec-
tive antibiotics. Imipenem (IPM) is a beta-lactam antibi-
otic commonly used to treat infections caused by mul-
tidrug-resistant (MDR) organisms, including Klebsiella 
pneumoniae.5 This bacterial species is an opportunistic 
pathogen responsible for several infectious diseases, in-
cluding wound and soft tissue infections, pneumonia, 
bloodstream infections (septicemia), liver abscess (inva-
sive Klebsiella syndrome), eye infections, and urinary tract 
infections (UTIs).6 The resistance of this bacterial species 
to a wide spectrum of antibiotics and its ability to adhere 
to biotic and abiotic surfaces (forming biofilms) are associ-
ated with increased virulence.7

Metal oxide nanoparticles are of great importance due 
to  their antimicrobial properties and multiple effects 
on cellular processes. One of the most important is zinc 
oxide (ZnO) nanoparticles, valued for their chemical stabil-
ity, low cost, and recognized biocompatibility in biological 
systems. ZnO NPs exhibit broad-spectrum antibacterial 
activity via multiple mechanisms, including the produc-
tion of reactive oxygen species, disruption of bacterial cell 
membranes, and the release of Zn2+ ions, which interfere 
with bacterial metabolic processes.8 On the other hand, 
the nanoscale size of ZnO NPs and their high surface-to-
volume ratio facilitate interactions with bacterial metabo-
lism and the polymers of biofilm matrices.9

The combination of nanoparticles with polymer-based 
systems disrupts bacterial cell function by controlling 
nanoparticle aggregation and enhancing interactions 
with microbial populations, including the biofilm matrix. 
This process has shown that nanoparticles can more ef-
fectively penetrate biofilm matrices and improve antibiotic 

activity.10 Thus, combining nanoparticles with antibiotics 
can act synergistically by increasing bacterial cell mem-
brane permeability, reducing efflux pump activity, and 
facilitating antibiotic penetration into the biofilm matrix.11

Objectives

The additive antibacterial and antibiofilm effects of ZnO 
NPs on imipenem activity are highlighted, underscoring 
the roles of material properties and nanoscale interac-
tions in improving antibacterial outcomes. This approach 
demonstrates a new strategy to enhance imipenem activity 
against imipenem-resistant K. pneumoniae, a serious pub-
lic health threat.

Materials and methods

Ethical approval

The study was approved by the Human Ethics Committee 
of the Department of Biology, College of Science, Univer-
sity of Baghdad, Iraq, with reference No. CSEC/1025/0112, 
on October 9, 2025.

Bacterial isolates

Aseptic midstream urine samples were collected from 
183 patients diagnosed with urinary tract infections (UTIs) 
who attended Al-Yarmouk Teaching Hospital, Baghdad, 
Iraq, for routine clinical evaluation. Patients who had re-
ceived antibiotic therapy within 72 h prior to sample col-
lection were excluded, and informed consent was obtained 
from all participants. The urine samples were cultured 
on MacConkey agar (HiMedia, Mumbai, India) and in-
cubated at 37°C for 18 h. Large, mucoid, pink colonies 
(lactose-fermenting colonies) were selected for further 
identification. Gram staining was performed, followed 
by biochemical tests, including oxidase, indole, urease, 
and citrate utilization tests. A VITEK DensiCheck instru-
ment and fluorescence system (bioMérieux, Marcy-l’Étoile, 
France) (ID-GNB card) were used to identify the isolates 
as K. pneumoniae. All confirmed K. pneumoniae isolates 
were stored at −80°C in tryptic soy broth (TSB) supple-
mented with 20% (v/v) glycerol for long-term preservation 
until further use.

Kirby–Bauer method

This method was used to  determine the  response 
of K. pneumoniae isolates to imipenem (IPM). Bacterial 
suspensions were prepared and adjusted to a turbidity 
equivalent to a 0.5 McFarland standard and then uniformly 
inoculated onto Mueller–Hinton agar (MHA; HiMedia, In-
dia). Imipenem disks were placed on the MHA surface, and 



Polim Med. 2026;56(1):53–63 55

the plates were incubated for 18 h at 37°C. Inhibition zones 
were measured in millimeters. Inhibition zone diameters 
were measured as the total diameter, including the 6 mm 
disk diameter, in accordance with Clinical and Laboratory 
Standards Institute (CLSI) guidelines. The isolates were 
categorized as susceptible (S), intermediate (I), or resistant 
(R) to IPM based on CLSI breakpoints.12,13

ZnO NPs preparation

The  previously described standard method was fol-
lowed for biosynthesis using Thymus vulgaris leaves pur-
chased from local markets in Baghdad, Iraq. The leaves 
were washed several times to remove dust, then dried and 
ground into a powder. Fifty grams of the powder were 
added to 500 mL of distilled water and heated to 80°C for 
45 min. The mixture was cooled to room temperature and 
filtered through Whatman filter paper (No. 1) to remove 
solids. The clear suspension was stored at 4°C until use.14

Fifty milliliters of the leaf extract were added dropwise 
to a 0.1 M Zn(NO₃)₂·6H₂O (Sigma-Aldrich, St. Louis, USA) 
solution prepared in  deionized double-distilled water 
(1:1, v/v). The reaction was carried out at ambient room 
temperature (21°C), maintained in the laboratory with-
out the use of an incubator, under continuous magnetic 
stirring (Heidolph Instruments, Germany). The pH was 
adjusted to 8 with 0.1 M NaOH until the mixture turned 
milky white and was then heated at 80°C for 3 h to obtain 
a brownish paste. The sedimented growth fluid was sepa-
rated from the ZnO NPs by centrifugation at 7,000 × g for 
10 min (Benchtop High Speed Centrifuge CFG-17H, Scitek, 
China). The solid powder was removed using methanol. 
Following the ethanol wash, distilled water was used sev-
eral times to further wash the ZnO NPs. The ZnO NPs 
were dried in an oven (Memmert GmbH, Schwabach, Ger-
many) at 70°C until completely dry.14

The prepared ZnO NPs were characterized using atomic 
force microscopy (AFM; Innova® AFM; Bruker, Santa Bar-
bara, USA). For AFM analysis, a thin film of the nanopar-
ticles was deposited on a glass substrate. Scanning electron 
microscopy (SEM) was also performed (Zeiss EVO® LS 15; 
Carl Zeiss AG, Jena, Germany); a smear of ZnO NPs was 
prepared on a glass surface and coated with a thin layer 
of platinum to enhance conductivity for imaging.14,15

MTT assay

In this method, the cytotoxicity of ZnO NPs on MCF-7 hu-
man breast cancer cells was evaluated using the MTT assay, 
a colorimetric indicator of cell viability. MCF-7 cells (ATCC) 
were cultured in RPMI-1640 medium (Sigma-Aldrich, USA) 
supplemented with 10% fetal bovine serum (FBS, Sigma-
Aldrich, USA) and 1% penicillin/streptomycin (MSE SAS, 
France) and maintained at 37°C in a humidified atmo-
sphere containing 5% CO2. Cells were seeded into 96-well 
tissue culture plates at a density of 104 cells/well, incubated 

overnight, and then treated under the above conditions for 
24 h and 72 h.16

A stock solution of ZnO NPs was prepared, and serial 
two-fold dilutions were made in complete culture medium 
(100, 50, 25, 10, 5, and 1 µg/mL). The negative control 
consisted of untreated cells cultured in medium alone. 
The growth medium was removed, and 100 µL of medium 
containing ZnO NPs was added, followed by incubation for 
24 h under standard culture conditions. Following treat-
ment, the medium was discarded, and 20 µL of MTT so-
lution (1 mg/mL) was added to each well and incubated 
for 4 h at 37°C to allow viable cells to reduce MTT into 
insoluble purple formazan crystals. (Note: the 4 h incuba-
tion refers specifically to the formazan development step, 
not the treatment duration). The  MTT solution was then 
removed, and 100 µL of dimethyl sulfoxide (DMSO) was 
added to dissolve the formazan crystals. Absorbance was 
measured at 570 nm using a microplate reader (Bio-Rad, 
USA).17,18 Cell viability was expressed as a percentage rela-
tive to untreated control cells using the following formula:

Minimum inhibitory concentrations

The broth microdilution method was used to determine 
the minimum inhibitory concentrations (MICs) of IPM 
and ZnO NPs against K. pneumoniae isolates. Two-fold 
serial dilutions of IPM (Medscape, New York City, USA) 
were prepared in Mueller–Hinton broth (MHB; HiMedia, 
India) in a U-shaped microtiter plate. The standardized 
bacterial inoculum was adjusted to an optical density of 0.1 
at 600 nm, equivalent to approximately 1–2 × 108 CFU/mL 
(0.5 McFarland standard), and then diluted 1 : 100 in MHB 
to  achieve a  final inoculum of  approximately 5  ×  105 
CFU/mL per well, consistent with CLSI M07 broth mi-
crodilution guidelines. Five microliters of K. pneumoniae 
suspension were added to each well. The bacterial sus-
pension was prepared by washing the overnight growth 
of K. pneumoniae with sterile phosphate-buffered saline 
(PBS; 0.1 M, pH 7.2) using centrifugation at 6,500 × g for 
10 min (Benchtop High Speed Centrifuge CFG-17H, Scitek, 
China). The bacterial suspension was adjusted to an opti-
cal density of 0.1 at 600 nm (Thermo Fisher Scientific, 
USA). Plates were incubated at 37°C for 18 h, and MICs 
were defined as the lowest concentrations that completely 
inhibited visible bacterial growth. Three controls were 
prepared: MHB with bacterial isolate (first control), wells 
containing MHB only (second control), and two-fold se-
rial dilutions of antibiotic only (third control). A similar 
method was followed to measure the MICs of ZnO NPs 
against K. pneumoniae isolates.15,19
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Biofilm formation

In this method, 100 µL of sterile Tryptic Soy Broth (TSB; 
HiMedia, India) supplemented with 0.25% (w/v) glucose 
was added to the wells of flat-bottom polystyrene tissue 
culture plates. TSB was supplemented with 0.25% (w/v) 
glucose to  enhance biofilm formation on  polystyrene 
surfaces, as glucose promotes the production of extra-
cellular polymeric substances. Five microliters of a stan-
dard inoculum of K. pneumoniae were added to each well 
(as described in  the method for MIC evaluation), and 
the plates were incubated at 37°C for 24 h. The TSB was 
discarded, and the plates were washed three times with 
distilled water. The plates were then dried and stained with 
100 µL of 0.4% Hucker crystal violet for 15 min, followed 
by washing five times with distilled water. After the wells 
were dried, 100 µL of anhydrous ethanol (Sigma-Aldrich, 
USA) was added to each well. Absorbance was measured 
at  590  nm using a  microplate reader (BioTek 800 TS; 
BioTek, Winooski, USA). The experiment was performed 
in triplicate.19,20

Effect of sub-MICs on biofilm formation

In this experiment, the effects of sub-MIC concentrations 
of IPM and ZnO NPs on biofilm formation by K. pneu-
moniae isolates were investigated. A biofilm formation 
assay similar to that previously described,19 with minor 
modifications, was used. Serial dilutions of sub-MICs of ei-
ther ZnO NPs or IPM were prepared in TSB (HiMedia, 
India) and dispensed into the flat-bottom wells of a 96-well 
polystyrene microtiter plate. Five microliters of a standard 
K. pneumoniae inoculum (as described in the MIC evalua-
tion method) were added to the wells, and the plates were 
incubated at 37°C for 24 h. Following incubation, the wells 
were washed three times with distilled water, dried, and 
stained with 0.4% Hucker crystal violet for 15 min. After 
drying, anhydrous ethanol was added to each well. Absor-
bance was measured at 590 nm using a microplate reader 
(BioTek 800 TS; BioTek, Winooski, USA). The experiment 
was repeated three times.19

Synergistic effect of ZnO NPs and IPM 
on MICs

The checkerboard microdilution method, performed 
in  a  96-well U-bottom polystyrene microtiter plate, 
was used to evaluate the synergistic effect of ZnO NPs 
on the susceptibility (as measured by MICs) of K. pneu-
moniae (resistant to IPM) to IPM. Briefly, 100 µL of sterile 
MHB (HiMedia, India) was added to each well. Two-fold 
serial dilutions of IPM were prepared horizontally across 
the plate (columns 1–12), yielding final concentrations 
ranging from 1000 to 0.48 µg/mL. Two-fold serial dilu-
tions of ZnO NPs corresponding to sub-MICs (1⁄2 MIC 
to 1⁄128 MIC) were prepared vertically from row A to row G. 

Five microliters of a standard inoculum of K. pneumoniae 
(as described in the MIC preparation method) were added 
to the wells. The plates were gently shaken and incubated 
at 37°C for 24 h. The MIC was defined as the lowest con-
centration of IPM that inhibited visible bacterial growth. 
Row H was considered the first control, showing the MIC 
of IPM (without ZnO NPs). Control groups were as fol-
lows: first control – IPM serial dilutions without ZnO 
NPs; second control – bacterial growth control (MHB + 
bacteria only); third control – sterility control (MHB only); 
fourth control – ZnO NPs at sub-MIC concentrations with 
bacterial inoculum without IPM; fifth control – IPM se-
rial dilutions without nanoparticles. The experiment was 
repeated three times.

Synergistic effect of ZnO NPs and IPM 
on biofilm formation

A similar procedure was followed to assess the synergis-
tic effect of ZnO NPs on the MICs of IPM against an IPM-
resistant K. pneumoniae isolate that produced the high-
est level of biofilm biomass, with minor modifications. 
TSB was used instead of MHB, and a 96-well flat-bottom 
polystyrene microtiter plate was used instead of a 96-well 
U-bottom plate. After incubation, the plates were washed 
three times with distilled water, dried, and stained with 
100 µL of 0.4% Hucker crystal violet for 15 min. After 
washing and drying, 100 µL of anhydrous ethanol (Sigma-
Aldrich, USA) was added to each well. Absorbance was 
measured at 590 nm using a microplate reader (BioTek 800 
TS; BioTek, Winooski, USA). The experiment was repeated 
three times.19–21

Statistical analyses

The statistical analyses and graphs were generated using 
Origin v. 8.4 (OriginLab, Northampton, USA). The chi- 
-square test was performed using SPSS v. 26 (IBM, USA) 
for comparisons of categorical resistance data. Data were 
presented as means ± standard error (M ± SE). Student’s 
t-test and one-way analysis of variance (ANOVA) were 
used to assess statistical significance. Correlations were 
evaluated using Pearson’s correlation coefficient. A p-value 
of less than 0.05 was considered statistically significant.

Results

Bacterial isolates and IPM susceptibility

In the present study, twenty K. pneumoniae isolates were 
obtained from 183 urine samples collected from patients with 
UTIs. The isolates were initially identified using biochemi-
cal tests, and species-level identification was subsequently 
confirmed using the VITEK® 2 system. In the current study, 
the incidence of UTIs caused by K. pneumoniae was 10.92%. 
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The Kirby–Bauer disk diffusion method showed that the in-
hibition zone diameters of the twenty K. pneumoniae isolates 
ranged from 7.5 ± 0.8 mm (Kp14) to 31.7 ± 3.2 mm (Kp8). 
All inhibition zone diameters reported represent the total 
diameter, including the 6 mm disk diameter, consistent with 
CLSI measurement guidelines. MIC values were also used 
to assess the susceptibility of these isolates to IPM. The MICs 
of IPM against the 20 isolates ranged from 0.24 µg/mL (Kp1, 
Kp6, Kp8) to 250 µg/mL (Kp4, Kp9, Kp14, Kp20), confirm-
ing the inverse relationship between MIC and inhibition 
zone diameter. The current study indicates variable sus-
ceptibility to IPM. Of the 20 isolates, 7 (35%) were suscep-
tible to IPM, 1 (5%) was intermediate (I), and 12 (60%) were 
resistant to IPM. This finding indicates a high prevalence 
of IPM resistance. Overall, an inverse relationship between 
inhibition zone diameter and MIC was observed, supporting 
the validity of the susceptibility testing (Table 1).

Table 1. Imipenem susceptibility of twenty K. pneumoniae isolates, 
as determined according to CLSI guidelines, and their ability to form 
biofilms. This table presents inhibition zone diameters (mm), minimum 
inhibitory concentrations (MIC, µg/mL), and biofilm formation measured 
as absorbance at 590 nm for the isolates. The isolates were categorized 
as susceptible (S), intermediate (I), or resistant (R) to IPM based on CLSI 
breakpoints

No. 
of isolates 

Inhibition zone 
(mm) of IPM

MIC  
(µg/mL) 
of IPM

Category Biofilm  
(OD 590 nm)

Kp1 25 ± 3.2 0.24 S 0.28 ± 0.19

Kp2 14 ± 1.9 62.5 R 0.60 ± 0.18

Kp3 21.1 ± 2.9 1.95 I 0.46 ± 0.14

Kp4 9.4 ± 1.5 250 R 0.77 ± 0.17

Kp5 24.5 ± 3.4 0.48 S 0.55 ± 0.13

Kp6 28.3 ± 4.8 0.24 S 0.47 ± 0.11

Kp7 16.8 ± 2.2 62.5 R 0.59 ± 0.26

Kp8 31.7 ± 3.2 0.24 S 0.23 ± 0.19

Kp9 9.3 ± 0.8 250 R 0.79 ± 0.28

Kp10 12 ± 1.6 125 R 0.68 ± 0.22

Kp11 24 ± 3.6 0.97 S 0.27 ± 0.21

Kp12 17 ± 3.2 31.25 R 0.43 ± 0.16

Kp13 12 ± 1.2 62.5 R 0.59 ± 0.26

Kp14 7.5 ± 0.8 250 R 0.82 ± 0.30

Kp15 15 ± 1.7 15.6 R 0.53 ± 0.15

Kp16 27 ± 3.6 0.48 S 0.40 ± 0.13

Kp17 25 ± 3.8 0.97 S 0.64 ± 0.15

Kp18 18 ± 2.6 15.6 R 0.60 ± 0.11

Kp19 11 ± 1.3 125 R 0.62 ± 0.24

Kp20 8.1 ± 1.4 250 R 0.73 ± 0.21

Biofilm formation and IPM response

Table 1 shows that all studied isolates produced biofilm 
to varying extents, with optical density values ranging from 
0.23 ± 0.19 to 0.82 ± 0.30. Based on biofilm production, 

14 (70%) of  the K. pneumoniae isolates were classified 
as strong biofilm producers, 5 (25%) as moderate producers, 
and 1 (5%) as a weak biofilm producer. The study showed 
that susceptible isolates had low to moderate biofilm pro-
duction (OD₅₉₀ ≈ 0.27–0.47), the intermediate isolate (Kp3) 
had moderate biofilm formation (OD₅₉₀ = 0.46 ± 0.13), 
while resistant isolates had moderate to strong biofilm 
formation (OD₅₉₀ ≈ 0.53–0.82). The relatively high SD ob-
served for Kp1 (0.28 ± 0.19) reflects biological variability 
in biofilm production between experimental replicates, 
which is characteristic of weak biofilm producers exhibit-
ing inconsistent surface attachment behavior.

Figure 1 shows a strong correlation between biofilm for-
mation and IPM inhibition zone diameters (r = −0.819, 
p = 0.00096; Fig. 1A), highlighting increased resistance 
in high-biofilm-producing isolates. However, a significant 
positive correlation was observed between biofilm for-
mation and IPM MICs in 20 isolates of K. pneumoniae 
(r = 0.79, p = 0.00024; Fig. 1B). The current findings show 
a significant association between increased biofilm for-
mation and increased IPM resistance in K. pneumoniae.

Fig. 1. Correlation between biofilm formation, expressed as crystal violet 
absorbance at 590 nm, and inhibition zone diameters of IPM against 
20 K. pneumoniae isolates (A), as well as MIC values (B).

r – Pearson correlation coefficient; p < 0.05.
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ZnO NPs preparation and characterization

Figure 2A shows an atomic force microscopy (AFM) 
image of the surface topography of the synthesized ZnO 
NPs. The nanoparticles are uniformly distributed and have 
diameters of less than 50 nm, indicating successful prep-
aration. The three-dimensional distribution shows that 
most particles are spherical to slightly irregular aggregated 
structures. Figure 2B shows a scanning electron micros-
copy (SEM) image of ZnO nanoparticles at × 100,000 mag-
nification (scale bar = 500 nm). The nanoparticles exhibited 
an almost spherical morphology with slight agglomeration. 
The particle size observed in SEM is consistent with AFM 
measurements, confirming nanoscale dimensions below 
50 nm. Overall, both AFM and SEM analyses confirm 
the successful synthesis of ZnO nanoparticles with na-
noscale size, uniform dispersion, and typical spherical 
morphology, suitable for further physicochemical and 
biological applications.

Fig. 2. A. Atomic force microscopy (AFM) 2D topography image of the ZnO nanoparticle (ZnO NP) surface. The orange arrow indicates the particle diameter, 
which is below 50 nm; B. Scanning electron microscopy (SEM) image of ZnO NPs at ×100,000 magnification (scale bar = 500 nm). The black bars confirm 
particle sizes below 50 nm
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MTT assay

The cytotoxic effect of ZnO nanoparticles on MCF-7 breast 
cancer cells, assessed by the MTT assay, was demonstrated 
in this study. Figure 3A shows that MCF-7 cells were exposed 
to increasing concentrations of ZnO NPs (0–100 µg/mL) for 
24 h, and cell viability was measured by determining the op-
tical density (OD) at 570 nm. A concentration-dependent 
reduction in metabolic activity was observed. The great-
est decrease in cancer cell viability was observed at higher 
ZnO NP concentrations (25, 50, and 100 µg/mL) compared 
with the untreated control (0 µg/mL). Data are presented 
as mean ± SD, and statistically significant differences relative 
to the control are indicated by asterisks (*, p < 0.05). Figure 3B 
shows the concentration–response curve, presenting per-
centage cell viability as a function of the log₁₀ concentration 
of ZnO NPs. The half-maximal inhibitory concentration 
(IC₅₀) was determined to be 47.9 µg/mL, confirming the mod-
erate cytotoxic effect of ZnO NPs against MCF-7 cells.

Fig. 3. Cytotoxic effect of ZnO NPs on MCF-7 cells assessed by the MTT assay. A. MCF-7 breast cancer cells were treated with increasing concentrations 
of ZnO NPs (0–100 µg/mL) for 24 h, and cell viability was evaluated by measuring optical density (OD) at 570 nm. Data are presented as mean ± SD. Asterisks 
indicate significant differences compared with the untreated control (p < 0.05); B. Concentration–response curve showing percentage cell viability plotted 
against the log₁₀ concentration of ZnO nanoparticles. The half-maximal inhibitory concentration (IC₅₀) was 47.9 µg/mL
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Effect of sub-MICs of IPM on biofilm 
formation

Figure 4 shows the impact of sub-MICs of IPM on biofilm 
formation in imipenem-resistant K. pneumoniae (IRKP) iso-
lates (12 isolates), which strongly produced biofilm biomass. 
Across the isolates, biofilm biomass increased as the imi-
penem concentration decreased from 1⁄2 MIC to 1⁄32 MIC. 
The  strongest biofilm production was observed when 
the isolates were exposed to the lowest antibiotic concen-
trations (1⁄16 and 1⁄32 MIC), with several isolates approaching 
control levels. However, higher antibiotic concentrations 
(1⁄2 and 1⁄4 MIC) resulted in lower biofilm biomass formation. 
The highest concentrations of IPM (1⁄2, 1⁄4, and 1⁄8 MICs) signifi-
cantly reduced biofilm formation compared with the control 
in K. pneumoniae isolates not exposed to IPM (p < 0.05).

Fig. 4. Effect of sub-minimum inhibitory concentrations (sub-MICs) of imipenem (IPM) on biofilm formation by 12 K. pneumoniae isolates on polystyrene 
microtiter plates. The antibiofilm effect of sub-MICs of IPM was concentration dependent. Y-axis, biofilm biomass (OD₅₉₀); X-axis, K. pneumoniae isolates. 
Data are presented as mean ± SD
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Effect of sub-MICs of ZnO NPs on biofilm 
formation

Figure 5 shows the concentration-dependent inhibi-
tory effect of ZnO NPs on biofilm biomass formation 
by 12 isolates of K. pneumoniae on polystyrene microtiter 
plates. Exposure to ZnO NPs decreased biofilm biomass. 
The highest concentration (1⁄2 MIC) produced the most 
significant inhibition compared with the control (p < 0.05). 
The antibiofilm effect of ZnO NPs decreased with decreas-
ing concentrations of ZnO NPs (1⁄4 MIC to 1⁄32 MIC). Strong 
biofilm producers showed a decrease in biofilm produc-
tion even at lower ZnO NP concentrations up to 1⁄16 MIC 
(p < 0.05). These data demonstrate that ZnO NPs exhibit 
significant concentration-dependent antibiofilm activity 
against K. pneumoniae.

Fig. 5. Concentration-dependent inhibition of K. pneumoniae biofilm formation by zinc oxide nanoparticles (ZnO NPs). Biofilm formation 
by 12 K. pneumoniae isolates on polystyrene was quantified as optical density at 590 nm. Isolates were treated with sub-MICs of ZnO NPs 
(1⁄2, 1⁄4, 1⁄8, 1⁄16, and 1⁄32 MIC). Y-axis, biofilm biomass (OD₅₉₀); X-axis, K. pneumoniae isolates. Data are presented as mean ± SD
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Additive effect of ZnO NPs and IPM 
on MICs

The effect of different concentrations of ZnO NPs (sub-
MICs) on the susceptibility of Kp14 (K. pneumoniae isolate ex-
hibiting the highest level of biofilm formation and resistance 
to IPM) to IPM is shown in Fig. 6. The results showed that all 
tested sub-MICs of ZnO NPs significantly reduced (p < 0.05) 
the minimum inhibitory concentration (MIC) of IPM re-
quired to completely inhibit the growth of Kp14, compared 
with the control treatment (MICs of IPM without ZnO NPs). 
The greatest decreases in the MIC of IPM were observed 
in the presence of 1⁄2 MIC, 1⁄4 MIC, and 1⁄8 MIC of ZnO NPs. 
These concentrations of ZnO NPs reduced the MIC of IPM 
against Kp14 from 250 ± 50 µg/mL to 116.6 ± 14.4 µg/mL, 
while 1⁄16 MIC of ZnO NPs decreased the MIC of  IPM 
from 250 ± 50 µg/mL to 125 ± 25 µg/mL. Furthermore, 
1⁄32 and 1⁄64 MICs of ZnO NPs reduced the MIC of IPM 
against Kp14 from 250 ± 50 µg/mL to 141.6 ± 14.4 µg/mL and 
158.3 ± 80.36 µg/mL, respectively. Despite the reduction 
in  MIC values, Kp14 remained classified as  clinically 

resistant to IPM, as the post-treatment MICs substantially 
exceeded the CLSI susceptibility breakpoint of ≤1 µg/mL. 
These findings are therefore described as ZnO NPs po-
tentiating imipenem activity, rather than fully restoring 
susceptibility.

The fractional inhibitory concentration index (FICI) 
was calculated for each ZnO NP sub-MIC concentration 
tested (Table 2). FICI values ranged from approximately 
0.97 (at 1⁄2 MIC ZnO NPs) to 1.13 (at 1⁄64 MIC ZnO NPs), 
indicating additive interactions across all tested concentra-
tions. A FICI ≤ 0.5 is defined as synergistic, 0.5–1.0 as ad-
ditive, 1.0–2.0 as indifferent, and > 2.0 as antagonistic. 
The results therefore confirm an additive potentiation 
effect rather than classical synergy.

Fig. 6. Additive effect of sub-inhibitory concentrations (¹⁄₂ MIC, ¹⁄₄ MIC, ¹⁄₈ 
MIC, ¹⁄₁₆ MIC, ¹⁄₃₂ MIC, and ¹⁄₆₄ MIC) of ZnO NPs on reducing the MIC of IPM 
against Kp14. Asterisks indicate significant differences compared with 
the control (MIC of IPM against Kp14 with Sub-MICs of ZnO NPs): *p < 0.05; 
**p < 0.005.
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Table 2. Fractional inhibitory concentration index (FICI) values for 
the combination of ZnO NPs and IPM against Kp14, calculated using 
the checkerboard microdilution assay. FICI = (MIC of IPM in combination/
MIC of IPM alone) + (concentration of ZnO NPs used/MIC of ZnO 
NPs alone). Interpretation: ≤0.5, synergistic; 0.5–1.0, additive; 1.0–2.0, 
indifferent; >2.0, antagonistic

ZnO NPs Conc. MIC IPM in combo  
(µg/mL) FICI Interpretation

1⁄2 MIC ZnO NPs 116.6 ± 14.4 0.97 Additive

1⁄4 MIC ZnO NPs 116.6 ± 14.4 0.72 Additive

1⁄8 MIC ZnO NPs 116.6 ± 14.4 0.59 Additive

1⁄16 MIC ZnO NPs 125 ± 25 0.81 Additive

1⁄32 MIC ZnO NPs 141.6 ± 14.4 0.63 Additive

1⁄64 MIC ZnO NPs 158.3 ± 80.4 1.13 Indifferent

Additive effect of ZnO NPs and imipenem 
on biofilm formation

Table 3 shows the effect of sub-inhibitory concentrations 
of ZnO NPs and IPM on biofilm formation by Kp14. The re-
sults showed the highest inhibition of biofilm formation 
when Kp14 was exposed to 1⁄2 MIC of ZnO NPs and 1⁄2 MIC 
of IPM compared with three controls (first, second, and 
third controls). The lowest inhibition of biofilm forma-
tion was observed when the bacterial isolate (Kp14) was 

Table 3. Biofilm formation, expressed as optical density at 590 nm, of K. pneumoniae (Kp14) after incubation for 24 h at 37°C under exposure to sub-MICs 
of ZnO NPs, sub-MICs of imipenem (IPM), and their combination. First control, biofilm formation of Kp14 under exposure to sub-MICs of IPM; second control, 
biofilm formation of Kp14 under exposure to sub-MICs of ZnO NPs; third control, biofilm formation of Kp14 without exposure to sub-MICs of IPM or ZnO 
NPs. #p < 0.05 vs first control; ^p < 0.05 vs second control; *p < 0.05 vs third control

Sub-MICs of ZnO NPs 1⁄2 MIC of IPM 1⁄4 MIC of IPM 1⁄8 MIC of IPM 1⁄16 MIC of IPM 1⁄32 MIC of IPM 1⁄64 MIC of IPM 2nd control 

1⁄2 MIC of ZnO NPs 0.14 ± 0.05*#^ 0.18 ± 0.04*#^ 0.19 ± 0.03*#^ 0.20 ± 0.04*#^ 0.22 ± 0.05*#^ 0.23 ± 0.06*#^ 0.33 ± 0.03

1⁄4 MIC of ZnO NPs 0.16 ± 0.04*#^ 0.19 ± 0.05*#^ 0.20 ± 0.04*#^ 0.23 ± 0.05*#^ 0.26 ± 0.06*#^ 0.31 ± 0.07*# 0.357 ± 0.04

1⁄8 MIC of ZnO NPs 0.19 ± 0.05*#^ 0.17 ± 0.04*#^ 0.21 ± 0.05*#^ 0.24 ± 0.05*#^ 0.31 ± 0.06*#^ 0.39 ± 0.08*#^ 0.532 ± 0.04

1⁄16 MIC of ZnO NPs 0.17 ± 0.05*#^ 0.21 ± 0.05*#^ 0.20 ± 0.06*#^ 0.25 ± 0.06*#^ 0.35 ± 0.07*#^ 0.48 ± 0.09*#^ 0.583 ± 0.0177

1⁄32 MIC of ZnO NPs 0.19 ± 0.05*#^ 0.20 ± 0.05*#^ 0.21 ± 0.04*#^ 0.26 ± 0.06*#^ 0.32 ± 0.08*#^ 0.51 ± 0.10*#^ 0.695 ± 0.06

1⁄64 MIC of ZnO NPs 0.15 ± 0.04*#^ 0.20 ± 0.06*#^ 0.23 ± 0.05*#^ 0.29 ± 0.06*#^ 0.39 ± 0.09*# 0.59 ± 0.11*#^ 0.701 ± 0.04

1st control 0.29 ± 0.04 0.34 ± 0.05 0.49 ± 0.06 0.54 ± 0.07 0.66 ± 0.08 0.70 ± 0.102 0.83 ± 0.23 
(3rd control)
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exposed to 1⁄64 sub-MICs of both agents (ZnO NPs and 
IPM), although these concentrations still reduced biofilm 
formation significantly compared with the three controls.
The present study, for the first time, shows that sub-MICs 
of IPM and ZnO NPs in combination reduce biofilm forma-
tion by Kp14 (IRKP) more than exposure to either sub-MIC 
alone. The present study confirms the synergistic effect 
of sub-inhibitory concentrations of ZnO NPs in reducing 
biofilm formation by Kp14 under sub-MIC IPM stress. 
This finding explains one mechanism by which ZnO NPs 
reduce Kp14 resistance to IPM.

Discussion

The growing resistance of pathogenic bacteria to a wide 
range of antibiotics has become a significant global chal-
lenge and represents a serious public health threat. More-
over, no new effective antibiotics have been discovered 
in recent years to counteract the increasing proportion 
of antibiotic-resistant bacteria. The recent World Health 
Organization report has classified carbapenem (imipenem)-
resistant bacteria as a high priority for the development 
of new antimicrobials. Carbapenem-resistant K. pneu-
moniae (CRKP) infections are associated with mortality 
rates exceeding 28.7% in hospitalized patients, particularly 
among immunocompromised individuals with pneumonia 
and sepsis.22 The emergence and spread of infections caused 
by multidrug-resistant (MDR) or extensively drug-resistant 
(XDR) bacteria increase the risk of morbidity and mortality 
among infected patients.23,24

The present study elucidates the moderate incidence 
of  K. pneumoniae in  urinary tract infections (UTIs). 
The incidence of UTIs caused by K. pneumoniae is 16.2% 
in Iraq, and it is the second most common uropathogen, 
accounting for 15% to 23% of culture-positive UTIs.25 Sub-
inhibitory concentrations of imipenem and ZnO NPs, ap-
plied separately, reduced biofilm formation by imipenem-
resistant K. pneumoniae (IRKP) on polystyrene microtiter 
plates. The novelty of the current study lies in demon-
strating the enhancing effect of ZnO NPs on the antibac-
terial activity of imipenem (IPM) against IRKP, as well 
as their combined antibiofilm effect. However, despite this 
enhancement, the increased bacterial susceptibility did 
not reach the threshold for clinical susceptibility to imi-
penem, as MIC values decreased from 250 ± 50 µg/mL 
to 116.6 ± 14.4 µg/mL, still exceeding the CLSI suscep-
tibility breakpoint of ≤1 µg/mL.13 These findings offer 
a promising strategy to combat the growing challenge 
of antimicrobial resistance in this opportunistic pathogen.

The strong negative correlation between biofilm forma-
tion and inhibition zone diameter (r = −0.819) directly 
supports the established barrier function of the extracel-
lular polymeric substance (EPS) matrix. The EPS matrix 
physically restricts antibiotic diffusion, reduces the local 
antibiotic concentration at the bacterial cell surface, and 

creates a microenvironment characterized by reduced pH 
and oxygen tension, which further diminishes antibiotic 
efficacy. Collectively, these factors explain the observed 
inverse relationship between biofilm production and IPM 
susceptibility.

It is important to note that although ZnO NPs signifi-
cantly reduced the MIC of IPM against Kp14, the post-
treatment MIC still substantially exceeds the CLSI sus-
ceptibility breakpoint of ≤1 µg/mL for IPM. Therefore, 
these findings are more accurately described as ZnO NPs 
potentiating imipenem activity rather than fully restoring 
susceptibility. This potentiation effect, while not sufficient 
to reclassify the isolate as clinically susceptible, may con-
tribute to improved clinical outcomes when higher anti-
biotic concentrations are achieved at the site of infection. 
Clinically, this implies that the concentrations required 
to achieve meaningful IPM potentiation would substan-
tially exceed standard therapeutic doses, and thus the cur-
rent findings cannot be directly translated into revised 
dosing recommendations without extensive pharmaco-
kinetic/pharmacodynamic (PK/PD) modeling and in vivo 
validation. Nevertheless, the demonstrated potentiation 
provides proof of concept that ZnO NPs can modulate 
carbapenem activity through membrane permeabilization 
and biofilm disruption.

The cytotoxicity of ZnO NPs against MCF-7 cells yielded 
an IC₅₀ of 47.9 µg/mL. Importantly, the sub-MIC concen-
trations of ZnO NPs used in the synergy experiments were 
substantially below this IC₅₀ value, suggesting a potential 
therapeutic safety margin. This differential selectivity – 
antibacterial activity at concentrations below the eukary-
otic cytotoxic threshold – is an essential consideration 
in evaluating ZnO NPs as candidate adjunct antimicrobial 
agents. However, in vivo validation of this safety margin 
remains necessary prior to clinical translation.

Thymus vulgaris was selected as the green synthesis agent 
for ZnO NPs based on its well-documented phytochemical 
profile, particularly its high content of thymol, carvacrol, 
and flavonoids, which function as reducing and capping 
agents during nanoparticle biosynthesis. These phenolic 
compounds stabilize the nanoparticle surface, control par-
ticle size, and may also contribute residual antimicrobial 
activity. Furthermore, Thymus vulgaris extracts are widely 
available, low-cost, non-toxic, and environmentally sustain-
able compared with chemical reducing agents, aligning 
with the green chemistry principles that guided this study.

The synergistic antibacterial activity can be explained 
by multiple mechanisms of action of ZnO NPs. Previous 
studies have reported that ZnO NPs can induce oxidative 
stress by generating reactive oxygen species (ROS), such 
as superoxide and hydroxyl radicals.26,27 These reactive 
species lead to lipid peroxidation, protein denaturation, and 
DNA damage, ultimately disrupting cellular structure and 
bacterial function.28 Furthermore, the dissolution of ZnO 
NPs releases Zn2+ ions that interfere with key cellular enzy-
matic processes, disrupt membrane potential, and suppress 
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essential bacterial cell functions.29 The interaction of ZnO 
NPs with protein components of the bacterial cell mem-
brane enhances membrane damage, increases membrane 
permeability, and facilitates the uptake of antibiotics.30 
This increased permeability likely plays a significant role 
in the observed potentiation, enabling IPM to reach its 
intracellular targets more effectively.

In addition to planktonic growth, the combined effect 
of ZnO NPs and IPM inhibits K. pneumoniae biofilm for-
mation in vitro. The primary role of biofilms is to promote 
bacterial resistance to antibiotics and host immune re-
sponses by reducing antibiotic penetration and decreasing 
the effectiveness of phagocytic cells in clearing bacterial 
cells in vivo.31 Several previous studies have shown that 
ZnO NPs exhibit antibiofilm activity by disrupting the ex-
tracellular polymeric substance (EPS) matrix, reducing 
bacterial adhesion to surfaces, and interfering with quo-
rum-sensing mechanisms.32,33 The combination of ZnO 
NPs and imipenem enhances these effects, as compro-
mised bacterial cells within the biofilm matrix become 
more susceptible to both agents, leading to disruption 
of the biofilm structure. This is consistent with previous 
findings showing that other carbapenems (e.g., merope-
nem) exhibit antibiofilm activity when combined with 
ZnO NPs against carbapenem-resistant K. pneumoniae.34

These outcomes have important implications. K. pneu-
moniae is one of the pathogens responsible for hospital-
acquired infections, and carbapenem-resistant isolates, 
particularly IRKP, represent a  serious threat to public 
health.23,24,35,36 The combined effect of ZnO NPs and IPM 
reduces the effective imipenem dose required for treat-
ment, potentially decreasing antibiotic-associated toxici-
ties and slowing the progression of further resistance. This 
line of research is therefore highly relevant for address-
ing multidrug resistance. The current study highlights 
the need for further research to clarify the mechanisms 
underlying the enhancing effect of ZnO NPs on imipe-
nem activity. Molecular studies should investigate the roles 
of genes associated with K. pneumoniae resistance to imi-
penem, as well as those involved in biofilm formation and 
polymerization. Such studies may help elucidate how 
the combined action of these agents improves antibiotic 
efficacy. Another important aspect is the need for in vivo 
validation of the enhancing effect of ZnO NPs on imipe-
nem activity in infections caused by carbapenem-resistant 
bacteria, which remain a major public health concern. 
Future in vivo studies will employ a murine UTI model 
(transurethral instillation of K. pneumoniae in C57BL/6 
mice) to evaluate the efficacy and safety of combined ZnO 
NP and imipenem treatment, consistent with established 
models for carbapenem-resistant K. pneumoniae infec-
tions. These limitations are being addressed in ongoing 
research projects in our laboratory.

Conclusions

The present study determined the incidence of UTIs 
caused by K. pneumoniae resistant to IPM. A significant 
relationship was observed between the ability of K. pneu-
moniae to form biofilms and its resistance to IPM. Sub-
MICs of IPM and ZnO NPs significantly reduced biofilm 
formation. The current study demonstrates, for the first 
time, the additive effect of sub-MIC ZnO NPs in reduc-
ing biofilm formation and potentiating imipenem activity 
against K. pneumoniae. These findings suggest the poten-
tial use of ZnO NPs to enhance the effectiveness of IPM 
against IPM-resistant K. pneumoniae.
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