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Abstract

Background. Polyhydroxybutyrate nanoparticles (PHB-NPs) represent a promising strategy for addressing
the growing threat of bacterial resistance to antibiotics — a major concern in global public health. Despite
their potential, there is a noticeable gap in the current literature regarding their ability to enhance the efficacy
of existing antibiotic therapies.

Objectives. This study investigates the synergistic effect of PHB-NPs in enhancing the antibacterial activity
of ceftriaxone (CRO) aqainst Pseudomonas aeruginosa, with a particular focus on mitigating key virulence
factors such as biofilm formation and adhesion.

Materials and methods. Polyhydroxybutyrate nanoparticles were synthesized using the pH gradient and
sonication method. The antibacterial activity of PHB-NPs, CRO and the combined formulation (PHB-NP-CRO)
was assessed using minimum inhibitory concentration (MIC) testing and the well diffusion method. Addition-
ally, the effects of these formulations on P. aeruginosa biofilm formation on an abiotic surface (polystyrene)
and bacterial adhesion to human oral mucosal epithelial cells (OMECs) were evaluated.

Results. The diameters of the prepared PHB-NPs ranged from 15 nm to 34 nm, with an average size
of 28.2 6.3 nm. All P. aeruginosa isolates were capable of biofilm production. A negative correlation was
observed between the diameter of the CRO inhibition zones and the extent of biofilm formation among
the 20 isolates. The MICs for PHB, PHB-NPs, CRO, and the combined formulation (PHB-NP-CRO) were 2,000,
1,000, 250, and 62.5 pg/mL, respectively. Sub-MIC concentrations (as low as 1/32 MIC) of both CRO and
PHB-NP-CRO exhibited significant inhibitory effects on biofilm formation and bacterial adhesion to human
OMECs (p < 0.050).

Conclusions. The combination of PHB-NPs with CRO significantly enhances the antibacterial activity of CRO
against P, aeruginosa. Moreover, sub-inhibitory concentrations (sub-MICs) of both PHB-NP-CRO and CRO alone
effectively reduce the bacterium's ability to form biofilms and adhere to biotic surfaces.
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Background

Pseudomonas aeruginosa is a Gram-negative opportu-
nistic pathogen that poses a significant threat to public
health. It is known for causing a wide spectrum of infec-
tions, ranging from relatively mild skin and soft tissue
infections to life-threatening conditions such as pneumo-
nia, urinary tract infections, otitis media, bloodstream
infections, and sepsis.}~*

The ability of P. aeruginosa to form biofilms, its in-
trinsic resistance to multiple antibiotics and its capac-
ity to acquire additional resistance mechanisms through
genetic adaptation represent key virulence factors of this
bacterium.!=3 These characteristics make P. aeruginosa
infections particularly challenging to treat, especially
in immunocompromised patients.> One of the primary
strategies for eradicating P. aeruginosa infections involves
the use of broad-spectrum antibiotics. Ceftriaxone (CRO),
a third-generation cephalosporin, is among the agents that
may be employed. It acts by inhibiting bacterial cell wall
synthesis.®> However, the emergence of antibiotic resis-
tance — particularly resistance to cephalosporins — poses
a significant concern in the treatment of P. aeruginosa
infections. Resistance can occur through various mecha-
nisms, including the secretion of B-lactamases that hydro-
lyze the p-lactam ring of CRO, alterations in bacterial cell
wall permeability and overexpression of efflux pumps.®
Consequently, there is an urgent need to develop strategies
that enhance the antibacterial efficacy of existing antibiot-
ics — especially in light of the rising prevalence of antibi-
otic resistance and the limited success in discovering new
antimicrobial agents. Nanotechnology offers promising
strategies to address the growing challenge of antibiotic
resistance. Nanomaterials can enhance drug delivery,
improve antibiotic efficacy and help overcome bacterial
resistance mechanisms. Among the various nanomaterials
explored, polyhydroxybutyrate (PHB) nanoparticles have
emerged as a biocompatible and biodegradable option for
advanced drug delivery systems.’

Polyhydroxybutyrate is considered a low-toxicity ma-
terial, primarily due to its natural biodegradability, bio-
compatibility and non-toxic degradation products. It is
anaturally occurring polyester synthesized by various mi-
croorganisms, including Ralstonia eutropha and Bacillus
species.® Numerous previous studies have explored the an-
tibacterial properties of PHB. As a naturally occurring poly-
ester synthesized by microorganisms, PHB is particularly
attractive due to its low toxicity.” Previous studies have
demonstrated the antibacterial activity of polyhydroxybu-
tyrate nanoparticles (PHB-NPs) against various bacterial
species. Additionally, other researchers investigated the ef-
ficacy of CRO in treating burn wound infections caused
by P. aeruginosa.®1

Rossi et al. incorporated polyhydroxybutyrate (PHB)
with gentamicin for the treatment of Staphylococcus infec-
tions.!? An earlier study demonstrated that sub-minimum
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inhibitory concentrations (sub-MICs) of CRO reduced P.
aeruginosa adhesion to human oral mucosal epithelial
cells (OMECs).2 However, the antibacterial effect of com-
bining PHB-NPs with CRO remains scarcely explored
in the literature.

Objectives

This study aims to evaluate the potential of PHB-NPs
loaded with CRO to enhance the antibiotic’s efficacy
against P. aeruginosa in vitro. The current research may
contribute to the development of novel therapeutic strate-
gies for combating drug-resistant P. aeruginosa infections
and improving patient outcomes.

Materials and methods
Ethical approval

The study was approved by the Human Ethical Com-
mittee of the Department of Biology, College of Science,
University of Baghdad, Iraq. An official signed approval
letter was issued under Reference No. CSEC/1124/0098
on June 8, 2024.

Isolation and identification of bacteria

Infected wound samples were aseptically collected from
91 inpatients diagnosed with wound infections at Baghdad
Teaching Hospital (Baghdad, Iraq). All patients had not
received antibiotic treatment within 72 h prior to sample
collection and provided written informed consent to par-
ticipate in the study. Wound swabs were cultured on Mac-
Conkey agar (HiMedia, Mumbai, India) and incubated
at 37°C for 18 h.

Non-fermenting colonies were sub-cultured onto cetrim-
ide agar (HiMedia) for further identification. Colonies ex-
hibiting bright fluorescent green pigmentation — attributed
to pyoverdine production — with flat, spreading morphology
and a smooth, mucoid texture were selected for analysis.
Standard biochemical tests were performed to identify
the clinical isolates. Final identification of P. aeruginosa was
carried out using the VITEK® DensiCHEK™ instrument and
fluorescence-based system (bioMérieux, Marcy-1'Etoile,
France) with the ID-GNB identification card.

PHB-NPs preparation

Polyhydroxybutyrate nanoparticles were prepared
and characterized following the method previously de-
scribed by Ghafil and Flieh.' Briefly, 0.5 g of PHB (Sigma-
-Aldrich, St. Louis, USA) was dissolved in 25 mL of dis-
tilled water, and the pH was adjusted to 4 using 1 N HCI.
The mixture was subjected to ultrasonication at 4,500 kHz
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for 30 s at 21°C. Subsequently, the pH was raised to 10 us-
ing 1 N NaOH. The solution was then shaken in a water
bath shaker (Memmert GmbH, Schwabach, Germany)
at 37°C for 2 h and incubated at 21°C for 18 h.

Following incubation, the pH of the solution was read-
justed to 7 using 1 N HCL. The prepared PHB-NPs were
characterized using atomic force microscopy (AFM; Innova®
AFM,; Bruker, Santa Barbara, USA). For AFM analysis, a thin
film of the nanoparticles was deposited on a silica glass plate.
Scanning electron microscopy (SEM) was also performed
(Zeiss EVO® LS 15; Carl Zeiss AG, Jena, Germany); a glass
smear of the PHB-NPs was prepared and coated with a thin
layer of platinum to enhance conductivity for imaging.1?

Kirby-Bauer method

The Kirby—Bauer disk diffusion method was employed
to assess the susceptibility of P. aeruginosa to CRO.
A bacterial suspension adjusted to a turbidity equiva-
lent to a 0.5 McFarland standard was uniformly spread
onto Mueller—-Hinton agar (MHA) plates (20 mL per
plate; HiMedia). Ceftriaxone disks (30 pg; Bioanalyse,
Ankara, Turkey) were placed on the surface of the agar,
and the plates were incubated at 37°C for 18 h.

The diameters of the inhibition zones around each CRO
disk were measured and interpreted according to the Clin-
ical and Laboratory Standards Institute (CLSI) breakpoint
guidelines. Based on these standards, isolates were classi-
fied as sensitive (S), intermediate (I) or resistant (R). No-
tably, resistance classification was determined for CRO.!*

Minimum inhibitory concentration

The microdilution technique described by Al-Mutalib
and Zgair,'® was used to determine the minimum inhibi-
tory concentrations (MICs) of PHB, PHB-NPs, CRO, and
PHB-NPs-CRO against a P. aeruginosa strain exhibiting
high resistance to CRO. Stock solutions of PHB and PHB-
NPs (5 mg/mL) were prepared by dissolving 0.5 g of each
in 100 mL of dimethyl sulfoxide (DMSO). Equivalent
concentrations of CRO and PHB-NPs-CRO (contain-
ing 1 mg PHB-NPs and 1 mg CRO) were used for MIC
determination.

Double-fold serial dilutions (100 pL) were prepared
in a 96-well U-bottom microtiter plate (BIOFIL) using sterile
Mueller—Hinton broth (MHB; HiMedia). The P. aeruginosa
suspension was prepared by harvesting overnight bacte-
rial growth, followed by washing with sterile phosphate-
buffered saline (PBS; 0.1 M, pH 7.2) and centrifugation
at 5,000 x g for 10 min (Beckman Coulter, Brea, USA).
The optical density (OD) of the resulting suspension was
adjusted to 0.1 at 600 nm using a spectrophotometer (Bio-
evopeak, Jinan, China).

The microtiter plates were gently shaken and incubated
at 37°C for 18 h. Multiple controls were included in the ex-
periment: 1) MHB with the bacterial isolate, 2) MHB only
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(sterility control), 3) serial dilutions of PHB, 4) serial dilu-
tions of PHB-NPs, 5) serial dilutions of CRO, 6) serial dilu-
tions of PHB-NP-CRO, and 7) serial dilutions of DMSO.
The minimum inhibitory concentration (MIC) was defined
as the lowest concentration of the tested compound that
completely inhibited visible bacterial growth.'®

Well diffusion method

The method described by Hasan and Ghafil'® was
followed to evaluate the antibacterial effects of PHB,
PHB-NPs, CRO, and PHB-NPs-CRO against P. aeruginosa
strain Pall. A 100 pL aliquot of the standardized Pall
inoculum (ODgg = 0.1), as prepared in section of MIC
method, was uniformly spread onto MHA plates.

Five wells, each 8 mm in diameter, were created in the
agar using a sterile cork borer. Each well was filled with
100 pL of the respective test solution (2,000 pg/mL) of PHB,
PHB-NPs, CRO, or PHB-NPs-CRO. One well was filled
with 100 puL of DMSO and served as a negative control.
The plates were incubated at 37°C for 18 h. The diameters
of the inhibition zones around each well were measured us-
ing a ruler. All experiments were performed in triplicate.!®

Biofilm formation

The standard method described by Talib and Ghafil®
was followed to assess biofilm formation by P. aeruginosa
strains resistant to CRO (30-ug disk). Briefly, 200 pL
of sterile Tryptic Soy Broth (TSB; HiMedia) were added
to the wells of a flat-bottom polystyrene tissue culture
plate. A 5 pL aliquot of the standardized P. aeruginosa
inoculum (prepared as described in MIC method) was
added to each well. Plates were incubated at 37°C for 18 h.
After incubation, the TSB was discarded, and the wells
were gently washed 3 times with sterile distilled water
to remove non-adherent cells. The plates were air-dried
and stained with 200 pL of 0.4% Hucker’s crystal violet
solution for 15 min. Excess stain was removed by wash-
ing the wells 5 times with distilled water. After complete
drying, 200 pL of anhydrous ethanol was added to each
well to solubilize the bound dye. The absorbance was
measured at 590 nm using a microplate reader (BioTek
800 TS; BioTek, Winooski, USA). The experiment was
performed in triplicate.? To investigate the effect of vari-
ous sub-MIC concentrations of PHB, PHB-NPs, CRO, and
PHB-NPs-CRO (%2 MIC, % MIC, % MIC, %s MIC, %2 MIC,
and %4 MIC) on P. aeruginosa biofilm formation, a modifi-
cation of the standard biofilm assay was employed. Instead
of using plain TSB, serial dilutions of each test compound
at the indicated sub-MIC levels were prepared in TSB
(HiMedia) and added to the wells of a flat-bottom poly-
styrene microtiter plate. The plates were incubated at 37°C
for 18 h, after which the wells were washed 3 times with
distilled water to remove non-adherent cells. The wells
were then stained with 200 pL of crystal violet (0.4%) for
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15 min. After thorough washing and air drying, 200 uL
of anhydrous ethanol was added to each well to solubilize
the bound dye. The absorbance was measured at 590 nm
using a microplate reader (BioTek 800 TS). The experiment
was performed in triplicate.?

Effect of sub-MICs on adhesion to human
OMECs

In this experiment, a P. aeruginosa strain that exhib-
ited resistance to CRO 30-pg antibiotic disk and produced
the highest level of biofilm was selected to study the ef-
fect of various sub-MICs of PHB, PHB-NPs, CRO, and
PHB-NPs-CRO (% MIC, %4 MIC, % MIC, Yis MIC, %2 MIC,
and %. MIC) on bacterial adhesion to human OMECs.
Previously established methods were followed to culture
human OMECs in vitro and to assess the influence of dif-
ferent antibiotic concentrations on P. aeruginosa adhesion
to these cells.>1®

Bacterial colonies were cultured in TCB (HiMedia).
A standardized inoculum of P. aeruginosa (ODse = 0.1) was
prepared in TSB and treated with various sub-MICs (% MIC,
%4 MIC, % MIC, %6 MIC, %» MIC, and %. MIC) of PHB,
PHB-NPs, CRO, and PHB-NPs-CRO. The suspensions were
incubated at 37°C for 18 h. After incubation, the bacterial
cultures were washed 3 times with PBS (0.1 M, pH 7.2)
by centrifugation at 6,000 x g for 10 min. The resulting bac-
terial pellets were resuspended in fresh TSB, and the optical
density was readjusted to 0.1 at 600 nm. In tissue culture
tubes (Biofil, Guangzhou, China), 900 pL of a suspension
containing 1 x 10° human OMECs in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum and 10 mM L-glutamine was mixed with 100 gL
of pre-treated P. aeruginosa (ODsggo = 0.1). The tubes were
incubated at 37°C for 2 h. Following incubation, the OMECs
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were washed 3 times with PBS (0.1 M, pH 7.2) by centrifu-
gation at 1,000 x g for 8 min (Beckman Coulter) to remove
non-adherent bacteria. One portion of the OMECs was
stained with Leishman’s stain for microscopic examina-
tion. The remaining cells were lysed using PBS containing
0.5% Triton X-100 (Sigma-Aldrich). The resulting lysate was
serially diluted tenfold and plated on nutrient agar to enu-
merate viable adherent bacteria. The OMECs exposed
to untreated bacteria to PHB, PHB-NPs, CRO, and PHB-
NPs-CRO served as control groups.>'®

Statistical analyses

Statistical analyses were performed and graphs gener-
ated using Origin pro 8.6 (OriginLab, Northampton, USA).
Data are presented as means + standard error (M %SE).
Differences between groups were evaluated using Stu-
dent’s t-test and one-way analysis of variance (ANOVA).
Correlations were assessed using Pearson’s correlation
coefficient (r). A p-value of less than 0.05 was considered
statistically significant.

Results
PHB-NP preparation

In the present study, PHB nanoparticles (P3HB-NPs) were
prepared using the pH gradient combined with ultrasoni-
cation, which proved to be the most effective method for
producing uniform nanoparticles. To confirm the nanopar-
ticulate nature of the prepared material, ATM and SEM were
employed, as illustrated in Fig. 1. The results indicated that
the diameters of the synthesized PHB-NPs ranged from
15 nm to 34 nm, with an average size of 28.2 nm.

Fig. 1. A. Atomic force microscopy (AFM) 2D topography image of the polyhydroxybutyrate nanoparticles (PHB-NPs) surface layer; B. Scanning electron

microscopy (SEM) image of PHB-NP layers at x10,000 magnification
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Bacterial isolates

Twenty P. aeruginosa isolates were obtained from
91 wound swab samples collected from inpatients with
severe wound infections. Initial identification was per-
formed using microscopic examination and standard bio-
chemical tests, followed by confirmation with the VITEK
2 system (bioMérieux). Findings indicate a high prevalence
of P. aeruginosa in wound infections, with an isolation
rate of 21.97%.

Antibiotic susceptibility and biofilm
formation

The susceptibility of 20 P. aeruginosa isolates to CRO
was assessed using the Kirby—Bauer disk diffusion method.
Asshown in Fig. 2, the smallest inhibition zone was observed
for isolate Pall (9 £0.6 mm), followed by Pa13 (10 +1.01 mm)
and Pal7 (10 £0.9 mm). In contrast, the largest inhibition
zone for CRO was observed in isolate Pal0 (34 +4.2 mm),
as shown in Fig. 2A. The levels of biofilm formation for
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Fig. 2. A. Diameter of the inhibition zone of ceftriaxone (CRO; 30 ug)
against 20 clinical isolates of Pseudomonas aeruginosa; B. Quantification of
biofilm formation by the same isolates based on absorbance at 590 nm

following staining with 0.4% crystal violet. The isolates analyzed include
Pal through Pa20
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the 20 P. aeruginosa isolates are presented in Fig. 2B. Among
them, Pal9 (0.31 +0.011) and Pall (0.307 +0.02) exhib-
ited the highest levels of biofilm production, whereas Pal
showed the lowest biofilm formation (0.085 +0.02). Among
the 20 P. aeruginosa isolates, 7 produced strong biofilms,
10 exhibited moderate biofilm formation, and 3 were classi-
fied as weak biofilm producers. Isolate Pall, which demon-
strated the highest level of biofilm production and resistance
to CRO, was selected for further experiments. In the present
study, the MIC of CRO against Pall was determined to be
256 pg/mL. Figure 3A illustrates the relationship between
biofilm formation and the diameter of the inhibition zone
of CRO for 20 clinical isolates of P. aeruginosa. A significant
negative correlation was observed between biofilm-forming
ability and susceptibility to CRO, as indicated by the diam-
eter of the inhibition zones (r = —0.78, p < 0.005).

It was observed that P. aeruginosa isolates classified
as sensitive to CRO produced significantly less biofilm
(p < 0.05) compared to isolates exhibiting intermediate
or resistant profiles. However, no significant difference
in biofilm formation was found between the CRO-resistant
and intermediate groups (Fig. 3B).

Susceptibility of P. aeruginosa to PHB-NPs
and ceftriaxone

In the current study, P. aeruginosa isolate Pall, which
exhibited resistance to CRO and produced a high level
of biofilm, was selected for further experiments. The mi-
crodilution method was used to determine the MICs
of PHB, PHB-NPs, CRO, and the PHB-NP-CRO combi-
nation against Pall. The highest MIC was recorded for
PHB (2,000 pg/mL), followed by PHB-NPs (1,000 pg/mL).
A notable reduction in MIC was observed for CRO alone
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Fig. 3. A. Relationship between the diameter of the inhibition zones (in
mm) of ceftriaxone (CRO) against 20 Pseudomonas aeruginosa isolates and
their biofilm-forming ability, expressed as optical density at 590 nm; B.
Comparison of biofilm formation among CRO-sensitive (S), intermediate
() and resistant (R) isolate groups. The r coefficient indicates the Pearson’s
correlation coefficient. Asterisks denote statistically significant differences
in biofilm formation between the sensitive group and the intermediate/
resistant groups (p < 0.05)
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(250 pg/mL), while the lowest MIC was achieved with
the PHB-NP-CRO formulation (62.5 pg/mL), as shown
in Fig. 4A.

Figure 4B presents the diameters of the inhibition zones
produced by various treatments against P. aeruginosa iso-
late Pall. The largest inhibition zone was observed around
the well containing PHB-NP-CRO (100 pL), measuring
33.1 £5.13 mm, followed by CRO alone (29.2 +4.11 mm).
In contrast, the smallest inhibition zones were recorded for
PHB (9.2 +1.3 mm) and PHB-NPs (9.8 +1.9 mm). Figure 4C
displays the visual representation of antibacterial suscep-
tibility. Prominent inhibition zones were observed around
the wells containing CRO and the PHB-NP-CRO formula-
tion, indicating strong antibacterial activity. In contrast,
smaller inhibition zones were noted around the wells filled
with PHB and PHB-NPs. The central well, filled with
DMSO, served as the negative control. These results con-
firm that PHB-NP-CRO exhibited the strongest inhibitory
effect against P. aeruginosa, followed by CRO.

Effect of sub-MICs on biofilm formation

Figure 5 illustrates the effects of sub-MICs of PHB-
NPs, CRO and the PHB-NP-CRO combination on bio-
film formation by P. aeruginosa isolate Pall. The results
indicate that sub-MICs of PHB-NPs alone did not signifi-
cantly inhibit biofilm formation. Sub-inhibitory concen-
trations (% MIC, % MIC, % MIC, and 1/16 MIC) of CRO
significantly reduced biofilm formation by P. aeruginosa
Pall compared to the control group pretreated with PBS
(p < 0.05). Similarly, PHB-NP-CRO sub-MICs (% MIC,
% MIC, % MIC, Y46 MIC, and %2 MIC) also resulted

S. Sadig, J. Ghafil. PHB-NP enhances sensitivity to CRO

in a significant reduction in biofilm formation compared
to the PBS-treated control (p < 0.05). The greatest inhibi-
tion of biofilm formation was observed with sub-MICs
of PHB-NP-CRO, followed by sub-MICs of CRO alone.

Effect of sub-MICs on adhesion to human
OMECs

Figure 6 illustrates the impact of pre-treatment with
different sub-MICs of PHB-NPs, CRO and the PHB-NP-
CRO combination on the adhesion of P. aeruginosa Pall
to human OMEC:s. No significant difference was observed
in the number of adhered Pall cells pretreated with PHB-
NPs compared to the control group (Pall pretreated with
PBS). A significant reduction (p < 0.05) in the number
of adhered P. aeruginosa Pall cells was observed follow-
ing pre-treatment with sub-MICs of CRO (%2 MIC, % MIC,
% MIC, %6 MIC, and %. MIC). However, no significant dif-
ference was found in adhesion when Pall was pre-treated
with %s MIC of CRO (p > 0.05). A similar pattern was
observed for Pall cells pre-treated with sub-MICs of PHB-
-NP-CRO. Figure 6A shows human OMECs with normal
flat morphology and centrally located nuclei. In contrast,
Fig. 6B reveals a high density of P. aeruginosa Pall adhered
to OMEC:s following pre-treatment with PBS (control).
A noticeable reduction in bacterial adhesion was observed
when OMECs were exposed to Pall pre-treated with CRO
at % MIC (Fig. 6C) and PHB-NP-CRO at % MIC (Fig. 6D).
The present study demonstrated that the PHB-NP-CRO
formulation produced the most substantial reduction
in bacterial adhesion to the epithelial surface, followed
by CRO alone.
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Fig. 4. A. Minimum inhibitory concentrations (MICs) of polyhydroxybutyrate (PHB), polyhydroxybutyrate nanoparticles (PHB-NPs), ceftriaxone (CRO), and the
PHB-NP-CRO combination against Pseudomonas aeruginosa isolate Pal1; B. Diameter of the inhibition zones produced by 2000 ug of PHB, PHB-NPs, CRO,
and PHB-NP-CRO; C. Representative image of a Mueller—Hinton agar (MHA) plate showing 5 wells: A — PHB, B — PHB-NPs, C — PHB-NP-CRO, D - CRO,

and E - DMSO (control), each well filled with 100 uL of the respective solution
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statistically significant

Discussion

Infection with P. aeruginosa strains resistant to broad-
spectrum antibiotics presents a serious challenge for cli-
nicians.’” This is largely due to the bacterium’s intrinsic
resistance mechanisms and its ability to form biofilms.!
The biofilm matrix provides protection to bacterial cells,
enabling them to evade the effects of antibiotics and
the host immune response.’® The resistance of P. aerugi-
nosa to antibiotics — particularly to CRO, a third-gener-
ation cephalosporin — has increased markedly in recent
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years.! As a result, the development of safe and effective
strategies to limit bacterial resistance has become essen-
tial. One promising approach involves the use of biocom-
patible materials to inhibit biofilm formation, a key factor
in the persistence and resistance of bacterial infections.!8

In the present study, PHB-NPs were synthesized, and
their synergistic effect with CRO in reducing P. aeruginosa
resistance and biofilm formation was evaluated. The find-
ings demonstrated that PHB-NPs enhanced the antibacte-
rial efficacy of CRO. Notably, sub-MICs of the PHB-NP-
-CRO combination significantly reduced biofilm forma-
tion and impaired P. aeruginosa adhesion to epithelial
cells in vitro. Furthermore, the combination of CRO and
PHB-NPs not only exhibited potent antibacterial activity,
but also reduced bacterial virulence by inhibiting biofilm
formation and adhesion to biotic surfaces, such as hu-
man OMEC:s. Since biofilm formation and adhesion are
key virulence factors of P. aeruginosa, their suppression
significantly enhances the therapeutic potential of this
combination strategy.2°

Previous studies on PHB-NP synthesis reported find-
ings consistent with the current study regarding particle
size. For instance, Deepak et al. reported PHB-NP diam-
eters ranging from 100 nm to 125 nm,?! while Pachiyap-
pan et al. obtained particles with a broader size range
of 50 nm to 300 nm.” In contrast, the PHB-NPs synthesized
in the present study exhibited significantly smaller diam-
eters, ranging from 15 nm to 34 nm, suggesting an im-
provement in the efficiency of the preparation method
employed. The primary applications of PHB-NPs include
drug delivery,?? as well as antibacterial activity. Kiran
et al. demonstrated the antibacterial efficacy of PHB-NPs
against Staphylococcus aureus biofilms.?® In addition,
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Fig. 6. Effect of pre-treatment of Pseudomonas aeruginosa isolate Pal1 with different sub-inhibitory concentrations (V2 MIC, V4 MIC, 16 MIC MIC, 146 MIC,

152 MIC, and 64 MIC) of polyhydroxybutyrate nanoparticles (PHB-adhesion to human oral mucosal epithelial cells (OMECs) in vitro. Asterisks indicate
statistically significant differences compared to the PBS-treated control (p < 0.05). A. Control image of untreated human OMECs. B. Micrograph of human
OMECs exposed to Pall pretreated with PBS; C. Micrograph of OMECs incubated with Pall pretreated with ceftriaxone (1/8 MIC); D. Micrograph of OMECs
incubated with Pall pretreated with PHB-NP-CRO (1/8 MIC). Scale bars: 35 um
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Rodriguez-Contreras reported the anticancer potential
of PHB.2* More recently, Hamdy et al. highlighted the util-
ity of PHB in wound healing, tissue regeneration, and bone
and tissue engineering.?> Polyhydroxybutyrate is a safe,
biodegradable polymer with various biomedical applica-
tions, largely attributed to its antibacterial properties.?®
The biomedical potential of PHB-NPs lies in their abil-
ity to facilitate targeted antibiotic delivery. The observed
synergistic enhancement of CRO’s antibacterial activity
by PHB-NPs may be attributed to improved diffusion
of CRO across the outer membrane of P. aeruginosa. Fur-
thermore, the transformation of PHB into nanoparticle
form appears to enhance its antibacterial effect when com-
bined with CRO. PHB-NPs may interfere with quorum
sensing and inhibit polysaccharide production, thereby
disrupting biofilm formation and increasing bacterial
susceptibility to CRO. In addition, CRO itself is known
to inhibit quorum sensing mechanisms.?® The nanopar-
ticulate nature of PHB-NPs may also facilitate interactions
with bacterial membranes, leading to increased membrane
permeability and enhanced intracellular accumulation
of CRO.?® The findings of the present study highlight
the promising potential of PHB-NPs in antimicrobial
applications. They were shown to enhance the efficacy
of CRO, enabling a reduction in the required antibiotic
dosage and potentially minimizing associated side effects.
This approach may offer a valuable strategy for combat-
ing broad-spectrum antibiotic-resistant P. aeruginosa.
The observed ability of the PHB-NP-CRO combination
to inhibit biofilm formation further suggests its potential
use in treating biofilm-associated infections, including re-
spiratory tract infections,?”-?8 urinary tract infections!'® and
medical device-related infections (e.g., catheters and pros-
thetic implants).?’ Therefore, the present study supports
the use of PHB-NP-based systems as a novel approach
to restoring the therapeutic efficacy of existing antibiotics
against resistant bacterial strains. Based on the findings
of the present study, we recommend conducting in vivo
studies to further validate the observed effects. In vivo in-
vestigations are essential to evaluate the safety, efficacy and
pharmacokinetic profile of the PHB-NP-CRO combina-
tion in a physiological environment. Additionally, the use
of animal models and future clinical studies will be crucial
in assessing the therapeutic potential, bioavailability and
potential immunological responses associated with PHB-
-NP-CRO administration. Furthermore, evaluating the an-
timicrobial efficacy of PHB-NP-CRO against a broader
spectrum of bacterial species, including Gram-positive
and multidrug-resistant pathogens, will provide valuable
insights into its potential application for the treatment
of diverse infections.

S. Sadig, J. Ghafil. PHB-NP enhances sensitivity to CRO

Conclusions

Resistance of P. aeruginosa to CRO is a major public
health concern. The use of safe materials that enhance
the efficacy of antibiotics represents a promising thera-
peutic strategy. In the present study, PHB-NPs were syn-
thesized; however, they exhibited limited antibacterial ac-
tivity against P. aeruginosa when used alone. In contrast,
the PHB-NP-CRO demonstrated a significantly enhanced
antibacterial effect compared to either agent alone. The in-
creased effectiveness of the PHB-NP-CRO formulation
may be attributed to several factors, one of which, as shown
in this study, is its ability to reduce biofilm formation
by P. aeruginosa.

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author on
reasonable request.
Consent for publication

Not applicable.
Use of Al and Al-assisted technologies

Not applicable.

ORCID iDs

Shams Ihssan Sadiq
Jenan Atiyah Ghafil

https://orcid.org/0009-0009-8413-9897
https://orcid.org/0000-0003-1461-302X

References

1. Ghafil JA, Khadhem Al-Sudani SF, Salih Ibrahim BM, Alshahrani AM,
Zgair AK. Relationship between biofilm formation of Pseudomonas
aeruginosa and susceptibility to rifaximin and ofloxacin. PakJ Pharm
Sci. 2024;37(6):1609-1614. PMID:39923153.

2. Ghafil JA, Fliyh MT, Al-Mutalib LA. Preparing burn mouse model
infected with Pseudomonas aeruginosa: A histopathological study.
World J Exp Biosci. 2023;11(2):46-50. https://wjebio.com/index.php/
journal/article/view/177/143.

3. Talib MM, Ghafil JA. Effect of sub-minimum inhibitory concen-
trations of ceftriaxone on the Pseudomonas aeruginosa adhesion
to human oral mucosal epithelial cells and biofilm formation to poly-
styrene in vitro. Pharm Sci Asia. 2024;51(2):180-189. doi:10.29090/
psa.2024.02.24.1752

4. Rolston KVI, Bodey GP. Pseudomonas aeruginosa infection in can-
cer patients: Infectious complications of cancer. Cancer Invest.
1992;10(1):43-59. d0i:10.3109/07357909209032787

5. Hernandez-Jiménez P, Lopez-Medrano F, Fernandez-Ruiz M, et al.
Risk factors and outcomes for multidrug resistant Pseudomonas
aeruginosa infection in immunocompromised patients. Antibiotics.
2022;11(11):1459. doi:10.3390/antibiotics11111459

6. Alnimr AM, Alamri AM. Antimicrobial activity of cephalosporin-
beta-lactamase inhibitor combinations against drug-susceptible
and drug-resistant Pseudomonas aeruginosa strains. J Taibah Univ
Med Sci. 2020;15(3):203-210. doi:10.1016/j.jtumed.2020.04.004

7. Pachiyappan S, Shanmuganatham Selvanantham D, Kuppa SS, Chan-
drasekaran S, Samrot AV. Surfactant-mediated synthesis of polyhy-
droxybutyrate (PHB) nanoparticles for sustained drug delivery. [ET
Nanobiotechnol. 2019;13(4):416-427. doi:10.1049/iet-nbt.2018.5053


https://pubmed.ncbi.nlm.nih.gov/39923153
https://wjebio.com/index.php/journal/article/view/177/143
https://wjebio.com/index.php/journal/article/view/177/143
https://www.doi.org/10.29090/psa.2024.02.24.1752
https://www.doi.org/10.29090/psa.2024.02.24.1752
https://www.doi.org/10.3109/07357909209032787
https://www.doi.org/10.3390/antibiotics11111459
https://www.doi.org/10.1016/j.jtumed.2020.04.004
https://www.doi.org/10.1049/iet-nbt.2018.5053

Polim Med. 2025;55(1):31-39

20.

Tsuge T, Hyakutake M, Mizuno K. Class IV polyhydroxyalkanoate
(PHA) synthases and PHA-producing Bacillus. Appl Microbiol Biotech-
nol. 2015;99(15):6231-6240. doi:10.1007/s00253-015-6777-9

Quispe MM, Villanueva ME, Copello GJ, Lopez OV, Villar MA. Films
of poly(hydroxybutyrate) (PHB) and copper with antibacterial activ-
ity. Polymers (Basel). 2023;15(13):2907. d0i:10.3390/polym15132907

. Lin X, Yin M, Liu Y, et al. Biodegradable polyhydroxybutyrate/

poly-g-caprolactone fibrous membranes modified by silica com-
posite hydrol for super hydrophobic and outstanding antibacte-
rial application. J Industr Eng Chem. 2018;63:303-311. doi:10.1016/j.
jiec.2018.02.031

. Morris WT. Effectiveness of ceftriaxone versus cefoxitin in reduc-

ing chest and wound infections after upper abdominal operations.
Am J Surg. 1994;167(4):391-395. doi:10.1016/0002-9610(94)90122-8

. Rossi S, Azghani AO, Omri A. Antimicrobial efficacy of a new anti-

biotic-loaded poly(hydroxybutyric-co-hydroxyvaleric acid) con-
trolled release system. J Antimicrob Chemother. 2004;54(6):1013-
1018. doi:10.1093/jac/dkh477

. Ghafil JA, Flieh MT. Characterization of polyhydroxybutyrate nanopar-

ticles. Iraqi J Sci. 2022;63(2):449-457. doi:10.24996/ijs.2022.63.2.3

. Weinstein MP. Performance Standards for Antimicrobial Susceptibility

Testing: Supplement M100. 30t ed. Wayne, USA: Clinical and Labora-
tory Standards Institute (CLSI); 2020. ISBN:978-1-68440-067-6

. Al-Mutalib LA, Zgair A. Effect of subinhibitory doses of rifaximin

on in vitro Pseudomonas aeruginosa adherence and biofilm forma-
tion to biotic and abiotic surface models. Polim Med. 2023;53(2):97-
103. doi:10.17219/pim/166584

. Hasan AM, Ghafil JA. Study on the anti-microbial effect of sinigrin

against some pathogenic bacterial species. Bionatura. 2022;7(4):68.
doi:10.21931/RB/2022.07.04.68

Mohammed HA, Zgair AK. Detection of quorum sensing genes
of Pseudomonas aeruginosa isolated from different areas in Iraq.
Iraqi J Sci. 2022;63(11):4665-4673. d0i:10.24996/ijs.2022.63.11.5

. Rather MA, Gupta K, Mandal M. Microbial biofilm: Formation, archi-

tecture, antibiotic resistance, and control strategies. Braz J Microbi-
ol.2021;52(4):1701-1718. d0i:10.1007/s42770-021-00624-x

. Abu El Aish KI, Alkhodary AA, Helles A, Moshtaha A, Ghanem S, Al

Afifi A. Bacterial resistance to ceftriaxone in different: Specimens
at governmental hospitals in Gaza Strip. Malays J Publ Health Med.
2023;23(1):72-81. doi:10.37268/mjphm/vol.23/no.1/art.974

Liao C, Huang X, Wang Q, Yao D, Lu W. Virulence factors of Pseudo-
monas aeruginosa and antivirulence strategies to combat its drug
resistance. Front Cell Infect Microbiol. 2022;12:926758. doi:10.3389/
fcimb.2022.926758

21.

22.

23.

24,

25.

26.

27.

28.

29.

39

Deepak V, Ram Kumar Pandian SB, Kalishwaralal K, Gurunathan S.
Purification, immobilization, and characterization of nattokinase
on PHB nanoparticles. Bioresour Technol. 2009;100(24):6644-6646.
doi:10.1016/j.biortech.2009.06.057

Prakash P, Lee WH, Loo CY, Wong HSJ, Parumasivam T. Advanc-
es in polyhydroxyalkanoate nanocarriers for effective drug deliv-
ery: An overview and challenges. Nanomaterials. 2022;12(1):175.
doi:10.3390/nan012010175

Kiran GS, Jackson SA, Priyadharsini S, Dobson ADW, Selvin J. Synthe-
sis of Nm-PHB (nanomelanin-polyhydroxy butyrate) nanocompos-
ite film and its protective effect against biofilm-forming multi drug
resistant Staphylococcus aureus. Sci Rep. 2017;7(1):9167. doi:10.1038/
541598-017-08816-y

Rodriguez-Contreras A. Recent advances in the use of polyhydroyal-
kanoates in biomedicine. Bioengineering. 2019;6(3):82. doi:10.3390/
bioengineering6030082

Hamdy SM, Danial AW, Gad EI-Rab SMF, Shoreit AAM, Hesham AEL.
Production and optimization of bioplastic (polyhydroxybutyrate)
from Bacillus cereus strain SH-02 using response surface methodol-
ogy. BMC Microbiol. 2022;22(1):183. d0i:10.1186/512866-022-02593-z
Naga NG, El-Badan DE, Mabrouk MEM, Rateb HS, Ghanem KM, Sha-
aban MI. Innovative application of ceftriaxone as a quorum sens-
ing inhibitor in Pseudomonas aeruginosa. Sci Rep. 2025;15(1):5022.
doi:10.1038/541598-025-87609-0

Mohapatra S, Mohanty D, Sharma S, et al. Biomedical application
of polymeric biomaterial: Polyhydroxybutyrate. In: Thatoi H, Das SK,
Mohapatra S, eds. Bioresource Utilization and Management: Applica-
tions in Therapeutics, Biofuels, Agriculture, and Environmental Scienc-
es. Palm Bay, USA: Apple Academic Press; 2022:111-124. ISBN:978-1-
00-305782-6, 978-1-77188-933-9, 978-1-77463-813-2.

Ali M, Zgair A. Extracellular product of Pseudomonas aerugino-
sa in growth medium is involved in the pro-inflammatory cyto-
kine response of human oral epithelial cells in vitro. Polim Med.
2022;52(2):77-82. doi:10.17219/pim/155849

Di Domenico EG, Oliva A, Guembe M. The current knowledge
on the pathogenesis of tissue and medical device-related biofilm
infections. Microorganisms. 2022;10(7):1259. doi:10.3390/microor-
ganisms10071259.


https://www.doi.org/10.1007/s00253-015-6777-9
https://www.doi.org/10.3390/polym15132907
https://www.doi.org/10.1016/j.jiec.2018.02.031
https://www.doi.org/10.1016/j.jiec.2018.02.031
https://www.doi.org/10.1016/0002-9610(94)90122-8
https://www.doi.org/10.1093/jac/dkh477
https://www.doi.org/10.24996/ijs.2022.63.2.3
https://www.doi.org/10.17219/pim/166584
https://www.doi.org/10.21931/RB/2022.07.04.68
https://www.doi.org/10.24996/ijs.2022.63.11.5
https://www.doi.org/10.1007/s42770-021-00624-x
https://www.doi.org/10.37268/mjphm/vol.23/no.1/art.974
https://www.doi.org/10.3389/fcimb.2022.926758
https://www.doi.org/10.3389/fcimb.2022.926758
https://www.doi.org/10.1016/j.biortech.2009.06.057
https://www.doi.org/10.3390/nano12010175
https://www.doi.org/10.1038/s41598-017-08816-y
https://www.doi.org/10.1038/s41598-017-08816-y
https://www.doi.org/10.3390/bioengineering6030082
https://www.doi.org/10.3390/bioengineering6030082
https://www.doi.org/10.1186/s12866-022-02593-z
https://www.doi.org/10.1038/s41598-025-87609-0
https://www.doi.org/10.17219/pim/155849
https://www.doi.org/10.3390/microorganisms10071259.
https://www.doi.org/10.3390/microorganisms10071259.




	Polyhydroxybutyrate nanoparticle improving the sensitivity of Pseudomonas aeruginosa to ceftriaxone

