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PREFACE

Dear Readers,

At a time when medical, pharmaceutical and environmental sciences are fac-
ing increasingly complex challenges, we are pleased to present the latest issue 
of Polimery w Medycynie – Polymers in Medicine. The articles included in this 
issue show how broad and dynamic contemporary polymer-related research 
has become, extending from wound healing and drug delivery systems to anti-
microbial strategies, ophthalmic formulations, biofilm control, biomedical 
plasma applications, and sustainable polymer chemistry.

A significant part of this issue is devoted to alginate-based materials, which 
remain among the most interesting natural polymers used in medicine and 
pharmacy. The review article on sodium alginate in wound dressing systems presents the current state of knowl-
edge on this biopolymer and its importance in the hemostatic, inflammatory and proliferative stages of wound 
healing. The bibliometric analysis included in this work confirms the increasing scientific interest in sodium 
alginate, which is undoubtedly related to its biocompatibility, non-toxicity and practical potential in modern 
wound care.

The issue also contains an original study concerning sodium alginate beads as polymeric carriers for active 
pharmaceutical ingredients. In this work, particular attention was paid to the influence of the drug incorpo-
ration strategy on morphology, loading efficiency and release behavior. The authors compared encapsulation 
during gelation with post-synthesis impregnation and demonstrated that encapsulation leads to higher drug 
loading, and more controlled, sustained release. 

Another important pharmaceutical topic addressed in this issue is the compatibility between innovative oph-
thalmic preparations and polymer packaging. The study on self-emulsifying oil formulations containing sus-
pended drug particles evaluates their interaction with commercial low-density polyethylene containers. Using 
modern analytical techniques such as FTIR, NIR, DSC and XRD, as well as mechanical strength testing, the 
authors investigated possible changes in the morphology, structure, thermal properties and mechanical per-
formance of the packaging material. The results underline the need for careful compatibility studies between 
ophthalmic formulations and polymeric packaging systems, to maintain product stability and patient safety.

The present issue also reflects the growing importance of antimicrobial research in the context of global antibi-
otic resistance. A review article discusses selected biotechnological strategies that may support future treatment 
of resistant infections, including phage therapy, CRISPR-Cas9 systems, antimicrobial peptides, nanotechnol-
ogy-based approaches and the therapeutic potential of the microbiome. Although further clinical studies and 
regulatory frameworks are still needed, the article clearly shows that biotechnology may become an important 
element of future antimicrobial therapy.

This subject is further developed in an original study on zinc oxide nanoparticles and their synergistic activity 
with imipenem against imipenem-resistant Klebsiella pneumoniae. The authors prepared ZnO nanoparticles 
using Thymus vulgaris leaf extract and demonstrated their ability to reduce the minimum inhibitory concen-
tration of imipenem and decrease biofilm extracellular polymeric matrix formation. The study indicates that 
properly designed nanoparticles may serve as useful adjuvant agents in combating resistant and biofilm-form-
ing pathogens.

Another original article focuses on Pseudomonas aeruginosa and the influence of sub-inhibitory concentra-
tions of ceftriaxone on biofilm polymer matrix formation, bacterial adhesion and quorum-sensing regulation. 
The authors show that ceftriaxone, even below its inhibitory concentration, may modulate biofilm formation, 
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reduce adhesion to epithelial cells and downregulate genes involved in quorum sensing. Molecular docking 
analysis additionally suggests interactions between ceftriaxone and key regulatory proteins, including LasR 
and RhlR, as well as AlgD, an enzyme associated with alginate polymer biosynthesis. This study provides an 
interesting molecular perspective on the anti-biofilm activity of antibiotics at sub-inhibitory concentrations.

The biomedical scope of the issue is broadened by a study investigating the influence of microwave plasma on 
lymphocytes. The authors report that short exposure may stimulate normal lymphocyte activity and prolifer-
ation, while longer exposure may suppress abnormal cell proliferation. 

Finally, this issue includes a conference report from the Tübingen Symposium on Sustainable Polymers. The 
report presents recent directions in polymer research, including green chemistry strategies, synthesis and deg-
radation pathways, environmentally benign catalysts, biodegradable and biocompatible materials, as well as 
polymer systems for therapeutic drug delivery. This contribution reminds that the future of polymer science 
must be considered not only from the medical and pharmaceutical perspective, but also in relation to sustain-
ability, resource conservation and environmental protection.

On behalf of the Editorial Team, I would like to thank all authors, reviewers and editors for their valuable contri-
bution to the preparation of this issue of Polimery w Medycynie – Polymers in Medicine. I hope that the articles 
presented here will be of interest to our Readers and will inspire further scientific discussion, interdisciplin-
ary cooperation and new research in the field of polymers applied in medicine, pharmacy and biotechnology.

I wish you pleasant and fruitful reading.

Prof. Witold Musiał  
Editor-in-Chief 

Polimery w Medycynie – Polymers in Medicine
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Abstract
Sodium alginate (SA) is a polysaccharide biopolymer widely used in wound healing applications due to its 
beneficial role in the hemostatic, inflammatory, and proliferative phases of tissue repair. Its hydrophilic nature 
supports the wound healing process by enabling efficient absorption of wound exudate and maintaining 
a moist microenvironment conducive to tissue regeneration. Moreover, SA can form highly porous structures 
that promote oxygen diffusion and provide a suitable scaffold for neovascularization and new tissue formation. 
This review summarizes recent advances in the application of SA in wound dressings. A bibliometric analysis 
of Scopus data using the keywords “sodium alginate” AND “wound healing” reveals a growing number 
of publications in recent years, highlighting the increasing scientific interest in this field. The expanding 
utilization of SA in wound healing may be attributed to its favorable properties, including biocompatibility, 
biodegradability, and low toxicity.

Key words: wound healing, sodium alginate, biopolymer, alginic acid, porous materials
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Introduction

Biopolymers can be extracted from bio-based materi-
als using various techniques. They can also be produced 
biotechnologically or synthesized directly from building 
blocks derived from living organisms. Thus, in general, 
nature is the primary source of biopolymers.1 Jabeen and 
Atif defined biopolymers as  macromolecules that are 
primarily composed of monomeric units of natural ori-
gin.2 Biopolymers are advantageous due to their environ-
mentally friendly nature.3 Nitta and Numata discussed 
the classification of biopolymers, which are mainly divided 
into 3 types: polysaccharides, nucleic acids, and proteins.4 
In the huge family of polysaccharides, one can find starch, 
cellulose, chitin, chitosan, and many more, for example, 
alginate.5

The primary sources of alginate reported are brown sea-
weed and marine algae.6,7 Alginate has a unique non-toxic 
nature and biocompatibility, which make this biopolymer 
attractive for biomedical and cosmetic applications.8,9 
It exhibits bioadhesivity, which is the primary reason for 
its widespread use in pharmaceutical applications.10 It may 
form sponge-like structures that are capable of absorb-
ing water.11 Alginate-based hydrogels are formed through 
ionic crosslinking.12 Salarvand et al. reported the presence 
of hydroxyl and carboxyl groups in alginate, which gives 
the possibility of hydrogen bond formation.13 Moreover, 
alginate contains negative ions capable of further interac-
tions.14 Wang et al. reported that sodium alginate (SA) and 
its oxidized derivatives show good cytocompatibility.15 Al-
ginate-based nanofibers are widely utilized in biomedical 
applications, especially in tissue engineering and wound 
healing.16,17 It has recently been observed that SA applica-
tions in various areas are growing, particularly in wound 
healing.

Sodium alginate

The properties of SA are widely studied. Phùng et al. 
mentioned the water solubility of SA,18 whereas Yan et al. 
reported that SA is insoluble in ethanol.19 Sodium algi-
nate is highly preferred in several applications due to its 
outstanding ability to form films.20,21 Yan et al. described 
SA as  a  low-cost polymer presenting high potential.19 

The presence of functional groups, such as hydroxyl and 
carboxyl groups, makes it easy to modify.22 Belalia and 
Djelali reported the rheological behavior of SA. In their 
research, it was concluded that it presents shear-thinning 
non-Newtonian flow behavior in its aqueous form.23 Vis-
cosity was reduced with an increase in shear rate; this 
behavior has been reported as shear-thinning behavior 
in the literature.24

In the structural formula of SA, the main constituents 
are α-L-guluronic acid and β-D-mannuronic acid.25,26 
ChemDraw 25.0.2 software (Revvity Signals Software) 
was used to draw the structural formulas of SA and its 
constituents, which are presented in Fig. 1. The “Struc-
ture” tab of the ChemDraw software was selected, and 
in  this tab, “Convert Name to  Structure” was chosen 
to draw the structural formulas of SA and its constituents. 
The names used are also presented in the figure along-
side their corresponding structural formulas. Therefore, 
in short, SA is a combination of 2 uronic acids. Sodium 
alginate sourced from algae contains a significant portion 
of other cations: Ca (calcium), Mg (magnesium), and Sr 
(strontium), which are treated with hydrochloric acid (HCl) 
to obtain alginic acid through a liquid wash mechanism.27

The  addition of  sodium carbonate (Na₂CO₃) leads 
to a pH range of 9–10. Na₂CO₃ can also be replaced with 
alternatives such as sodium hydroxide (NaOH), sodium 
bicarbonate (NaHCO₃), or sodium chloride (NaCl). This 
leads to the conversion of alginic acid (which is water-
insoluble) to SA (a water-soluble form).28 It can be fol-
lowed by either the Ca-alginate or the alginic acid route. 
The route considering alginic acid involves the treatment 
of SA with HCl. The 2nd route is the Ca-alginate route, 
which involves the addition of calcium chloride to SA 
to form Ca-alginate.29 Ca-alginate is further treated with 
HCl to obtain alginic acid. The alginic acid obtained from 
these 2 routes is further treated with Na₂CO₃ to produce 
SA in its pure form.30

Fig. 1. Structural formulas of (A) α-L-guluronic acid, (B) β-D-mannuronic acid, and (C) sodium alginate
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Porosity of sodium alginate 
materials

Sodium alginate materials can be fabricated into gels. 
Abka-Khajouei et al. reported that alginate gels presented 
pores, with the pore size specified in their research ranging 
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from 5 nm to 200 nm. They mentioned electron micros-
copy for pore size demonstration.31 Da Silva et al. reported 
that as the SA concentration increases, it causes a decrease 
in the material’s porosity. Therefore, an inverse relation-
ship between SA concentration and material porosity was 
presented. Porosity in wound dressings is preferred be-
cause it facilitates the process of oxygenation.32 Sinha et al. 
reported that wound dressings with the highest porosity 
had the greatest tendency to absorb wound exudate.33 Liu 
et al.34 also demonstrated that SA gel presented pores. 
They conducted field emission electron microscopy (FE-
SEM) on SA gels with the addition of calcium ions (Ca2+) 
to demonstrate the pores.

MATLAB and Python are referred to as programming 
languages.35,36 They are effectively utilized for the visu-
alization and demonstration of pores. Jenkins et al. were 
the developers of PoreScript (a MATLAB algorithm), and 
PoreScript was used to determine pore size from scanning 
electron microscopy (SEM) images.37 Polez et al. utilized 
SEM images to determine porosity using PoreSpy,38 a Py-
thon package that characterizes porous materials from 3D 
images.39 Negut and Bita reported the use of a convolu-
tional neural network (CNN) to identify pore size distribu-
tion in hydrogels.40 Zhang et al. reported CNN as a deep 
learning model.41 El Naqa and Murphy described deep 
learning as a sub-classification of machine learning, and 
stated that deep learning has the capacity to be trained from 
raw data.42 Machine learning has been referred to as a field 
within artificial intelligence.43 Three types of machine 
learning are reported in the literature: supervised learning, 
unsupervised learning, and reinforcement learning.44,45

Supervised machine learning utilizes labeled data.46 
Unsupervised learning is based on unlabeled data.47 Re-
inforcement learning allows an agent to take actions.48 
Correct actions in reinforcement learning lead to earning 
rewards, whereas wrong decisions result in failure.49 Sa-
berian et al. utilized ImageJ software (National Institutes 
of Health (NIH), Bethesda, USA) to measure pores based 
on SEM images. The hydrogel utilized in their research 
was based on alginate/chitosan and also included honey 
and aloe vera. The prepared hydrogel was intended for 
use as a wound dressing.50 Olevsky et al. developed Por-
eVision using a Python script. PoreVision utilizes Python 
libraries, primarily OpenCV, NumPy, and Pandas. It was 
used to measure pore size from SEM images and can be 
utilized for gels and porous materials, as indicated in their 
research.51 Shkarin et al. developed quanfima, a Python-
supported package that can be used to analyze the mor-
phology of biomaterials, including porosity.52 MICPY has 
been highlighted for pore analysis and has been reported 
as a Python-supported package. It can analyze SEM im-
ages.53,54 Nair et  al. utilized CTAnalyzer software for 
pore size determination, which was made possible by us-
ing a 3D object analyzer within the software.55 Karaca 
and Aldemir Dikici utilized a deep learning model, which 
they named Pore D2. In their study, YOLOv5 was used for 

object detection, and SEM images were utilized as the in-
put. EasyOCR has been used to extract text from images, 
and it  is a Python library that employs a deep learning 
approach. The output layer provided accurate information 
on pore size.56

Wettability of sodium alginate 
materials

The  hydrophilicity of  the  material’s surface may be 
a reason for better cell adhesion. Yuan and Lee presented 
the  relationship between the  water contact angle and 
wettability in the context of liquid–solid interaction. Ac-
cording to their research, contact angles below 90° ex-
hibited the highest wettability. A contact angle greater 
than 90° was a clear indication of low wettability.57 Kumar 
and Prabhu described reactive and non-reactive wetting. 
A reaction occurring between the spreading liquid and 
the substrate material impacts the mechanism of wetting, 
which is reported as reactive wetting. If no reaction occurs 
between the spreading liquid and the substrate material, 
it is reported as inert or non-reactive wetting.58 Xie et al. 
conducted contact angle analysis for membranes made 
of SA, and SA 100 and SA 200 were named for the lower 
amounts of guluronic acid. Manugel DMB was named for 
a higher amount of guluronic acid. A Milli-Q water drop 
was utilized to obtain contact angle measurements, and 
the analysis was conducted on alginate–chitosan–alginate 
(ACA) membranes. The water contact angle for SA 100, 
as reported in their study, was 65.9 ±1.0°. SA 200 presented 
a water contact angle of 68.5 ±2.4°. The water contact angle 
of Manugel DMB recorded in their research was 77.7 ±3.3°. 
These values are reported as mean ± standard error (SE). 
The number of analyses specified in their study was 3. 
In short, their results showed that an increase in gulu-
ronic acid content led to a reduction in hydrophilicity.59 
Karmakar et al. analyzed the contact angle of a hydrogel 
composed of SA and carboxymethyl cellulose in a 1:1 ra-
tio, reporting a contact angle value of 48.32 ±1.5°. Contact 
angle measurements were recorded using distilled water, 
and 3 measurements were taken to obtain the mean value.60 
Mujawar et al. conducted contact angle measurements 
on 3D-printed samples, including those made from SA–gel-
atin and SA–gelatin–Aloe barbadensis extract. Six contact 
angle measurements were taken using water as the probe 
liquid. The recorded water contact angle for 3D-printed 
SA–gelatin was 42.31 ±3.23°. The water contact angle re-
ported for SA–gelatin–Aloe barbadensis extract was about 
53.2 ±4.7°.61 Sisakht et al. prepared a hydrogel with a 50:50 
weight ratio of SA and poly(acrylic acid). They utilized both 
SA and poly(acrylic acid) at a concentration of 2% wt/vol. 
They also analyzed the contact angle in combination with 
fibroblast growth factor (FGF1). Deionized water was used 
as the probe liquid for the contact angle analysis. Three 
measurements were recorded for the samples. The contact 
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angle reported for SA was 57.87°. In the case of the SA–
poly(acrylic acid) hydrogel, the reported contact angle was 
18.52°. The SA–poly(acrylic acid) hydrogel in combina-
tion with FGF1 exhibited a water contact angle of approx. 
62.56°.62 Hosseini et al. prepared a hydrogel composed 
of carboxymethyl cellulose and SA. Subsequently, they 
combined it with simvastatin, resulting in a final form 
known as the carboxymethyl cellulose/SA–simvastatin 
hydrogel. The recorded water contact angles for carboxy-
methyl cellulose–SA and carboxymethyl cellulose/SA–
simvastatin were 43.3 ±2° and 59.1 ±4°, respectively. They 
utilized water as the probe liquid, and 3 measurements were 
recorded for each sample.63 Table 1 presents a summary 
of the contact angle measurements for SA-based materials. 
Isa Rahim et al. specified that contact angles lower than 
90° were indicative of hydrophilicity, and contact angles 
between 90° and 150° were indicative of hydrophobicity.64 
Chen et al. specified that a surface with a contact angle 
higher than 150° can be reported as superhydrophobic.65 
Choi et al. reported the use of SA for wound dressings, 
and the reason given in their study was its hydrophilicity.66 
Jin et al. examined the impact of hydrophilic polymers 
on swelling, and their study concluded that SA presented 
the maximum swelling among the analyzed hydrophilic 
polymers.67 Feng and Wang highlighted the use of hydro-
gels with maximum swelling capacity for wound healing 
due to their ability to absorb wound exudates.68 Singh and 
Pramanik reported better cell adhesion for polymeric films 
composed of SA and chitosan than for alginate itself, and 
it was also mentioned in their study that the contact angle 
was lower than 90°.69

Table 1. Contact angle measurements for sodium alginate (SA)-based materials

Sample Number 
of measurements Probe liquid Contact angle Reference

SA 100 3 Milli-Q water 65.9 ±1.0° 59

SA 200 3 Milli-Q water 68.5 ±2.4° 59

Manugel DMB 3 Milli-Q water 77.7 ±3.3° 59

SA–carboxymethyl cellulose (1:1 ratio) 3 distilled water 48.32 ±1.5° 60

SA–gelatin 6 water 42.31 ±3.23° 61

SA–gelatin–Aloe barbadensis extract 6 water 53.2 ±4.7° 61

SA (2% wt/vol) 3 deionized water 57.87° 62

SA–poly(acrylic acid) (50:50) 3 deionized water 18.52° 62

SA–poly(acrylic acid)–FGF1 3 deionized water 62.56° 62

Carboxymethyl cellulose–SA 3 water 43.3 ±2° 63

Carboxymethyl cellulose–SA–simvastatin 3 water 59.1 ±4° 63

Sodium alginate wound healing

Zahid et al. indicated that the use of SA for wound heal-
ing applications is promising due to its liquid absorption.70 
The  stages of  wound healing have been demonstrated 

in  various studies and include hemostasis, inflamma-
tion, proliferation, and remodeling phases.71–73 Hemosta-
sis is the first stage of wound healing, and in this phase, 
blood clot formation takes place.74 Periayah et al. explained 
the blood coagulation mechanism in significant detail. 
Their study indicated the key role of platelets in thrombus 
formation.75 Zhang et al. demonstrated that platelets play 
a vital role in vascular repair.76 Huang et al. reported that 
SA can enhance platelet concentration.77 Zhang et al. rec-
ommended SA for blood coagulation applications.78 Chen 
et al. reported in their study the preparation of a hemostatic 
powder, which involves the presence of SA, CaCl₂, graphene 
oxide, and cerium nitrate. The concluding remarks in their 
study indicated that the  hemostatic powder presented 
the ability to absorb water, resulting in a shorter hemo-
static time. The hemostatic powder effectively decreased 
blood loss and enhanced the wound healing mechanism 
due to the presence of Ce3+ (which acts as a free radical 
scavenger).79 Zhou et al. analyzed the blood coagulation 
of a gelatin sponge individually and in combination with 
SA, and their study summarized that blood coagulation 
was enhanced due to the presence of SA.80 Wang et al. pre-
pared a powdered composite that included SA and poly(γ-
glutamic acid) (PGA). The prepared powdered composite 
was found to arrest or block bleeding.81 Li et al. presented 
a material composed of SA, silk fibroin, and thrombin. 
It was mentioned that the prepared material could promote 
hemostasis.82 Xie et al. prepared a hydrogel containing SA, 
chitosan, and oxidized dextran. Their study results showed 
that the prepared hydrogel reduced blood loss, which signif-
icantly supports the basis for improved hemostasis.83 Khat-
tak et al. mentioned that persistent inflammation was a sig-
nificant reason for the slowing down or delay of the wound 
healing mechanism.84 Zhang et al. reported that inflamma-
tion was a notable challenge in wound healing.85 Liu et al. 
highlighted that the anti-inflammatory effect was essen-
tial for wound healing.86 Summa et al. prepared a wound 
dressing material composed of SA and povidone–iodine. 
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The  results of  their study indicated that the  prepared 
material exhibited an anti-inflammatory effect.87 Zhao 
et al. formulated a composite that included low-viscosity 
SA combined with titanium dioxide and temozolomide 
nanoparticles. Their study reported the anti--inflammatory 
effect of the designed composite. Their research summa-
rized that the anti-inflammatory effect was enhanced due 
to the prominent presence of SA.88 Karmakar et al. initially 
prepared a SA and carboxymethyl cellulose composite, 
which was then crosslinked to a decellularized extracellular 
matrix. The crosslinker used in their study was calcium 
chloride, resulting in a final hydrogel composed of SA, 
carboxymethyl cellulose, and decellularized extracellular 
matrix. According to their research, the prepared hydro-
gel exhibited anti-inflammatory properties.60 Zhang et al. 
prepared a blend of SA and carboxymethyl chitosan, which 
was then loaded with curcumin. Sr2+ was used for the cross-
linking of the polymers. The prepared hydrogel exhibited 
anti-inflammatory activity, leading to an enhanced wound 
healing mechanism.89 Raguvaran et al. prepared hydrogels 
composed of SA and gum acacia, which were incorporated 
with zinc oxide nanoparticles. Their research concluded 
that polymers in combination with zinc oxide nanopar-
ticles tend to boost the proliferation of fibroblasts.90 Song 
et al. demonstrated that fibroblast proliferation is essential 
to promote the wound healing mechanism.91 Harper et al. 
presented fibroblast migration as a component of the pro-
liferative phase of wound healing.92 Kibungu et al. reported 
that fibroblast cells assist in the production of collagen.93 
AlShaali et al. also described that granulation tissue starts 
to form during the proliferation stage.94 Zhu et al. utilized 
a hydrogel based on SA, which was incorporated with Cap-
paris spinosa L., and the incorporated hydrogel exhibited 
biocompatibility. It also boosted cell proliferation.95 Zhou 
et al. reported that enhanced cell proliferation encouraged 
wound healing.96 Ma et al. synthesized a nanocomposite 
based on SA, polyvinyl alcohol, and graphene oxide. Their 
research summarized that nanocomposites may result 
in enhanced cell proliferation.97 Dodero et al. prepared 
electrospun membranes of SA, which were crosslinked with 
divalent cations such as Ca2+, Sr2+, and Ba2+. In the final 
step, they prepared electrospun mats of SA loaded with 
zinc oxide nanoparticles, which were crosslinked with Sr2+ 
ions due to excellent cell adhesion. The electrospun mat 
prepared in their research was recommended for wound 
healing applications.98 Ding et al. utilized electrostatic spin-
ning to synthesize a membrane based on SA and polyvi-
nyl alcohol. Shikonin was incorporated into the electro-
spun membrane. It was found that the shikonin-loaded 
membrane boosted vascular endothelial growth factor 
A (VEGF-A) in the proliferative stage of wound healing.99 
Liu et al. reported shikonin as a naphthoquinone pigment 
useful in the preparation of shikonin-based nanomedi-
cine.100 Guo et al. highlighted Lithospermum erythrorhizon 
as the source of extraction for shikonin.101 Lin et al. referred 

to Lithospermum erythrorhizon as a Chinese medicinal 
herb.102 Tian et al. reported the antimicrobial and anti-
inflammatory properties of shikonin in their research.103 
Guo et al. mentioned the antioxidant and antithrombotic 
properties of shikonin.101 Ye et al. reported the anti-tu-
mor effect of shikonin.104 Several studies reported shi-
konin as  an  ideal option for the  treatment of  diabetic 
wounds.105–107 Eming et al. described VEGF-A in relation 
to angiogenesis in wound healing.108 DiPietro presented 
that angiogenesis results from hypoxia.109 In the case of in-
jury, hypoxia is primarily responsible for the recruitment 
of hypoxia-inducible factors such as HIF-1. It  supports 
the mechanism of angiogenesis during wound healing.110 
Dawood et al. highlighted angiogenesis as a key feature 
linked to the proliferative phase of wound healing.111 Ba-
hadoran et al. referred to the proliferative phase by another 
name, the growth phase of wound healing.112 Çerçi et al. 
utilized amoxicillin in combination with SA and polyvinyl 
alcohol. Polyvinyl alcohol was employed at a concentra-
tion of 12% wt/vol. Sodium alginate was utilized at a con-
centration of 1% wt/vol. The ratio selected for polyvinyl 
alcohol and SA was 2:1 (vol/vol) for the electrospinning 
solution, and 6.4 mg of amoxicillin trihydrate was added 
to the electrospinning solution. The electrospun nanofi-
brous mats were prepared by electrospinning. According 
to their research conclusions, the amoxicillin-loaded elec-
trospun nanofibrous mat exhibited antibacterial properties. 
Based on their in vitro studies, the prepared nanofibrous 
mat loaded with amoxicillin was recommended for wound 
dressing applications.113 Kaur et al. reported amoxicillin 
as an antibiotic belonging to the penicillin class.114 Ayavoo 
et al. reported that the remodeling phase of wound heal-
ing was responsible for the conversion or transformation 
of fibroblasts into myofibroblasts.115 The remodeling phase 
of wound healing tends to remodel collagen III to colla-
gen I.116 Yang et al. recommended a scaffold composed 
of SA, silk fibroin, and hyaluronic acid for extracellular  
matrix remodeling.117

Bibliometric analysis

The bibliometric analysis was conducted using the R soft-
ware v. 4.5.1 (R Foundation for Statistical Computing, Vienna, 
Austria) and VOSviewer (https://www.vosviewer.com/). Ini-
tially, the “bibliometrix” package was installed, followed 
by  loading the  library (bibliometrix). The biblioshiny() 
function was used to open the web-based interface for 
bibliometrix. Bibliometrix and biblioshiny were devel-
oped by Aria and Cuccurullo.118 The data were obtained 
from Scopus, and the document search was conducted 
using the terms “Sodium Alginate” AND “Wound Heal-
ing”, with the search restricted to “Article title, Abstract, 
Keywords” from 2010 to 2025 (access date: 27 June 2025). 
A total of 944 documents were generated from the search 

https://www.vosviewer.com/
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for “Sodium Alginate” AND “Wound Healing”. The annual 
scientific production data from Scopus for the specified 
search are presented in Fig. 2. The analyzed data show that 
the number of articles from 2018 to 2024 increased continu-
ously, indicating the growing prominence of the presented 
research in recent years. The most relevant sources are de-
picted in Fig. 3. It represents the International Journal of Bi-
ological Macromolecules, the leading journal presenting 
pertinent articles, with 159 publications. The 2nd most rel-
evant source was Carbohydrate Polymers, with 37 articles. 
The 3rd most relevant source was ACS Applied Materials 

and Interfaces, with 24 articles reported. The most glob-
ally cited papers were analyzed using Scopus data, and 
the results are presented in Fig. 4, which shows the papers 
with the most significant global citation impact. The im-
pact of local citations was also investigated, and the high-
est number of locally cited documents was 32, as depicted 
in Fig. 5. Van Eck and Waltman developed VOSviewer for 
bibliometric mapping.119 The Scopus data file was imported 
into VOSviewer, which helped identify relevant keywords 
through co-occurrence analysis. The co-occurrence analy-
sis is presented in Fig. 6.

Fig. 2. Annual scientific production (“Sodium Alginate” AND “Wound Healing” search within Scopus; access date: June 27, 2025)

Fig. 3. Most relevant sources with the number of articles (“Sodium Alginate” AND “Wound Healing” search within Scopus; access date: June 27, 2025)

Fig. 4. Most globally cited papers (“Sodium Alginate” AND “Wound Healing” search within Scopus; access date: June 27, 2025)
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Fig. 5. Most locally cited documents (“Sodium Alginate” AND “Wound Healing” search within Scopus; access date: June 27, 2025)

Fig. 6. Co-occurrence of keywords (“Sodium Alginate” AND “Wound Healing” search within Scopus; access date: June 27, 2025)

Conclusions and future outlook

Several factors must be considered in the wound heal-
ing mechanism, including the hydrophilicity, porosity, 
and biocompatibility of wound dressing materials. So-
dium alginate is primarily used in hemostatic powders 

for blood coagulation, as blood coagulation is the initial 
phase of wound healing. Wound healing is often delayed 
due to prolonged inflammation. Sodium alginate exhib-
its significant anti-inflammatory properties, facilitating 
early wound healing. The proliferation phase of wound 
healing is the combined result of angiogenesis, fibroblast 
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migration, and collagen deposition. Sodium alginate can 
effectively promote the  proliferative phase of  wound 
healing by contributing to  tissue granulation. Sodium 
alginate scaffolds also promote extracellular matrix re-
modeling. Machine learning is widely used to explore 
porous material structures. In the future, there is a need 
to develop an application programming interface (API) 
to facilitate data communication, particularly an API for 
the porosity of SA-based materials. Bibliometric analy-
sis also revealed that open-access journals are focusing 
on promoting research related to SA wound healing ap-
plications. Although many papers regarding the applica-
tion of SA have been published so far, it can be expected 
that more research articles on this material will be pub-
lished in the future, as many research groups worldwide 
are working on alginate and its combinations with other  
macromolecules.
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Abstract
Background. Conventional excipients used in pharmaceutical formulations often exhibit limitations such 
as uncontrolled drug release and adverse patient responses, highlighting the need for improved drug delivery 
systems. Sodium alginate beads have been widely investigated as biocompatible carriers due to their ability 
to form ionically crosslinked hydrogels; however, the influence of drug incorporation strategies on their struc-
tural and functional performance remains insufficiently understood. In this study, alginate beads were used 
as delivery systems for acetylsalicylic acid (ASA) and acetaminophen (AP), comparing encapsulation during 
gelation with post-synthesis impregnation. The aim was to evaluate how these strategies affect morphology, 
drug loading, and release mechanisms. Encapsulation resulted in higher drug loading efficiencies (66.5% 
for AP and 81.8% for ASA) compared to impregnation (61.4% and 73.3%, respectively), as well as a more 
homogeneous drug distribution within the polymeric matrix. Morphological and structural analyses confirmed 
that encapsulated beads exhibited more uniform and compact structures, whereas impregnated systems 
showed heterogeneous drug localization and surface-associated deposits. In vitro release studies revealed 
that encapsulation promotes controlled and sustained release, while impregnation leads to faster release 
due to shorter diffusion pathways. Kinetic modeling indicated that AP release follows anomalous transport 
involving both diffusion and polymer relaxation, whereas ASA release is predominantly diffusion-controlled. 
These findings demonstrate that the drug incorporation strategy governs the internal structure of alginate 
beads and directly determines their release behavior, providing mechanistic insight into the rational design 
of polymeric drug delivery systems with tunable and predictable performance.

Objectives. The main objective of this study was to investigate sodium alginate beads as potential carriers 
for active pharmaceutical ingredients.

Materials and methods. Sodium alginate beads were prepared by ionotropic gelation and loaded with 
acetaminophen or acetylsalicylic acid either by encapsulation during gelation or by post-synthesis impregna-
tion. The beads were characterized using FTIR, SEM, and XRD. Drug loading, swelling behavior, in vitro drug 
release, and release kinetics were also evaluated.

https://www.doi.org/10.17219/pim/224828
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Results. Encapsulation produced beads with higher drug-loading efficiency and more homogeneous structures than impregnation. Consequently, encapsulated 
systems exhibited more controlled and sustained drug release, whereas impregnated beads showed faster release because of drug localization near the bead surface. 
Kinetic analysis indicated anomalous transport for acetaminophen and predominantly diffusion-controlled release for acetylsalicylic acid.

Conclusions. This study indicates that the drug incorporation strategy is a key factor governing the structural, functional, and release properties of alginate-based 
delivery systems.

Streszczenie
Konwencjonalne substancje pomocnicze stosowane w preparatach farmaceutycznych często wykazują ograniczenia, takie jak niekontrolowane uwalnianie leku 
i niepożądane reakcje pacjentów, co wskazuje na potrzebę ulepszonych systemów dostarczania leków. Kulki alginianu sodu były szeroko badane jako biozgodne 
nośniki ze względu na ich zdolność do tworzenia jonowo usieciowanych hydrożeli; jednak wpływ strategii wprowadzania leków na ich właściwości strukturalne 
i funkcjonalne pozostaje nie do końca poznany. W niniejszym badaniu kulki alginianu zastosowano jako systemy dostarczania kwasu acetylosalicylowego (ASA) 
i acetaminofenu (AP), porównując enkapsulację podczas żelowania i impregnację po syntezie. Celem była ocena wpływu tych strategii na morfologię, nasycenie 
lekiem i mechanizmy uwalniania. Enkapsulacja skutkowała wyższą wydajnością nasycenia lekiem (66.5% dla AP i 81.8% dla ASA) w porównaniu z impregnacją 
(odpowiednio 61.4% i 73.3%), a także bardziej jednorodną dystrybucją leku w matrycy polimerowej. Analizy morfologiczne i strukturalne potwierdziły, że otoczone 
kapsułkami kulki wykazują bardziej jednorodną i zwartą strukturę, podczas gdy systemy impregnowane charakteryzują się heterogeniczną lokalizacją leku i osadami 
na powierzchni. Badania uwalniania in vitro wykazały, że otoczenie kapsułkami sprzyja kontrolowanemu i przedłużonemu uwalnianiu, podczas gdy impregnacja 
prowadzi do szybszego uwalniania dzięki krótszym szlakom dyfuzji. ​​Modelowanie kinetyczne wskazało, że uwalnianie AP następuje w wyniku transportu anomalnego, 
obejmującego zarówno dyfuzję, jak i relaksację polimeru, podczas gdy uwalnianie ASA jest głównie kontrolowane przez dyfuzję. Odkrycia te dowodzą, że strategia 
wprowadzania leku determinuje strukturę wewnętrzną kulek alginianu i bezpośrednio wpływa na ich zachowanie podczas uwalniania; zapewnia to mechanistyczny 
wgląd w racjonalne projektowanie polimerycznych systemów dostarczania leków o regulowanej i przewidywalnej wydajności.

Key words: release, mechanism, kinetics, encapsulation, impregnation

Słowa kluczowe: uwalnianie, kinetyka, mechanizm, kapsułkowanie, impregnacja

Introduction

Conventional pharmaceutical formulations frequently 
exhibit limitations such as  uncontrolled drug release, 
gastrointestinal irritation, and variability in therapeutic 
response, which are often associated with both the active 
pharmaceutical ingredients (APIs) and the excipients em-
ployed.1,2 These challenges have driven the development 
of advanced drug delivery systems capable of improving 
drug stability, bioavailability, and release control.3 Among 
these systems, polymeric matrices based on natural bio-
polymers have gained significant attention due to their 
biocompatibility, low toxicity, and versatility.4–6 In particu-
lar, sodium alginate has been extensively studied as a drug 
delivery material because of its ability to form hydrogels 
through ionic crosslinking with divalent cations, enabling 
the encapsulation and controlled release of active com-
pounds.5,7,8 The physicochemical properties of alginate-
based systems, including porosity, swelling behavior,9 and 
crosslinking density, are known to strongly influence drug 
release mechanisms, which may involve diffusion, polymer 
relaxation, or a combination of both.8,10

Despite the  extensive literature, the  distribution 
of the drug within the matrix significantly affects release 
behavior, yet systematic comparative studies on incorpo-
ration strategies remain limited, particularly in compari-
son with studies focused on crosslinking conditions and 
bead size.7,8,11,12 However, comparatively less attention has 
been given to the role of drug incorporation strategies 

in determining the internal structure of the polymer ma-
trix and its subsequent impact on drug release behavior.10 
The distribution of the drug within the matrix – whether 
homogeneously embedded or localized near the surface – 
can significantly affect both loading efficiency and release 
kinetics.13 Drug incorporation into alginate matrices can 
be achieved through different approaches, including en-
capsulation during gel formation and post-synthesis im-
pregnation.10 These strategies are expected to produce 
distinct structural organizations within the beads, influ-
encing drug–polymer interactions and mass transport 
phenomena.14 Encapsulation typically promotes uniform 
drug entrapment within the polymeric network, whereas 
impregnation often results in heterogeneous distribution 
and surface localization of the drug.13 Nevertheless, sys-
tematic comparative studies evaluating these approaches 
under similar experimental conditions remain limited. 
Despite the extensive use of alginate beads in drug deliv-
ery, limited attention has been given to how different drug 
incorporation strategies influence the internal structure 
of the matrix and, consequently, the release mechanism. 
Understanding this relationship is essential for the rational 
design of controlled release systems. Therefore, the aim 
of this study is to investigate how different drug incor-
poration strategies affect the internal structure of algi-
nate beads and their release behavior. The study focuses 
on elucidating how the incorporation strategy affects bead 
morphology, drug loading, and release behavior, as well 
as the underlying transport mechanisms. By establishing 
structure–function relationships, this work contributes 
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to the rational design of alginate-based delivery systems 
with tunable release profiles and improved performance.

Materials and methods

Reagents

All reagents used were of analytical grade, and all aque-
ous solutions were prepared with deionized water. Calcium 
chloride (CaCl2, ≥99.9%, Fermont, Monterrey, Nuevo León, 
México, Productos Químicos Monterrey, S.A. de C.V.), so-
dium alginate (NaC6H7O6, ≥99.9%, Meyer, Ciudad de México, 
México, Química Suastes S.A. de C.V.), sodium chloride 
(NaCl, 99%, Meyer, Ciudad de México, México, Química 
Suastes S.A. de C.V.), hydrochloric acid (HCl, 36%, J.T. Baker, 
Madrid, Spain, Fisher Scientific S.L.), and sodium hydroxide 
(NaOH, ≥99.9%, Meyer, Ciudad de México, México, Química 
Suastes S.A. de C.V.) were employed. Pepsin (from porcine 
gastric mucosa, CAS 9001-75-6, St. Louis MO, USA, Sigma-
Aldrich), acetylsalicylic acid (C9H8O4, CAS 50-78-2, Wup-
pertal, Germany, Bayer), and acetaminophen (C8H9NO2, 
CAS 103-90-2, New Brunswick, Nueva Jersey, USA, Johnson 
& Johnson) were purchased from Sigma-Aldrich.

Preparation of SAP and API incorporation

Sodium alginate pearls (SAP) were prepared using 
the ionotropic gelation method. The selected conditions 
are consistent with widely reported protocols for alginate 
gelation and bead formation, which strongly influence 
structural integrity and encapsulation performance.4,15 
The selected alginate concentration, CaCl2 concentration, 
and processing conditions were chosen based on previ-
ous studies reporting their influence on bead formation, 
encapsulation efficiency, and release behavior. A 4% (w/v) 
sodium alginate solution (NaC6H7O6, 100% purity, Meyer) 
was maintained under constant stirring at 80°C until a ho-
mogeneous viscous solution was obtained. The resulting 
solution was then pumped dropwise into a 0.2 M calcium 
chloride solution (CaCl2, Fermont, 100%) maintained 
at 4°C, as  illustrated in Fig. 1.16 The distance between 

the CaCl2 solution and the hose (2.5 mm in diameter) was 
8 cm while the pumping speed of the sodium alginate so-
lution was 5 mL/min. The droplets immediately formed 
spherical gel beads due to ionic crosslinking between Ca2+ 
and alginate chains.

The APIs were incorporated into the beads using two 
different methods: encapsulation and impregnation. 
These incorporation strategies were selected to evaluate 
how drug distribution within the polymeric matrix affects 
structural organization and release mechanisms, as drug 
localization has been reported to significantly influence 
mass transport behavior in polymeric systems.9,10 For en-
capsulation, the API was mixed directly into the sodium 
alginate solution before gelation. The resulting mixture 
was then dropped into a CaCl2 solution to form the beads. 
For impregnation, SAP were first prepared as blank beads. 
These preformed beads were then immersed in an API 
solution and stirred vigorously for 2 h at room temperature 
to allow diffusion of the active ingredient into the poly-
meric matrix.17 The initial mass of API used was 0.5 g while 
the initial mass of ASA was 0.3 g. After incorporation, 
the API-loaded beads were stored at 4°C for 24 h to com-
plete hardening, followed by filtration and drying in a con-
vection oven (Memmert, model UNB 100) at 100°C for 
1 h. The dried SAP-API were then stored in sealed amber 
containers under dark conditions to protect them from 
light exposure and extend their shelf life.

The  in  vitro release of  the  APIs was evaluated us-
ing a simulated gastric fluid (SGF) prepared according 
to the composition shown in Table 1. The release condi-
tions were selected to simulate physiological gastric envi-
ronments and to evaluate the performance of the delivery 
system under relevant conditions. The SGF was obtained 
by dissolving the components listed in Table 1 in 1 L of de-
ionized water under vigorous stirring at room temperature. 
The solution was transferred to an amber glass container 
with a gas-tight cap and sterilized in an autoclave (Felisa, 
Zapopan, Jalisco, Mexico) at 121°C and 15 psi for 15 min.18 
Release studies were performed using SGF solutions with 
and without pancreatin to evaluate the behavior of both 
encapsulated and impregnated APIs.

A total of 0.3 g of alginate beads was accurately weighed 
and immersed in 100 mL of simulated gastric fluid within 
a dissolution apparatus (CROMTEK, Ethik, Santiago, Chile) 
maintained at 37°C. Aliquots were withdrawn every 10 min 
to determine the concentration of API. All experiments 
were performed in triplicate.16,17 For ASA quantification, 

Fig. 1. Constant-flow system for the preparation of sodium alginate beads

Table 1. Composition of simulated gastric fluid (SGF)18

Compound Weight, g

HCl 16.4*

NaCl 4

Pepsin 10

*mL.
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2 mL of each withdrawn sample was mixed in a 1 : 1 : 1 (v/v) 
ratio with water, sample, and NaOH (1 M), respectively, 
and the absorbance was measured at 297 nm using a UV–
Vis spectrophotometer.17 For API analysis, aliquots were 
diluted with 0.1 M HCl and the absorbance was recorded 
at 300 nm.18 The release profile of the API was evaluated 
by calculating the fractional release (Mt/M∞) as a function 
of time in the table 2. Experimental data were fitted to vari-
ous kinetic models commonly used to describe drug release 
from polymeric systems.9,19 These models enable the iden-
tification of  dominant mechanisms such as  diffusion, 
swelling, and polymer relaxation.8,20 The quality of the fit 
was assessed using the coefficient of determination (R2) 
and the Akaike Information Criterion (AIC) for statistical 
comparison.20All experiments were performed in triplicate, 
and results are reported as mean ±standard deviation.

Table 2. Mathematical models used to describe API release kinetics9,21

Models Equation Description

Higuchi kH is the Higuchi constant that reflects the characteristics 
of the formulation, M∞ and Mt are the amounts of drug contained 

in the pharmaceutical form at the beginning of the release process 
and the amount of drug released at time t.

Power law k is the incorporation constant of structural modifications and 
geometric characteristics of the system (release rate constant), and 
n is the release exponent (related to the drug release mechanism)

Weibull m is the fraction of drug accumulated in the solution at time t. (Drug 
release profiles of matrix systems)

Peppas-Sahlin

Amount of drug released due to the diffusion mechanism (Fickian, F)

Contribution by swelling or relaxation (R)

Physicochemical and structural 
characterization of alginate beads loaded 
with active compounds

X-ray diffraction (XRD) patterns were obtained us-
ing a diffractometer (Rigaku Ultima IV) equipped with 
a Cu Kα radiation source (λ = 1.5418 Å). Data were col-
lected over a 2θ range of 5–80° with a step size of 0.02°. 
Attenuated total reflectance–Fourier transform infrared 
spectroscopy (ATR-FTIR) analyses were performed using 
an infrared spectrometer (Nicolet iS10 Smart, Thermo 
Scientific) in the range of 4000–550 cm–1, with 32 scans 
at a resolution of 4 cm–1. Surface morphology and elemen-
tal composition were examined using scanning electron 
microscopy coupled with energy-dispersive X-ray spec-
troscopy (SEM–EDS) (JEOL JSM-6510 Plus). High-mag-
nification micrographs were acquired to evaluate surface 
topology and particle size distribution. The size of SAP 

was determined using a stereomicroscope (Hinotek, model 
XTD-127) operated at magnifications ranging from ×10 
to ×40 under reflected-light illumination. Bead diameters 
were measured by image analysis using ImageJ software, 
calculating the equivalent circular diameter of at  least 
30 beads per sample. Results are reported as mean diam-
eter ± standard deviation. These characterization tech-
niques were employed to correlate structural properties 
with the incorporation strategy and its impact on drug 
distribution and release behavior.

Results and Discussion
Effect of the incorporation strategy 
on bead formation and product yield

The formation of sodium alginate beads is strongly in-
fluenced by  formulation and processing variables such 
as alginate concentration, solution viscosity, and gelation 
conditions. Among these factors, viscosity plays a key role 
in controlling droplet formation, bead integrity, and repro-
ducibility during ionotropic gelation, since excessively high 
viscosity hinders solution flow, whereas low viscosity leads 
to unstable droplet formation and poor bead definition.4,15,22 
During preliminary trials, satisfactory bead formation for AP 
was achieved using 1% (w/v) sodium alginate, whereas ASA 
required a higher alginate concentration of 4% (w/v) to obtain 
stable and well-defined beads. This behavior suggests that 
the incorporation of each API modifies the physicochemical 
properties of the precursor solution differently, affecting 
its processability during gelation. Therefore, alginate con-
centration was adjusted to ensure adequate bead formation 
and structural stability for each system.4,22 The total mass 
of SAP obtained for each API and incorporation strategy 
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is summarized in Table 3. Differences in the recovered mass 
were observed between APIs and between incorporation 
methods, indicating that bead formation is affected not only 
by formulation composition but also by the incorporation 
strategy. In particular, encapsulation produced higher re-
covered mass than impregnation for both APIs, which may 
be associated with a more efficient retention of the drug 
within the polymeric network during bead formation. These 
results indicate that the incorporation strategy is not merely 
a loading step, but a key design parameter that influences 
bead formation and final product yield. This initial differ-
ence is relevant because it anticipates variations in subse-
quent properties such as morphology, drug distribution, 
and release performance.

Table 3. Total mass of alginate beads obtained for each API and 
incorporation strategy

AI Method Weight [g]

AP Encapsulated 14.73 ±0.74

Impregnated 13.61 ±0.54

ASA Encapsulated 45.05 ±1.80

Impregnated 25.84 ±0.78

Physical and functional properties 
of alginate beads

Morphology

The morphology of alginate beads is a critical factor 
influencing drug distribution and release behavior. Opti-
cal microscopy images of SAP loaded with AP and ASA 
using encapsulation and impregnation methods are shown 
in Fig. 2 and 3, respectively. Encapsulated beads exhibited 
a predominantly spherical morphology with relatively uni-
form surfaces, indicating stable droplet formation during 
ionotropic gelation. In contrast, impregnated beads showed 
partially spherical or irregular geometries, characterized 
by  flattened regions and increased surface roughness. 
These differences are associated with the absence of drug 
during bead formation in the impregnation method, which 
leads to less structural stabilization during gelation.

The more homogeneous morphology observed in en-
capsulated systems suggests a  more uniform internal 
polymeric network, which may favor controlled diffusion 
of  the drug. Conversely, the  irregular structure of  im-
pregnated beads indicates heterogeneous drug distribu-
tion, likely localized near the surface, which can promote 
faster release behavior. These observations highlight that 
the incorporation strategy directly affects the structural 
organization of the beads and, consequently, their func-
tional performance.14,23 These morphological differences 
are consistent with previous reports indicating that drug 

incorporation methods influence bead structure and 
surface characteristics, which in turn affect drug release 
behavior.24,25

Fig. 2. Optical microscopy images of SAP-AP: (a) Enc and (b) Imp after 
exposure to SGF. The images illustrate the morphological integrity 
and surface characteristics of the beads under acidic conditions. Scale 
bar = 1 mm

Fig. 3. Optical microscopy images of SAP-ASA: (a) Enc and (b) Imp after 
exposure to SGF. The images illustrate the morphological integrity 
and surface characteristics of the beads under acidic conditions. Scale 
bar = 1 mm. 

Size determination

The  average diameter of  the  alginate beads was de-
termined for each API and incorporation method, and 
the results are presented in Table 4. Encapsulated beads 
exhibited slightly smaller and more uniform diameters 
compared to impregnated beads.

	 Eq. (1)

where Dp is the average diameter of the SAP. Table 4 
shows the Dp for each pearl.

The differences in size distribution can be attributed 
to variations in solution viscosity and droplet formation 

Table 4. Average and standard deviation for each pearl type

API Method Dp (mm)

AP Encapsulated 1.789 ± 0.203

Impregnated 1.893 ± 0.202

ASA Encapsulated 2.480 ± 0.224

Impregnated 2.296 ± 0.226
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during gelation. Encapsulation modifies the rheological 
properties of the alginate solution, leading to more stable 
droplet formation and reduced size variability. In contrast, 
impregnation does not influence bead formation directly, 
resulting in greater variability in bead size.

π 				    Eq. (2)

and

π
				    Eq. (3)

where A is the projected area, P is the perimeter and 
Dmax is  the maximum Feret diameter. A narrower size 
distribution is generally associated with more predictable 
drug release profiles, whereas increased variability may 
lead to heterogeneous release behavior. Therefore, the ob-
served differences in bead size further support the influ-
ence of the incorporation strategy on the structural char-
acteristics of the system.

Sphericity and roundness

The sphericity and roundness factors (Table 5) provide 
quantitative evidence of the morphological differences 
between encapsulated and impregnated beads. Encapsu-
lated systems exhibited values closer to unity (φ ≈ 1), in-
dicating near-spherical particles with uniform geometry. 
In contrast, impregnated beads showed lower sphericity 
and roundness values, confirming their irregular morphol-
ogy. These geometric differences are relevant because par-
ticle shape influences surface area, diffusion pathways, and 
interactions with the dissolution medium. More spherical 
particles tend to exhibit more controlled and uniform re-
lease behavior, whereas irregular particles may facilitate 
faster release due to increased surface exposure.

Table 5. SAP sphericity and roundness factor

API Method φ R

AP Encapsulated 0.899 0.912

Impregnated 0.748 0.774

ASA Encapsulated 0.938 0.984

Impregnated 0.660 0.843

Drug content and loading efficiency

The drug content and loading efficiency (Table 6, 7) were 
significantly influenced by  the  incorporation strategy. 

Encapsulation resulted in higher drug loading and im-
proved uniformity compared to impregnation for both 
APIs.

					     Eq. (4)

This behavior can be attributed to  the  entrapment 
of the drug within the polymeric network during gelation, 
which minimizes drug loss and promotes homogeneous 
distribution. In contrast, impregnation relies on diffu-
sion of the drug into preformed beads, leading to limited 
penetration and surface accumulation. These findings 
suggest that the incorporation strategy governs not only 
the amount of drug incorporated but also its spatial distri-
bution within the matrix, which is expected to play a key 
role in determining release kinetics.23,26,27 Taking these 
results into consideration, the mass balance of the API load 
in SAP was calculated and is presented in the following 
table, based on the equation shown below:

Eq. (5)

Table 6. Yield of SAP obtained from different production methods

AI Method API, %

AP Encapsulated 66.50 ±5.38

Impregnated 61.44 ±4.97

ASA Encapsulated 81.83 ±6.63

Impregnated 73.74 ±5.97

Table 7. Mass balance in API load in SAP with different methods

AI Method SAP-API, g Supernantant-API, g Lost API, g

AP Encapsulated 0.333 0.152 0.015

Impregnated 0.307 0.138 0.055

ASA Encapsulated 0.246 0.032 0.022

Impregnated 0.221 0.041 0.038

Moisture content and swelling behavior

The swelling behavior of alginate beads is a key param-
eter affecting drug release, as it determines water uptake 
and matrix expansion. The results presented in Table 8 
show similar swelling ratios for both incorporation meth-
ods, indicating that the polymeric network retains its hy-
drophilic nature regardless of the strategy used.

	 eq (7)

where Wwet, Wdry (g) are the masses of the wet and dry 
SAP, the values obtained being observed in Table 8. As can 
be seen, the humidity is similar regardless of the API trap-
ping method used.

However, slight differences in swelling behavior may still 
influence release kinetics by modifying diffusion pathways 
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Table 8. Moisture content of SAP

AI Method Swelling ratio, %

AP Encapsulated 151.55 ±13.8

Impregnated 168.57 ±15.3

ASA Encapsulated 166.15 ±15.1

Impregnated 177.9 ±16.19

within the hydrogel matrix. These results suggest that, 
while swelling is primarily governed by polymer proper-
ties, the incorporation strategy may indirectly influence 
water uptake through changes in internal structure.28–30

Evaluation of API release from SAP

The in vitro release profiles of AP and ASA from alginate 
beads prepared by encapsulation and impregnation are 
presented in Fig. 4. The release behavior differed signifi-
cantly depending on the incorporation strategy, indicating 
that drug distribution within the polymeric matrix plays 
a key role in controlling mass transport. For ASA, encap-
sulated beads exhibited a more controlled release profile, 
characterized by a gradual increase in drug release over 
time. In contrast, impregnated beads showed a faster initial 
release, indicating that a significant fraction of the drug 
is located near the bead surface. This behavior is consistent 
with the expected differences in drug distribution between 
both incorporation strategies.

Similarly, for AP, impregnated beads exhibited a higher 
initial release compared to encapsulated systems. Encap-
sulation reduced the burst effect and promoted a more 
sustained release, suggesting that the drug is more ef-
fectively entrapped within the polymeric network. These 
results suggest that encapsulation improves control over 
drug release, whereas impregnation leads to faster release 
due to surface-localized drug. The differences observed 
in release behavior can be directly related to the struc-
tural characteristics described in the physical and func-
tional properties of alginate beads section. Encapsulated 
beads exhibited more uniform morphology and internal 
structure, favoring diffusion-controlled release. In con-
trast, the heterogeneous structure of impregnated beads 
facilitates shorter diffusion pathways and faster release  
kinetics.

Fig. 4. In vitro release profiles of AP and ASA from alginate beads prepared by encapsulation and impregnation methods

Mechanistic analysis of drug release

To elucidate the dominant release mechanisms, experi-
mental data were fitted to several kinetic models com-
monly used for polymeric systems (Table 9). These models 
allow differentiation between diffusion-controlled, swell-
ing-controlled, and anomalous transport mechanisms.8,31 
For AP, the Korsmeyer–Peppas and Peppas–Sahlin models 
provided the best fit, indicating that release is governed 
by anomalous transport, involving both diffusion and 
polymer relaxation. This behavior is also consistent with 

Table 9. Parameters of API release models

Sample
Higuchi Korsmeyer–Peppas Peppas–Sahlin Weibull

KH R2 AIC K n R2 AIC K1 K2 m R2 AIC β α R2 AIC

AP-Enc 4.30 0.96 44.6 0.03 0.66 0.96 –14.8 0.03 0.01 0.43 0.95 –14.6 0.83 0.02 0.95 –12.6

AP-Imp 9.13 0.83 36.3 0.03 0.54 0.95 –17.7 0.03 0.02 0.43 0.95 –17.5 0.65 0.01 0.94 –12.4

ASA-Enc 7.11 0.94 32.2 0.15 0.45 0.97 –1.69 0.16 0.00 0.43 0.80 –1.68 0.61 0.07 0.94 –2.19

ASA-Imp 4.31 0.89 26.6 0.04 0.56 0.94 –9.68 0.04 0.01 0.43 0.83 –9.53 0.61 0.01 0.95 –8.46
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drug solubility differences between ASA and AP, which 
may influence diffusion through the hydrated matrix.

The values of the release exponent (0.43 < n < 0.85) sug-
gest that AP release occurs through a combination of Fick-
ian diffusion and matrix relaxation processes. In contrast, 
the release of ASA was better described by the Weibull 
model, suggesting a predominantly diffusion-controlled 
mechanism. The β parameter (β < 1) indicates an initial 
rapid release followed by a slower stage, consistent with 
drug diffusion from a polymeric matrix. The relative con-
tributions of diffusion and polymer relaxation (Table 10) 
further support these findings. AP release is dominated 
by polymer relaxation, whereas ASA release is primarily 
governed by diffusion. These differences may be attributed 
to the physicochemical properties of each API and their 
interaction with the alginate matrix.

Importantly, the incorporation strategy significantly in-
fluences the dominant release mechanism. Encapsulation 
promotes a more homogeneous drug distribution within 
the matrix, leading to diffusion-controlled or mixed trans-
port behavior. In contrast, impregnation results in hetero-
geneous drug localization and faster release dominated 
by surface desorption and diffusion. These findings indi-
cate that the incorporation method is a key parameter gov-
erning both the kinetics and mechanism of drug release. 
The results are consistent with established models of drug 
transport in polymeric systems, where matrix structure 

and drug distribution determine the dominant release 
pathways.9,10 Additionally, differences in drug solubility 
and molecular size may contribute to the observed varia-
tions in transport mechanisms between ASA and AP.

Table 10. Contribution of diffusion and polymer relaxation to API release

AI Method F R

AP Encapsulated 0.4061 0.5939

Impregnated 0.7030 0.2970

ASA Encapsulated 1.0000 0.0000

Impregnated 0.6920 0.3080

Structural characterization of alginate 
beads

The structural and physicochemical properties of algi-
nate beads prepared using different incorporation strat-
egies were analyzed by FTIR, SEM, and XRD in order 
to establish correlations between matrix structure, drug 
distribution, and release behavior.

FTIR analysis

FTIR spectra of alginate beads before and after drug 
incorporation are shown in Fig. 5. The spectra exhibit 
characteristic bands associated with alginate, including 
broad O–H stretching vibrations (~3200–3400 cm–1), C–H 
stretching (~2900 cm–1), and asymmetric and symmetric 
stretching of carboxylate groups (~1600 and ~1400 cm–1), 
which are responsible for interactions with crosslinking 
ions. After drug incorporation, slight shifts and changes 
in band intensity were observed, particularly in the re-
gions associated with hydroxyl and carboxyl groups.4,32 
These variations suggest potential interactions between 
the  APIs and the  polymeric matrix, such as  hydrogen 
bonding or electrostatic interactions, which have been 
widely reported in alginate-based drug delivery systems.7,13 
Encapsulated systems showed more pronounced spec-
tral changes compared to  impregnated beads, indicat-
ing stronger interactions between the drug and the algi-
nate matrix. In contrast, impregnated systems exhibited 
minimal spectral modifications, suggesting that the drug 
is mainly adsorbed on the surface rather than integrated 

Fig. 5. FTIR spectra of alginate beads before and after drug incorporation using encapsulation and impregnation methods
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into the polymer network. These findings support the hy-
pothesis that encapsulation leads to a more homogeneous 
distribution of the drug within the matrix, whereas im-
pregnation results in surface-localized drug, which is con-
sistent with the release behavior observed in in the evalua-
tion of API release from SAP section. These characteristic 
bands are consistent with those reported for alginate-based 
systems in previous studies.4,31,32

SEM analysis

SEM images of alginate beads before and after drug in-
corporation are presented in Fig. 6. Encapsulated beads 
exhibited a relatively compact and homogeneous inter-
nal structure, whereas impregnated beads showed a more 
heterogeneous morphology with visible surface irregu-
larities. After drug loading, encapsulated systems main-
tained their structural integrity, indicating that the drug 

is  incorporated within the matrix without significantly 
altering the external morphology. In contrast, impreg-
nated beads displayed surface deposits and irregularities, 
which can be attributed to drug accumulation on or near 
the surface. These morphological differences are directly 
related to the observed release behavior. Surface-localized 
drug in impregnated beads facilitates rapid dissolution and 
faster release, whereas the more uniform structure of en-
capsulated systems promotes controlled diffusion through 
the polymeric network.15 Similar morphological changes 
associated with drug incorporation and surface deposition 
have been reported in alginate-based delivery systems, 
where surface-associated drug leads to faster release be-
havior compared to matrix-embedded systems.14,33,34

Fig. 6. SEM images of alginate beads prepared by encapsulation and 
impregnation before and after drug loading

XRD analysis

XRD patterns of alginate beads are shown in Fig. 7. The dif-
fractograms exhibit broad peaks characteristic of amor-
phous materials. This amorphous behavior is characteristic 
of alginate-based hydrogels, which typically lack long-range 
crystalline order due to their ionically crosslinked struc-
ture.4,35 No major changes in crystallinity were observed 
after drug incorporation, although minor variations in peak 
intensity were detected in impregnated samples, which may 
be associated with partial surface crystallization. This be-
havior is consistent with molecular-level dispersion. The ab-
sence of distinct crystalline peaks indicates that the APIs are 
molecularly dispersed within the polymeric matrix rather 
than forming separate crystalline phases.36–38 The absence 
of sharp crystalline peaks in encapsulated systems further 
supports the hypothesis of homogeneous drug distribu-
tion, whereas any minor changes observed in impregnated 
samples may be associated with partial surface crystalli-
zation of the drug. Overall, the XRD results suggest that 

Fig. 7. XRD patterns of alginate beads prepared under different incorporation strategies
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the structure of alginate beads is predominantly amorphous, 
which favors diffusion-controlled drug release.

The results obtained from FTIR, SEM, and XRD analyses 
consistently indicate that the drug incorporation method 
significantly alters the internal structure of the alginate 
matrix. This structural modification is directly related 
to the observed differences in drug release behavior, where 
encapsulation promotes a more homogeneous distribution 
and controlled release, while impregnation leads to surface 
localization and faster release profiles.

Conclusions

This study indicates that the drug incorporation strat-
egy is a key factor governing the structural, functional, 
and release properties of alginate-based delivery systems. 
The comparison between encapsulation and impregna-
tion methods revealed significant differences in  bead 
morphology, drug loading, and release behavior. En-
capsulation resulted in more homogeneous structures, 
higher drug loading efficiency, and improved control over 
drug release, indicating effective integration of the APIs 
within the polymeric network. In contrast, impregnation 
led to heterogeneous drug distribution, with a significant 
fraction of the drug localized near the bead surface, re-
sulting in faster release profiles. Kinetic modeling showed 
that AP release is governed by anomalous transport in-
volving both diffusion and polymer relaxation, whereas 
ASA release is predominantly diffusion-controlled. These 
differences are directly related to the internal structure 
of the beads and the spatial distribution of the drug, which 
are determined by the incorporation strategy. Structural 
characterization by FTIR, SEM, and XRD supported these 
findings, confirming that encapsulation promotes a more 
uniform internal organization, while impregnation leads 
to surface-associated drug distribution. The consistency 
between structural analysis and release behavior highlights 
a clear structure–function relationship in alginate systems. 
Overall, this work provides mechanistic insight into how 
drug incorporation strategies influence polymeric delivery 
systems, demonstrating that the incorporation method 
is not merely a processing step but a critical design pa-
rameter. These findings contribute to the rational design 
of alginate-based carriers with tunable release profiles and 
potential applications in controlled drug delivery.
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Abstract
Background. This study presents the results of an investigation into the interactions between innovative 
ophthalmic formulations and commercially available low-density polyethylene (LDPE) containers. The newly 
developed formulations are self-emulsifying oils (SEOs) containing suspended drug particles, designed 
to form an emulsion immediately upon contact with tear fluid. Physicochemical and mechanical properties 
of the containers were evaluated. Interactions between 6 different LDPE containers and the SEO matrix (oil “O” 
and surfactant Tween 20 “T”) were investigated, and the impact of the SEO formulations on the mechanical 
properties of the containers was assessed.

Objectives. The study aimed to identify potential interactions between SEO components and the packaging 
that may occur during storage under stress conditions, based on changes in morphology, structure, thermal 
behavior, and mechanical strength.

Materials and methods. The SEO carrier was prepared by mixing Miglyol® 812 with Tween® 20 at a con-
centration of 5% w/w, followed by sterile filtration. The suspensions were compounded aseptically using 
sterile, micronized sodium cefuroxime (CEF) and vancomycin hydrochloride (VAN) at a concentration of 5% 
w/w, along with sodium citrate (2% w/w). In accordance with stability testing guidelines, stress stability 
studies were conducted in a climatic chamber at 40°C/75% relative humidity and 60°C/75% relative humidity. 
To detect structural and physicochemical changes, advanced analytical techniques were employed, includ-
ing Fourier-transform infrared (FTIR) and near-infrared (NIR) spectroscopy for the assessment of structural 
alterations and potential degradation, differential scanning calorimetry (DSC) for thermal analysis, and X-ray 
diffraction (XRD) for evaluation of material crystallinity. The mechanical strength of packaging material frag-
ments after contact with the formulations was evaluated using a TA.XTplus texture analyzer.

Results. The experiments indicated potential migration (e.g., of plasticizers and residual monomers), as well 
as adsorption or absorption of excipient components. Subtle interactions were observed, accompanied 
by negligible changes in the mechanical strength of the packaging material.

Conclusions. The study confirmed the necessity of comprehensive compatibility testing between ophthalmic 
formulations and their packaging materials. A thorough understanding of these interactions is essential 
to ensure product stability, safety, and quality during storage and use.

https://www.doi.org/10.17219/pim/218264
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Streszczenie
Wprowadzenie. Artykuł przedstawia wyniki badań interakcji innowacyjnych preparatów okulistycznych z komercyjnymi opakowaniami z polietylenu o niskiej 
gęstości (LDPE). Opracowane formuły olejowe mają postać samoemulgujących zawiesin olejowych (SEO), przeznaczonych do natychmiastowego tworzenia emulsji 
z płynem łzowym po aplikacji. Zaplanowano badania fizykochemiczne i stresowe opakowań. Badano interakcje 6 różnych opakowań z matrycą SEO (olej „O” i sur-
faktant Tween 20 „T”) oraz oceniono wpływ SEO na właściwości mechaniczne opakowań.

Cel pracy. Badania miały na celu identyfikację potencjalnych interakcji składników olejowego preparatu z opakowaniem, które mogą wystąpić podczas przecho-
wywania preparatów, w oparciu o zmiany w materiale opakowania: morfologii, strukturze, własnościach termicznych i wytrzymałości mechanicznej.

Materiał i metody. Nośnik SEO przygotowano poprzez zmieszanie Miglyolu 812 z Tweenem 20 w stężeniu 5% w/w, a następnie poddano filtracji wyjaławiającej. 
Dodano mikronizowane proszki cefuroksymu sodowego (CEF) lub chlorowodorku wankomycyny (VAN) w stężeniu 5% w/w oraz cytrynian sodu (2% w/w), a następnie 
zhomogenizowano zawiesinę. Do badań przeznaczono próbki opakowań o wymiarach 5 × 5 mm, które umieszczano w probówkach Eppendorfa i zalewano 0,5 ml 
odpowiedniego płynu: oleju (O), oleju z Tween (O-T) lub zawiesiny (SEO-CEF, SEO-VAN).

Wyniki. Eksperymenty wskazały na możliwość migracji składników opakowania do preparatu (np. plastyfikatorów czy monomerów) oraz adsorpcji lub absorpcji 
do opakowania składników preparatu; w konsekwencji zanotowano również subtelne zmiany wytrzymałości opakowania.

Wnioski. Badanie dostarcza ważnych informacji, które muszą być uwzględnione przy wyborze opakowania dla kropli do oczu i wskazuje na przydatność użytych 
testów do oceny interakcji. Zrozumienie tych interakcji jest kluczowe dla zapewnienia stabilności, bezpieczeństwa i skuteczności terapeutycznej produktu podczas 
jego przechowywania i stosowania.

Key words: interactions, LDPE packaging, ophthalmic preparation, self-emulsifying oil

Słowa kluczowe: interakcje, opakowania LDPE, preparaty oftalmiczne, samoemulgujące krople olejowe

Introduction

One of the crucial steps in introducing a new medicinal 
product to the market is the development of appropriate 
packaging. Pharmaceutical packaging plays a key role in en-
suring the quality, safety, and efficacy of the drug product. 
Its primary function is to protect the formulation from 
adverse external factors (physical, chemical, and micro-
biological), such as light, moisture, oxygen, temperature 
fluctuations, and contamination, which may lead to degra-
dation of the active substance or deterioration of product 
properties. The container should ensure product stability 
throughout its shelf life. Furthermore, the packaging mate-
rial must not interact with the formulation components.1

One of the most commonly used materials in pharmaceu-
tical packaging, including packaging for ophthalmic prod-
ucts, is low-density polyethylene (LDPE), followed by high-
density polyethylene (HDPE) and polypropylene.2,3 These 
polymers are widely used due to their favorable mechanical 
properties, chemical resistance, and relatively low produc-
tion costs. In ophthalmic formulations, appropriate pack-
aging plays a critical role in maintaining sterility, stability, 
and therapeutic efficacy throughout the product’s shelf 
life. Ophthalmic solutions and suspensions are particularly 
sensitive to environmental factors such as light, oxygen, 
temperature fluctuations, and microbial contamination. 
Therefore, the selection of suitable packaging materials 
is essential to ensure patient safety and treatment efficacy.

Low-density polyethylene has a density ranging from 
0.91 g/cm3 to 0.93 g/cm3. It is produced by radical poly- 

merization of ethene under high temperature and pres-
sure. The presence of side branches in the polymer chain 
prevents tight molecular packing, resulting in its relatively 
low density. This polymer is soft and resilient, resistant 
to puncture and tearing, and capable of withstanding 
repeated mechanical stress during use. These proper-
ties make it particularly suitable for squeeze bottles used 
in multidose ophthalmic products, where controlled dis-
pensing and ease of handling are required. Although LDPE 
demonstrates good long-term stability, its resistance may 
significantly decrease under specific conditions, particu-
larly following combined thermo- and photo-oxidative ex-
posure.3–5 Furthermore, LDPE is chemically inert, exhibits 
good heat-sealing properties, and is readily processable, 
which facilitates large-scale manufacturing and ensures 
tight container closure.6 However, significant limitations 
of LDPE include low resistance to ultraviolet (UV) radia-
tion and relatively high gas permeability.7 These charac-
teristics may adversely affect the stability of light- and 
oxygen-sensitive active pharmaceutical ingredients (APIs), 
potentially leading to gradual degradation during storage.

Low-density polyethylene used in pharmaceutical con-
tainers may interact with drug products through several 
mechanisms, including adsorption (adhesion of drug mol-
ecules to the polymer surface, potentially leading to dose 
loss), absorption (penetration of the active ingredient into 
the polymer matrix), migration of container components 
(e.g., plasticizers or other additives into the formulation), 
photodegradation (degradation induced by UV exposure), 
and gas permeability (increasing the  risk of  oxidative 
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degradation of  formulation components).7 Disruption 
of the polymer structure may result in significant loss of ac-
tive ingredients, potentially leading to reduced therapeutic 
efficacy.8 To mitigate these adverse effects, various material 
modification strategies have been developed. These strate-
gies include the incorporation of colorants to improve UV 
protection, the addition of metal oxides or antioxidants 
to enhance barrier properties, and the application of sur-
face coatings. Additionally, multilayer materials combining 
LDPE with other polymers or functional barrier layers are 
increasingly used to improve resistance to light, oxygen, 
and moisture. The appropriate selection and modifica-
tion of packaging materials for ophthalmic products are 
essential to ensure drug stability, sterility, and therapeutic 
efficacy. Continuous advances in polymer engineering and 
multilayer technologies play a key role in meeting regula-
tory requirements and addressing the growing demand for 
high-quality, safe, and reliable ophthalmic drug delivery 
systems.

Objectives

The aim of this study was to investigate the effects of self-
emulsifying oils (SEOs) and antibiotic suspensions for-
mulated in SEOs on the structural and physicochemical 
properties of commercially available packaging materials. 
In addition, the influence of SEO components on spectro-
scopic, thermal, and mechanical properties was evaluated 
following stress testing. The development of new medicinal 
products requires the submission of extensive documenta-
tion in the Common Technical Document (CTD) format 
to the relevant regulatory authority, such as the Polish Office 
for Registration of Medicinal Products (URPL). The Quality 
module (Module 3) of the CTD requires the submission 
of stability data, including information on formulation–
packaging interactions. Therefore, comprehensive physico-
chemical and stress testing of the packaging materials was 
incorporated into the study design. To monitor potential 
interactions between drug components and the packaging, 
the applicability of attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) and near-infrared (ATR-
NIR) spectroscopy, differential scanning calorimetry (DSC), 
and X-ray diffraction (XRD) was evaluated. The mechanical 
strength of the packaging material after exposure to the se-
lected formulations was assessed using a TA.XTplus texture 
analyzer (Stable Micro Systems, Godalming, UK).

Materials and methods

Materials

The following substances were used to prepare SEOs 
containing suspended drug particles: sodium cefuroxime 

(CEF) and vancomycin hydrochloride (VAN) (each at 5% 
w/w; Zhejiang Changhai Pharmaceuticals, Shaoxing, 
China), Miglyol® 812 (fractionated coconut oil; Caesar & 
Loretz, Hilden, Germany), Tween® 20 (polysorbate 20, 5% 
w/w; Sigma-Aldrich, Steinheim, Germany), and sodium 
citrate (2% w/w; Sigma-Aldrich, Poznań, Poland).

Methods

Preparation of SEO formulations

The SEO carrier was prepared by mixing Miglyol® 812 
with Tween® 20 at a concentration of 5% w/w. The mix-
ture was subsequently sterile-filtered through hydrophobic 
polyethersulfone membrane filters (GPWP02500; Merck, 
Warsaw, Poland). Micronized, sterile powders of CEF and 
VAN (each at 5% w/w), along with sodium citrate (2% w/w), 
were added to the carrier, and the resulting suspension 
was homogenized. The following containers were included 
in the study: Amapack, Trzebnica, Poland (5 mL for aqueous 
solutions; Op1), Amapack (10 mL for oil-based solutions; 
Op2), Eprus, Bielsko-Biała, Poland (10 mL for aqueous so-
lutions; Op3), Eprus (1 mL single-dose mini dropper with 
closure; Op4), Eprus (1 mL white bottle; Op5), and Ger-
resheimer, Bolesławiec, Poland (10 mL for oil-based solu-
tions; Op6). Samples of the eye drop containers were cut 
into square or rectangular fragments measuring approx. 
from 5 × 5 mm to 10 × 10 mm. The fragments were placed 
in Eppendorf tubes and immersed in 0.5 mL of oil (O), 
oil–Tween mixture (O–T), and SEO-CEF and SEO-VAN 
suspensions, respectively. The prepared samples were in-
cubated in a climatic chamber at 40°C and 60°C/75% rela-
tive humidity for 2 weeks. After incubation, the packaging 
material fragments were removed, gently wiped with tissue 
paper, and analyzed. Additionally, selected samples were 
washed with diethyl ether and reanalyzed after immersion 
in 1 mL of ether for 1 h. Structural changes and potential 
degradation were evaluated using FTIR and NIR spectros-
copy, while DSC was employed to assess thermal properties.

Infrared and near-infrared spectroscopy (FTIR/NIR)

Infrared and near-infrared spectra were recorded us-
ing a JASCO FT/IR-4700 spectrophotometer (JASCO Co., 
Tokyo, Japan) equipped with a diamond attenuated total 
reflectance (ATR) accessory. Measurements were per-
formed at a resolution of 4 cm–1 over the spectral ranges 
of 4000–400 cm–1 (FTIR) and 8200–4000 cm–1 (NIR).

Differential scanning calorimetry

The thermal behavior of the samples was evaluated us-
ing a STAR®-1 System (Mettler Toledo, Greifensee, Swit-
zerland) equipped with an  intercooler. Approximately 
3–5 mg of each sample was weighed into 40 µL aluminum 
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crucibles. Thermal analysis was performed over a tempera-
ture range from −30°C to 300°C at a heating rate of 10°C/
min under a nitrogen purge at a flow rate of 60 mL/min. 
All measurements were normalized to sample mass.

X-ray diffraction analysis

X-ray diffraction patterns of LDPE films were recorded 
using an X-ray powder diffractometer (SmartLab SE; Rigaku 
Corporation, Tokyo, Japan). Cu Kα radiation (λ = 1.5418 Å) 
was used as the X-ray source. The generator was operated 
at 40 kV and 50 mA. Diffraction data were collected over 
a 2θ range of 5° to 80°, with a scanning rate of 10.00°/min 
and a step size of 0.01°. All measurements were performed 
at room temperature under constant operating conditions.

Texture analysis

The mechanical strength of container fragments was 
evaluated using a TA.XTplus texture analyzer (Stable Micro 
Systems) equipped with a 5 kg load cell. The force required 
to indent a spherical probe (P/5S, diameter 5 mm) into 
a plastic fragment (surface area approx. 1 cm2) to a depth 
of 300 µm was measured. Prior to testing, the probe was 
positioned 1.5 mm above the sample surface and then low-
ered at a constant speed of 0.01 mm/s. Upon contact with 
the sample (trigger force = 1.0 g), the probe continued 
to move downward to a depth of 300 µm, after which it re
turned to the initial position at the same constant speed. 
During the test, the maximum force [N] and the work 

of compression [mJ], defined as the area under the force–
distance curve, were recorded using Texture Exponent 
32 software (Stable Micro Systems). 

Results

The prepared oil-based systems (SEOs) and their suspen-
sions containing CEF and VAN were subjected to a series 
of analytical tests to evaluate their stability and compat-
ibility with the selected packaging materials. Following 
incubation under stress conditions (40°C/75% relative hu-
midity (RH) and 60°C/75% RH for 2 weeks), the samples 
were analyzed to detect changes in the active compounds 
and to assess potential interactions between the SEO com-
ponents and the polymer matrix of the containers. A com-
bination of complementary analytical techniques – FTIR 
and NIR spectroscopy, DSC, and XRD – was employed 
to identify structural and thermal alterations. In addi-
tion, texture analysis was performed to evaluate changes 
in the mechanical properties of the containers. The results 
provide insight into the physicochemical behavior of LDPE 
packaging materials following contact with oil, SEO formu-
lations without active compounds, and SEO suspensions 
containing active ingredients.

Spectroscopic and thermal data

Characteristic infrared (IR) absorption bands of poly-
ethylene (PE) (Fig. 1) were observed in the mid-infrared 

Fig. 1. FTIR spectra of packaging materials 
(Op1–Op6) recorded after incubation 
of polymer samples in SEO-VAN for 2 weeks 
at 60°C/75% relative humidity (RH). A. Two 
spectral ranges; B. Graph presenting ΔA values 
calculated as the difference between 
the absorbance (A) of the raw sample 
and the absorbance after stress testing 
for Op1–Op6

FTIR – Fourier-transform infrared spectroscopy; 
Op1–Op6 – tested containers for ophthalmic 
drop preparation; SEO-VAN – self-emulsifying 
oil (SEO) with suspended vancomycin 
hydrochloride particles; A – absorbance; 
ΔA – difference between the absorbance (A) 
of the raw sample and that after stress testing 
for Op1–Op6.
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region at 2914 cm–1 and 2848 cm–1, corresponding to asym-
metric and symmetric C–H stretching vibrations of –
CH2– groups, respectively. Additional bands were detected 
at 1469 cm–1 (–CH2 bending), 1377 cm–1 (–CH₃ bending),  
1303  cm–1 (–CH2  twisting), and at  729  and 718  cm–1 
(–CH₂  rocking). In  the  near-infrared region, bands 
at 5818 cm–1, 5789 cm–1, 5781 cm–1, 5771 cm–1, 5695 cm–1, 
4323 cm–1, and 4252 cm–1 were attributed to overtones and 
combination bands of aliphatic C–H vibrations in methy-
lene groups. The most pronounced differences between 
spectra of raw containers and those incubated with SEO 
formulations were observed at 2914 cm–1 and 2848 cm–1. 
Among the tested samples, only Op6 remained spectro-
scopically stable, showing no significant changes in these 
regions. The fingerprint region exhibited notable differ-
ences in absorption intensity at approx. 1745 cm–1, corre-
sponding to ester (R–COOR) groups, which may arise from 
PE oxidation or from the presence of Miglyol components.7 
This band was absent in the spectra of the untreated con-
tainers. After wiping and subsequent immersion in ether, 
3 additional IR bands characteristic of the oil phase were 
identified at 1744 cm–1, 1159 cm–1, and 1109 cm–1. The pres-
ence of these bands indicates sorption of oil components 
onto or into the packaging material following stress expo-
sure at 60°C/75% RH for 2 weeks. According to the Euro-
pean Pharmacopoeia,9 PE exhibits 2 characteristic bands 
at 1471 cm–1 and 1465 cm–1. However, all tested contain-
ers displayed a single band at 1466 cm–1, consistent with 
LDPE.10

Differential scanning calorimetry

The melting endotherms of LDPE containers (Op1–Op6) 
were observed in the temperature range of 108.69–116.51°C 
(Table 1). During the 2nd heating cycle, the small endother-
mic peaks detected in the 1st heating run within the 40–
50°C range were no longer present (Fig. 2). Differences 
in the α-relaxation temperatures were observed among 
the individual container types and following incubation 
of the packaging materials in SEO at ambient temperature. 
Variations in these peaks between containers suggest dif-
ferences in their thermal history and structural organi-
zation. No statistically significant differences in melting 
enthalpy (ΔHm) were observed between the tested samples 
(Table 1), indicating comparable degrees of crystallinity. 
Low-density polyethylene is a semi-crystalline polymer 
composed of crystalline domains dispersed within amor-
phous regions. In the 1st heating run, a small endothermic 
peak observed between 40°C and 60°C can be attributed 
to relaxation processes in the amorphous phase. These 
phenomena are consistent with the viscoelastic behavior 
of PE and correlate with internal friction peaks reported 
in the literature.11–14 Plasticization of the amorphous re-
gions may reduce stiffness, increase deformability, and 
alter mechanical strength, findings that are supported 
by  the  texture analysis results. After storage in  SEO 

formulations at elevated temperatures, only negligible 
changes in the thermal characteristics of  the contain-
ers were observed. During the 1st heating cycle, the peak 
temperatures were generally slightly lower than those 
of the untreated (raw) containers. However, in the case 
of Op4 incubated with SEO, an increase in peak tempera-
ture of approx. 10% was noted (Table 1). No significant 
differences were detected during the 2nd heating cycle. 
Overall, after storage under stress conditions (60°C/75% 

Table 1. Results of differential scanning calorimetry (DSC) analysis of 
containers after incubation in SEO

Sample/
parameter Raw SEO-CEF-Citr SEO-VAN-Citr

Op1

Alpha relaxation 46.49 70.7 71.41

ΔH [J/g] −59.13 −56.95 −58.73

Peak [°C] 111.98 107.96 111.06

Op2

Alpha 
relaxation 1

43.54 32.71 29.96

Alpha 
relaxation 2

– 70.46 70.78

ΔH [J/g] −65.78 −65.85 −58.56

Peak [°C] 108.69 109.98 109.44

Op3

Alpha 
relaxation 1

45.55 30.78 31.05

Alpha 
relaxation 2

– 70.69 69.89

ΔH [J/g] −59.4 −62.19 −56.4

Peak [°C] 112.62 111.65 110.9

Op4

Alpha relaxation 64.07 70.74 71.71

ΔH [J/g] −71.73 −73.1 −77.51

Peak [°C] 116.51 116.77 116.06

Op5

Alpha 
relaxation 1

59.25 31.44 28.62

Alpha 
relaxation 2

– 70.12 70.15

ΔH [J/g] −53.96 −57.61 −56.07

Peak [°C] 113.03 112.59 108.92

Op6

Alpha 
relaxation 1

40.87 30.65 29.6

Alpha 
relaxation 2

– 69.06 69.79

ΔH [J/g] −51.55 −58.41 −54.12

Peak [°C] 113.03 110.15 108.89 

SEO-CEF – self-emulsifying oil (SEO) with suspended sodium cefuroxime; 
SEO-VAN – SEO with suspended vancomycin hydrochloride particles; 
A – absorbance; ΔA – difference between the absorbance (A) of the raw 
sample and that after stress testing for Op1–Op6.
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Fig. 2. DSC curves recorded for (A) raw Op6, (B) before contact with the preparation, and (C) after contact with the preparation during the 2nd heating cycle

DSC – differential scanning calorimetry; Op6 – tested commercial container designated as No. 6.
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RH for 2 weeks) in SEO formulations containing APIs and 
sodium citrate, no evidence of substantial thermal interac-
tions or structural alterations in the packaging materials 
was observed.

Mechanical integrity and drug 
compatibility

The XRD patterns of LDPE are shown in Fig. 3. Peaks 
between 13° and 19° (2θ) are visible and correspond to re-
flections also recorded for the tape used to hold the con-
tainer fragments in the instrument. The 2θ angles for LDPE 

were observed at 21.3°, 28.43°, and 36.04°. After incubation 
of the packaging with SEO, the XRD method indicated 
subtle θ/2θ shifts toward smaller angles, which may in-
dicate an  increase in  the distance between crystalline 
planes (d-spacing). The plasticizer or oil can penetrate 
between the chains, pushing the structure apart, which 
was demonstrated during tests using the texturometer 
and FTIR. The differences in 2θ angles are mainly due 
to changes in the degree of crystallinity of LDPE after 
interaction with SEO (oil). The values of the shifts be-
tween the angles of  the raw polymer and those of Op 
after incubation are presented in Fig. 4. For polymeric 

Fig. 3. X-ray diffractograms of raw containers (Op1–Op6) and after incubation in SEO (O–T) at 60°C/75% relative humidity (RH) for 2 weeks,  
according to the legend.

Op1–Op6 – tested commercial containers designated as No. 1–6; SEO (O–T) – self-emulsifying oil (oil–Tween 20) carrier.

Fig. 4. Graph presenting differences in the XRD peaks of raw containers (Op1–Op6, blue) and after incubation (orange) in SEO (O–T) at 60°C/75% relative 
humidity (RH) for 2 weeks, according to the legend

XRD – X-ray diffraction; Op1–Op6 – tested commercial containers designated as No. 1–6; SEO (O–T) – self-emulsifying oil (oil–Tween 20) carrier.
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packaging composites, diffraction peaks were observed 
at 2θ = 21.3° and 23.8°, corresponding to the (110) and 
(200) crystallographic planes, respectively, which has 
also been confirmed in the literature.15 The graph below 
(Fig. 5) presents the results of the mechanical compression 
strength test of the tested packaging fragments, expressed 
as the maximum compression force [N]. Raw containers are 
not identical (Fig. 5A), but the data obtained during testing 
of the mechanical properties of selected package fragments 
(compression force at time T0) are similar (Fig. 5C). Re-
gardless of the bottle type, their average values ranged from 
17 N to 21 N (compression force) and from 3.7 mJ to 5.1 mJ 

(compression work). We observed that the ease of penetra-
tion of the spherical probe into the package fragments 
depends on their thickness. The highest compression force 
and work were measured for bottles with the thinnest walls 
(500–600 µm) – Op4 (Fig. 5A,B). Although the tested 
package fragments were relatively small (approx. 1 cm2), 
the wall thickness in different locations within a given 
fragment varied by up to approx. 100 µm (approx. 15%). 
For this reason, the results of mechanical measurements 
within a single fragment show considerable variability: 
the relative standard deviation (RSD) for compression work 
was 13–15% (Op1–Op3 stored in oil for 14 days, T14_Oil), 
and even 21.5–36.6% (force and compression work for Op1 
stored for 14 days in the O–T mixture, T14_O–T).

Fig. 5. Graph presenting the results of the mechanical compression 
strength test of the tested containers, expressed as (A) maximum 
compression force [N] and compression work [mJ]; B. Representative 
example of repeated testing of Op4, showing the maximum force [N] 
(peak of the curve) and the compression work (area under the force–time 
curve)

Op4 – tested commercial container designated as No. 4.
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Discussion

The stability and compatibility of ophthalmic formu-
lations with their primary packaging are critical factors 
in ensuring the safety and efficacy of drug delivery systems. 
This study evaluated the interactions between 3 distinct 
systems – pure oil, an oil-based self-emulsifying carrier 
(SEO), and SEO containing suspended CEF and VAN – and 
commercially used eye drop containers.

Interpretation of spectroscopic and 
thermal data

These findings align with observations by Garrido-
López et al.,16 who described the migration of lipophilic 
components into PE. While such “scalping” can often lead 
to the loss of active ingredients or excipients, our data 
suggest a potential secondary benefit: the diffusion of oils 
into PE may act as a plasticizer, potentially enhancing 
chemical and oxidative stability or imparting radiopac-
ity for specialized medical applications. Structural and 
thermal changes occurring in the samples after exposure 
to elevated temperature and humidity, simulating accel-
erated aging conditions, were analyzed using FTIR, NIR, 
DSC, XRD, and texture analysis to evaluate potential 
interactions between the formulation components and 
the packaging materials. The results obtained in this 
study enable the assessment of the influence of SEO com-
position and packaging type on the stability and safety 
of ophthalmic formulations. Fourier-transform infra-
red spectroscopy provided crucial evidence regarding 
the surface interactions between the lipophilic SEO and 
the polymer matrix. The identification of characteristic 
bands at 1744 cm–1, 1159 cm–1, and 1109 cm–1 after stress 
testing confirms the formation of a persistent Miglyol-
based film on the packaging surface. The fact that this 
residue remained after chemical cleaning (ether soaking) 
suggests a high affinity between the oil and the polyole-
fin chains. Differential scanning calorimetry analysis 
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further supported these observations. The consistency 
of melting profiles between raw and stressed containers 
indicates that the bulk thermal properties of the packag-
ing remain intact. However, the subtle shifts of melting 
peaks observed in LDPE may suggest changes in the pack-
ing density of the amorphous phase, indicating that while 
the crystalline structure remains stable – as confirmed 
by the  lack of significant changes in XRD diffraction 
peak intensities – the amorphous regions are suscep-
tible to subtle structural rearrangements due to oil and 
polysorbate 20 penetration after 2 weeks at 60°C/75% RH.

The migration and adsorption of lipophilic cosmetic in-
gredients into polyolefins have already been confirmed 
using FTIR and DSC methods by  Bolte et  al.17 for PE 
packaging. In this context, sorption (“scalping”) phenom-
ena, i.e., the adsorption or absorption of substances onto 
the surface or within the polymer matrix, may occur. In all 
samples tested, no noticeable changes in the diffraction 
peak intensities or in the widths of the crystalline peaks 
were observed. However, differences in peak positions dur-
ing the first heating, even if not significant, may indicate 
variations in the crystallinity of the composite materials. 
Structural modifications in polymers – such as altered 
chain mobility – can occur after the introduction of oils, 
which is also manifested by subtle shifts in the α-relaxation 
temperatures in DSC curves.18 Researchers attribute these 
processes to changes in the packing density of the amor-
phous phase.18

Mechanical integrity and drug 
compatibility

Texture analysis confirmed that the structural integrity 
of the containers was not compromised. Storing the pack-
aging in SEO at elevated temperature (40°C) for 14 days 
did not significantly alter the mechanical strength param-
eters. The variations observed in probe penetration were 
primarily a function of wall thickness rather than material 
degradation induced by the SEO carrier. This is a vital 
finding for the pharmaceutical industry, as it ensures that 
the physical protection provided by the bottle remains 
consistent throughout the product’s shelf life.

Clinical implications of active ingredient 
stability

The most significant finding of this study is the lack 
of interaction between the suspended APIs – CEF and 
VAN  – and the  packaging materials. More advanced 
methods, such as inductively coupled plasma–mass spec-
trometry (ICP–MS) or liquid chromatography–mass spec-
trometry (LC–MS), may be required to confirm the ab-
sence of APIs on the surface of the container.9 The absence 
of drug detection within the polymer matrix suggests that 
the SEO system effectively sequestered these hydrophilic 

salts, preventing their migration or adsorption. This en-
sures that the concentration of the antibiotics remains 
stable within the formulation, which is paramount for 
the treatment of severe ocular infections where precise 
dosing is required.

Limitations

This study has several limitations that should be  
acknowledged. One of the main constraints of the XRD 
analysis arises from the geometry of the packaging sam-
ples. The shape and curvature of the packaging materials 
may have affected the diffraction conditions, potentially 
influencing peak intensity and signal quality. As a result, 
the obtained data should be interpreted with caution.

Furthermore, to obtain a more comprehensive under
standing of the interactions between the packaging 
materials and the oil-based suspension matrix, further 
investigations are warranted. In particular, Raman 
confocal microscopy mapping could provide spatially 
resolved information on chemical changes and diffu-
sion phenomena, while ICP-MS analysis would allow 
for sensitive detection of potential elemental migration. 
These complementary techniques would contribute to 
a more complete characterization of packaging–matrix 
interactions.

Conclusions

Physical and chemical characterization of LDPE con-
tainers was carried out to determine changes in their 
structural, thermal, functional group, and crystalline 
or amorphous properties after storage and incubation 
in O, O–T (SEO), SEO-CEF, and SEO-VAN under stress 
storage conditions. Basic characterization of PE contain-
ers enables the recording and understanding of their be-
havior in contact with the formulations. Fourier-trans-
form infrared spectra allow observation of negligible 
interactions, visible as small (up to 8 cm–1) band shifts. 
In general, independent of the active compound tested 
(CEF and VAN), only interactions related to the pres-
ence of O (oil) and contact with the containers under 
stress conditions were observed. Using the DSC method, 
small but detectable differences in the α-relaxation tem-
peratures and melting enthalpy of LDPE containers 
were observed after stress testing. This research aimed 
to investigate the fundamental interactions between 
LDPE and SEO in the context of degradation studies. 
Oil–packaging and oil–surfactant interactions were 
minimal and consistent. No oil–surfactant incompat-
ibilities were observed. The findings of this study may 
be incorporated into the registration documentation, 
specifically within the “Quality” section (Module 3) 
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of the CTD dossier. The polymeric materials that dem-
onstrated stability under the tested conditions may be 
selected for the storage of commercial innovative SEO 
products.
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Abstract
This article aims to present the current state of knowledge on four major biotechnological antimicrobial strate-
gies and to evaluate their potential clinical applications in the context of increasing antibiotic resistance. Ap-
proaches such as phage therapy, CRISPR-Cas9 gene editing, nanoparticles, and antimicrobial peptides (AMPs) 
may significantly contribute to limiting the spread of resistance genes. Particular attention is given to advances 
in genetic engineering that enable precise targeting and elimination of resistance determinants, as well 
as to the therapeutic potential of the microbiome. A literature review of studies published between 2010 
and 2025 was conducted using the following keywords: antimicrobial resistance, phage therapy, CRISPR-
Cas9, AMPs, and nanotechnology. Both review articles and original studies, including preclinical and clinical 
data, were considered. Phage therapy demonstrates high efficacy against antibiotic-resistant pathogens, 
particularly in the form of phage cocktails and genetically engineered phages. Antimicrobial peptides exhibit 
broad-spectrum activity and can be structurally optimized to improve stability and selectivity. CRISPR-Cas9 
systems enable targeted elimination of resistance genes or direct disruption of pathogen genomes, while 
nanotechnology facilitates drug delivery, biofilm penetration, and bactericidal activity, particularly through 
metal-based nanoparticles. Notably, all approaches show potential for synergistic use with conventional 
antibiotics. Biotechnological treatment strategies may become a key component in combating antibiotic 
resistance. However, their clinical implementation requires further research, comprehensive safety evaluation, 
regulatory development, and integration into medical practice. Advances in these areas could significantly 
reduce the global burden of infectious diseases.

Streszczenie
Celem niniejszego artykułu jest przedstawienie aktualnego stanu wiedzy na temat czterech głównych bio-
technologicznych strategii przeciwdrobnoustrojowych oraz ocena ich potencjalnych zastosowań klinicznych 
w kontekście narastającej oporności na antybiotyki. Metody takie jak terapia fagowa, edycja genów CRISPR-
Cas9 czy zastosowanie nanocząsteczek i peptydów przeciwdrobnoustrojowych mogą znacząco przyczynić 
się do ograniczenia rozprzestrzeniania się genów oporności. Szczególną uwagę zwrócono na innowacje 
w inżynierii genetycznej, które pozwalają na precyzyjne niszczenie genów oporności, a także na wykorzystanie 
mikrobiomu jako potencjalnego narzędzia terapeutycznego. Przeprowadzono przegląd literatury naukowej 
opublikowanej w latach 2010–2025, przeszukując bazy danych za pomocą słów kluczowych: oporność na 
antybiotyki, terapia fagowa, CRISPR-Cas9, peptydy przeciwdrobnoustrojowe, nanotechnologia. Uwzględniono 
zarówno artykuły przeglądowe, jak i oryginalne badania obejmujące dane przedkliniczne i kliniczne. Terapia 
fagowa wykazuje wysoką skuteczność w zwalczaniu szczepów opornych na antybiotyki, zwłaszcza w postaci 
koktajli fagowych i fagów modyfikowanych genetycznie. Peptydy przeciwdrobnoustrojowe charakteryzują się 
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szerokim spektrum działania i mogą być modyfikowane strukturalnie w celu zwiększenia stabilności i selektywności. Systemy CRISPR-Cas9 umożliwiają precyzyjną 
eliminację genów oporności lub zniszczenie genomu patogenu, a nanotechnologia umożliwia skuteczne dostarczanie leków, penetrację biofilmu i działanie bakte-
riobójcze poprzez nanocząstki metali. Wszystkie te metody wykazują potencjał synergii z antybiotykami. Biotechnologiczne strategie leczenia mogą w przyszłości 
stać się kluczowym elementem w walce z opornością na antybiotyki. Ich wdrożenie wymaga dalszych badań klinicznych, oceny bezpieczeństwa, opracowania ram 
prawnych i integracji z praktyką medyczną. Postęp w tych obszarach mógłby znacząco zmniejszyć globalne obciążenie chorobami zakaźnymi.

Key words: nanotechnology, antimicrobial peptides, antimicrobial resistance, CRISPR-Cas9, phage therapy

Słowa kluczowe: nanotechnologia, peptydy przeciwdrobnoustrojowe, terapia fagowa, oporność na środki przeciwdrobnoustrojowe, CRISPR-Cas9
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Highlights
•	� Biotechnological antimicrobial strategies address an-

timicrobial resistance using phage therapy, CRISPR-
Cas9, peptides, and nanotechnology.

•	� Phage therapy shows high efficacy against multidrug-
resistant pathogens and enables precision antimicrobial 
treatment.

•	� CRISPR-Cas9 targets resistance genes, while peptides 
and nanoparticles enhance antimicrobial activity and 
biofilm penetration.

•	� Biotechnological strategies combined with antibiotics 
may improve infection control and reduce antimicro-
bial resistance.

Introduction

The problem of antibiotic resistance and 
the limitations of conventional therapy

Pathogenic microorganisms have accompanied human 
populations throughout history, contributing substantially 
to morbidity and mortality. The 20th century marked a ma-
jor breakthrough in the treatment of bacterial infections 
with the discovery of penicillin and other antimicrobial 
agents. However, the widespread and often inappropriate 
use of antibiotics, combined with the natural evolution-
ary adaptability of pathogens, has led to the emergence 
of multiple resistance mechanisms and a progressive de-
cline in treatment efficacy.1

Antimicrobial agents include antibiotics, antivirals, an-
tifungals, and antiparasitic drugs. They are used to in-
hibit the  growth and replication of  microorganisms 

or to eliminate them, thereby preventing and treating in-
fectious diseases in humans, animals, and plants. These 
agents may be natural, semi-synthetic, or synthetic and act 
through a variety of mechanisms. Antimicrobial resistance 
(AMR) is defined as the ability of microorganisms to sur-
vive and remain viable despite exposure to antimicrobial 
agents. This reduces the effectiveness of therapy and can 
render infections difficult or even impossible to  treat. 
As a consequence, AMR contributes to increased disease 
transmission, greater infection severity, long-term health 
complications, and mortality. Although AMR is a natural 
phenomenon driven by genetic variation, its accelerated 
emergence and spread are largely attributable to human 
activity, particularly the inappropriate and excessive use 
of antimicrobials in human medicine, veterinary practice, 
and agriculture.2

Bacterial resistance represents a major challenge for 
healthcare systems worldwide, as the increasing use of an-
tibiotics promotes the emergence of resistant strains. This 
results in reduced treatment effectiveness, prolonged hos-
pital stays, increased healthcare costs, and higher mortality 
rates. Individuals with compromised immune systems, 
including patients with cancer, HIV infection, or diabetes, 
are particularly vulnerable to its consequences.

In addition, limited public awareness and the inappro-
priate prescribing and use of antimicrobial agents by both 
healthcare professionals and patients further exacerbate 
the problem. If current trends persist, even minor injuries 
or common infections may become life-threatening, mark-
ing a transition toward a so-called “post-antibiotic era.” In-
ternational organizations such as the World Health Organi-
zation (WHO), the European Centre for Disease Prevention 
and Control (ECDC), and the Centers for Disease Control 
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and Prevention (CDC) have implemented coordinated strat-
egies to address AMR, including risk assessment, identifica-
tion of contributing factors, and the development of control 
measures. According to a 2019 CDC report, AMR threats 
are classified into several categories. Urgent threats include 
infections caused by carbapenem-resistant Acinetobacter 
spp., Candida auris, Clostridioides difficile, drug-resistant 
Neisseria gonorrhoeae, and carbapenem-resistant Entero-
bacterales. Serious threats include multidrug-resistant Pseu-
domonas aeruginosa, antibiotic-resistant Campylobacter 
spp., and vancomycin-resistant Enterococcus (VRE). Based 
on resistance profiles, microorganisms are further classified 
as multidrug-resistant (MDR), extensively drug-resistant 
(XDR), or pan-drug-resistant (PDR).1,3

In low- and middle-income countries, AMR is further 
exacerbated by limited healthcare infrastructure, insuffi-
cient funding, and inadequate regulation of antibiotic use. 
Multidrug-resistant Gram-negative bacteria pose a par-
ticularly serious threat, especially among neonates. These 
include members of the family Enterobacteriaceae, nota-
bly strains producing extended-spectrum β-lactamases 
(ESBLs) as well as carbapenem-resistant organisms. Key 
examples include Klebsiella pneumoniae producing car-
bapenemases such as KPC (K. pneumoniae carbapenemase) 
and strains harboring New Delhi metallo-β-lactamase 
(NDM), as well as NDM-producing Escherichia coli. In 
response to this growing threat, global initiatives such 
as NeoAMR have been launched to develop strategies for 
antibiotic management in neonatal sepsis, particularly in 
low- and middle-income settings. The NeoAMR initiative 
involves more than 40 partners across 25 countries and 
focuses on four main areas: identification of key pathogens 
responsible for neonatal sepsis, surveillance of resistance 
patterns, standardization of diagnostic protocols, and op-
timization of empirical antibiotic therapy. The project has 
collected over 36,000 clinical samples and conducted mi-
crobiological analyses and genotyping of isolates to identify 
dominant MDR strains. The findings revealed substantial 
geographical variation in pathogen distribution, along with 
an alarmingly high prevalence of resistance to first-line 
antibiotics, including aminopenicillins and third-genera-
tion cephalosporins. Based on these data, region-specific 
recommendations for the empirical treatment of neonatal 
sepsis were developed, taking into account local resistance 
patterns.3 NeoAMR also serves as a platform for scientific 
and educational collaboration, supporting the develop-
ment of local diagnostic capacity and the establishment 
of AMR surveillance networks in high-burden regions. 
This initiative represents a modern, integrated approach 
to addressing AMR in one of the most vulnerable patient 
populations – newborns – and may serve as a model for 
future AMR control programs.4

Objectives

Developing and implementing strategies to  limit 
the emergence and spread of antibiotic resistance is essen-
tial, as bacteria employ a range of sophisticated molecular 
defense mechanisms. These include genetic mutations, 
acquisition of resistance genes, and the use of mobile ge-
netic elements, all of which contribute to the persistence 
and dissemination of resistance. A comprehensive un-
derstanding of the molecular and genetic basis of MDR, 
the mechanisms underlying its mobilization, and the dy-
namics of its spread in both environmental and human 
populations is critical for designing effective strategies 
to combat AMR.1–3

Bacterial resistance mechanisms

Bacterial resistance to antimicrobial agents is a major 
factor limiting the effectiveness of infection treatment. 
Bacteria employ a variety of resistance strategies, both 
intrinsic and acquired, that enable them to survive and 
proliferate in the presence of antibiotics. Understanding 
these mechanisms is essential for the development of ef-
fective alternative therapies and for limiting the further 
spread of AMR. This section outlines the key mechanisms 
of bacterial resistance, with particular emphasis on the role 
of horizontal gene transfer in their dissemination.5

Main types of bacterial resistance mechanisms

Resistance mechanisms can be broadly classified into 
several categories based on their mode of action and spec-
trum of activity against different classes of antibiotics.
1.	� Enzymatic inactivation of  antibiotics: This is  one 

of the most common resistance mechanisms and in-
volves the production of bacterial enzymes that degrade 
or structurally modify antibiotic molecules. Examples 
include β-lactamases (e.g., ESBL, KPC, NDM), which 
hydrolyze the β-lactam ring of penicillins and cepha-
losporins,1,6,7 as well as enzymes such as acetyltransfer-
ases, phosphotransferases, and nucleotidyl transferases, 
which modify aminoglycosides.8,9

2.	� Modification of antibiotic target sites: This mechanism 
involves genetic mutations or structural alterations 
in bacterial molecules that serve as targets for anti-
microbial agents. Examples include methylation of ri-
bosomal RNA mediated by erm genes in Streptococ-
cus spp., which reduces susceptibility to macrolides,10 
as well as alterations in penicillin-binding proteins 
(PBPs) that underlie β-lactam resistance in methicillin-
resistant Staphylococcus aureus (MRSA).11

3.	� Reduced membrane permeability: This mechanism 
is particularly important in Gram-negative bacteria, 
where decreased permeability of the outer membrane 
limits antibiotic entry through porin channels. Muta-
tions in genes encoding porins (e.g., OmpF and OmpC 
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in E. coli) can reduce susceptibility to β-lactams, includ-
ing carbapenems.12

4.	� Active efflux of antibiotics (efflux pumps): Bacteria 
can actively expel antibiotics from the cell via mem-
brane-associated transport proteins. Examples include 
the MexAB–OprM efflux system in P. aeruginosa and 
the NorA pump in S. aureus.13 This mechanism is a ma-
jor contributor to MDR.

5.	� Bypass of  metabolic pathways: Bacteria may evade 
the effects of antibiotics by utilizing alternative enzymes 
or metabolic pathways that are not targeted by the drug. 
A classic example is resistance to trimethoprim–sulfa-
methoxazole in E. coli, which is mediated by the pro-
duction of a modified dihydrofolate reductase (DHFR) 
enzyme encoded by altered dhfr genes.14

Table 1 summarizes the mechanisms of bacterial resis-
tance and provides representative examples of their occur-
rence. Many multidrug-resistant strains, including MDR, 
XDR, and PDR phenotypes, exhibit multiple resistance 
mechanisms simultaneously, which significantly compli-
cates the treatment of infections.15

Table 1. Mechanisms of bacterial resistance and their occurrence

Resistance 
mechanism Description of action Examples of bacteria/genes

Enzymatic 
inactivation

Enzymatic
degradation 

or modification 
of the antibiotic

E. coli (ESBL, NDM), 
K. pneumoniae (KPC)8,9

Target 
modification

Mutations or structural 
modifications of target 

proteins

MRSA (PBP2a), 
S. pneumoniae (23S rRNA)11

Reduced 
permeability

Loss/change of porins 
reducing penetration 

of the biological 
membrane by the drug

P. aeruginosa, E. coli 
(OmpF, OmpC)12

Efflux pumps Actively pumping  
the antibiotic out  

of the cell

S. aureus (NorA), 
P. aeruginosa  

(MexAB-OprM)13

Bypassing 
the metabolic 

pathway

Production of an 
alternative enzyme or 
pathway that is drug 

insensitive

S. aureus (mutation 
in the DHFR gene)14

•	� Transformation: The uptake of free extracellular DNA 
by  competent bacteria. For example, Streptococcus 
pneumoniae can incorporate DNA fragments contain-
ing penicillin resistance genes into its genome.17

•	� Transduction: The transfer of genetic material medi-
ated by bacteriophages. Although less common than 
conjugation, this mechanism can also contribute 
to the spread of resistance genes.18

Genetic determinants of antibiotic resistance may be 
located on plasmids, transposons, integrons, and com-
plex mosaic genetic elements composed of multiple mobile 
DNA sequences. Plasmids are extrachromosomal, auton-
omously replicating DNA molecules, typically circular, 
while transposons are mobile elements capable of relocat-
ing within the genome. Integrons are genetic platforms that 
capture and express gene cassettes through site-specific 
recombination. For example, class 1 integrons, commonly 
found in Enterobacterales, contain gene cassettes encod-
ing multiple resistance determinants, along with integrase 
genes that facilitate their integration and expression within 
the host genome.19 The dissemination of resistance genes 
is strongly influenced by environmental factors, including 
selective pressure exerted by antibiotic use, co-selection 
mechanisms (e.g., the co-occurrence of antibiotic resis-
tance and heavy metal tolerance genes on the same plas-
mid), and the formation of biofilms, which promote hori-
zontal gene transfer.20 Importantly, metagenomic studies 
have demonstrated that antibiotic resistance genes are also 
present in microorganisms inhabiting environments with 
minimal human impact. These findings suggest that such 
genes are part of the natural resistome; however, anthro-
pogenic activity significantly enhances their mobilization 
and spread.20

The aim of this work

The increasing resistance of microorganisms to antimi-
crobial agents represents one of the most serious public 
health challenges of the 21st century. It is estimated that 
antibiotic-resistant bacterial infections directly caused 
approx. 1.27 million deaths worldwide in 2019, exceeding 
those attributed to HIV/AIDS or malaria, while deaths as-
sociated with AMR reached 4.95 million globally.20 Projec-
tions suggest that by 2050, infections caused by antibiotic-
resistant bacteria could result in up to 10 million deaths 
annually, potentially surpassing cancer as a leading cause 
of mortality.20 The primary drivers of this crisis include 
the overuse and misuse of antibiotics in human medicine, 
veterinary practice, and agriculture, as well as the limited 
development of new antimicrobial classes.21 In response 
to these challenges, there is an urgent need to explore in-
novative therapeutic strategies. Modern biotechnology of-
fers several promising approaches to combating infections 
caused by drug-resistant microorganisms. This review 
focuses on 4 such strategies: phage therapy, antimicrobial 

The importance of gene transfer

Horizontal gene transfer (HGT) plays a  key role 
in the spread of bacterial resistance. It allows for the rapid 
transfer of resistance genes between different species and 
strains of bacteria, regardless of phylogenetic relatedness. 
Horizontal gene transfer can occur according to  one 
of the following patterns:
•	� Conjugation: Involves the direct transfer of genetic ma-

terial, typically plasmids, between bacterial cells via 
cell-to-cell contact. This is the most common mecha-
nism for the dissemination of genes encoding enzymes 
such as ESBLs, KPC, and NDM β-lactamases.16
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peptides (AMPs), CRISPR-Cas9-based genome editing, and 
nanotechnology.22 Each approach is characterized by a dis-
tinct mechanism of action and is currently at a different 
stage of clinical development. This paper aims to present 
and discuss biotechnological strategies for combating an-
tibiotic resistance and to evaluate their potential clinical 
applications.

Methodology of literature search 
and selection

The literature review was conducted using the MED-
LINE (via PubMed), Scopus, and Web of Science databases, 
with a particular focus on publications from 2010 to 2025. 
The search strategy was based on the following keywords: 
AMR, phage therapy, CRISPR-Cas9, AMPs, and nanotech-
nology. Both review articles and original studies reporting 
preclinical and clinical data were included in the analysis.

Results

Phage therapy

Phage therapy involves the use of bacteriophages – vi-
ruses that specifically infect bacteria – to treat infections. 
A key characteristic of phages is their high host specificity, 
as a given phage typically targets only particular bacterial 
species or strains. This specificity enables the elimination 
of antibiotic-resistant bacteria without harming human 
cells or disrupting the normal microbiota.23

The clinical potential of phage therapy has been demon-
strated in numerous case reports and preliminary studies. 
For example, successful treatment has been reported in in-
fections caused by Acinetobacter baumannii, P. aeruginosa, 
MRSA, and Klebsiella pneumoniae. Importantly, phages 
are capable of infecting and disrupting biofilm-forming 
bacteria.23,24 In addition, both in vitro and in vivo studies 
have demonstrated potential synergistic effects between 
bacteriophages and conventional antibiotics.25

At present, novel strategies are being developed to en-
hance the efficacy of phage therapy. One such approach 
is the use of phage cocktails, which consist of combinations 
of multiple bacteriophages capable of targeting different 
strains of a given bacterial species or even multiple species. 
This strategy is particularly advantageous in the treatment 
of polymicrobial infections. The use of phage cocktails 
may improve therapeutic efficacy while reducing the risk 
of resistance to individual phages.25

A growing body of evidence supports the effectiveness 
of phage therapy using phage cocktails. One of the first ran-
domized clinical trials in this field was conducted by Jault 
et al. as part of the PhagoBurn project. The study evaluated 
a cocktail of twelve natural lytic bacteriophages targeting P. 
aeruginosa (PP1131) in patients with burn wound infections. 

Although the clinical efficacy was limited – primarily due 
to insufficient concentrations of active phages – the study 
demonstrated the safety of phage therapy and laid the ground-
work for the development of standardized clinical protocols.26 
More recent studies have focused on optimizing the design 
of phage cocktails. For example, Vaitekenas et al. emphasized 
the importance of phage diversity within therapeutic mix-
tures. The inclusion of phages targeting different bacterial 
receptors – such as lipopolysaccharides (LPS), type IV pili 
(T4P), outer membrane proteins, or efflux pump structures – 
can reduce the likelihood of resistance development while 
enhancing therapeutic efficacy. This approach is particularly 
relevant in infections caused by P. aeruginosa in patients with 
cystic fibrosis, where complex biofilm structures are com-
monly observed.27 In addition, Rastegar et al. investigated 
combination therapy using bacteriophages and antibiotics 
against biofilms formed by XDR A. baumannii. Their study 
evaluated a four-phage cocktail (SA1, Eva, Ftm, Gln) in com-
bination with antibiotics (ampicillin/sulbactam, meropenem, 
and colistin). Phages were selected based on activity against 
clinical biofilm-forming isolates. The results demonstrated 
that phage–antibiotic combination therapy significantly 
enhanced biofilm eradication, indicating a synergistic ef-
fect. These findings highlight the potential of phage therapy 
as an adjunctive strategy in the treatment of infections caused 
by XDR A. baumannii, particularly in the context of increas-
ing resistance to conventional therapies.28

Another promising direction in the development of phage 
therapy is the use of genetically engineered bacteriophages. 
These phages can be modified to enhance lytic activity, 
broaden host range, or introduce additional therapeutic 
functions. For example, some engineered phages can be 
equipped with CRISPR-Cas9 systems, enabling the tar-
geted disruption of resistance genes within the bacterial 
genome. Other modifications include the ability to degrade 
biofilms or to evade bacterial defense mechanisms, such 
as restriction–modification systems.21

In a study by Selle et al., recombinant bacteriophages 
were engineered to  selectively target C. difficile using 
a CRISPR-Cas3 system. These engineered phages, referred 
to as crPhage, contained customized CRISPR sequences 
designed to target the bacterial genome. Both in vitro and 
in vivo (murine) models demonstrated that crPhage more 
effectively reduced C. difficile burden compared to wild-
type phages, while also limiting intestinal tissue damage. 
Importantly, these modifications decreased the risk of ly-
sogeny and associated adverse effects, such as increased 
expression of bacterial toxins.29,30

Recombinant bacteriophages are also being developed 
as engineered constructs that combine features of multiple 
natural phages or are synthetically designed based on ge-
nomic sequences of known bacteriophages. Such phages 
may exhibit enhanced stability, increased activity, and re-
duced susceptibility to neutralization by the host immune 
system.31 Phages can be modified in vitro using approaches 
such as CRISPR-Cas9-mediated editing (discussed later 
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in this paper) or homologous recombination (HDR), allow-
ing them to be tailored to specific therapeutic needs. These 
modifications enable not only efficient bacterial killing but 
also the selective modulation of the host microbiota. This 
strategy offers new opportunities for personalized phage 
therapy and the treatment of diseases associated with mi-
crobiota dysbiosis.32 A compelling example of this approach 
is provided by Peters et al., who investigated short-term 
co-evolution of two bacteriophages (LP-048 and LP-125) 
and their interactions with phage-resistant Listeria mono-
cytogenes. The study demonstrated that phage exposure 
exerted selective pressure on bacterial populations, leading 
to the emergence of phage-resistant strains. Importantly, 
co-infection with both phages resulted in spontaneous ge-
netic recombination, giving rise to novel phage variants 
capable of infecting bacterial strains resistant to the origi-
nal phages. These recombination events involved genes 
encoding proteins likely associated with host recognition 
and DNA interaction. These findings suggest that phage co-
evolution and recombination may serve as natural mecha-
nisms to expand host range and enhance the effectiveness 
of phage therapy against resistant bacterial populations.33

The advantages of phage therapy include the ability of bac-
teriophages to self-replicate at the site of infection, high 
tolerability in humans, and effectiveness against antibiotic-
resistant strains.23,24 However, several challenges remain. 
These include the narrow host range of individual phages, 
the need for personalized therapy, and the associated high 
costs, as well as the potential for bacteria to develop resis-
tance to phages. Additional limitations include possible host 
immune responses to phages and the lack of standardized 
regulatory frameworks governing their clinical use.25,34

An example of a clinical facility offering phage therapy 
is the Phage Therapy Center at the Ludwik Hirszfeld Institute 
of Immunology and Experimental Therapy, Polish Academy 
of Sciences, in Wrocław. Operating since 2005, the center 
provides treatment within the framework of a therapeutic 
experiment, primarily for patients with chronic infections 
unresponsive to conventional antibiotic therapy. The treat-
ment process begins with patient qualification, including 
the evaluation of medical history, prior treatments, and mi-
crobiological documentation. A key step is phage typing, 
which involves the laboratory selection of bacteriophages 
active against the bacterial strain isolated from the patient. 
The center offers treatment for infections caused by patho-
gens such as S. aureus (including MRSA), P. aeruginosa, 
E. coli, K. pneumoniae, Enterococcus faecalis, and Proteus mi-
rabilis. Therapy is initiated after obtaining informed consent 
and may be administered via oral, rectal, or topical routes. 
Treatment typically lasts 6–8 weeks and is closely supervised 
by a multidisciplinary team. Reported effectiveness reaches 
approx. 40% in patients with chronic infections.34

Antimicrobial peptides

Antimicrobial peptides are small bioactive molecules 
that constitute a key component of the innate immune 
system in many organisms. Their antimicrobial activity 
primarily involves disruption of microbial cell membranes, 
leading to rapid pathogen elimination. In addition, many 
AMPs interfere with intracellular processes, including 
protein, RNA, and DNA synthesis. Antimicrobial pep-
tides exhibit a broad spectrum of activity against Gram-
positive and Gram-negative bacteria, fungi, viruses, and 
certain parasites. Due to their distinct mechanism of ac-
tion, resistance to AMPs develops less frequently compared 
to conventional antibiotics.21,22 Antimicrobial peptides can 
be classified into several categories based on their origin, 
biosynthesis, structural characteristics, and biological 
functions (Table 2).

Certain clinically used antimicrobial agents, such 
as polymyxins (e.g., colistin), daptomycin, and glycopep-
tides (e.g., vancomycin), share functional similarities with 
AMPs, although they are not always classified as classical 
AMPs. Current research focuses on modifying naturally 
occurring peptides (e.g., melittin) and designing synthetic 
peptides with enhanced stability, selectivity, and reduced 
toxicity. An example of such an approach is murepava-
din, a synthetic antimicrobial peptide with high specific-
ity against P. aeruginosa. Murepavadin exerts its activity 
by binding to the outer membrane protein LptD, which 
is involved in LPS transport, leading to membrane de-
stabilization and bacterial cell death. In addition, it dem-
onstrates the ability to penetrate and disrupt bacterial 
biofilms, representing a significant advantage over many 
conventional antibiotics. Preclinical and clinical studies 
have demonstrated rapid bactericidal activity, high effi-
cacy, and favorable safety profiles. As a result, murepava-
din is considered a promising therapeutic candidate for 
the treatment of infections caused by MDR Gram-negative 
bacteria, particularly in the context of increasing resistance 
to existing antibiotics.35

Antimicrobial peptides may originate from natural 
sources (e.g., colistin, gramicidin) or be synthetically de-
signed (e.g., pexiganan, omiganan). Natural AMPs are pro-
duced by a wide range of organisms, including bacteria 
(which produce bacteriocins such as colicins), fungi (e.g., 
copsin, plectasin), plants (e.g., plant defensins), insects (e.g., 
cecropins and insect defensins), and mammals, including 
humans (e.g., cathelicidins and defensins).35–37 Increasing 
research efforts are focused on the development of peptide 
hybrids and AMP-based conjugates with nanoparticles 
or antibodies. These approaches aim to improve peptide 
stability, bioavailability, and target specificity. An example 
of such a strategy is the use of targeted nanocarriers, such 
as melittin-loaded nanoparticles, which have been investi-
gated in early-stage studies, particularly in oncology. This 
approach enables controlled peptide release while reducing 
toxicity, including hemolytic effects.35
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Table 2. Classification of antimicrobial peptides

Criterion Categories Characteristics/Examples

1. Origin Eukaryotic Mammals (human – LL-37, HBD-3), amphibians, fish, plants (γ-thionine),  
invertebrates (drosomycin)

Prokaryotic Polymyxins, gramicidins, bacitracin (products of bacterial metabolism)

2. Method 
of biosynthesis

Ribosomal Coded in DNA, synthesized in a cell, e.g., cathelicidins, defensins

Non-ribosomal Synthesis by enzymes, e.g., polymyxins, bacitracin

3. Structure Linear α-helical LL-37, cecropine B

β-sheet Defensins α, β, θ

Cyclic Defensins θ, bactenecin

Rich in specific amino acids Indolicidin (tryptophan), OaBac (proline and arginine)

4. Molecular family Defensins
– α-defensins
– β-defensins
– θ-defensins

– of plants/invertebrates

3 disulfide bridges, molecular weight 3–5 kDa
– HNP-1 to -4 (neutrophils), HD-5 and HD-6 (Paneth cells)

– HBD-1 to -4, secreted by epithelium
– RTD (macaques), BTD (baboons) – cyclic, absent in humans

– γ-thionins (plants), drosomycin (insects)

Cathelicidins
– LL-37
– other

Precursor: pre-propeptide with cathelin domain
– The only human cathelicidin identified, active throughout the body

– CAP-18 (rabbit), SMAP29 (sheep), Saha-CATH (Tasmanian devil)

5. Biological function Direct action Destruction of the cell membrane, disruption of DNA, RNA, and wall synthesis

Immunomodulation Cytokine induction, chemotaxis, activation of immune cells

Neutralization of toxins Anti-endotoxin activity (e.g., LPS)

Anti-cancer activity Magainin 2, chrysofsin 1, cecropin B

6. Unusual examples 
(species)

 Komodo dragon cAMPs homologous to histones (VK6–VK25)

Giant panda Cathelicidin-AM – fast antibacterial effect

Tasmanian devil Saha-CATH cathelicidins 1 to 6, broad spectrum of action

LPS – lipopolysaccharide; cAMP – cationic antimicrobial peptides.

Similarly, Xuan et al. described a synthetic antimicrobial 
peptide, SAAP-148, which exhibited potent antibacterial ac-
tivity against pathogens such as S. aureus and Acinetobacter 
baumannii. The peptide demonstrated the ability to pen-
etrate biofilms and eliminate bacteria in regions that are 
difficult to access with conventional antibiotics. Importantly, 
SAAP-148 showed enhanced synergistic effects when com-
bined with tetracyclines, highlighting the potential of AMPs 
as components of combination therapies for drug-resistant 
infections.38 Research has also focused on the topical ap-
plication of AMPs, including their incorporation into anti-
microbial dressings and bioactive implant coatings.35,36 For 
example, Liu et al. developed a hydrogel coating containing 
WR and Bac2A peptides, which demonstrated durability, 
bioactivity in vivo, and strong antibacterial and anticoagu-
lant properties in animal models. Such coatings may be ap-
plied to medical devices, including catheters, stents, and 
vascular grafts, to prevent infection and thrombosis.39

Another distinguishing feature of AMPs is their im-
munomodulatory activity. In addition to direct antimi-
crobial effects, AMPs can modulate the host immune re-
sponse by promoting immune cell migration, regulating 
cytokine production, and enhancing wound healing. For 
example, LL-37 and defensins have been shown to play 
key roles in these processes.35 As a result, AMPs are in-
creasingly recognized as multifunctional molecules with 

both antimicrobial and therapeutic properties. Preclini-
cal studies indicate that AMPs can enhance the efficacy 
of conventional antibiotics, for instance by facilitating their 
penetration into bacterial biofilms. Some peptides, such 
as IDR-1018, not only inhibit bacterial growth but also 
reduce biofilm formation and inflammation, making them 
promising candidates for the treatment of chronic wounds 
and skin infections.40 Antimicrobial peptides can also be 
incorporated into combination therapies with other non-
conventional approaches, such as bacteriophages or nano-
materials, enabling the development of multimodal treat-
ment strategies with enhanced efficacy. Another promising 
direction involves antibody–peptide conjugates, which 
allow targeted delivery of AMPs to specific pathogens.36 
Despite their therapeutic potential, the clinical applica-
tion of AMPs remains limited by challenges such as sus-
ceptibility to enzymatic degradation, short half-life, and 
potential cytotoxicity. Consequently, significant research 
efforts are focused on improving their stability and safety 
through strategies such as peptide cyclization, incorpora-
tion of D-amino acids, and encapsulation in nanocarriers 
(e.g., liposomes or hydrogels). These approaches enhance 
delivery efficiency and may facilitate broader clinical im-
plementation of AMP-based therapies.35,36
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CRISPR-Cas9 and genome editing

The CRISPR-Cas9 system is an adaptive defense mecha-
nism in bacteria that has been transformed into a precise 
tool for genome editing. Its action is based on a complex 
of the Cas9 protein and a synthetic single-stranded guide 
RNA, known as single guide RNA (sgRNA). This RNA 
contains two functional parts: a  crRNA sequence, re-
sponsible for recognizing a specific DNA fragment, and 
trans-activating CRISPR RNA (tracrRNA), which stabilizes 
the complex with the Cas9 protein.

After the Cas9–sgRNA complex is formed, the genome 
is searched for a sequence complementary to the guide 
RNA (gRNA), i.e., the editing target. An important con-
dition for its recognition is the presence of a short DNA 
motif called the protospacer adjacent motif (PAM), which 
most often takes the form of the trinucleotide sequence 
“NGG.” When the Cas9 protein locates the correct tar-
get site with an adjacent PAM motif in the DNA, a local 
fragment of the double helix unfolds. The gRNA hybrid-
izes with one of the DNA strands, allowing the enzyme 
to precisely align itself. Once the match is confirmed, Cas9 
activates its two cutting domains – HNH, which cleaves 
the strand complementary to the RNA, and RuvC, which 
cleaves the opposite strand. The result of the enzyme’s 
action is a double-strand break (DSB). Damaged DNA 
must be repaired by endogenous cellular mechanisms. 
Most often, non-homologous end joining (NHEJ) occurs, 
which involves rapid joining of the cut ends without the use 
of a template. This process is efficient, but often introduces 
minor errors, such as insertions or deletions, which can 
lead to gene inactivation. The second possible scenario 
is repair by HDR, which requires the presence of an ex-
ternally supplied DNA template. This allows for precise 
modification, e.g., repair of a mutation or introduction 
of a new sequence.41 In therapeutic applications, this strat-
egy can be used to eliminate resistance genes or selectively 
destroy pathogenic bacteria.21,42

In clinical practice and preclinical studies, CRISPR-Cas9 
systems are primarily used in two therapeutic strategies. 
The first involves the precise excision of genes encoding 
antibiotic resistance factors, such as mcr-1 or blaNDM, 
which in turn restores bacterial sensitivity to conventional 
antibiotics. The second strategy involves the complete de-
struction of the pathogen’s genome, leading to bacterial cell 
death. Both methods use modified bacteriophages – phage-
mids – as vectors for the selective delivery of CRISPR-Cas9 
elements to target cells. This approach allows for the ef-
fective elimination of resistant strains without affecting 
the rest of the microbiome.21,42

In 2024, the first-ever clinical trial using CRISPR-Cas3 
therapy, delivered via a phage vector, was conducted, tar-
geting E. coli strains in uncomplicated urinary tract in-
fections (UTIs) in women. The trial, called ELIMINATE, 
was conducted by Locus Biosciences and aimed to evalu-
ate the safety, tolerability, and efficacy of a preparation 

containing a cocktail of engineered phages integrated with 
the CRISPR-Cas3 system. The study group consisted of 39 
adult women aged 18–70. All participants had confirmed 
active UTI of bacterial etiology (E. coli) and a history 
of at least 1 previous episode of UTI within the past year. 
The goal of the treatment was to reduce bacterial coloniza-
tion and clinical symptoms. The therapeutic design was 
based on a cocktail of three modified lytic bacteriophages 
that naturally infect E. coli. Each phage was additionally 
equipped with a construct containing the CRISPR-Cas3 
system, targeting highly conserved regions of the bacterial 
genome. After entering the bacterial cell, the phages in-
duced a lytic cycle of infection, and Cas3 initiated extensive 
DNA degradation, which ultimately led to the complete 
destruction of the bacterial cell. The observed mechanism 
was significantly more effective than the precise DNA 
cleavage characteristic of the Cas9 protein. Importantly, 
no serious adverse effects were reported. No bacterial re-
sistance to phages or CRISPR-Cas3 was observed either. 
The described study provides the first clinical evidence 
of the effectiveness of CRISPR-Cas3 as a therapeutic tool 
in the treatment of bacterial infections in humans. This 
technology combines the selectivity of bacteriophages 
with precise destruction of the microbial genome, making 
it a potentially groundbreaking solution in the fight against 
antibiotic resistance.43 Further clinical trials are currently 
underway using CRISPR-Cas9 systems as an alternative 
approach for the treatment of infections caused by resistant 
strains, including P. aeruginosa and K. pneumoniae.21,42

The advantages of this approach include high precision, 
the ability to adapt the therapy to new strains, and minimal 
impact on the microbiome.23 The challenges, however, 
include difficulties in delivering CRISPR-Cas9 systems 
to sites of infection, the possibility of immune reactions, 
and the risk of so-called off-target effects, i.e., unintended 
DNA cleavage outside the target sequence. This phenom-
enon results from the fact that gRNA can bind not only 
to a perfectly matched site in the genome but also to other 
highly similar sequences, leading to unintended genetic 
modifications. Such mutations can disrupt the function 
of important genes, increasing the risk of, among other 
things, cellular toxicity and carcinogenesis. A study con-
ducted by Feng Zhang’s team using the GUIDE-seq method 
demonstrated that Cas9 can cleave DNA at numerous 
unintended locations, raising concerns about the safety 
of this technology.44 Similar conclusions were reported 
by Schaefer et al., who observed unexpected mutations 
in mice treated with CRISPR-based therapy.45 In response 
to these challenges, more precise variants of Cas9 are being 
developed, along with improved gRNA design strategies 
aimed at minimizing off-target effects.46 Nevertheless, 
CRISPR-Cas9 remains one of the most promising strategies 
in addressing the growing problem of AMR.23
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Nanotechnology

Nanotechnology in antimicrobial medicine is developing 
dynamically as an innovative approach to combating anti-
biotic resistance. The use of nanomaterials such as metal 
nanoparticles (silver, gold, copper), metal oxides (e.g., ZnO, 
TiO2), and polymer and lipid carriers enables the delivery 
of drugs to hard-to-reach sites of infection, penetration 
of bacterial biofilms, and direct bactericidal action. These 
nanoparticles are characterized by sizes ranging from 
1 to 100 nm, which allows them to readily penetrate cell 
membranes and interact with microbial macromolecules 
at the molecular level.47,48 Silver nanoparticles (AgNPs) 
exhibit strong antimicrobial activity against Gram-positive 
and Gram-negative bacteria, acting by damaging cell mem-
branes, generating reactive oxygen species (ROS), and dis-
rupting metabolic processes.47,49 Their effectiveness against 
antibiotic-resistant strains makes them a promising tool 
for combating MDR pathogens. Furthermore, nanosilver 
can be combined with conventional antibiotics, leading 
to a synergistic effect – reducing the required doses and 
potentially delaying the development of resistance.

An example of this is the study by Panáček et al., which 
evaluated the  effectiveness of  combining AgNPs with 
various antibiotics (including ampicillin, gentamicin, 
and streptomycin) against selected strains of E. coli and 
S. aureus. It was shown that the combinations of antibacte-
rial agents significantly increased antimicrobial activity, 
especially when compared to antibiotics used in monother-
apy. The observed synergistic effect allowed the minimum 
inhibitory concentration (MIC) to be reduced severalfold. 
On this basis, the authors indicated that nanosilver may 
enhance the activity of conventional drugs and consti-
tute an effective antimicrobial strategy against drug-re-
sistant strains.50 Gold nanoparticles (AuNPs) also exhibit 
high antibacterial activity, as demonstrated by the study 
of Muhammad Ilyas et al.51 Their aim was to investigate 
the antimicrobial properties of AuNPs against selected 
bacterial pathogens. The authors used AuNPs synthesized 
biologically using Delphinium denudatum leaf extract and 
then assessed their effects on E. coli, S. aureus, P. aeru-
ginosa, and Salmonella typhi. The results showed that 
AuNPs exhibited clear bactericidal activity, with effec-
tiveness dependent on particle concentration and size. 
The authors also noted that nanoparticles likely interact 
with the bacterial cell membrane, causing damage and 
disruption of metabolic processes. This study confirms 
the potential of AuNPs as an alternative or complement 
to conventional antimicrobial therapy.51

Nanocarriers such as liposomes, dendrimers, or polymer 
nanoparticles (e.g., made of poly(lactic-co-glycolic acid) 
(PLGA)) can function as drug delivery systems while pro-
tecting active substances against degradation, increasing 
their bioavailability, and directing them to sites of infec-
tion. Examples include nanocarriers of colistin or vanco-
mycin, which improve antibiotic penetration into bacterial 

biofilms and reduce drug toxicity. A  study conducted 
by  Zhang et  al. assessed the  effectiveness of  colistin-
loaded PLGA nanoparticles in the treatment of infections 
caused by MDR strains of P. aeruginosa. To conduct this 
study, nanoparticles were prepared by  emulsification 
and solvent evaporation and then evaluated in vitro and 
in vivo (in a mouse model). It was found that colistin en-
capsulated in nanocarriers exhibited increased biofilm 
penetration and antibacterial effectiveness while reduc-
ing renal toxicity compared to the free form of the drug. 
These results confirm the potential of nanotechnology 
to treat antibiotic-resistant bacterial infections more safely  
and effectively.44

An  innovative approach is  the  so-called “intelligent 
nanomaterials”, which respond to environmental con-
ditions such as pH, the presence of bacterial enzymes, 
or light. These allow controlled drug release in response 
to stimuli.47 Nanotechnology is also widely used in diag-
nostics, offering fast, sensitive, and specific methods for 
detecting pathogens and resistance markers. Knowledge 
of their occurrence is extremely valuable because it enables 
rapid adaptation of pharmacotherapy to the properties 
of pathogens. An example of the effective use of nanotech-
nology in diagnostics is a study conducted by Hong-zhi 
Pan et al.52 It describes an electrochemical nanosensor 
based on AuNPs and graphene-modified electrodes, used 
to detect the presence of a resistance gene encoding Kleb-
siella pneumoniae carbapenemase. To conduct this study, 
the authors used hybridization of specific DNA probes 
with the target gene fragment and detection of the elec-
trochemical signal, which enabled detection of the gene 
with high sensitivity and a short analysis time. The results 
showed that this platform enables rapid detection of re-
sistance genes without the need for DNA amplification, 
making it a promising tool in microbiological diagnostics, 
especially in hospital settings.52

The advantages of nanotechnology include increased 
therapeutic effectiveness, the  ability to  deliver drugs 
to hard-to-reach sites, the ability to overcome biological 
barriers, and the potential reduction of antibiotic doses. 
Challenges include the toxicity of some nanomaterials, 
tissue accumulation, the lack of long-term safety studies, 
and the need for legal regulations regarding their use.47,48

Discussion

Summarizing the main findings, all discussed strate-
gies – phage therapy, AMPs, CRISPR-Cas9 gene editing, 
and nanotechnology – are characterized by high therapeu-
tic potential. Their strength lies in the possibility of selec-
tive action against MDR pathogens and their effectiveness 
against biofilms. The weakness lies in the limited number 
of clinical trials, difficulties in standardizing methods, 
and issues related to safety and legal regulations. Com-
pared to previous studies, there is an increasing emphasis 
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on personalized therapy and the combination of different 
strategies in a multimodal approach. Differences in re-
search results arise mainly from variations in experimental 
models and the limited scale of clinical trials. It is impor-
tant for clinicians that these innovative methods may com-
plement or replace conventional antibiotics in the future, 
especially in the treatment of infections caused by MDR 
and XDR strains. Further clinical trials are necessary to de-
termine the long-term effectiveness and safety of these 
new therapies. Challenges also include unanswered 
questions regarding interactions with the microbiome, 
the risk of immunogenicity, and the potential for secondary  
resistance.

Conclusions

Microbial resistance to conventional antibiotics neces-
sitates the introduction of innovative treatment methods. 
Biotechnological strategies such as phage therapy, AMPs, 
CRISPR-Cas9 systems, and nanotechnology open up new 
therapeutic possibilities. Their development may signifi-
cantly affect clinical practice in the future but requires fur-
ther research, funding, and the establishment of an appro-
priate legislative framework. The implementation of these 
methods should go hand in hand with public education, 
the rational use of antibiotics, and interdisciplinary collabo-
ration. Shortening the path from basic research to clinical 
practice is crucial for effectively combating the growing 
problem of AMR.

Use of AI and AI-assisted 
technologies

Not applicable.
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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).

Key words: Klebsiella pneumoniae, ZnO NPs, imipenem, biofilm formation
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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 
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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, 

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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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.
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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.

ORCID iDs
Deyar Jassim Shawi  0009-0005-2234-6592
Ayaid Khadem Zgair  0000-0002-2356-3338

References
1.	 Nagham SM, Obaid MM, Jasem MJ, Noaman TM. Impact of biofilm 

formation on antibiotic resistance in Escherichia coli. World J Exp Bios-
ci. 2024;12(2):44–48. doi:10.65329/wjeb.v12.02.004

2.	 Campos JV, Pontes JTC, Canales CSC, Roque-Borda CA, Pavan FR. 
Advancing nanotechnology: Targeting biofilm-forming bacteria with 
antimicrobial peptides. BME Front. 2025;6:0104. doi:10.34133/bmef.0104

3.	 Hajareh Haghighi F, Mercurio M, Cerra S, et al. Surface modification 
of TiO2 nanoparticles with organic molecules and their biological 
applications. J Mater Chem B. 2023;11(11):2334–2366. doi:10.1039/
D2TB02576K

4.	 Hosnedlova B, Kabanov D, Kepinska M, et al. Effect of biosynthesized 
silver nanoparticles on bacterial biofilm changes in S. aureus and E. 
coli. Nanomaterials. 2022;12(13):2183. doi:10.3390/nano12132183

5.	 Fu Y, Zhang Y, Zhao J, et al. Emergence of co-resistance to imipen-
em/relebactam and ceftazidime/avibactam in clinical Klebsiella pneu-
moniae ST11 clone due to KPC-2 N132S and CTX-M-65 S130G/P167S 
substitutions. Antimicrob Agents Chemother. 2025;69(12):e00891-25. 
doi:10.1128/aac.00891-25

6.	 Chen HQ, Mo ZH, Wei WX. Case report: Trauma-induced Klebsiella 
pneumoniae invasive syndrome presenting with liver abscess, lung 
abscess, endophthalmitis, and purulent meningitis. Front Med (Lau-
sanne). 2025;11:1513831. doi:10.3389/fmed.2024.1513831

7.	 Mendes G, Santos ML, Ramalho JF, Duarte A, Caneiras C. Virulence 
factors in carbapenem-resistant hypervirulent Klebsiella pneumoniae. 
Front Microbiol. 2023;14:1325077. doi:10.3389/fmicb.2023.1325077

8.	 Ashaduzzaman M, Al Muhit MA, Dey SC, et al. Microwave assisted 
starch stabilized green synthesis of zinc oxide nanoparticles for anti-
bacterial and photocatalytic applications. Sci Rep. 2025;15(1):28288. 
doi:10.1038/s41598-025-14193-8

9.	 Masadeh MM, Bany-Ali NM, Khanfar MS, Alzoubi KH, Masadeh MM, 
Al Momany EM. Synergistic antibacterial effect of ZnO nanoparticles 
and antibiotics against multidrug-resistant biofilm bacteria. Curr Drug 
Deliv. 2025;22(1):92–106. doi:10.2174/0115672018279213240110045557

10.	 Rodríguez-Suárez JM, Gershenson A, Onuh TU, Butler CS. The het-
erogeneous diffusion of polystyrene nanoparticles and the effect 
on  the  expression of  quorum-sensing genes and EPS produc-
tion as a function of particle charge and biofilm age. Environ Sci 
Nano. 2023;10(9):2551–2565. doi:10.1039/D3EN00219E

11.	 Norouzalinia F, Asadpour L, Mokhtary M. Anti-microbial, anti-bio-
film, and efflux pump inhibitory effects of ellagic acid–bonded mag-
netic nanoparticles against Escherichia coli isolates. Int Microbiol. 
2024;28(3):563–573. doi:10.1007/s10123-024-00560-4

12.	 Talib MM, Ghafil JA. Comparative adhesion of Pseudomonas aerugi-
nosa to human oral mucosal epithelial cells and polystyrene surfac-
es. J Fac Med Baghdad. 2024;66(3):344–349. doi:10.32007/jfacmed-
baghdad.6632328

13.	 Clinical and Laboratory Standards Institute (CLSI). CLSI M100. Perfor-
mance Standards for Antimicrobial Susceptibility Testing. 34th ed. Mal-
vern, USA: Clinical and Laboratory Standards Institute (CLSI); 2024. 
ISBN: 978-1-68440-305-9, 978-1-68440-306-6.

https://orcid.org/0009-0005-2234-6592
http://orcid.org/0000-0002-2356-3338
https://www.doi.org/10.65329/wjeb.v12.02.004
https://www.doi.org/10.34133/bmef.0104
https://www.doi.org/10.1039/D2TB02576K
https://www.doi.org/10.1039/D2TB02576K
https://www.doi.org/10.3390/nano12132183
https://www.doi.org/10.1128/aac.00891-25
https://www.doi.org/10.3389/fmed.2024.1513831
https://www.doi.org/10.3389/fmicb.2023.1325077
https://www.doi.org/10.1038/s41598-025-14193-8
https://www.doi.org/10.2174/0115672018279213240110045557
https://www.doi.org/10.1039/D3EN00219E
https://www.doi.org/10.1007/s10123-024-00560-4
https://www.doi.org/10.32007/jfacmedbaghdad.6632328
https://www.doi.org/10.32007/jfacmedbaghdad.6632328


Polim Med. 2026;56(1):53–63 63

14.	 Karam ST, Abdulrahman AF. Green synthesis and characterization 
of ZnO nanoparticles by using thyme plant leaf extract. Photonics. 
2022;9(8):594. doi:10.3390/photonics9080594

15.	 Sadiq SI, Ghafil JA. Polyhydroxybutyrate nanoparticle improv-
ing the sensitivity of Pseudomonas aeruginosa to ceftriaxone and 
reducing the biofilm formation in vitro. Polim Med. 2025;55(1):31–39. 
doi:10.17219/pim/203765

16.	 Mosmann T. Rapid colorimetric assay for cellular growth and sur-
vival: Application to proliferation and cytotoxicity assays. J Immu-
nol Methods. 1983;65(1–2):55–63. doi:10.1016/0022-1759(83)90303-4

17.	 Plumb JA. Cell sensitivity assays: The MTT assay. Methods Mol Med. 
1999;28:25–30. doi:10.1385/1-59259-687-8:25

18.	 Berridge MV, Herst PM, Tan AS. Tetrazolium dyes as tools in cell 
biology: New insights into their cellular reduction. Biotechnol Annu 
Rev. 2005;11:127–152. doi:10.1016/S1387-2656(05)11004-7

19.	 Abd Al-Mutalib L, 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

20.	 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

21.	 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. doi:10.24996/ijs.2022.63.11.5

22.	 Zhou C, Sun L, Li H, Huang L, Liu X. Risk factors and mortality of elder-
ly patients with hospital-acquired pneumonia of carbapenem-resis-
tant Klebsiella pneumoniae infection. Infect Drug Resist. 2023;16:6767–
6779. doi:10.2147/IDR.S431085

23.	 World Health Organization (WHO). WHO Bacterial Priority Pathogens 
List 2024: Bacterial Pathogens of Public Health Importance, to Guide 
Research, Development, and Strategies to Prevent and Control Antimi-
crobial Resistance. Geneva, Switzerland: World Health Organization 
(WHO); 2024. ISBN:978-92-4-009346-1.

24.	 Mondol SM, Islam MdR, Mia MdE, et al. Molecular and genomic insights 
into multidrug-resistant (MDR) and extensively drug-resistant (XDR) 
Pseudomonas aeruginosa causing burn wound infections in Bangla-
desh. Sci Rep. 2025;15(1):32629. doi:10.1038/s41598-025-19576-5

25.	 Polse RF, Qarani SM, Assafi MS, Sabaly N, Ali F. Incidence and Antibi-
otic Sensitivity of Klebsiella pneumoniae isolated from urinary tract 
infection patients in Zakho emergency hospital/Iraq. J Educ Sci. 
2020;29(3):257–268. doi:10.33899/edusj.2020.126827.1056

26.	 Mendes CR, Dilarri G, Forsan CF, et al. Antibacterial action and tar-
get mechanisms of zinc oxide nanoparticles against bacterial patho-
gens. Sci Rep. 2022;12(1):2658. doi:10.1038/s41598-022-06657-y

27.	 Sirelkhatim A, Mahmud S, Seeni A, et  al. Review on  zinc oxide 
nanoparticles: Antibacterial activity and toxicity mechanism. Nano-
micro Lett. 2015;7(3):219–242. doi:10.1007/s40820-015-0040-x

28.	 Jiang S, Lin K, Cai M. ZnO nanomaterials: Current advancements 
in antibacterial mechanisms and applications. Front Chem. 2020;8:580. 
doi:10.3389/fchem.2020.00580

29.	 Emram R, Sionov RV, Gutkin V, Wilensky A, Steinberg D, Assad R. 
Mechanism of action of zinc oxide nanoparticles as an antibacterial 
agent against Streptococcus mutans. Biomolecules. 2025;15(12):1660. 
doi:10.3390/biom15121660

30.	 Mahgoub SM, Mohamed EA, Aziz SAAA, et al. Synergistic potential 
of clindamycin hydrochloride loaded on zinc oxide nanoparticles: 
A novel approach to combat multidrug-resistant infections. Sci Rep. 
2025;15(1):44665. doi:10.1038/s41598-025-30573-6

31.	 Mohamed AA, Saed S, El-Sayed SR, et  al. A  combined therapy 
of meropenem–ZnO nanoparticles efficiently eliminates carbape-
nem-resistant Klebsiella pneumoniae biofilms, with reduced nephro-
toxicity (in vitro). Lett Appl Microbiol. 2024;77(12):ovae136. doi:10.1093/
lambio/ovae136

32.	 Banerjee S, Vishakha K, Das S, et al. Antibacterial, anti-biofilm activity 
and mechanism of action of pancreatin doped zinc oxide nanoparti-
cles against methicillin resistant Staphylococcus aureus. Colloids Surf 
B Biointerfaces. 2020;190:110921. doi:10.1016/j.colsurfb.2020.110921

33.	 Kumarage PM, Gul T, Green NJ, et al. Recent advances in gold and 
zinc oxide nanoparticles: Antibiofilm action, mechanisms beyond 
ROS generation, and in vivo efficacy. Microbiol Res. 2026;306:128441. 
doi:10.1016/j.micres.2026.128441

34.	 Mohsenzadeh A, Mohsenzadeh H, Mohammadi A, et al. Synergistic 
effects of zinc oxide nanoparticles and Meropenem on biofilm forma-
tion in Pseudomonas aeruginosa. Cell Mol Biomed Rep. 2025;5(2):121–
134. doi:10.55705/cmbr.2025.481668.1280

35.	 Khan BK, Ud Din MA, Mohammed MT, Batool M, Ullah H. Antagonism 
and antibiofilm activity of sterile microbiota growth medium against 
Klebsiella pneumoniae in vitro. World J Exp Biosci. 2025;13(2):33–36. 
doi:10.65329/wjeb.v13.02.003

36.	 Ebrahimi FA, Siasi E, Yazdian F, Ashrafi F. Nanotechnology meets 
superbugs: Biocompatible polymeric nanoparticles combat MDR 
Klebsiella pneumoniae via gene suppression and biofilm inhibition. 
Sci Rep. 2025;15(1):37708. doi:10.1038/s41598-025-21606-1

https://www.doi.org/10.3390/photonics9080594
https://www.doi.org/10.17219/pim/203765
https://www.doi.org/10.1016/0022-1759(83)90303-4
https://www.doi.org/10.1385/1-59259-687-8:25
https://www.doi.org/10.1016/S1387-2656(05)11004-7
https://www.doi.org/10.17219/pim/166584
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/10.24996/ijs.2022.63.11.5
https://www.doi.org/10.2147/IDR.S431085
https://www.doi.org/10.1038/s41598-025-19576-5
https://www.doi.org/10.33899/edusj.2020.126827.1056
https://www.doi.org/10.1038/s41598-022-06657-y
https://www.doi.org/10.1007/s40820-015-0040-x
https://www.doi.org/10.3389/fchem.2020.00580
https://www.doi.org/10.3390/biom15121660
https://www.doi.org/10.1038/s41598-025-30573-6
https://www.doi.org/10.1093/lambio/ovae136
https://www.doi.org/10.1093/lambio/ovae136
https://www.doi.org/10.1016/j.colsurfb.2020.110921
https://www.doi.org/10.1016/j.micres.2026.128441
https://www.doi.org/10.55705/cmbr.2025.481668.1280
https://www.doi.org/10.65329/wjeb.v13.02.003
https://www.doi.org/10.1038/s41598-025-21606-1




Original papers

Molecular insights into sub-inhibitory ceftriaxone-mediated 
modulation of Pseudomonas aeruginosa biofilm architecture, quorum 
sensing networks, and antibiotic–target docking interactions
Nabaa Amer JaberB,E,F, Jenan Atiyah GhafilA–F

Department of Biology, College of Science, University of Baghdad, Iraq

A – research concept and design; B – collection and/or assembly of data; C – data analysis and interpretation; 
D – writing the article; E – critical revision of the article; F – final approval of the article

Polymers in Medicine, ISSN 0370-0747, eISSN 2451-2699� Polim Med. 2026;56(1):65–74

Address for correspondence
Jenan A. Ghafil
E-mail: genan.atiyah@sc.uobaghdad.edu.iq

Funding sources
None declared

Conflict of interest
None declared

Acknowledgements
None declared

Received on April 18, 2026
Reviewed on May 26, 2026
Accepted on June 15, 2026

Published online on June 30, 2026

Cite as
Jaber NA, Ghafil JA. Molecular insights into sub-inhibitory 
ceftriaxone-mediated modulation of Pseudomonas 
aeruginosa biofilm architecture, quorum sensing 
networks, and antibiotic–target docking interactions. 
Polim Med. 2026;56(1):65–74. doi: 10.17219/pim/224596

DOI
10.17219/pim/224596

Copyright
Copyright by Author(s) 
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Abstract
Background. Pseudomonas aeruginosa biofilm polymer matrix formation contributes to antibiotic tolerance. 
The antibiofilm effects of sub-minimum inhibitory concentrations (MICs) of ceftriaxone (CTX), the molecular 
mechanisms by which these sub-MICs modulate biofilm polymer production and quorum sensing (QS), and 
the binding interactions of CTX with key biofilm regulatory proteins (LasR and RhlR QS receptors) have not 
been previously investigated.

Objectives. To determine the role of sub-MIC CTX in regulating biofilm polymer matrix formation, bacterial 
adhesion, QS gene expression (rhlR and lasR), and to perform molecular docking analysis of CTX interactions 
with LasR and RhlR QS receptor proteins and biofilm EPS polymer-associated targets.

Materials and methods. MICs and biofilm formation were determined. The effects of CTX sub-MICs 
on biofilm formation, adhesion to mouse bladder epithelial cells (BECs), and QS gene expression (rhlR and 
lasR, by qRT-PCR) were assessed. In silico molecular docking of CTX against the ligand-binding domains 
of LasR (PDB: 2UV0) and RhlR (PDB: 3T5K) was performed using AutoDock Vina. Interaction fingerprinting 
with biofilm EPS polymer-associated enzymes (AlgD and PelB) was also performed.

Results. CTX sub-MICs regulated biofilm formation in an isolate-dependent manner, reduced P. aeruginosa 
adhesion to mouse BECs, and downregulated the rhlR and lasR genes in a concentration-dependent manner. 
Molecular docking revealed that CTX binds favorably within the ligand-binding pockets of LasR (−8.3 kcal/
mol) and RhlR (−7.1 kcal/mol) via hydrogen bonding and hydrophobic interactions, suggesting competitive 
interference with QS autoinducer binding. CTX also exhibited affinity for AlgD (−7.6 kcal/mol), a key enzyme 
in alginate polymer biosynthesis.

Conclusions. CTX sub-MICs modulate biofilm EPS polymer matrix formation and epithelial adhesion 
by downregulating QS regulatory genes. lasR was more responsive to CTX sub-MIC stress than rhlR. Molecular 
docking supports a direct molecular interaction mechanism through which CTX may interfere with QS 
receptor signaling and alginate polymer biosynthesis, providing a structural basis for its antibiofilm activity 
at sub-inhibitory concentrations.

Key words: Pseudomonas aeruginosa, alginate, molecular docking, ceftriaxone, quorum sensing
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Background

The formidable opportunistic pathogen Pseudomonas 
aeruginosa causes persistent infections in immunosup-
pressed patients and in individuals with cystic fibrosis, 
burns, urinary tract infections (UTIs), and infections as-
sociated with indwelling medical devices.1,2 Its primary 
virulence factor is its ability to form biofilms. A biofilm 
is a structured, multicellular community of bacteria en-
closed within a self-produced extracellular matrix. This 
mode of growth creates a microenvironment that promotes 
bacterial proliferation and shields the bacteria from antibi-
otics and the host immune system.3 Consequently, it often 
leads to chronic and difficult-to-treat infections.4 This in-
herent resistance to antibiotics contributes to high morbid-
ity and mortality rates, presenting a significant challenge 
for managing P. aeruginosa infections in clinical settings.5

The  extracellular matrix of  P.  aeruginosa biofilms 
is a complex mixture of biopolymers that confer structural 
stability, antibiotic recalcitrance, and protection from host 
immunity. Chief among these are three distinct exopoly-
saccharide (EPS) polymers: alginate, Pel, and Psl. 6 Algi-
nate is a linear polymer of β-1,4-linked mannuronate and 
guluronate residues, which forms a viscous, hydrogel-like 
capsule that impedes antibiotic penetration and protects 
bacteria from desiccation and immune surveillance.7 Pel 
is a cationic, partially deacetylated polymer of β-1,4-linked 
galactosamine and N-acetylgalactosamine, critical for 
maintaining biofilm cohesion and pellicle formation. Psl 
is  a  neutral pentasaccharide repeat-unit polymer rich 
in mannose and glucose, predominantly associated with 
surface attachment and the initial stages of biofilm develop-
ment.8 Together, these EPS polymers represent the struc-
tural ‘scaffold’ of  the biofilm and are prime targets for 
anti-biofilm therapeutic strategies. Understanding how 
antibiotics at sub-inhibitory concentrations alter EPS poly-
mer production is therefore critical for comprehending 
biofilm modulation.

The cell-to-cell communication system known as quo-
rum sensing (QS) is  involved in  the  pathogenicity 
of P. aeruginosa. The Las and Rhl systems are the primary 
circuits in P. aeruginosa that function hierarchically yet 
interactively. Both systems have a transcriptional regulator 
(LasR and RhlR, respectively) and its cognate autoinducer 
synthase.9 The LasR system is the primary regulator that 
drives activation of the RhlR system. Both systems regu-
late the expression of various virulence factors, including 
elastase, rhamnolipids, and pyocyanin, and are essential 
for the formation and maintenance of strong biofilms.10 
Crucially, QS governs EPS polymer gene clusters: LasR and 
RhlR directly regulate alginate biosynthesis genes, includ-
ing algD, and modulate Pel and Psl biosynthesis operons, 
thereby linking intercellular signaling to biofilm polymer 
matrix composition.11

Ceftriaxone (CTX) is a third-generation cephalospo-
rin antibiotic active against both Gram-positive and 

Gram-negative bacteria and is a drug of choice for treat-
ing pneumonia, meningitis, sepsis, and complicated uri-
nary tract infections.12 The bactericidal and antibiofilm 
effects of CTX on P. aeruginosa have been reported in pre-
vious studies.13,14 A previous study showed that sub-MICs 
of CTX inhibit biofilm formation through mechanisms 
involving QS.14 However, the structural basis for how CTX 
may directly interact with QS receptor proteins (LasR and 
RhlR) and biofilm EPS polymer biosynthetic enzymes 
at the molecular level has not been examined. Molecu-
lar docking is a validated computational approach that 
predicts the binding mode and affinity of a ligand within 
a target protein’s active site, enabling the rationalization 
of observed biological effects.15 Given the polymer-cen-
tric nature of P. aeruginosa biofilm resistance, elucidating 
the molecular interactions between CTX and biofilm-asso-
ciated target proteins has direct relevance to the develop-
ment of novel antibiofilm strategies and polymer-targeted 
therapies.

Objectives

The present study aims to evaluate the effect of sub-
MICs of CTX on P. aeruginosa biofilm formation on abiotic 
surfaces and adhesion to mouse bladder epithelial cells; 
to elucidate the molecular mechanism of biofilm inhibition 
by assessing the effect of sub-MIC concentrations of CTX 
on QS regulatory genes (lasR and rhlR); and to perform 
docking analysis to investigate the binding interactions 
of CTX with the LasR and RhlR QS receptor proteins and 
biofilm EPS polymer biosynthetic enzymes (AlgD and 
PelB), thereby providing a structural basis for the observed 
antibiofilm activities.

Materials and methods

Bacterial isolation and identification

Midstream urine specimens were collected from 260 in-
patients at Baghdad Teaching Hospital, Baghdad, Iraq, who 
had UTIs. The samples were collected in sterile containers. 
Patients were not allowed to receive antibiotic treatment 
within 3 days prior to sample collection. All patients signed 
the consent form before sample collection. The samples 
were inoculated onto MacConkey agar (HiMedia, Mum-
bai, India) and Cetrimide agar (HiMedia, Mumbai, India) 
plates and incubated at 37°C for 18 h. Biochemical tests 
(oxidase and catalase) and Gram staining were performed. 
The VITEK 2 system (bioMérieux, Marcy-l’Étoile, France) 
with the ID-GNB card was used for identification.16 Puri-
fied isolates were stored at −20°C in nutrient broth supple-
mented with 20% glycerol. The authors followed good labo-
ratory practices when handling the biohazardous materials 
used in the current study.17
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Antimicrobial susceptibility testing 
and minimum inhibitory concentration

Kirby–Bauer disk diffusion on Mueller–Hinton agar 
(MHA; HiMedia) using CTX disks (30 µg) was performed. 
Inhibition zone diameters were interpreted according 
to  CLSI breakpoint guidelines.18 Minimum inhibitory 
concentrations (MICs) were determined using the broth 
microdilution method in Mueller–Hinton broth (MHB; 
HiMedia), with serial twofold dilutions of  CTX (Pan-
pharma, France) prepared from a 2 mg/mL stock solution.19

Biofilm formation assay

Biofilm formation was evaluated using the microtiter 
plate crystal violet assay on polystyrene 96-well plates. 
Briefly, 100 µL Tryptic Soy Broth (TSB, 0.25 g/L glucose, 
HiMedia, India) with 5 µL bacterial suspension (0.5 McFar-
land) was incubated at 37°C for 24 h. Wells were washed, 
fixed at 65°C for 60 min, stained with 0.4% crystal violet 
(15 min), washed, and destained with anhydrous ethanol. 
Absorbance at 590 nm (OD590) was measured with a micro-
plate reader (BioTek 800 TS, Winooski, USA). Experiments 
were performed in triplicate, and biofilm classification was 
based on cut-off optical density values.14

Effect of CTX sub-MICs on biofilm polymer 
formation

The effect of CTX sub-MICs (1⁄2 MIC, 1⁄4 MIC, 1⁄8 MIC, 
1⁄16 MIC, 1⁄32 MIC, and 1⁄64 MIC) on biofilm formation was 
assessed on polystyrene surfaces using the method de-
scribed above. Three controls were included: TSB alone 
(negative), TSB with bacterial inoculum without antibiotic 
(positive biofilm control), and CTX serial dilutions in TSB 
without bacteria (background control). All experiments 
were performed in triplicate.

Effect of CTX sub-MICs on adhesion 
to mouse bladder epithelial cells

The effect of CTX sub-MICs (1⁄2 MIC, 1⁄4 MIC, 1⁄8 MIC, 
1⁄16 MIC, and 1⁄32 MIC) on the adhesion of P. aeruginosa 
to mouse bladder epithelial cells (BECs) was evaluated. 
Mouse BECs were prepared in vitro by gently scraping 
the  inner epithelial layer of  the bladder obtained from 
healthy mice.20 Cells were maintained in Minimum Es-
sential Medium (MEM; Sigma-Aldrich, St. Louis, USA) 
supplemented with 10% fetal bovine serum (Biowest, USA), 
2 mM L-glutamine, and 1 mM sodium pyruvate. After in-
cubation, non-adherent bacteria were removed by washing, 
and viable adherent bacteria were counted by serial ten-
fold dilution and plate counting on nutrient agar. Smears 
stained with Leishman stain were examined microscopi-
cally. Bacteria treated with phosphate-buffered saline (PBS; 
0.1 M, pH 7.2) instead of CTX served as untreated controls.

Gene expression: qRT-PCR

The effects of sub-MICs of CTX (1⁄2 MIC, 1⁄4 MIC, 1⁄8 MIC, 
1⁄16 MIC, and 1⁄32 MIC) on the expression of QS regula-
tory genes (rhlR and lasR) were evaluated using the isolate 
producing the highest level of biofilm formation. Total 
RNA was extracted with TRIzol reagent (Thermo Fisher 
Scientific, Waltham, USA). cDNA was synthesized with 
the RevertAid First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific). qRT-PCR was performed on a Rotor-
Gene Q thermocycler (Qiagen, Hilden, Germany) using 
TOPreal qPCR  ×2PreMIX SYBR Green (Enzynomics, 
Daejeon, South Korea). Gene expression was normal-
ized to the housekeeping gene rpoD using the 2^−ΔΔCT 
method.15,21 Data are expressed as  fold change relative 
to the PBS-treated control.

Molecular docking of ceftriaxone 
with biofilm-associated target proteins

In silico molecular docking was performed to investigate 
the binding interactions of CTX with QS receptor proteins 
(LasR and RhlR) and key biofilm EPS polymer biosynthetic 
enzymes (AlgD and PelB).

Ligand preparation: The three-dimensional structure 
of ceftriaxone (PubChem CID: 5479530; molecular for-
mula: C₁₈H₁₈N₈O₇S₃; molecular weight: 554.58  g/mol) 
was retrieved from the PubChem database. The structure 
was converted to PDBQT format using Open Babel v. 3.1. 
Energy minimization was performed using the MMFF94 
force field within Avogadro v. 1.2 prior to docking.

Target protein preparation: Crystal structures were 
downloaded from the Protein Data Bank (PDB): LasR ligand-
binding domain in complex with N-(3-oxododecanoyl)-L-
homoserine lactone (PDB: 2UV0, resolution: 1.9 Å), RhlR 
ligand-binding domain (PDB: 3T5K, resolution: 1.6 Å), 
AlgD GDP-mannose dehydrogenase (PDB: 1MV8), and 
PelB from the Pel biosynthetic operon (PDB: 5TCB). Water 
molecules and co-crystallized ligands were removed using 
PyMOL v. 2.5 (Schrödinger, New York, USA). Polar hydro-
gen atoms were added, and Gasteiger partial charges were 
assigned using AutoDockTools v. 1.5.7 (Scripps Research 
Institute, La Jolla, USA).

Docking simulations: Molecular docking was performed 
using AutoDock Vina v. 1.2 (Scripps Research Institute).22 
The docking grid box was centered on the co-crystallized 
ligand binding site for each target (LasR: center x = 15.5, 
y = 18.3, z = 22.7; RhlR: center x = −4.2, y = 12.8, z = 5.4; 
AlgD: center x = 8.1, y = 22.5, z = −3.9; PelB: center x = 5.2, 
y = −8.7, z = 14.2), with box dimensions of 25 × 25 × 25 
Å and an exhaustiveness parameter of 8. The top-ranked 
binding pose (lowest binding energy) was selected for 
analysis. Protein–ligand interactions were visualized us-
ing BIOVIA Discovery Studio Visualizer v. 21.1 (Dassault 
Systèmes, Vélizy-Villacoublay, France) and LigPlot+ v. 2.2 
(EMBL-EBI, Hinxton, UK). Binding interactions (hydrogen 
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bonds and hydrophobic contacts) were identified, and 
the interacting residues were recorded.22

Validation: The docking protocol was validated by re-
docking the co-crystallized native ligand of each target 
protein into its respective binding site. Acceptable re-
docking was confirmed by a root-mean-square deviation 
(RMSD) of ≤2.0 Å between the re-docked and crystallo-
graphic poses, consistent with standard validation criteria.

Statistical analyses

Origin v. 8.4 (OriginLab, Northampton, USA) was used 
to prepare graphs and perform data analysis. Data are 
presented as means ± standard error. Student’s t-test and 
one-way ANOVA were used to evaluate group differences. 
Correlation was assessed by Pearson’s correlation coeffi-
cient (r). A p < 0.05 was considered statistically significant.

Results

Bacterial isolates and CTX susceptibility

Twenty P. aeruginosa isolates were obtained from 260 
midstream urine samples (incidence: 7.66%). The Kirby–
Bauer disk diffusion method showed inhibitory zone di-
ameters ranging from 7 ± 0.78 mm (Pa15) to 28 ± 4.8 mm 

(Pa7). MIC values ranged from 1.95 µg/mL (Pa2, Pa7, Pa17) 
to 250 µg/mL (Pa1, Pa5, Pa10, Pa15), confirming an inverse 
relationship between inhibition zone diameter and MIC 
(Table 1).

Table 1. Antimicrobial susceptibility and biofilm formation of 20 clinical P. aeruginosa isolates. Isolates were cultured in Mueller–Hinton broth at 37°C  
under aerobic conditions for MIC determination and Tryptic Soy Broth supplemented with 0.25% glucose at 37°C for biofilm assays

Isolate Inhibitory zone (mm) MIC (µg/mL) Biofilm OD590 (mean ± SD)

Pa1 7 ± 1.1 250 0.56 ± 0.15

Pa2 26 ± 2.7 1.95 0.26 ± 0.14

Pa3 12 ± 1.4 62.5 0.46 ± 0.13

Pa4 17 ± 2.7 31.25 0.66 ± 0.10

Pa5 8 ± 1.3 250 0.59 ± 0.14

Pa6 22 ± 3.4 3.9 0.42 ± 0.09

Pa7 28 ± 4.8 1.95 0.36 ± 0.09

Pa8 14 ± 2.1 62.5 0.45 ± 0.21

Pa9 19 ± 2.8 15.6 0.33 ± 0.14

Pa10 9 ± 0.9 250 0.61 ± 0.21

Pa11 11 ± 1.4 125 0.52 ± 0.18

Pa12 22 ± 3.6 3.9 0.21 ± 0.17

Pa13 17 ± 3.2 31.25 0.33 ± 0.13

Pa14 12 ± 1.2 62.5 0.45 ± 0.21

Pa15 7 ± 0.78 250 0.58 ± 0.22

Pa16 15 ± 1.7 15.6 0.41 ± 0.12

Pa17 27 ± 3.6 1.95 0.31 ± 0.11

Pa18 25 ± 3.8 3.9 0.49 ± 0.11

Pa19 18 ± 2.8 15.6 0.46 ± 0.09

Pa20 10 ± 1.03 125 0.48 ± 0.19

MIC − minimum inhibitory concentration; OD − optical density.

Biofilm formation

All 20 isolates produced biofilm to varying extents, with 
OD590 values ranging from 0.21 ± 0.17 to 0.66 ± 0.10. Five 
isolates (Pa1, Pa4, Pa5, Pa10, Pa15) were strong biofilm 
formers (OD590 > 0.50). Eight isolates were moderate bio-
film formers, and four were weak biofilm formers. A sig-
nificant negative correlation was observed between CTX 
inhibition zone diameter and biofilm formation (r = −0.68, 
p < 0.001), and a significant positive correlation was found 
between MIC values and biofilm biomass (r  =  +0.70, 
p < 0.001) (Fig. 1). These findings indicate that strong bio-
film formation is associated with reduced susceptibility 
to CTX, consistent with the protective role of EPS polymer 
matrices (alginate, Pel, Psl) in shielding bacterial cells from 
antibiotic penetration.

Effect of CTX sub-MICs on biofilm 
formation

CTX sub-MICs (1⁄2, 1⁄4, 1⁄8, 1⁄16, 1⁄32 MIC) produced hetero-
geneous effects on biofilm formation across the 20 isolates. 
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Fig. 1. Correlation analysis between ceftriaxone (CTX) susceptibility and biofilm formation in 20 P. aeruginosa isolates. Biofilm formation (OD₅₉₀) showed 
a significant negative correlation with inhibition zone diameter (mm) (A) and a significant positive correlation with MICs (µg/mL) (B). r, Pearson’s correlation 
coefficient. Statistical significance was assessed using the p-value

The majority of isolates (Pa1–Pa8, Pa10–Pa11, Pa14–Pa20) 
exhibited a concentration-dependent reduction in biofilm 
biomass. Two isolates (Pa9 and Pa13) showed a paradoxi-
cal, transient increase in biofilm formation at interme-
diate sub-MIC concentrations (1⁄8–1⁄16 MIC), suggesting 
a stress-induced adaptive biofilm response. One isolate 
(Pa12) showed no significant change across all CTX sub-
MICs (Fig. 2).

This paradoxical effect in a subset of strains likely re-
flects the upregulation of EPS polymer biosynthesis, par-
ticularly alginate overproduction, as  a  stress-response 
mechanism to a sublethal antibiotic challenge, a phenom-
enon associated with mucA mutation and sigma factor 
AlgT/U activation.23

Fig. 2. Effect of CTX sub-MICs (1/2, 1/4, 1/8, 1/16, and 1/32 MIC) on biofilm formation (OD590) across 20 clinical P. aeruginosa UTI isolates, showing concentration-
dependent suppression in 17 of 20 isolates, a paradoxical increase in Pa9 and Pa13, and no change in Pa12
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Effect of CTX sub-MICs on adhesion 
to mouse BECs

CTX sub-MICs reduced the number of viable Pa4 cells 
adherent to mouse BECs in a concentration-dependent 
manner. The greatest reduction was observed at 1⁄2 MIC. 
Significant decreases were observed at 1⁄2, 1⁄4, 1⁄8, and 1⁄16 
MIC concentrations. No significant effect was observed 
at 1⁄32MIC (p > 0.05; fig. 3). Microscopic examination (Fig. 4) 
confirmed a concentration-dependent reduction in bacterial 
adhesion to BECs. The reduction in surface adhesion at sub-
inhibitory CTX concentrations may reflect diminished Psl 
polymer-mediated surface attachment, as Psl is a key me-
diator of initial surface colonization and its regulation falls 
under the QS network modulated by LasR and RhlR.

Fig. 3. Effect of different CTX sub-MIC concentrations on the ability 
of P. aeruginosa Pa4 to adhere to mouse BECs in vitro. Adhesion ability 
was determined by the number of viable bacterial cells, expressed  
as CFU/mL. Asterisks indicate a significant difference compared 
with the control (adhesion of Pa4 not exposed to CTX). A p-value <0.05 
was considered statistically significant

Fig. 4. Light micrographs showing the adhesion of P. aeruginosa (Pa4) 
treated with different CTX sub-MIC concentrations to mouse bladder 
epithelial cells (BECs). Bacterial treatments included 1⁄2 MIC (B), 1⁄4 MIC 
(C), 1⁄8 MIC (D), and 1⁄32 MIC (E). Image A shows mouse BECs not exposed 
to Pa4 (negative control), whereas image F shows mouse BECs exposed 
to Pa4 without CTX treatment (positive control). Cells were stained 
with Leishman stain, and images were captured using a smartphone 
camera (Honor 400) mounted on a compound light microscope. 
White arrows indicate adherent bacteria, open arrows indicate epithelial 
cell nuclei, and black arrows indicate the epithelial cell membrane.  
Scale bar = 75 µm

Effect of CTX sub-MICs on rhlR and LasR 
gene expression

Sub-MICs of CTX significantly downregulated QS gene 
expression (rhlR and lasR) in Pa4 in a concentration-de-
pendent manner (Fig. 5). At ½ MIC, lasR and rhlR ex-
pression decreased to 0.28- and 0.42-fold, respectively. 
lasR exhibited greater sensitivity to CTX than rhlR at all 
sub-MIC concentrations. Since LasR directly governs 
the algD gene cluster and Pel/Psl biosynthesis operons, 
the observed downregulation of lasR by CTX sub-MICs 
provides a transcriptional mechanism for the concurrent 
reduction in biofilm EPS polymer matrix formation.

Fig. 5. Impact of sub-MICs of ceftriaxone (CTX) on lasR and rhlR quorum-
sensing (QS) gene expression in P. aeruginosa Pa4. Relative expression 
levels of lasR and rhlR were quantified by qRT-PCR and normalized 
to a housekeeping gene using the 2^ΔΔCt method. Exposure to sub-
MIC concentrations of CTX resulted in concentration-dependent 
downregulation of both genes, with lasR showing greater sensitivity than 
rhlR. Data are presented as mean ± SD; *indicates a significant difference 
(p < 0.05) compared with the control (lasR gene expression in Pa4 not 
exposed to CTX); # indicates a significant difference (p < 0.05) compared 
with the control (rhlR gene expression in Pa4 not exposed to CTX)

Molecular docking of ceftriaxone with 
biofilm-associated target proteins

Re-docking validation: The re-docking RMSD values 
for all four target proteins were ≤1.8 Å (LasR: 1.3 Å; RhlR: 
1.6 Å; AlgD: 1.7 Å; PelB: 1.5 Å), confirming the reliability 
of the docking protocol.
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CTX–LasR interaction: Molecular docking of CTX into 
the  LasR ligand-binding domain (PDB: 2UV0) yielded 
a binding energy of −8.3 kcal/mol, which is comparable 
to that of the native autoinducer N-(3-oxododecanoyl)-L-
homoserine lactone (3-oxo-C12-HSL; −8.7 kcal/mol). CTX 
occupied the hydrophobic pocket of LasR, with hydrogen 
bond formation involving residues Trp60, Asp73, Tyr93, 
and Ser129 through its aminothiazole ring and oxime 
functional group. Hydrophobic contacts were established 
with Ala127, Tyr134, Leu125, and Phe163. The favorable 
docking energy and overlap with the autoinducer-binding 
site suggest that CTX may competitively displace the native 
QS signal from LasR, thereby inhibiting LasR-dependent 
transcriptional activation of virulence and EPS polymer 
biosynthesis genes (Table 2, Fig. 6A).

CTX–RhlR interaction: Docking of CTX into the RhlR 
ligand-binding domain (PDB: 3T5K) yielded a binding en-
ergy of −7.1 kcal/mol. Key hydrogen bonds were formed 
with Asp38, Tyr64, and Arg61, while hydrophobic con-
tacts involved Ile40, Leu62, Phe82, and Val111. The lower 

binding energy compared with LasR is consistent with 
the experimentally observed greater sensitivity of  lasR 
gene expression to CTX sub-MIC stress (Table 2, Fig. 6B).

CTX–AlgD interaction: AlgD (GDP-mannose dehydro-
genase; PDB: 1MV8) is the rate-limiting enzyme in algi-
nate polymer biosynthesis. Docking of CTX against AlgD 
yielded a binding energy of −7.6 kcal/mol, with key in-
teractions involving the NAD+-binding residues Lys59, 
Thr145, and Arg264 via hydrogen bonding. These inter-
actions were concentrated at the coenzyme-binding cleft, 
suggesting that CTX may interfere with the enzymatic 
activity of AlgD and thereby reduce alginate EPS polymer 
production (Table 2, Fig. 6C).

CTX–PelB interaction: Docking against PelB (PDB: 
5TCB), a key outer-membrane auxiliary protein involved 
in  Pel polysaccharide secretion, yielded a  binding en-
ergy of −6.4 kcal/mol, with hydrogen bonding to Arg135, 
Tyr175, and Asn201. This interaction may interfere with 
Pel polymer export (Table 2, Fig. 6D). The binding energies 
are summarized in Table 2.

Table 2. Summary of molecular docking results for ceftriaxone (CTX) against biofilm-associated target proteins of Pseudomonas aeruginosa

Target protein PDB ID Binding energy, kcal/mol (kJ/mol) Key interacting residues Biological role

LasR (LBD) 2UV0 −8.3 (−34.7 kJ/mol) Trp60, Asp73, Tyr93, Ser129, Phe163 QS master regulator; algD/pel/psl 
activator

RhlR (LBD) 3T5K −7.1 (−29.7 kJ/mol) Asp38, Tyr64, Arg61, Phe82 QS secondary regulator; 
rhamnolipid activator

AlgD 1MV8 −7.6 (−31.8 kJ/mol) Lys59, Thr145, Arg264 Alginate polymer biosynthesis

PelB 5TCB −6.4 (−26.8 kJ/mol) Arg135, Tyr175, Asn201 Pel polymer secretion

LBD − ligand-binding domain; QS − quorum sensing; kcal/mol − kilocalories per mole; kJ/mol − kilojoules per mole.

Fig. 6. Molecular docking analysis of ceftriaxone (CTX) with biofilm-associated target proteins. (A) Interaction of CTX with the LasR ligand-binding domain 
(PDB: 2UV0), demonstrating occupation of the hydrophobic pocket and overlap with the autoinducer-binding site. (B) Docking of CTX into the RhlR ligand-
binding domain (PDB: 3T5K). (C) Interaction of CTX with the rate-limiting enzyme AlgD (PDB: 1MV8), highlighting binding at the NAD+ coenzyme-binding 
cleft. (D) Docking of CTX against the outer-membrane auxiliary protein PelB (PDB: 5TCB). Panels A1, B1, C1, and D1 show the 3D binding poses. Panels A2, B2, 
C2, and D2 show the 2D interaction diagrams
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Discussion

UTIs caused by P. aeruginosa are among the most chal-
lenging conditions for physicians to manage owing to its 
extensive antibiotic resistance.24,25 Biofilm formation 
is a central virulence mechanism, and the EPS polymer 
matrix comprising alginate, Pel, and Psl plays a decisive 
role in antibiotic tolerance and persistent infection.23,26

The present study demonstrates that sub-MIC concen-
trations of CTX modulate P. aeruginosa biofilm formation 
and epithelial cell adhesion through QS gene downregula-
tion and provides novel molecular docking evidence for 
direct CTX interactions with QS receptor proteins and 
biofilm EPS polymer biosynthetic enzymes.

In the present study, mouse BECs were used as a bi-
otic model to study bacterial adhesion rather than hu-
man BECs because both cell types may yield comparable 
data on the adhesion of P. aeruginosa to biotic surfaces. 
The mouse BEC model was used because these cells are 
available in our laboratory, are easy to handle, and offer 
ethical advantages for preliminary adhesion studies.

All P. aeruginosa isolates from UTI urine samples formed 
biofilms at varying levels. The significant positive correla-
tion between MIC and biofilm biomass (r = +0.70, p < 0.001) 
confirms that biofilm formation contributes to antibiotic 
tolerance. This correlation is mechanistically explained 
by the biofilm EPS polymer matrix: alginate and Pel poly-
saccharides create a physical diffusion barrier that reduces 
effective intra-biofilm CTX concentrations, while Psl rein-
forces surface adhesion. Isolates forming stronger biofilms 
thus require higher antibiotic concentrations for inhibition.27

Crystal violet staining is the preferred method for mea-
suring biofilm biomass; it has been extensively validated 
in P. aeruginosa biofilm research and is used in several 
studies.13,14,18 This method measures the  total biofilm 
biomass (including both bacterial cells and the biofilm 
extracellular matrix) and provides a statistically validated 
measure of  treatment-induced suppression of  biofilm 
formation.

Although direct quantification of EPS polymers would 
further support these data, we believe that combining 
biofilm biomass measurements with qRT-PCR gene ex-
pression analysis to determine how CTX affects biofilm 
formation yields valuable mechanistic insights into CTX-
mediated biofilm modulation.

Sub-MICs of CTX reduced biofilm formation in the ma-
jority (17/20) of  isolates in  a  concentration-dependent 
manner. Not only did CTX reduce biofilm formation, but 
previous studies have also shown that CTX possesses an-
tibiofilm activity and that different β-lactam antibiotics 
can reduce biofilm formation by P. aeruginosa.

In the present study, the rhlR and lasR genes were chosen 
because they represent the 2 main quorum-sensing systems 
of P. aeruginosa. The 2 systems work together hierarchi-
cally to regulate biofilm formation and exopolysaccharide 
(EPS) production. The lasR gene is the master regulator 

of QS and activates the rhlR system, which in turn regu-
lates the algD, pel, and psl operons. Therefore, these 2 genes 
are critical for understanding QS inhibition by CTX.28

At the molecular level, the concurrent downregulation 
of lasR and rhlR by CTX sub-MICs provides a transcrip-
tional explanation for reduced EPS polymer production: 
LasR directly activates the algD biosynthetic gene cluster 
(required for alginate polymer synthesis) and the pel/psl 
operons responsible for Pel and Psl polysaccharide produc-
tion.29 Downregulation of LasR therefore simultaneously 
reduces alginate viscosity, Pel-mediated cohesion, and 
Psl-mediated surface attachment, collectively dismantling 
the biofilm polymer scaffold.10,11

Paradoxically, two isolates (Pa9 and Pa13) showed a tran-
sient increase in biofilm formation at intermediate sub-
MIC concentrations. This stress-induced response is con-
sistent with the well-characterized “alarm” mechanism 
in P. aeruginosa, whereby sublethal antibiotic stress trig-
gers the AlgT/U sigma factor, leading to mucoid conversion 
and alginate overproduction as a protective response.

Importantly, the mucA gene encodes a negative regulator 
(anti-sigma factor) of AlgT/U, thereby suppressing alginate 
overproduction in P. aeruginosa. Under antibiotic stress, 
mucA is frequently mutated, resulting in constitutive over-
production of alginate and enhanced biofilm tolerance.23,30

These findings underscore the risk of using subtherapeu-
tic antibiotic concentrations, as they may drive selection 
for mucoid, hyper-biofilm-forming phenotypes and pro-
mote the emergence of new antibiotic-resistant P. aerugi-
nosa isolates, making the treatment of bacterial infections 
a major challenge for physicians.

The present study demonstrated that sub-MICs of CTX 
downregulated the expression of lasR and rhlR in a con-
centration-dependent manner, with lasR exhibiting greater 
sensitivity. This hierarchy aligns with the upstream regula-
tory position of the Las system: LasR activates rhlR expres-
sion, meaning that CTX-mediated interference with LasR 
signaling has compounding downstream effects across 
the entire QS network.

Our molecular docking data provide a  structural 
mechanism for this preferential sensitivity: CTX binds 
within the LasR ligand-binding domain with a binding 
energy (−8.3 kcal/mol) close to that of the native autoin-
ducer (−8.7 kcal/mol), suggesting competitive displace-
ment of 3-oxo-C12-HSL from the LasR binding pocket. 
This would prevent LasR dimerization and DNA binding, 
thereby repressing LasR-dependent transcription of viru-
lence and EPS polymer biosynthesis genes.31

The molecular docking interaction of CTX with AlgD 
(binding energy: −7.6 kcal/mol) at the NAD+-binding site 
is particularly significant. AlgD catalyzes the irreversible 
oxidation of  GDP-mannose to  GDP-mannuronic acid, 
the committed step in alginate polymer biosynthesis. In-
hibition of AlgD would reduce the pool of alginate mono-
mers, directly impairing alginate EPS polymer produc-
tion. Similarly, CTX interaction with PelB (−6.4 kcal/mol), 
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an auxiliary protein involved in Pel polysaccharide secre-
tion, suggests an additional mechanism by which CTX 
may disrupt Pel polymer assembly at the bacterial outer 
membrane.32,33

These computational findings collectively suggest that 
CTX exerts antibiofilm effects through a multi-target 
mechanism: (i) QS receptor antagonism (LasR and RhlR), 
(ii) transcriptional downregulation of EPS polymer gene 
clusters, and (iii) potential direct enzymatic interference 
with alginate and Pel biosynthetic enzymes.

A previous study by  Talib and Ghafil demonstrated 
the effects of CTX sub-MICs on P. aeruginosa biofilm 
formation and adhesion to human oral mucosal epithelial 
cells,14 while Naga et al. reported QS gene modulation 
by a ceftriaxone–nickel complex.15 The present study ex-
tends these findings by focusing on UTI-derived isolates, 
mouse BEC adhesion, and, critically, by providing the first 
molecular docking analysis of CTX binding to P. aerugi-
nosa QS receptors and EPS polymer biosynthetic enzymes, 
offering a mechanistic structural framework for the ob-
served biological activities. These docking insights align 
with emerging polymer-focused antibiofilm strategies that 
target EPS biosynthesis as a therapeutic vulnerability.34

The molecular docking analysis in the present study 
showed favorable binding energies and suitable binding-
site localization for CTX interactions with LasR, RhlR, 
AlgD, and PelB. However, the current predictions remain 
computational and cannot be confirmed without direct 
biophysical evidence. In contrast to QS gene downregula-
tion (validated by qRT-PCR), the proposed CTX–protein 
interactions remain mechanistic hypotheses that require 
validation using surface plasmon resonance (SPR), isother-
mal titration calorimetry (ITC), or enzyme inhibition as-
says. Therefore, QS inhibition via lasR/rhlR transcriptional 
suppression represents the primary validated mechanism 
of antibiofilm activity identified in this study, whereas 
targeting of EPS biosynthetic enzymes (AlgD and PelB) 
should be considered a plausible secondary mechanism 
pending experimental validation.

Limitations

This study has several limitations. First, only a single 
high-biofilm-forming isolate (Pa4) was used for QS gene 
expression and adhesion experiments, as the study aimed 
to characterize the effects of multiple sub-MIC concentra-
tions rather than a single concentration. However, several 
previous studies used a single isolate to examine the effects 
of antibiotics on biofilm formation, and other studies in-
vestigated QS gene expression in a single bacterial isolate 
(P. aeruginosa and Vibrio harveyi).13,18,35,36

Second, the molecular docking analysis is computational 
in nature and requires experimental validation by sur-
face plasmon resonance, isothermal titration calorime-
try, or co-crystallography to confirm direct CTX binding 

to LasR, RhlR, AlgD, and PelB proteins. Third, all experi-
ments were conducted in vitro, and the relevance of sub-
MIC CTX effects on biofilm EPS polymer dynamics in vivo 
requires further investigation in animal infection models. 
In our laboratory, we plan to extend the findings of the cur-
rent study using a murine animal model. The project has 
been prepared and will commence upon receipt of final 
approval.

Finally, this study did not directly quantify EPS polymer 
components (alginate, Pel, and Psl) by chemical analysis, 
which would strengthen the correlation between QS gene 
downregulation and EPS polymer reduction. In  future 
studies, we suggest evaluating existing QS inhibitors (e.g., 
furanones and salicylate analogs) and biofilm disruptors 
(e.g., DNase and chelating agents); the potential of CTX–
QS inhibitor combinations remains unexplored. This ap-
proach would have high clinical relevance for the treat-
ment of recalcitrant UTIs.

Conclusions

The  present study shows that P.  aeruginosa isolates 
from urine samples form variable levels of biofilm. Sub-
inhibitory concentrations of CTX exerted heterogeneous 
effects on biofilm formation but reduced biofilm formation 
in most (17/20) isolates and decreased P. aeruginosa (Pa4) 
adhesion to mouse BECs.

The sub-inhibitory concentrations of CTX downregu-
lated the QS regulatory genes lasR and rhlR, with lasR 
being more sensitive. Molecular docking analysis dem-
onstrates that CTX binds favorably to the ligand-binding 
pockets of the LasR and RhlR QS receptor proteins, com-
petitively displacing native autoinducers and providing 
a structural basis for QS inhibition.

Additional docking interactions with AlgD and PelB sug-
gest that CTX may directly interfere with alginate and Pel 
EPS polymer biosynthesis. These findings position CTX 
as a multitarget antibiofilm and anti-QS agent, with poten-
tial implications for polymer-focused therapeutic strategies 
targeting P. aeruginosa biofilm EPS matrix formation.
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Abstract
Background. Microwave plasma generates reactive oxygen and nitrogen species, making it popular in bio-
medical research. These species affect human cell shape, viability, and function. Plasma-induced biochemical 
changes affect lymphocytes, which regulate immunological responses.

Objectives. This study aims to investigate the effects of microwave plasma on lymphocyte cells to estimate 
how different exposure times affect their biological responses. Lymphocytes were exposed to microwave 
plasma for different time intervals.

Materials and methods. Healthy men aged 25–30 years provided 5 mL venous blood samples in sterile 
heparinized tubes. After stimulation with phytohemagglutinin (PHA), lymphocytes were grown in RPMI-
1640 medium at 37°C for 72 h. After incubation, cells were centrifuged, red blood cells were lysed with 
a hypotonic solution, and fixed with methanol:acetic acid (3:1). The fixed cell suspension was air-dried and 
Giemsa-stained on glass slides.

Results. Studies have indicated that exposure to plasma alters the morphology and behavior of lympho-
cytes. Reactive species that interact with cell membranes and intracellular components may cause these 
alterations. Plasma has potential in biomedical applications, but exposure parameters must be carefully 
controlled. Short-term plasma exposure appears to boost cell proliferation in healthy lymphocytes, bolster-
ing the immune response. In contrast, extended plasma exposure (≥25 min) may reduce pathological cell 
proliferation in diseased cells.

Conclusions. Short-duration plasma treatment promotes normal cell function, while extended exposure 
times target diseased cells. Microwave plasma has 2 effects depending on exposure time. Plasma exerts 
different biological effects depending on exposure time. Short exposure boosts normal lymphocyte activity 
and proliferation, but long exposure suppresses aberrant cells. Thus, microwave plasma is attractive for 
biomedical applications when exposure parameters are well controlled.

Key words: plasma, lymphocytes, immune system, tissue culture
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Highlights

• Microwave plasma modulates lymphocyte morphology and function: Exposure to plasma-generated reactive oxygen 
and nitrogen species significantly alters lymphocyte shape, viability, and biological behavior.

• Exposure time determines biological response: Short-term microwave plasma exposure enhances normal lymphocyte 
proliferation and immune activation, while prolonged exposure (≥25 minutes) suppresses pathological cell growth.

• Reactive species drive cellular biochemical changes: Plasma-induced oxidative and nitrosative stress interacts with 
cell membranes and intracellular components, influencing immune cell regulation.

• Therapeutic potential with controlled parameters: Microwave plasma shows promise in biomedical and immu-
nological applications, provided exposure duration is carefully optimized to balance immune stimulation and 
anti-proliferative effects.

Background

Cold plasma has emerged as a novel and versatile technol-
ogy, gaining significant attention in recent years due to its 
broad spectrum of applications in medicine, therapeu-
tics, biology, and even industry. As a partially ionized gas, 
cold plasma constitutes a reactive environment enriched 
with free electrons, ions, ultraviolet radiation, and reac-
tive oxygen and nitrogen species (RONS).1,2 These compo-
nents collectively enable cold plasma to interact directly 
with cellular structures and biological processes.3,4 These 
processes occur without inducing considerable thermal 
damage, which distinguishes it from conventional thermal 
approaches.5,6 Cell division is a fundamental biological 
process that governs tissue growth, repair, and regenera-
tion, and its deregulation plays a critical role in the onset 
and progression of cancer.6,7 Recent investigations have 
demonstrated that the biological effects of cold plasma 
on lymphocytes are highly dependent on both the type 
of cells exposed and the parameters of plasma treatment, 
such as intensity and duration.8,9 In normal cells, low-dose 
exposure to cold plasma has been reported to enhance 
proliferative activity and promote regenerative responses, 
whereas high-dose exposure can inhibit or completely sup-
press cell division by inducing oxidative stress pathways.10,11 
Conversely, in malignant cells, cold plasma has shown pro-
nounced efficacy in slowing down or arresting cellular pro-
liferation, in addition to triggering programmed cell death 
(apoptosis).12,13 These unique dual effects of cold plasma, 
promoting regeneration in normal cells while suppressing 
proliferation in cancerous cells, underscore its potential 
as a promising adjunctive tool in oncology and regenerative 
medicine. The tissue culture technique is a widely used 
method for observing dividing lymphocytes (blast cells) 
and determining the mitotic index (MI), which examines 
the abnormal behavior of living cells as a result of exposure 
to external agents, whether therapeutic or harmful.14 Such 
agents may include cold exposure, mutagens, carcinogens, 
and various types of radiation such as plasma.15 The tissue 
culture method has been widely applied in cytogenetic 
studies due to the relative ease of obtaining blood samples 
by venipuncture compared with collecting epithelial cells 

from the oral cavity, which requires a longer duration.16 
There are many reports addressing the application of this 
method in studying cases of leukemia, chromosomal ab-
normalities, and various types of genetic mutations.17,18 
Current research increasingly utilizes the MI assay in lym-
phocytes because of their high mitotic activity. This pro-
cess indicates the ability of living organisms to resist ex-
ternal influences. An increase in dividing lymphocytes 
indicates enhanced mitotic activity, whereas a decrease 
reflects suppression of cell division.19,20 This phenomenon 
has been used as a marker to study the effects of muta-
gens and other factors on chromosomes. The MI, defined 
as the percentage of dividing cells among 1,000 observed 
cells, is considered an important cytogenetic parameter 
in  assessing mitotic activity and the  potential of  cells 
to continue dividing or to display signs of apoptosis.21,22 
Therefore, the MI is used to diagnose the causes of reduced 
mitotic activity and to propose solutions for enhancing 
the overall ability of cells to divide.23,24

Materials and methods

Blood culture

A venous blood sample (5 mL) was collected from healthy 
male volunteers aged between 25–30 years and transferred 
into sterile heparinized tubes containing 0.2 mL of heparin 
as an anticoagulant. The samples were cultured at 37°C. 
For each sample, 0.5 mL of whole blood was added to 5 mL 
of RPMI-1640 culture medium (Sigma-Aldrich, St. Louis, 
USA). To  stimulate lymphocyte proliferation, 0.2  mL 
of phytohemagglutinin (PHA; Sigma-Aldrich) was added, 
and the cultures were incubated for 72 h at 37°C. Following 
incubation, the tubes were centrifuged at 1,500 rpm for 
10 min, and the supernatant was discarded. Then, 2 mL 
of hypotonic solution (KCl) was added to lyse the red blood 
cells. After 10 min, the tubes were centrifuged again under 
the same conditions, and the cells were fixed by adding 
3 mL of freshly prepared fixative (methanol:acetic acid 3:1). 
The fixation process was repeated 3 times until the cell sus-
pension became clear and free of debris. Drops of the final 
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suspension were placed onto clean, cold glass slides, air-
dried, and stained with Giemsa stain. The stained prepara-
tions were examined microscopically to identify mitotic 
cells, and the MI and blastogenic index (BI) were calculated 
as follows24,25:
•	� mitotic index assay (MI) = (Number of mitotic cells)/

(1000 cells) (×100%)
•	� blastogenic index assay (BI) = (Number of blast cells)/

(1000 cells) (×100%)

Results

The tissue culture technique, specifically the blood cul-
ture method, was employed in this study due to its high 
reliability and effectiveness in observing lymphocyte cells 
during their active stages of division, particularly the blast 
transformation phase. This method allows for the stimu-
lation and monitoring of lymphocytes as they progress 
through the cell cycle, making it especially useful for cy-
togenetic and cellular analyses. Furthermore, it provides 
optimal conditions for calculating the mitotic index, an 
important parameter used to assess the rate of cell division.

Through this assay, it becomes possible to evaluate any 
abnormal cellular behavior or disruptions in normal mi-
totic activity and the blastogenesis index of lymphocyte 
cells that may occur as a result of different exposure times 
to various external agents, such as chemical substances, 
environmental factors, or radiation. This makes the tech-
nique a valuable tool for understanding the biological ef-
fects of such agents on living cells.

Discussion

The  results demonstrated that short-term exposure 
of  lymphocytes to  cold plasma, ranging from 5  min 
to 20 min, significantly promoted lymphocyte prolifera-
tion. This enhancement was evidenced by an increased 
number of cells primed for division, leading to a higher 
proportion of actively dividing cells. These observations 
are supported by the quantitative data presented in the cor-
responding tables and figures. In contrast, prolonged plasma 
exposure of 25 min resulted in an inhibitory effect on lym-
phocyte proliferation. This suppression was characterized 
by a marked decrease in the number of cells prepared for 
mitosis, with values significantly lower than those observed 
in the control group. These findings provide scientific and 
medical insights, highlighting that plasma can exert benefi-
cial effects in both scenarios, depending on the type of cells 
being treated. In the case of healthy lymphocytes, short-
term plasma exposure appears to enhance cell prolifera-
tion, thereby strengthening and supporting the immune re-
sponse. Conversely, in diseased or abnormal cells, prolonged 
plasma exposure (≥25 min) may exert inhibitory effects, 
slowing down or preventing pathological cell proliferation. 
As illustrated in the figures, the enhanced effect of cold 

plasma observed in female lymphocytes may be attributed 
to the interaction between female hormones, cell membrane 
composition, and a relatively stronger immune response, re-
sulting in increased sensitivity to plasma-generated reactive 
species. Molecular techniques can be utilized to investigate 
the effects of cold plasma on target cell genes and related 
molecular pathways. Such molecular biological approaches 
have been widely applied across numerous experimental 
studies in the life sciences in general and in medical research 
in particular.26–29

Limitations

The current investigation was constrained by the limited 
sample size and the exclusive use of in vitro experiments. 
The molecular mechanisms related to plasma-induced 
cellular responses were not examined. Additional research 
with more extensive experimental models is necessary to 
validate the results.

Conclusions

Accordingly, it can be concluded that brief plasma expo-
sure is beneficial for supporting normal cellular activity, 
whereas longer exposure durations may be more suitable 
for the therapeutic targeting of diseased cells. The biologi-
cal effects of cold plasma are primarily mediated through 
the generation of reactive oxygen and nitrogen species 
(ROS and RNS), which interact with cellular membranes 
and proteins, leading to alterations in cell viability and 
immune activity.
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Table 1. Mitotic and blastogenesis index of lymphocyte cells at 25 min exposure time

Number of samples Control Treated

Male group mitotic index ±SD blastogenesis index ±SD mitotic index ±SD blastogenesis index ±SD

1 0.4 ±0.12 4.2 ±0.22 0.3 ±0.20 3.3±0.11

2 0.5 ±0.03 2.2 ±0.13 0.4 ±0.10 1.5±0.12

3 0.3 ±0.12 3.5 ±0.12 0.2 ±0.12 2.1±0.11

4 0.2 ±0.08 3.5 ±0.09 0.2 ±0.08 2.2 ±0.22

5 0.4 ±0.09 3.5 ±0.19 0.3 ±0.19 2.1±0.21

6 0.4 ±0.46 3.8 ±0.46 0.3 ±0.46 2.9 ±0.11

7 0.4 ±0.45 3.2 ±0.16 0.2 ±0.25 2.1 ±0.13

8 0.2 ±0.03 2.5 ±0.03 0.1 ±0.13 1.1 ±0.10

9 0.3 ±0.46 2.5 ±0.46 0.2 ±0.21 1.3 ±0.16

10 0.2 ±0.09 4 ±0.99 0.1 ±0.19 3.1 ±0.20

Average 0.33±0.05 3.29 0.23±0.06 2.17 ±0.05

SD – standard deviation.

Table 2. Mitotic and blastogenesis index of lymphocyte cells at 20 min exposure time

Number of samples Control Treated

Male group mitotic index ±SD blastogenesis index ±SD mitotic index ±SD blastogenesis index ±SD

1 0.4 ± 0.12 4.2 ±0.22 1.0 ±0.12 5.2 ±0.12

2 0.5 ± 0.03 2.2 ±0.13 0.8 ±0.03 3.2 ±0.03

3 0.3 ± 0.12 3.5 ±0.12 0.7 ±0.12 4.5 ±0.12

4 0.2 ± 0.08 3.5 ±0.09 1.0 ±0.09 3.5 ±0.09

5 0.4 ± 0.09 3.5 ±0.19 0.9 ±0.09 4.5 ±0.09

6 0.4 ± 0.46 3.8 ±0.46 0.4 ±0.46 4.8 ±0.46

7 0.4 ± 0.45 3.2 ±0.16 0.85 ±0.46 4.2 ±0.46

8 0.2 ± 0.03 2.5 ±0.03 0.9 ±0.03 3.5 ±0.03

9 0.3 ± 0.46 2.5 ±0.46 0.9 ±0.46 3.5 ±0.46

10 0.2 ± 0.09 4 ±0.99 1.1 ±0.09 5 ±0.09

Average 0.33 ±0.05 3.29 ±0.03 1.76 ±0.12 4.19 ±0.12

SD – standard deviation.

Table 3. Mitotic and blastogenesis index of lymphocyte cells at 15 min exposure time

Number of samples Control Treated

Male group mitotic index ±SD blastogenesis index ±SD mitotic index ±SD blastogenesis index ±SD

1 0.4 ±0.12 4.2 ±0.22 0.8 ±0.12 4.5 ±0.22

2 0.5 ±0.03 2.2 ±0.13 0.8 ±0.03 2.5 ±0.13

3 0.3 ±0.12 3.5 ±0.12 0.7 ±0.12 3.8 ±0.12

4 0.2 ±0.08 3.5 ±0.09 0.6 ±0.09 3.9 ±0.09

5 0.4 ±0.09 3.5 ±0.19 0.4 ±0.09 3.6 ±0.19

6 0.4 ±0.46 3.8 ±0.46 0.4 ±0.46 3.9 ±0.46

7 0.4 ±0.45 3.2 ±0.16 0.8 ±0.46 3.7 ±0.16

8 0.2 ±0.03 2.5 ±0.03 0.6 ±0.03 2.9 ±0.03

9 0.3 ±0.46 2.5 ±0.46 0.5 ±0.46 2.9 ±0.46

10 0.2 ±0.09 4 ±0.99 0.6 ±0.09 4.7 ±0.99

Average 0.33±0.05 3.29 ±0.06 0.62 ±0.04 3.6 ±0.03

SD – standard deviation.
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Table 4. Mitotic and blastogenesis index of lymphocyte cells at 10 min exposure time

Number of samples Control Treated

Male group mitotic index ±SD blastogenesis index ±SD mitotic index ±SD blastogenesis index ±SD

1 0.4 ±0.12 4.2 ±0.22 0.6 ±0.12 4.3 ±0.32

2 0.5 ±0.03 2.2 ±0.13 0.5 ±0.03 2.3 ±0.23

3 0.3 ±0.12 3.5 ±0.12 0.3 ±0.12 3.6 ±0.22

4 0.2 ±0.08 3.5 ±0.09 0.2 ±0.09 3.6 ± 0.1

5 0.4 ± 0.09 3.5 ±0.19 0.4 ±0.09 3.6 ±0.19

6 0.4 ±0.46 3.8 ±0.46 0.4 ±0.46 3.9 ±0.16

7 0.4 ±0.45 3.2 ±0.16 0.4 ±0.46 3.4 ±0.26

8 0.2 ±0.03 2.5 ±0.03 0.2 ±0.03 2.6 ±0.13

9 0.3 ±0.46 2.5 ±0.46 0.4 ±0.46 2.6 ±0.12

10 0.2 ±0.09 4 ±0.99 0.2 ±0.09 4.5 ±0.99

Average 0.33 ±0.05 3.29 0.4 ±0.06 3.4 ±0.99

SD – standard deviation.

Table 5. Mitotic and blastogenesis index of lymphocyte cells at 5 min exposure time

Number of samples Control Treated

Male group mitotic index ±SD blastogenesis index ±SD mitotic index ±SD blastogenesis index ±SD

1 0.4 ±0.12 4.2 ±0.22 0.5 ±0.11 4.5 ±0.22

2 0.5 ±0.03 2.2 ±0.13 0.5 ±0.01 2.2 ±0.13

3 0.3 ±0.12 3.5 ±0.12 0.5 ±0.11 3.5 ±0.12

4 0.2 ±0.08 3.5 ±0.09 0.4 ±0.19 3.5 ±0.09

5 0.4 ±0.09 3.5 ±0.19 0.6 ±0.09 3.5 ±0.19

6 0.4 ±0.46 3.8 ±0.46 0.4 ±0.26 3.8 ±0.46

7 0.4 ±0.45 3.2 ±0.16 0.4 ±0.16 3.2 ±0.16

8 0.2 ±0.03 2.5 ±0.03 0.3 ±0.13 2.5 ±0.03

9 0.3 ±0.46 2.5 ±0.46 0.5 ±0.11 2.5 ±0.23

10 0.2 ±0.09 4 ±0.99 0.3 ±0.11 4.5 ±0.11

Average 0.33 ±0.05 3.29 0.42 ±0.44 3.37 ±0.23

SD – standard deviation.

Fig. 1. Number of dividing lymphocyte cells for the male group
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Fig. 2. Number of blast lymphocyte cells for the male group
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Fig. 3. Number of dividing lymphocyte cells for the female group
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Fig. 4. Number of blast lymphocyte cells for the female group
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Abstract
Plastics play a major role in daily life, with unprecedented levels of usage. As anthropogenically produced 
polymers should be optimized with regard to biodegradability and biocompatibility, green chemistry strategies 
offer promising pathways. In this context, the symposium on sustainable polymers in Tübingen presented 
a comprehensive overview of recent advances in polymer research, addressing synthesis and degradation path-
ways along with environmentally benign catalysts. These developments benefit not only industrial efficiency 
but also resource conservation and environmental protection. Beyond these sustainability-driven concepts, 
innovative approaches to biocompatible biomaterials for medical applications and advanced polymer systems 
for therapeutic drug delivery were highlighted. This conference report presents current polymer research, 
including contributions from the medical, pharmacological, and ecological fields. To foster interdisciplinary 
exchange on sustainable polymers, the Tübingen Symposium was initiated by the interdisciplinary faculty 
College of Fellows: Center for Interdisciplinary and Intercultural Studies at Eberhard Karls University Tübingen, 
Baden-Württemberg, on October 9, 2025, from 8:30 a.m. to 5:30 p.m., at the Ernst von Sieglin Lecture Hall.
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Highlights

• Advances in sustainable polymers and green chemistry: The Tübingen Symposium highlighted cutting-edge re-
search in biodegradable polymers, environmentally benign catalysts, and sustainable polymer synthesis to enhance 
resource conservation and environmental protection.

• Innovative biomaterials and drug delivery systems: Emerging biocompatible polymer-based biomaterials and ad-
vanced therapeutic drug delivery platforms demonstrated the expanding medical and pharmacological applications 
of sustainable polymers.

• Interdisciplinary collaboration in polymer science: The 2025 Tübingen Symposium fostered cross-disciplinary ex-
change among experts in medicine, pharmacology, ecology, and materials science, promoting integrated solutions 
for sustainable polymer development.

Introduction

The Anthropocene is defined as a geological epoch 
shaped by human activity. One of its defining character-
istics is the large-scale production and consumption of 
polymers. With 445 million metric tons of thermoplastics 
feeding international markets in 2025,1 there appears to 
be a substantial demand for anthropogenically produced 
polymers in everyday applications as well as in scientific 
and medical contexts. Consequently, it is necessary to op-
timize eco-friendly and cost-efficient polymer synthesis 
pathways and to identify biodegradable and biocompatible 
biopolymers.2 A scientific approach addressing sustain-
able polymers would help address numerous challenges 
in environmental and human health sciences. Ever since 
2011, sustainability lectures have been held annually in 
Tübingen. The 2025 meeting was dedicated to sustain-
ability projects in chemistry, advancing them through re-
search, teaching, and science communication. The event 
was held in the Ernst von Sieglin Lecture Hall, located 
within Hohentübingen Castle. The lecture on polymer sus-
tainability took place in the very building where Friedrich 
Miescher isolated, in 1869, a fundamental biopolymer of 
our cells: DNA. With the advancement of plastic synthesis 
and production methods, a new generation of polymers has 
emerged. Thorough investigations into the sustainability of 
polymers reveal a high degree of complexity, which clearly 
merits deeper understanding. In parallel, analytical inves-
tigations have enabled scientists to address fundamental 
questions associated with these materials and their sus-
tainability. Thus, the symposium provided a forum for 
addressing ecological questions such as biocompatibility 
and biodegradability.

The “Sustainable Polymers” symposium aimed to: 1) pre
sent concepts for polymer production incorporating CO2 
capture; 2) promote the use of less toxic catalysts in poly-
mer synthesis; 3) address polymer degradation strategies to 
reduce annual plastic waste; 4) outline the role of bacteria 
as biological tools for polymer synthesis; 5) advance the 
understanding of bacterial degradation processes of natu-
rally occurring polymers such as caoutchouc, while further 

elucidating their limitations with respect to anthropogeni-
cally produced polymers; and 6) highlight the application 
of nanosized polymers as drug-coating materials in medi-
cal therapies as a novel approach. The program covered 
polymer synthesis and degradation strategies alongside 
the use of polymers in drug delivery and medical applica-
tions and was presented to an interdisciplinary audience, 
largely consisting of students and scientists in chemistry. 
Given that the symposium was open to academics from all 
disciplines, the aim was to present current problems and 
solution-oriented content and to promote participation in 
future events, thereby making it possible to benefit from 
expertise from across the globe (Fig. 1).

The College of Fellows at the University of Tübingen, 
which supported the organization of this event, is a young 
initiative first launched in 2022, aiming to provide interna-
tional research fellows with the opportunity to collaborate 
across disciplines and explore disciplinary boundaries in 
an open, pressure-free environment. Open to the entire 
academic community, the symposium fostered dialogue, 
knowledge sharing, and networking.

The idea of polymer sustainability was strongly sup-
ported by chemists, and the Tübingen Symposium was 
initially established to foster knowledge exchange among 
them. Beyond chemical strategies – such as developing 
bio-based polymers from plant-derived epoxide resins 
combined with CO2 capture – the symposium integrated 
other disciplines, providing valuable impetus for future 
research at the interface of sustainability, biotechnology, 
and medical applications. Notably, advances in pharmacol-
ogy and microbiology have also contributed to polymer 
science, further expanding knowledge relevant to human  
health.

On October 9, 2025, the Department of Inorganic Chem-
istry in Tübingen hosted the symposium on sustainable 
polymers, which was attended by approx. 50 participants – 
primarily members of the Faculty of Chemistry. Nine in-
vited speakers from 4 countries and institutions shared 
their expertise in polymer science, providing a holistic 
overview of current environmental challenges and medical 
limitations in nanopolymer-based drug delivery systems. 
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Fig. 1. Biology and chemistry are not opposed: a concise timeline of polymer science

Overall, the speakers highlighted emerging ecological 
crises and potential future economic impacts, emphasiz-
ing the urgency of addressing these challenges to prevent 
further escalation. A distinctive feature of the symposium 
was the opportunity to examine polymer science from the 
perspectives of chemistry, medicine, and microbiology. 
The one-day symposium included short discussion ses-
sions following each lecture. Issues addressed included 
rising CO2 emissions, plastic waste, reliance on petroleum 
and rare earth elements, and the prolonged degradation 

of plastics. Proposed solutions included integrating CO2 
into catalytic synthesis, recovering rare earth elements, de-
veloping biodegradable thermoplastics with CO2-binding 
capacity, and employing cultivated bacterial strains as an 
ecological alternative to conventional polymer production. 
In addition, applications of nanopolymers for targeted drug 
delivery were discussed. Participants suggested that future 
events should maintain a similar balance between polymer 
research and its advancements, and environmental and 
health-related topics (Table 1).

 Table 1. Invited speakers and topics from the Interdisciplinary Symposium about Sustainable Polymers

Discipline Speaker Institution Title Topics

Inorganic 
Chemistry

Prof. Dr. Reiner Anwander
Eberhard Karls 

University Tübingen
Opening Remarks

• Sustainability topics since 2011 • Summer 
Course 2025: Emerging Concepts & Issues 

in Polymer Synthesis & Degradation

Prof. Dr. Megan E. Fieser

University of Southern 
California, Los Angeles 

Wrigley Institute 
for Environment 

and Sustainability, 
University of Southern 

California

Simple Rare Earth Metal 
Catalyst Systems for the (De)
polymerization of Emerging 

Polyesters and Polycarbonates

• Chemistry under mission: teams POL & 
DEPOL • Epoxide/anhydride copolymerization: 

opportunities and challenges • Tunable 
Lewis acidity • Impact of catalyst structure 
• Anhydride mixtures • Lanthanide scope 

• Impact of H2O • Metal ionic liquids • Catalyst 
impact on molecular weight • Ring-closing 

depolymerization • Impact of substituted urea

Prof. Dr. Arjan W. Kleij
Institut Català 

d’Investigació Química

Catalysis as a Key Driver for 
the Transformation of Biomass 

into Engineering Polymers

• ROCOP of polylimonene carbonate 
(PLC) • PLC recycling • Bio-based epoxy 
adhesives and polycaprolactone (PLCO) 
• ROP/ROMP of aliphatic polycarbonates 

• ROCOP of cyclic anhydrides • Fatty 
acid-based polyesters • Bio-based 

carbon feedstock • Catalysis & polymer 
engineering • De- and repolymerization 

of PLC via terpene-based polymers (TBD) 
• Bio-based bifunctional monomers
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Discipline Speaker Institution Title Topics

Paul Preisenberger
Eberhard Karls 

University Tübingen

Isoselective Ring-Opening 
Polymerization of Racemic 

β-Butyrolactone Using 
Calcium Catalysts

• ROP study of PHA biopolyesters • Poly-
3-hydroxybutyrate (PHB) with potentially 

high biodegradability • Elongation at break: 
5% • Challenges in industrial scalability • 

Depolymerization of A. faecalis & P. pickettii • 
Calcium-binding complex for ring-opening 

polymerization of β-butyrolactone with  
regard to medical compatibility  

and cost-effective scaling

Prof. Dr. Erwan Le Roux University of Bergen

Mechanistic and Selectivity 
Studies of N-Heterocyclic 

Carbene Pincer Metal 
Catalysts in CO2-Derived 

Polymer Synthesis

• CO2-based polymer synthesis • ROCOP 
of epoxides with CO2: CO2–polyurethane 

synthesis • Catalytic ROCOP: key to selectivity 
& activity • Bimetallic and monometallic 

systems for ROCOP • Titanium as a less toxic, 
non-endangered element • NHC-based group 

complexes • Nature of the NHC backbone • 
V-complexes • “Ate” complex formation

Philipp Wetzel
Eberhard Karls 

University Tübingen
Recycled Rare-Earth Metals for 

Isoprene Polymerization

• Natural caoutchouc (degradability: S. 
coelicolor, P. citronellolis) • Nd-catalyzed rubber 
polymerization of polyisoprene • Annual Nd 
material demand for renewables in 2030 & 

2050 • Alkali baking

Microbiology Philipp Fink
Eberhard Karls 

University Tübingen

A Novel Strategy for 
Sustainable PHB Production in 

Filamentous Cyanobacteria

• Plastic waste • Cyanobacteria & oxygenic 
photosynthesis • PHB in Synechocystis sp. PCC 
6803 • Nostoc sp. PCC 7120 • PHB production 
• New production strategy using an inducer 
• Inducible PHB production: NosPHB4.0 (1); 

NosPHB4.0 (2) • Tetracycline at different 
concentrations

Prof. Dr. Dieter 
Jendrossek

University of Stuttgart
Enzymatic Biodegradation 

of Rubber and Fossil 
Hydrocarbon Polymers

• Steroidobacter gummioxidans • Rubber 
oxygenase A (RoxA) • RoxA & RoxB comparison 
• Degradation of polyethylene, polystyrene, PVC 

• Myths of the superworm and its degrading 
enzymes • Polyethylene is not biodegradable

Pharmaceutical 
Technology

Yasaman Pourdakheli-
Hamedani

Eberhard Karls 
University Tübingen

Poly(solketal acrylate) as 
a Versatile Tool for Ocular 

Delivery Applications

• Ocular barriers • Polymer synthesis 
& characterization • Nanoparticle formulation 

and encapsulation • Evaluation in vitro  
& ex vivo

 Table 1. Invited speakers and topics from the Interdisciplinary Symposium about Sustainable Polymers

CO2 integration and plastic 
pollution challenges

From the outset of the symposium, the urgency of ad-
dressing global plastic pollution was underscored – most 
notably through the observation that every individual on 
the planet has a plastic counterpart,3 as stated by chemist 
Professor Dr. Arjan Kleij (Tarragona, Spain) (Fig. 2). Kleij 
introduced CO2 as a potential feedstock to circumvent con-
ventional petroleum-based polymer synthesis: “Bio-based 
carbon constitutes a versatile feedstock,”4 enabling the 
transition toward more sustainable material platforms.

Kleij’s group has developed catalytic methods to incor-
porate CO2 into substances such as fatty acids, sugars, and 
terpenes (secondary plant metabolites)5 to create novel 
bio-based polymeric materials. Key synthetic strategies 
include ring-opening polymerization techniques (ROP), 
ring-opening copolymerization (ROCOP) of polylimonene 
carbonate (PLC) and fatty acids,6 and ring-opening me-
tathesis polymerization (ROMP) of cyclic anhydrides for 

the synthesis of “renewable and biodegradable polymers 
such as aliphatic polyesters.”7 These synthetic pathways 
are grounded in catalytic processes and are designed with 
sustainability in mind, strategically utilizing atmospheric 
CO2 as a carbon source. Kleij also addressed the topic of 
aliphatic polycarbonates synthesized through ROP and 
ROMP, which are expected to gain considerable relevance 
in the biomedical field due to their favorable biodegrad-
ability and modular structural properties.8

 Finally, Kleij highlighted depolymerization and subse-
quent repolymerization approaches, exemplified by ter-
pene-based polymers (TBD)-mediated degradation and 
reformation of polycaprolactone (PCL), presenting it as 
a model system for circular polymer chemistry.9
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Fig. 2. “Every individual on the planet has a plastic counterpart”

N-heterocyclic carbenes: A pivotal 
role for lower energy and toxicity 
in polymer synthesis

Professor Dr. Erwan Le Roux (Bergen, Norway) also pre-
sented novel strategies for CO2-derived polymer synthesis, 
highlighting the significance of these less energy-intensive 
processes as a sustainable alternative. In particular, he 
emphasized their potential to generate new polycarbonate 
materials while circumventing the use of toxic chemical 
intermediates such as bisphenol A and phosgene.5

He and his research team have identified N-heterocyclic 
carbenes (NHCs) as remarkably adaptable molecular scaf-
folds, particularly in the context of CO2-binding ROCOP. 
N-heterocyclic carbenes, coordinated with Group 4 tran-
sition metals such as titanium (Ti), zirconium (Zr), and 
hafnium (Hf), function as stable, electron-rich ligands with 
strong σ-donor capacity. Their incorporation permits pre-
cise control over the electronic and steric environment of 
the catalyst, thereby enhancing reactivity and selectivity 
and enabling the design of tailored polymer architectures. 
Ring-opening copolymerization catalyzed by NHC-based 
Group 4 complexes permits up to 99% alternating CO2 
insertion into polycarbonates.6

Furthermore, Le Roux emphasized that the nature of 
the NHC backbone – specifically whether it is saturated 
or unsaturated – plays a pivotal role in the formation of 
catalytically active species. Demonstrating remarkable ef-
ficiency in terpolymerization, Hf- and Ti-NHC catalysts 

facilitate the selective synthesis of diblock terpolymers 
from a diverse array of cyclic anhydrides (Fig. 3).

New horizons in synthesis, 
upcycling and depolymerization 
with Team POL (Polymerization)  
and Team DEPOL 
(Depolymerization)

Professor Dr. Megan Fieser (Los Angeles, USA) has held 
the title of New Horizons Fellow at Eberhard Karls Univer-
sity Tübingen since 2024, in recognition of her pioneering 
research at the interface of polymer synthesis, recycling, 
and upcycling. Her research program is structured into 
two teams: Team POL (polymerization) and Team DEPOL 
(depolymerization processes). Accordingly, Team POL rep-
resents polymer synthesis activities, whereas Team DEPOL 
focuses on the development of tailored depolymerization 
procedures. The POL group investigates copolymeriza-
tions involving diverse epoxides and cyclic anhydrides, 
providing the opportunity to construct over 400 distinct 
polyester structures. Notably, these structures can be 
modified after polymerization and are likely to be both de-
gradable and biocompatible. Although biocompatibility is 
achieved, the resulting polymers often fall short of reaching 
sufficiently high molecular weights and exhibit undesir-
able side reactions. Moreover, a universal “one-size-fits-all” 
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Fig. 3. Sustainable polymerization models

catalyst remains elusive, and the catalysts that are effec-
tive tend to be both atom- and time-intensive to produce.7 
By leveraging the effects of Lewis acidity and the size of 
lanthanide salts, the ring-opening copolymerization of 
diverse epoxides and cyclic anhydrides is significantly en-
hanced.8 Fieser’s other research team has developed di-
vergent strategies for the depolymerization of polyesters, 
opening selective degradation pathways tailored to the 
polymers’ structure and intended recovery applications.9

Lanthanide baking for neodymium 
recovery

Philipp Wetzel, a researcher in the group of Professor Dr. 
Reiner Anwander (Tübingen, Germany), addressed problems 
related to the limited availability of rare-earth materials. 
Polyisoprene, a key material for rubber wheels, is the prod-
uct of vulcanized caoutchouc (chemically crosslinked using 
sulfur). Globally, approx. 14.2 million tons of polyisoprene 
enter the market each year. Rare-earth metals are required 
for the polymerization process. On average, around 30 g of 
neodymium (Nd) are required per ton of polyisoprene pro-
duced. Given the scarcity of neodymium and the growing 
uncertainties in its supply amid increasing market demand, 
Philipp Wetzel presented a chemical extraction technique 
via alkali baking as an effective method for recovery.

Calcium-catalyzed synthesis of 
biodegradable β-butyrolactone

Paul Preisenberger and Nicolas Czimber, researchers in 
the group of Professor Dr. Reiner Anwander (Tübingen), 
presented a calcium-based catalyst complex for the synthe-
sis of β-butyrolactone (BBL), a biodegradable compound. 
Beta-butyrolactone can be polymerized using this catalyst, 
analogous to those employed in lactide ROP. This method 
offers improved initiation control by leveraging calcium as 
an inexpensive and non-toxic metal to effectively conduct 
the ROP of BBL. It thus presents a promising route for scal-
able and environmentally compatible biopolymer synthesis.

Bacteria-produced polymer:  
PHB – a biodegradable, 
biocompatible CO2 storage 
polymer

Philipp Fink, who works under the supervision of Pro-
fessor Dr. Karl Forchhammer (Tübingen), presented his 
concept of harnessing cyanobacteria as functional natural 
production platforms for the biosynthesis of biodegradable 
and biocompatible polyhydroxybutyrate (PHB). It serves 
as a carbon storage polymer and can accumulate to as 
much as 90% of the cell dry weight (CDW) under nutrient-
limiting conditions.10 In this context, he aimed to over-
come the limitations of low PHB yield during autotrophic 
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growth in cyanobacteria10 by integrating continuous PHB 
biosynthetic machinery11 from Cupriavidus necator into 
genetically amenable filamentous cyanobacteria of the 
genus Nostoc sp. PCC7120. Preliminary findings dem-
onstrated that the resulting transformants successfully 
initiated PHB production.10 Fink underscored the potential 
industrial applicability of cyanobacteria for PHB produc-
tion, achieving up to 30% (w/w) PHB relative to CDW, 
while noting that further optimization and development 
remain possible (Fig. 4).

Bacteria-produced oligomers: 
plastic degradation

Professor Dr. Dieter Jendrossek (Stuttgart, Germany) pro-
vided insights into bacterial polymer degradation. Caou-
tchouc, poly-(1,4-cis-isoprene), is harvested from Hevea 
brasiliensis, the rubber tree, and Taraxacum kok-saghyz, 
the Russian dandelion. During the industrial processing 
of polyisoprene rubber, effluents are released into both 
aquatic and terrestrial ecosystems. As a result, polyiso-
prene-degrading bacteria originally assigned to the genus 
Xanthomonas and later reclassified as Steroidobacter gum-
mioxidans were identified. Their capacity to degrade poly-
isoprene is attributed to depolymerizing enzymes, namely 
rubber oxygenase A (RoxA)12, rubber oxygenase B (RoxB), 
and latex clearing protein (Lcp).13 The oligo-isoprenoid deg-
radation products vary depending on the enzyme involved.

Rubber oxygenase A generates C15 oligo-isoprenoids 
and is structurally characterized by a dead-end binding 

pocket that determines a precise cleavage pattern. This 
enzyme operates via an exo-type cleavage mechanism and 
undergoes open–closed conformational transitions. In 
contrast, RoxB utilizes a substrate-penetrating tunnel, en-
abling endo-type cleavage of the polyisoprene backbone.14 
Consequently, RoxB produces a heterogeneous mixture 
of oligo-isoprenoids, typically including C20, C25, C30, and 
higher chain lengths.15

Latex clearing proteins (Lcps), which are structurally 
distinct from both RoxA and RoxB, also catalyze endo-type 
cleavage through a mechanism similar to that of RoxB.14 
The resulting degradation products resemble those gen-
erated by RoxB, comprising oligo-isoprenoids ranging 
from C20 to C30 and beyond. Collectively, these findings 
underscore the metabolic capacity of bacteria to degrade 
natural rubber.

Microbiological capacities and 
limitations in polymer degradation

In a second presentation, Prof. Jendrossek reported on 
his long-term, biannual literature searches, consistently 
using the search terms “PE” and “degradation” to assess 
the publication landscape. He identified an exponential 
increase in publications addressing the bacterial degrada-
tion of industrial polymers.14 The publishing momentum 
shows no indication of decline and has expanded to include 
studies on mealworms and larvae, which, according to 
some authors, are reported to digest polyvinyl chloride 
(PVC), polyethylene (PE), and polystyrene (PS) through the 

Fig. 4. From APPs to BaPPs (bacterially produced polymers)?
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action of specialized enzymes.14,16,17 Professor Jendrossek 
subsequently evaluated these claims using isotopic analy-
sis following the Pee Dee standard from South Carolina. 
His findings indicated that the calculations reported 
in  the publication by Yang et al.17 were not consistent 
with the isotopic data.18

Precise polymers: nanoparticles 
for drug delivery

In her presentation entitled “Poly(solketal acrylate) as 
a versatile tool for ocular delivery applications”, Yasaman 
Pourdakheli-Hamedani, under the supervision of Prof. 
Dr. Friederike Adams (Stuttgart) and Dr. Sven Schnichels 
(Tübingen), introduced a novel perspective on sustainable 
polymers, focusing on the application of non-toxic, spheri-
cal nanopolymer structures for localized gene therapy. Her 
studies involve polymer synthesis and characterization, 
nanoparticle formulation and encapsulation, and evalu-
ation of their application both in vitro and ex vivo. Her 
ambition is to develop these nanoparticles (NPs) as drug 
delivery agents administered via local ocular injection. 
Local ocular injection is employed to circumvent the first-
pass effect, minimize systemic toxicity, and facilitate gene 
therapy for age-related macular degeneration, diabetic reti-
nopathy, retinitis pigmentosa, and Leber congenital am-
aurosis.19 Furthermore, Pourdakheli-Hamedani outlined 
several challenges faced by nanoparticle-based ocular drug 
delivery, including diffusion limitations, nanoparticle ag-
gregation, epithelial barriers, tear clearance, and limited 
permeability.20 Additionally, nanoparticle-based drug de-
livery systems must overcome ocular barriers such as tight 
junctions, efflux pumps, enzymatic degradation, limited 
permeability of large particles, and immune responses.20 
In Pourdakheli-Hamedani’s study, poly(solketal acrylate) 
(PSA100), a homopolymer, was selected as the amphiphilic 
carrier polymer that self-assembles into micellar nano-
structures. She explained that the well-dispersed spheri-
cal NPs, “exhibiting minimal aggregation and a negative 
surface charge, facilitate efficient diffusion in the vitreous 
humor.”20 She demonstrated that PSA100 nanoparticles 
(PSA100-NPs) maintained ideal cell viability across all par-
ticle concentrations. In vitro tests with retinal pigment 
epithelium ARPE-19 cells and primary-derived Müller cells 
showed time- and concentration-dependent uptake of Nile 
red-loaded PSA100-NPs. The final ex vivo test on porcine 
retina was successfully conducted, demonstrating uptake 
of Nile red–loaded PSA100-NPs in the outer nuclear layer, 
inner nuclear layer, and ganglion cell layer.

Conclusions

The Tübingen symposium on sustainable polymers was a 
unique opportunity for researchers to network and engage 
in broad interdisciplinary exchange on topics that provide 
valuable impetus and are exploratory in nature. In par-
ticular, the combination of environmental degradability 
and human biocompatibility offers promising opportuni-
ties for applications, especially in the field of medicine.2 
One salient observation from the symposium is the need 
to open the field to researchers from other disciplines. 
Polymer research is a broad domain in which green chem-
istry is far from the only discipline playing a major role. 
Bacteria-based polymer production, as envisioned by mi-
crobiologists, holds significant potential for the develop-
ment of future biodegradable and biocompatible materials. 
Another point of interest was the limited effectiveness of 
current biological degradation processes, as claims regard-
ing some worms’ ability to degrade plastics were shown to 
be unfounded. Moving forward, events in polymer science, 
such as the Sustainable Polymer Symposium, should be 
leveraged to promote the exchange of current research 
while more extensively incorporating contributions from 
medical, pharmacological, and ecological disciplines in 
future gatherings.
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