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Abstract. The freezing and storage conditions of faecal samples in biobanks influence the preservation of the integrity and stability of
genetic material and play a crucial role in scientific and clinical research quality. In recent years, there has been a particular increase in the
number of studies related to the gut microbiome and the importance of its impact on the functioning human body. The review includes
research on faecal microbiota transplantation (FMT), microbiome analysis, ‘-omics’ research, cancer and parasites. The primary topic
addressed in this research is the impact of storage conditions and freezing methods for faecal samples on the stability and diversity of the
gut microbiome. Standardizing procedures for storing and analyzing faecal samples is essential to carry out this task. This standardiza-
tion is not a goal but a necessity for the quality control of the storage of faecal samples to reach comparative results and to develop new
diagnostic methods. Collected data presented here highlight a crucial step in microbiota research concerning optimizing biobanking
conditions for faecal samples.

1. Introduction. 2. Collection of faecal samples for testing and their transport. 3. Sample processing for biobanking. 4. Securing samples
for storage. 5. Storage. 6. Stability studies of faecal samples during storage in the temperature range between 15-25°C. 7. Stability testing
of faecal samples during storage at 4°C. 8. Studies on the stability of faecal samples during storage in the temperature range -20 +-30°C.
9. Stability testing of faecal samples during storage at —-80°C. 10. Stability studies of faecal samples during storage in liquid nitrogen.

11. Applicable standards for the freezing and storage of faecal samples. 12. Clinical applications of faecal biobanking. 13. Summary.

Keywords: accreditation, biobank, cryopreservatives, faecal samples, storage conditions

1. Introduction

The storage of biological material is an essential part
of the study that influences the final result. Depending
on the aim of the study, several factors of the research
stage should be previously optimized and validated,
including essential factors, such as temperature and
period of storage, while considering the application of
stabilizing components. The stool is a specific biological
material when it is impossible to carry out tests within
a short period from its collection or in clinical studies
involving many subjects and biological samples col-
lected for harmonization/searching for new diagnostic
methods or therapies. The most common approach to
increase the availability of such material is to lower the
storage temperature, add stabilizing compounds and
standardize this pre-laboratory stage.

The type of biological material, the storage period,
and the study’s purpose influence the biobanking process
in faecal biobanking; CTQ (critical to quality) focuses
on controlling shifts in microbial composition caused
by stabilization agents, period of storage and extraction
methods while ensuring optimal DNA yield. Repeat-
ability and reproducibility are essential for consistent,
high-quality data across experiments (Doukhaine et al.
2021). This optimization is crucial in ensuring the high
quality of the biological material obtained after thawing,
making the research successful. Due to the complex-
ity, banking faecal samples is challenging. Optimiza-
tion of biobanking conditions enables multidirectional
research and epidemiological studies. Freezing samples
should safeguard their composition for future analyses
to ensure consistency of results over a more extended
unit of time. Accurate biobanking allows the integrity
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of the genetic material intended for preservation and
performing optimal molecular analyses, ‘-omics, or epi-
demiological studies. For therapies related to intestinal
microbiota transplantation, the choice of faecal freezing
is crucial for storing samples from microbiota donors to
ensure the quality and safety of the material intended for
transplantation (Coppola et al. 2019).

Different freezing methods are used in biobanks
storing faecal samples, depending on their purpose,
the research scope, and the application. However, the
insufficient standardization of biobanking methods
can result in a lower level of stability of stored samples
and a lack of reproducibility of test results. Implement-
ing international requirements for standardization of
biobanking methods can significantly improve the
quality of stored biological materials and facilitate data
sharing between resources, especially in rare diseases
(Coppola et al. 2019).

This work aimed to analyze published biobanking
modalities, the selection of compounds that prevent
damage to the cell and tissue (known as cryoprotect-
ants) before freezing faecal samples, and also review
recommendations for the collection, freezing and stor-
age of faeces to identify the impact of freezing modali-
ties in microbiological studies, what are the challenges
and limitations of faeces biobanking and future direc-
tions and emerging trends. This work also highlights
the need for further research in this area to urgently
address the identified challenges and explore the poten-
tial of emerging trends, offering a hopeful outlook for
the future of biobanking.

2. Collection of faecal samples for testing
and their transport

Sampling is the first stage of the study, which must
consider several processes occurring immediately after
the faecal passage. Oxidation, hydrolysis, or enzymatic
degradation are just some of the reactions that can con-
tribute variably to changes in the sought-after param-
eters of the test sample before analysis (O’Sullivan et al.
2018). The optimization of collection, transport, and
storage methods is crucial as it directly impacts the
quality of the research and the accuracy of the results,
reducing the impact of degradation to negligible levels.
Given the intricate interplay of factors and the diverse
array of tests performed on faecal samples, it is chal-
lenging to establish a single protocol to optimize the
steps mentioned above. Immediately after passing stool,
the sample is affected by higher oxygen concentrations
than those prevailing in the intestines. By conducting
experiments under in vivo conditions ignoring the dif-
ference in atmospheric oxygen concentrations and the
gut microenvironment, the final result may deviate
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critically from the initial content (Thomas et al. 2015;
Widjaja et al. 2023). When testing anaerobic bacteria,
the time between donation and testing is crucial and
should be as short as possible. Widjaja etal. (2023)
pointed to several media for faecal sample protection
collected under anaerobic conditions until transported
to the anaerobic chambers for the experiment. Of fur-
ther interest is a 2021 patented self-sampling device
that maintains anaerobic conditions and limits donor
contact with the sample (Widjaja et al. 2023). In the
absence of access to such devices, when a donor collects
a sample outside the laboratory, it is recommended to
use substrates that protect the integrity of the mate-
rial from destabilizing agents. These substrates have
a transport and a protective function against various
temperatures. One of the most frequently mentioned
transport media in recent papers was the OMNIgene-
GUT commercial kit. Doukhaine et al. (2021) desig-
nated this medium as effective in maintaining the neu-
trality of the microbiome. This underscores the critical
importance of selecting the appropriate stabilization
medium to ensure sample integrity, which is essential
in sample processing for biobanking.

3. Sample processing for biobanking

While not mandatory, validation of faecal sample
processing is recommended to recognize and mitigate
potential impacts on sample quality, ensuring adher-
ence to biobanking standards as outlined by the ISO,
CEN standards, and BioMolecular Resources Research
Infrastructure (BBMRI) guidelines. Based on the pub-
lished data, several factors, such as different collection
tubes and storage conditions, affect the sample stability
and method validation, emphasizing the importance
of precisely documenting these factors by biobanks
(Neuberger-Castillo et al. 2020). The most important
is to maintain experimental conditions as close to in
vivo conditions as possible and process the sample
in anaerobic chambers to eliminate the influence of
oxygen. Bellali et al. (2019) developed a protocol that
limited sample exposure to oxygen to 2 minutes (by
collecting samples into anaerobic jars and processing
steps quickly), resulting in an 87% recovery of viable
anaerobic bacteria. The protocol was compared with
a modified protocol using antioxidants, in which the
sample was exposed to oxygen for 120 minutes. For this
protocol, the recovery of viable bacteria was up to 67%.
In the absence of an anaerobic atmosphere, antioxidant
enrichment of the biological samples is a reasonable
alternative for this experiment, providing reassurance
about the validity of the research. During processing,
aliquoting of samples is required. This process elimi-
nates the risk of thawing and freezing, which degrades
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most of the faecal parameters. According to the Good
Laboratory Practice recommendation, homogenizing
samples before aliquoting should be performed (OECD
2004). Tt was found that the faecal sample as a whole is
differentiated in terms of aerobic bacteria in the outer
layers and anaerobic bacteria in the deeper layers,
which can be further subdivided into a central fermen-
tative and a reservoir (Swidsinski et al. 2010; Santiago
etal. 2014). In his experiment, Santiago et al. (2014)
compared the results of pyrosequencing the 16S rRNA
gene analysis of samples from the outer layers, inner
layers, and homogenized samples, indicating a similar
abundance of measurements obtained. Performing this
step in the laboratory according to the procedure mini-
mizes the risk of inappropriate homogenization due to
too much hardness of the sample (Bristol scale 1.2) or
unpleasant sensations during the process.

4. Securing samples for storage

Preservation of biological material plays an essen-
tial role in biobanking. Comparisons of faecal freezing
without and with any cryoprotectants were concerned
with the composition of the gut microbiota of fresh
and frozen faeces for faecal microbiota transplantation.
Some papers in this area have studied the stability and
survival of viruses causing gastrointestinal infections
(Alghamdi et al. 2022, Yang et al. 2022). Available results
from direct freezing of faeces at -80°C and storage for
up to 48 h without cryoprotectants indicate this method
as the ‘gold standard’ for preserving the qualitative
and quantitative composition of the intestinal micro-
biota, compared with preservation with 10% glycerol
(Deschamps et al. 2020). Yang’s (2022) metagenomics
study showed that the faecal sample can be successfully
stored as a supernatant at -80°C. However, freezing
without a cryoprotectant will not be advisable in every
experiment. Preservatives can stabilize the number
of faecal microorganism species, but storing samples
without that type of compounds can lead to an increase
in the number of specific taxa (e.g. operational taxo-
nomic units- OTU Enterobacteriaceae) (Li et al. 2023).
In a study where the use of fresh and frozen faeces
for FMT was compared, Bilinski ef al. (2022) showed
that freezing whole faeces without any cryoprotectants
has an impact on the biodiversity and survival of the
bacterial intestinal microbiota — the number of viable
cells decreased more than fourfold, from about 70%
to 15%. Among the set of commercials facilitating the
preservation of faecal samples, e.g. OMNIgene-GUT
mentioned earlier, was independently recognized as
the best alternative to the ‘gold standard, established
based on the outcomes from qualitative-quantitative
composition analysis. Similar results were achieved in

a protocol study for faecal samples detecting bile acids
using OMNIgene-GUT, demonstrating its efficacy for
metabolomics studies (Neuberger-Castillo et al. 2021).
Of interest may be the preliminary results of an experi-
ment by Young etal. (2020) on using a substrate based
on guanidinium tthiocyanate — eNAT when stored at
room temperature for about 30 days and then trans-
ferred into —-80°C for longer time of the period storage.
The most often self-prepared cryoprotectants applied
before sample freezing included, among others, etha-
nol, DMSO-EDTA salt solution (DESS) and guanidine
thiocyanate. In a Japanese study, the effects of DESS
or guanidine thiocyanate at room temperature or 4°C
showed the a- and b-diversities with no significant dif-
ferences between Bacteroides and Bifidobacterium spp.
profiles (Kawada et al. 2019). On the other hand, Hale
et al. (2015) found no significant effect on the microbial
community of the samples studied while storing faecal
samples from spider monkeys in 100% ethanol at room
temperature for eight weeks. Song et al. (2016) came to
similar conclusions, where they demonstrated that 95%
ethanol effectively preserves the diversity and composi-
tion of the gut microbiome stored at room temperature
for at least eight weeks. However, this solution is highly
flammable and expensive to transport. The effect of 10%
glycerol concentrations (through its ability to permeate
cell membranes) on metabolic and biological parameters
has been described. As one of the more commonly cho-
sen protectants due to its protection of bacterial viability
after freezing, it also had another characteristic - after
thawing, it offers an excellent environment for microbes
to thrive, thereby causing changes in the microbiome
community (Widjaja 2023). Deschamps (2020) also
demonstrated the effect of glycerol in reducing metabolic
activity, which may be related to cell damage. According
to Biclot et al. (2022), glycerol contributes to the forma-
tion of ice crystals inside cells, ultimately leading to cell
lysis. These disparate data point to the need for further
research to better understand under which conditions
the integrity of samples can best be maintained for dif-
ferent types of analysis. Other publications analyzed the
effect of stabilizing agents used in microbiome studies,
i.e. Tris-EDTA buffer and 70% ethanol. Unfortunately,
buffers containing EDTA may not optimally preserve
the microbiological composition of faecal samples. In
Young et al. (2020) study, samples stored in Tris-EDTA
buffer at ambient temperature had lower abundances
of Bifidobacterium and Anaerostipes spp. and higher
abundances of Bacteroides and Proteobacteria spp. than
samples stored in Tris-EDTA buffer and immediately
frozen to -80°C. In the case of 70% ethanol, using it
as a protectant for faecal samples at room temperature
yielded results similar to those without preservatives.
Hence, 70% ethanol as a protectant for this type of stor-
age is strongly discouraged (Song et al. 2016). Wu et al.
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(2021) verified a self-prepared preservation buffer (PB)
that could stabilize human saliva samples, thus demon-
strating the suitability of this buffer for stabilizing faecal
samples and intended for sequencing without freezing
facilities or logistical constraints. The study results indi-
cate that using a cryoprotectant has a beneficial effect
on the microorganisms in the faeces, the stability of the
sample, and the reproducibility of the results of various
diagnostic methods. In addition, commercial media can
be used in molecular biology studies due to their prop-
erties, i.e., the stabilization of microbial DNA in eNAT®
medium or the lack of effect on DNA extraction effi-
ciency in OMNIgene-GUT medium (Young et al. 2020;
Doukhaine et al. 2021). Understanding that choosing
preservation methods is not a one-size-fits-all solution
is crucial. The efficacy of these methods varies across
different groups of microorganisms, making it a sig-
nificant and relevant area of research. The storage tem-
perature and duration of storage also play a pivotal role
in influencing microbial DNA yield (Wu et al. 2021).

5. Storage

When creating a sample storage protocol with spe-
cific assumptions for the experiment, storage time and
temperature should be analyzed. The bacterial compo-
sition of faeces changes after 15 minutes of storage at
room temperature, which can be an obstacle for, among
other things, epidemiological studies; therefore, it is
desirable to freeze samples immediately (Tamada et al.
2022). For metabolomic studies, temperature deter-
mines microbiological and enzymatic activity and, thus,
the final results. O’Sullivan et al. (2018) highlighted the
testing of previously frozen faecal samples for glutamate
and branched-chain amino acid (BCAA) levels, where
higher concentrations were found relative to measure-
ments on fresh samples. For this type of study, storing
samples at temperatures below 0 can significantly affect
the final results. A thorough analysis of the modes and
conditions of storage on the quality and quantity of the
microbiota of stored human faeces is crucial in select-
ing optimal conditions depending on the intended use
of the collected samples (Hickl et al. 2019). Preserv-
ing the integrity of the genetic material of the samples
after collection and storage determines the correct
interpretation of the data (Hickl efal. 2019; Tamada
etal. 2022). Optimizing a faecal sample’s freezing and
storage conditions includes the choice of container,
cryoprotectant, freezing, and storage method. Many
containers suitable for deep-freezing are available, e.g.
Eppendorf tubes, cryo-tubes without code and with
2D code and SBS (Society for Biomolecular Screening)
tubes adapted for automatic biological material han-
dling. Before biobanking, it is necessary to analyze the
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amount of frozen material, the available equipment, the
number of personnel, and the choice of container. When
selecting tubes with a stabilizing/transport medium,
you must consider the stabilizer’s possible influence on
the parameter under study, e.g., the change in bacterial
abundance in the buffer medium through chemical lysis
or interference in metabolite studies (Chen et al. 2020;
Neuberger-Castillo et al. 2021). Regardless of the con-
tainer used, each Biobank needs to check the required
quality parameters (depending on the purpose of the
study) to ensure that the selected materials and equip-
ment will meet the storage criteria under the prevailing
conditions. Another critical factor in the correct storage
process is the accurate temperature for the research. The
literature data analyzed for his article of a study of the
effect of the length of storage on the stability of stored
faecal samples highlighted the dependence of quality
parameters on different storage temperature ranges.

6. Stability studies of faecal samples during storage
in the temperature range between 15-25°C

In routine diagnostic laboratories, faecal samples are
usually stored at room temperature during the labora-
tory examination. After treatment, the remaining resi-
due, until the result is stored at 4°C. For many research
units without access to freezing equipment wishing to
store faecal samples, the storage method at room tem-
perature seems interesting. Due to several metabolic
processes occurring in faecal samples at ambient tem-
perature or fungal overgrowth (Thomas etal. 2015),
using preservatives is crucial to maintain the sample’s
integrity. Their use eliminates the need for research
to analyze the effect of humidity on fresh samples. In
a study by Park et al. (2020), after evaluating the micro-
bial profile, the authors confirmed the usefulness of
transport media, i.e. NBgene-Gut and OMNIgene-GUT,
for storing faecal samples at room temperature over two
months. Thanks to the stabilizing media, transported
faecal samples, e.g. with RNAlater” or OMNIgene-GUT,
can be stored for 14-60 days (depending on the kit spec-
ification) (DNA Genotek 2010; Life Technologies 2011;
Song et al. 2016; Wu et al. 2021).

In contrast, Wu etal. (2021) confirmed the effi-
cacy of the ‘Self-made PB buffer, which protected the
microbiome in faecal samples for up to 4 weeks at room
temperature. The authors suggest PB buffer as a cheaper
alternative for storage at room temperature compared
to its commercial counterparts. However, the limita-
tions of this method over the long term indicate the
need for further research into the long-term stability
of samples. All the substrates mentioned are stored at
lower temperatures (-20°C and -80°C, respectively)
(DNA Genotek 2010; Life Technologies 2011; Wu et al.
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2021). Other studies have noted the effect of room
temperature on changing the ratio of Gram-negative
and Gram-positive bacteria, probably due to the higher
stability of bacterial DNA in Gram-negative bacteria
relative to that of Gram-positive bacteria at room tem-
perature (Hickl et al. 2019; Li et al. 2023).

7. Stability testing of faecal samples during
storage at 4°C

In biobanks, temperatures of 4°C are not helpful for
the long-term storage of biological samples. Amar et al.
(2005) showed the advantage of molecular methods
used for archived frozen fecal samples against conven-
tional method immediately used for detection with the
lowest percentage reconfirmation of target for Giardia
spp, and C. perfringens. Results obtained by PCR indi-
cated a 96% concordance for Cryptosporidium spp.
after ten years of storage and a 68% concordance for
Giardia after two years of storage, with positive results
from a direct preparation. In most scientific studies
on metabolites or the microbiome, a temperature of
4°C is not recommended for storage of media samples
beyond 12 h because of the continuous proliferation
and metabolism of some microorganisms, as well as
the change in oxygen concentration in the samples,
which significantly affects the anaerobic community
(Thomas et al. 2015; Cunningham et al. 2020). In their
study, Nogata et al. (2019) proved that using a medium
such as Carry Blair during storage at 4°C can prevent
changes in the microbiome community. For metabo-
lomic testing of faecal water, according to O’Sullivan
et al. (2018), storing faecal samples at this temperature
for up to 24 hours shows a good alternative compared
to testing on fresh samples. Wu et al. (2021), who stud-
ied the microbiome’s composition in faecal samples
subjected to different temperatures, including 4°C for
up to 4h, proved the lack of effect of short-term storage
on microbiome composition. Also, Cunningham et al.
(2020) demonstrated that stool storage without cryo-
protectants at room temperature and 4°C for up to 48 h
has no significant effect on the microbiome in samples.
The discrepancies in the period may be due to differ-
ences in the analytical methods used in the two stud-
ies, highlighting the need for standardization of pro-
cedures in this area. However, it is crucial to note that
Cunningham’s method should not be recommended
in studies on determining the composition of faecal
anaerobic microbiome by culture methods. Instead,
the focus should be on pre-laboratory procedures that
may cause errors affecting the microbiome’s composi-
tion. If not carefully avoided, these errors can signifi-
cantly alter it, underscoring the weight of a decision
in maintaining its integrity.
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8. Studies on the stability of faecal samples during
storage in the temperature range -20 +-30°C

The freezing method at —20°C has been repeatedly
described as one of the most commonly used for long-
term storage of samples (Biclot et al. 2022). Ice crystals
may appear at this temperature, but the manufacturer of
RNAlater” assures RNA stability in samples indefinitely
(Life Technologies 2011). Despite using this medium
in many experiments, the manufacturer’s instructions
do not provide information about applying it to fae-
cal samples. An epidemiological study by Souza et al.
(2021), conducted on archival (1998-2005) faecal sam-
ples frozen at -20°C, found genetic material in 6.8%
of the samples analyzed for Adenovirus. Due to the
lack of comparative results in fresh faecal samples, it is
impossible to address the stability of faecal samples in
the context of the presence of Adenovirus. Bilinski et al.
(2022), in a study of faecal samples frozen at -30°C,
found evidence in favour of a significant effect of low
temperature on the composition of the microbiome,
even though it is this way of freezing stool has more
than 90% effectiveness in transplanting the microbiota
in patients with Clostridioides difficile infection. The
review did not analyze studies on the impact of the
transplanted microbiota on the recipient’s organism, as
the main aim of this procedure is to eradicate Clostri-
dioides. However, such studies may contribute to a bet-
ter understanding of the transplant preparation process.

9. Stability testing of faecal samples during
storage at -80°C

Biobanking using the rapid freezing method at -80°C
has been recognized as the gold standard in microbiome
research (Hickl et al. 2019; Guan et al. 2021; Wu et al.
2021; Li et al. 2023). This method seems more effective,
especially for short-term storage of samples (up to 48 h)
(Deschamps et al. 2020). However, some studies allow
it to be used as a long-term storage method, especially
in colorectal studies (Wirth et al. 2020). Compared to
regular freezing at —80°C, the rapid drop in temperature
reduces the ice crystal formation phenomenon while
maintaining the integrity of the cells, further improving
the isolation of Gram-positive bacterial DNA (Thomas
etal. 2015; Li etal. 2023). In a study by Coryell et al.
(2021) on the detectability of SARS-CoV-2 in faecal
samples, a higher detection rate of viral RNA was dem-
onstrated in samples stored in DNA/RNA shield stabi-
lizing buffer, compared to samples without the addition
of a stabilized stored at the same temperature. In the
previously mentioned RNAlater® study results, con-
firmation was obtained for long-term storage of faecal
samples without significant changes in microbiome
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composition (Flores et al. 2015, Tap et al. 2019). In the
case of the study by Liang et al. (2020) on OTU-level
abundance in frozen samples, the RNAlater® substrate
is not recommended due to its high diversity. Biclot
etal. (2022) showed the effect of freezing faecal sam-
ples at ~80°C on the composition of anaerobic bacte-
rial species. They found that storing samples at this
low temperature without additives, the so-called “dry
condition”, significantly showed the broader species
richness. In addition to using -80°C for storage, this
temperature is also used to transport faecal samples for
essential analyses (Williams et al. 2019).

10. Stability studies of faecal samples during
storage in liquid nitrogen

Due to relatively high storage costs, using liquid
nitrogen for freezing faecal samples is not the first cho-
sen method. Wu et al. (2021) compared the economic
aspects of freezing using selected techniques in their
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publication. They found a financial alternative to the
liquid nitrogen method (using low-cost buffers allow-
ing samples to be kept for up to 4 weeks, based on the
storage temperature. It is worth noting that liquid nitro-
gen, especially in combination with 10% glycerol, is an
effective and reliable method for the long-term storing
of faecal samples (Li etal. 2023). Relating to storing
samples in liquid nitrogen, researchers also use nitro-
gen jet cooling to store samples at —80°C (Hickl et al.
2019; Guan et al. 2021).

This work’s temperature division indicates various
methods for preserving faecal samples, highlighting
their effectiveness based on research. The purpose,
planned costs, and future application of the results
should all be considered.

Table I. presents various faecal microbiome preser-
vation methods tested across different studies, provid-
ing an overview of their effectiveness based on storage
duration and temperature. The best long-term preserva-
tion method remains freezing at -80°C. In a 2020 study,
Young et al. demonstrated that the eNAT medium can

Table I
Summary of selected storage conditions and preserving faecal samples for a microbiome study.
Stabilization Storage Storage
compounds/ & 28 Influence on stability of microbiota Source
. temperature period
solutions
Stratec DNA R
raee oom 7 days Stable microbiota profiles, minimal changes in diversity. (Chen et al., 2020)
stabilizer temperature
SII:I/III:E:& T{ZCSST Fe(r)l(l):;rature 7 days Microbiota minimal changes, high DNA stability. (Chen et al., 2020)
DESS Room 1-3 Microbiome stability without significant changes (Kawada et al.,
(DMSO-EDTA-salt) | temperature | weeks in diversity (using targeted extraction methods). 2019)
Homemade preserva-
tion buffer (EDTA, Room 4 week Stability in room temperature (or in high temperatures (Wu & Chen et al.,
DSD*, SCTD*, temperature weeks up to 5 days), ideal when freezing isn’t available. 2021)
ammonium sulfate)
OMNIgene-GUT Room 65d The best method for room temperature storage is stable (Park et al,, 2020)
or NBgene-GUT temperature ays microbiome profiles comparable to frozen samples arketat,
95% Ethanol, Room . o .
OMNIgene-GUT temperature 8 weeks Both methods effectively maintain microbiome stability (Song et al., 2016)
Ethanol (100%) Room 8 weeks Stable microbiome, alternative .to freezing, s’uitable for (Hale etal,, 2015)
temperature long-term storage (study on spider monkey’s stool)
. . Minimal changes in taxonomic diversity, good (Cardona et al.,
No stabilizer -20°C 24h DNA quality. 2012)
No stabili -20°C (after 48-96h Minimal changes in microbiome and SCFA composition, (Cunningham
O stabriizer 48h at 4°C) N indicating that 24h refrigeration preserves sample integrity. | et al., 2020)
No stabilizer _80°C 48h Stable m.icrobiota. diversity, }.ﬁgh DNA yield, minimal (Biclot et al.,
changes in bacterial composition 2022)
30d
s Stability of microbiome maintained after 30 days at room
. at room o T : (Young et al.,
eNAT” medium -80°C temperature, no significant changes in diversity
temperature, - 2020)
. | and composition
then freezing
-80°C/liquid | 12 months | Microbiome stability maintained for 12 months, better diver- .
10% Glycerol . . (Lietal., 2023)
nitrogen sity than ethanol-preserved samples at room temperature

*DSD- disodium salt dihydrate, SCTD- sodium citrate trisodium salt dihydrate
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store samples at room temperature for up to 30 days
without compromising microbial diversity or composi-
tion. Similar results can be noticed in Park et al’s study
(2020) using OMNIgene-Gut and NBgene-Gut, where
the microbiome was stable for up to 65 days. The choice
of the optimal storage temperature and economic con-
siderations is necessary to analyze the impact of addi-
tional factors affecting the sample during storage.

Considering all the beneficial and adverse factors
in the biobanking of faecal samples mentioned above,
it is evident that the crucial factors determine the spe-
cific aim of the study. Beneficial Factors play a key
role in maintaining the quality, stability, and integrity
of faecal samples, thereby supporting the accuracy of
research outcomes. On the other hand, adverse factors
can result in sample degradation, alterations in com-
position, or difficulties in maintaining the necessary
biobanking conditions. Microbial growth in stored fae-
cal samples below -20°C seems unlikely, however, and
there are bacteria in the environment, i.e. Planococcus
halocryophilus, which can grow at -15°C and retain
metabolic activity at -20°C (Mykytczuk et al. 2013).
Below -20°C metabolic processes leading to cell lysis
occurring reduce the number of viable bacteria and
expose genetic material, facilitating the extraction step
(Hale et al. 2015; Ahrabi et al. 2016).

11. Applicable standards for the freezing
and storage of faecal samples

The increased awareness of the need for high-quality
samples and the desire to standardize collection and
transport criteria has created an international document
- ISO 20387:2018 Biotechnology — Biobanking — Gen-
eral Requirements for Biobanking (Dagher 2022). The
document systematizes the quality control and man-
agement system requirements of Biobanking entities
wishing to confirm the reliability of the high-quality
activities performed. To describe the different ana-
Iytical steps, the technical committee has successively
published standards describing pre-analytical laboratory
processes for pretreatment in molecular biology (e.g. for
tissue, plasma, serum, urine), microbiology, and parasi-
tology. No guidelines that relate only to faecal samples in
a broad context have been produced. Looking through
ISO resources, you can find documents that generally
define Biobank’s handling of biological material. One
such guideline is ISO 21899- “Biotechnology — Biobank-
ing — General requirements for the validation and veri-
fication of processing methods for biological material
in biobanks” This standard covers a wide range of bio-
logical samples, so it could potentially apply to faecal
material if the biobank is involved in such work, as long
as the methods used meet the validation requirements
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outlined in the document. Another important: ISO/
AWTI TS 18701- “Molecular in vitro diagnostic exami-
nations — Specifications for pre-examination processes
for human specimens - Isolated microbiome DNA,
is a forthcoming technical standard that will provide
guidelines for the biobanking of faecal samples, includ-
ing methods for their processing and storage. Its goal is
to ensure consistency and quality in these procedures,
enabling faecal samples to be effectively used in scien-
tific and medical research. ISO/DIS 20070 “Biotechnol-
ogy - Biobanking — Requirements for sample containers
for storing biological materials in biobanks” focuses on
the requirements for the management and quality of
human biobanks, including the collection, processing,
and storage of biological materials. In the context of fae-
cal biobanking, this standard would ensure that proper
protocols are followed to maintain the integrity and usa-
bility of faecal samples for future research, guaranteeing
consistency in sample handling and data management.
At the same time, European technical specifications
were being developed at the European Committee for
Standardisation (CEN) to respond to the reproducibil-
ity crisis that emerged due to the lack of repeatabil-
ity of experiments or errors in medical analysis. The
main objective of the specifications was to define the
requirements for the pre-analytical procedure with
its complete documentation (Stumptner et al. 2022).
In 2021, a standard describing the requirements for
microbiome DNA isolation (CEN/TS 17626- Molecu-
lar in vitro diagnostic examinations — Specifications
for pre-examination processes for human specimen
- Isolated microbiome DNA) was developed, which,
to date, is the only document directly referring to the
handling of faecal samples. Access to CEN/TS 17626 is
the start to achieving standardization in handling and
treating faeces in all research fields (Stumptner et al.
2022), from assessing sample composition to clinical
trials with biobanked biological samples. Researchers
are only required to use standardized methods for fae-
cal testing if the work leads to diagnostic procedures
to which the IVDR (In Vitro Diagnostic Regulation) is
applied. In many cases, using these standards benefits
the accuracy and reliability of the assays obtained. In
addition to being reproducible, the results of such stud-
ies can be used for accreditation and the creation or
updating of standards (Stumptner et al. 2022).

12. Clinical applications of faecal biobanking

According to the comprehensive approach to the
patient and a greater understanding of the gut-brain
microbiome axis, scientists have increased the number
of tests performed to find solutions to many diseases.
As previously mentioned, the importance of biobanking
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in scientific research and clinical and laboratory diag-
nostics has increased. From the publications analyzed
over the last five years, eight main research direc-
tions emerge, i.e. FMT, microbiome studies,- omics
(genomic, transcriptomic, proteomic, metabolomic),
cancer, bacteria, viruses and parasites and others. These
publications analyzed or studied faecal samples stored
under different conditions and periods. Sample storage
is just one of the many uses of a biobank. Transparent
procedures for handling banked samples, broadly writ-
ten informed consents, and precise quality valuation
of samples determine the success of storing material
in research and clinical experiments (Coppola et al.
2019), such as research on cancer, metabolic diseases,
infectious diseases, research transplantation and also
epidemiological and population studies.

13. Summary

Analysis of the available literature on the storage of
faecal samples has shown the importance of the appro-
priate storage method and cryoprotectants for main-
taining the integrity of genetic material and the stability
of the biological composition. In microbiome studies,
choosing a proper cryoprotectant and storage tempera-
ture is crucial, mainly if the microbiome composition
is being analyzed.

Further research into optimal storage conditions for
faecal samples and developing more precise guidelines
may improve the quality and reliability of microbio-
logical results. The publications analyzed were based
on in-house protocols, often impossible to reproduce
under other conditions. The following International
Standards Operations (ISO) underline several aspects
important in biobanking, i.e., ISO 21899 with the pro-
cessing of biological materials using validated and/or
verified methods fit for the purpose, both ISO 18701
and similar CEN/TS 17626 with requirements and rec-
ommendations for the pre-examination phase of sev-
eral human specimens, such as stool, saliva, skin and
urogenital specimens intended for microbiome DNA
examination, and ISO 20070 which focuses on infor-
mation security management systems in an organiza-
tion The choice of freezing method depends on the
goal and period of storage, as well as the resources of
the Biobank. Faecal samples can be helpful in screen-
ing, cancer diagnosis, and research into gastrointesti-
nal diseases, as well as bacterial and viral infections.
Potential directions for further research should include
continued research into optimal storage conditions for
faecal samples, including the best cryoprotectant and
storage temperature. It will undoubtedly contribute to
increased efficacy in FMT therapy and the impact of
microbiome composition on recipient health.
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Research with faecal samples used in diagnostics of
various diseases and developing more comprehensive
standards for storing and analyzing faecal samples that
enable reliable and reproducible results will interest
future researchers.
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Abstract. Sepsis is a leading cause of hospital mortality, closely linked to gut dysfunction and dysbiosis. The gut microbiome’s role in
sepsis pathogenesis and progression necessitates a comprehensive bibliometric analysis to elucidate current research trends. Utilizing
the Science Citation Index Expanded (SCI-E) database, literature was systematically retrieved using the terms: sepsis AND (“gut” OR
“gastrointestinal”) AND (“microbiome” OR “microbiota” OR “microflora” OR “bacillus”). After data refinement and duplicate removal,
2485 articles were included for statistical analysis using R software’s bibliometric package, with Excel used to visualize publication trends.
Findings demonstrate a progressive annual increase in published studies and citations. The United States and France emerged as primary
contributors, exhibiting extensive international collaboration. Among leading institutions, the University of California ranked highest in
research output, while Wiersinga W] from the University of Amsterdam led in publication volume and collaborative networks. Research
predominantly focuses on critical care medicine, immunology, and microbiology, with keywords such as sepsis, microbiome, microbiota,
and microflora recurring. Current trends indicate a growing focus on the relationship between sepsis and gut microbiome dynamics,
with a notable gap in evidence-based clinical applications. The prominence of the United States in the field underscores the need for well-
designed clinical trials and prospective cohort studies to advance therapeutic strategies. Strengthening global collaboration, particularly
through increased involvement of Chinese researchers, is crucial for a comprehensive understanding and future advancements in this
complex and evolving field.

1. Introduction. 2. Material and Methods. 2.1. Data Source. 2.2. Search Strategy. 2.3. Analysis. 2.4. Statistical Analysis. 3. Results.
3.1. General Information. 3.2. Analysis of Countries and Institutions. 3.3. Author’s Analysis. 3.4. Journals Analysis. 3.5. Keywords Analysis.
4. Discussion. 5. Conclusion.
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1. Introduction

Sepsis, a life-threatening condition resulting from
the body’s dysregulated response to infection (Singer
etal. 2016), is a significant contributor to mortality in
severe patients, with a mortality rate of up to 29.0%.
Septic shock is a severe form of sepsis and is by the
means of serious, circulatory, cellular, and metabolic
abnormality, because of the hypotension, which is not
corrected by the fluid resuscitation, that accounts for
the increase in the death rate (Liu etal. 2022). The
pathogenesis of sepsis involves a complex interplay
of infection, inflammation, immunity, coagulation,

and, notably, intestinal dysfunction and flora imbal-
ance (Haak and Wiersinga 2017, Adelman et al. 2020).
Among critically ill patients, the gut microbiome has
gained prominence in sepsis research, drawing increas-
ing attention from intensive care unit (ICU) physicians
seeking ways to enhance gut microbiome health for
improved survival in patients with sepsis.

The gut microbiome comprises the interaction
between intestinal flora and the host, encompassing the
intestine, intestinal epithelial cells, secretions, ingested
food, and nutrients (Cresci and Bawden 2015, Heintz-
Buschart and Wilmes 2018). Of particular significance
is the role of intestinal flora, which plays a crucial role
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in nutrient metabolism, digestion, absorption, resistance
to external bacterial colonization, anti-tumor activities,
and maintenance of the intestinal barrier and immune
function (Jandhyala et al. 2015, Hills etal. 2019). The
pathogenesis of sepsis involves the interaction of infec-
tion, inflammation, immune dysfunction, coagulation
defect, and the disrupted blood-gut barrier is the central
part of it. In sepsis, gut permeability increases and the
gut bacteria and endotoxins can migrate out of the gut
into the bloodstream, which sparks the body’s inflam-
matory reaction and organ dysfunction. The blood-gut
barrier’s impairment gives rise to the difficult immune
system situation, moreover, the vicious cycle of inflam-
mation — bacterial multiplication - and the further
endotoxin that is added into the bloodstream. Thus, the
restoration of the blood-gut barrier is being the key issue
in treating sepsis as well as the gastrointestinal micro-
biome as a component that participates in this pro-
cess providing the default barrier and the health of the
mucosal wall (Dubin 2018). Consequently, investigating
the relationship between sepsis and the gut microbiome
has become a key focus of numerous studies.

Current research on sepsis and the gut microbiome
takes various angles, with some studies examining
microbiome composition (Miller etal. 2021), others
exploring microbiota dynamics (Kullberg et al. 2021),
and additional investigations considering broader
aspects of flora involvement. While reviews provide
comprehensive summaries and analyses of the inter-
play between sepsis and the gut microbiome (Tourelle
etal. 2021, Zanza et al. 2022), a macroscopic analysis
of the overall research landscape in this field is lacking.

To address this gap, our study utilizes bibliometric
methods in literature research to systematically analyze
published works. Through retrieval, statistical process-
ing, and comprehensive analysis of relevant literature,
we aim to unveil the current state of research on the
gut microbiome of sepsis patients. Bibliometric enables
exploration of key aspects such as geographic distribu-
tion of research, institutional affiliations, prominent
researchers, favored journals, and prevalent keywords
within the literature corpus (Brandt et al. 2019). This
methodological approach aims to provide an in-depth
understanding of the current focus and developmen-
tal trajectory in the expansive field of sepsis and gut
microbiome research.

2. Material and Methods
2.1. Data Source
The Science Citation Index Expanded (SCI-E) data-

base in the Web of Science Core Collection (WOSCC)
was utilized as the primary data source for retrieval.

LI ZHANG, YI WANG, PING LI, XIANG LI, XIANGYOU YU

SCI-E is a leading and the most common used data-
base for bibliometric research (Wu etal. 2022, Wu
etal. 2024), encompassing English literature and, to
some extent, literature in other languages with English
abstracts, providing a comprehensive representation of
global scientific research.

2.2. Search Strategy

A “subject” retrieval method was employed for
this study, using the retrieval formula: sepsis AND
(“gut” OR “gastrointestinal”) AND (“microbiome” OR
“microbiota” OR “flora” OR “bacillus”). The search was
restricted to publications from 2004 onwards. This
search strategy included sepsis broadly without differ-
entiating between bacterial and fungal origins. There-
fore, the results reflect a general analysis of sepsis cases
that may include studies on both bacterial and fungal
sepsis, depending on the scope of individual articles.

2.3. Analysis

All records and references from the search results
were exported in plain text format and analyzed using
the bibliometric software package in R. The analysis
included; number of documents published by each
country in the field, cooperative relationships between
countries, number of documents published by institu-
tions, cooperative relationships between institutions,
number of documents published by researchers, coop-
erative relationships between researchers, citation sta-
tus of researchers, number of documents published in
journals, utilization of keywords.

2.4. Statistical Analysis

Trend charts illustrating the annual number of pub-
lished documents and the number of cited documents
were generated using Excel software. Qualitative data
were presented quantitatively and as percentages, facili-
tating a rigorous statistical exploration of the bibliomet-
ric landscape. This methodology provides insights onto
the global distribution, collaborative networks, institu-
tional contributions, researcher engagement, citation
impact, and journal dissemination within the field of
sepsis and gut microbiome research.

3. Results
3.1. General Information
A meticulous examination of relevant research

literature resulted in the retrieval of 2558 records.
Post-duplicate removal, 2485 articles were considered
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Table I
Type of publications on sepsis and gut microbiome.

Type Publications | Percentage (%)*
Original articles 1671 67.24
Reviews 279 11.23
Clinical trial 105 4.23
Meeting 228 9.18
Editorials 72 2.90
Abstract 63 2.54
Online first 27 1.09
Case Report 40 1.61

Note: *percentage of 2485

for detailed analysis (Table I). This diverse dataset
comprised 1671 original treatises, 279 review papers,
105 clinical studies (distinctly separated from the
original treatises), 72 editorial materials, 228 confer-
ence proceedings papers, 63 conference abstracts,
27 advanced online publications, and 40 case reports.
Analysis of the dataset revealed a discernible temporal
pattern, illustrating a consistent year-on-year increase
in the number of published documents (Fig.1). Con-
currently, the citation frequency of this literature
exhibited a parallel upward trend, indicating a grow-
ing impact within the scientific community over time
(Fig. 1). The cumulative citations for these documents
reached an impressive 62247, with an average citation
frequency of 25.05 times per document. A thorough
examination of research directions, as depicted in
Table II, illuminated the primary thematic concentra-
tions within the dataset. Predominantly, the studies
were centered on Infectious Diseases, Gastroenterol-
ogy, Hepatology, Biochemistry and Molecular Biology.
Additionally, substantial engagement was observed in
the domains of Immunology, Pathology, and Microbiol-
ogy, signifying the interdisciplinary nature of research
exploring the intricate dynamics between sepsis and the
gut microbiome. These results collectively contribute to
a comprehensive understanding of the study landscape,

Table II
Research directions of publications on sepsis and gut microbiome.

Directions Publications Per(c(;]r)liage
Infectious diseases 1657 66.68
Gastroenterology hepatology 1428 57.46
Biochemistry molecular biology 1074 43.22
Immunology 1039 41.81
Pathology 956 38.49
Microbiology 931 37.46
Nutrition dietetics 914 36.78
Pharmacology pharmacy 879 35.37
Food Science technology 708 28.49
Genetics heredity 703 28.29

Note: *percentage of 2485

delineating the composition of the literature corpus,
temporal dynamics, and thematic concentrations. Such
insights are instrumental in appreciating the evolving
trends and scientific contributions within the realm of
sepsis and gut microbiome research.

3.2. Analysis of Countries and Institutions

The examination of source countries within the lit-
erature corpus reveals substantial contributions from
the United States, France, and the United Kingdom,
displaying a marked prominence over other nations
(Fig. 2). Notably, the United States exhibits a notewor-
thy lead, surpassing the combined literature output
of the third to seventh-ranked countries. This under-
scores the significant influence wielded by these lead-
ing nations in shaping discourse on sepsis and the gut
microbiome. An assessment of international collabora-
tion scores, serving as an indicator of research coop-
eration enthusiasm, discloses the collaborative nature
inherent in the field. The United States emerges as a key
collaborator, boasting the highest cooperation score,
followed by France, Germany, and other European
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Fig. 1. Annual trends of publications and citations.
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Fig. 2. Countries in publications and cooperations.

nations (Table IIT). Importantly, despite China holding
the eighth position in total publications, its cooperation
enthusiasm ranks tenth, indicative of a more reserved
engagement in collaborative research initiatives within
this scientific domain. Upon analyzing the institutions
contributing to the published literature (Table IV), five
of the top ten research institutions are situated in the
United States, with the University of California leading
the cohort. France is represented by two institutions in
the top ten, while the Netherlands, the United King-
dom, and China each have one institution. The central
cooperation score unveils the collaborative dynamics
among these institutions, with the University of Cali-

fornia demonstrating the highest enthusiasm for col-
laboration, followed by the University of Amsterdam
and the University of Chicago. Noteworthy is the inde-
pendent research stance of Southern Medical University
China, ranking ninth in the number of published doc-
uments. This institution stands out for its self-reliant
research endeavors, displaying limited collaboration
with external entities, marking a distinctive scholarly
approach to sepsis and gut microbiome research. These
findings provide a grounded and professionally artic-
ulated insight into global contributions, international
collaboration dynamics, and institutional engagements
within the expansive field of sepsis and gut microbiome
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Table III
Centrality of countries in the studies on sepsis
and gut microbiome.

Ranks Countries Centrality
1 USA 0.36
2 France 0.24
3 Germany 0.21
4 England 0.20
5 Italy 0.17
6 Netherlands 0.16
7 Spain 0.15
8 Australia 0.13
9 Canada 0.12

10 China 0.11
Table IV

Top 10 institutes by number of publications on sepsis
and gut microbiome.

I - Percentage
Institutions Publications (%)* &
University of California 88 3.54
University of Amsterdam 85 3.42
Udice French Research Universities 63 2.54
University of Chicago 60 241
Institute National De La Sante 50 2.01
University of Michigan 45 1.81
Harvard University 39 1.57
Newcastle University UK 35 1.41
Southern Medical University China 34 1.37
University of Minnesota 30 1.21

Note: *percentage of 2485

literature. Such insights enrich our understanding of
the collaborative and independent scientific pursuits
instrumental in advancing knowledge within this
domain (Table V).

Table V
Top 10 institutes by centrality on sepsis and gut microbiome.
Ranks Institutions Centrality
1 University of California 0.24
2 University of Amsterdam 0.23
3 University of Chicago 0.18
4 Udice French Research Universities 0.17
5 Institut National De La Sante 0.15
6 University of Michigan 0.14
7 University of Florida 0.13
8 Chulalongkorn University 0.12
9 Northumbria University 0.11
10 Universidade De Sao Paulo 0.11
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3.3. Author’s Analysis

Wiersinga W] from the University of Amsterdam in
the Netherlands was identified as the most productive
author in this field, as evident in the analysis results
(Table VI). Professor Wiersinga also holds the highest
centrality score (Table VII), highlighting the extensive
impact of their contributions within the scholarly net-
work. Further scrutiny reveals that Professor Wiersinga
has authored a substantial number of articles on sep-
sis and gut microbiome, with over half published in
prestigious journals such as JAMA, Lancet sub-journal,
Gut, and other top-tier publications. Notably, collabo-
rative associations among the top 10 authors include
Wiersinga W] and van der Poll T from the University
of Amsterdam, and Berrington JE and Stewart CJ from
Newecastle University, UK.

Table VI
Top 10 authors by number of publications on sepsis and gut
microbiome.
Ranks Authors Publications | Percentage (%)*
1 Wiersinga W] 44 1.77
2 Alverdy John C 17 0.68
3 Berrington JE 14 0.56
4 Leelahavanichkul A 15 0.60
5 Embleton ND 12 0.48
6 van der Poll T 11 0.44
7 Stewart CJ 10 0.40
8 Dickson RP 7 0.28
9 Wang W 0.24
10 Haak BW 6 0.2
Note: *percentage of 2485.
Table VII

Top 10 authors by centrality on sepsis and gut microbiom.

Ranks Authors Centrality
1 Wiersinga W] 0.26
2 Alverdy John C 0.23
3 Leelahavanichkul A 0.19
4 Embleton ND 0.18
5 Wang Y] 0.17
6 Cao ZJ 0.17
7 Wang W 0.17
8 He ZY 0.15
9 Liu S 0.14

10 Li SL 0.13

3.4. Journals Analysis

The analysis of journals (Table VIII) reveals that
Figshare, a prominent open data storage platform,
leads in the number of publications on sepsis and gut
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Table VIII
Top 10 journals by publication of literatures on sepsis
and microbiome

Journals P ‘tllbol:: P er(c(;)r)‘fage 2022 IF
Figshare 166 6.67 Database
Nutrients 90 3.64 6.706
Critical Care 81 3.24 19.334
Plos One 78 3.13 3.752
Scientific Reports 73 2.93 4.996
European Nucleotide Archive 68 2.73 Database
Frontiers in Microbiology 60 242 6.064
Frontiers in Immunology 50 2.02 8.786
Pediatric Research 45 1.82 3.953
International ]0}1rnal 40 162 6.208
of Molecular Sciences

Note: *percentage of 2485.

microbiome research. Following closely are reputable
academic journals, including Nutrients and Critical
Care, among others. It is pertinent to note that Figshare,
while a significant contributor, operates more as a data
storage platform than a traditional academic journal.
Among the academic journals publishing literature
in this field, Gastroenterology (IF=33.883) demon-
strated the highest impact factor in 2022, with a total
of 9 pertinent articles. This is followed by Critical Care,
Frontiers in Immunology, and other journals, reflecting
a diverse and impactful dissemination of research
within the realm of sepsis and gut microbiome studies.

3.5. Keywords Analysis
A meticulous examination of all keywords utilized

in the included literature underscores key themes prev-
alent in the field. The preeminent keyword is “sepsis,’

Table IX
Distribution of keywords.
Keywords Frequency | Percentage (%)*
Sepsis 2174 87.48
Microbiome 991 39.88
Microbiota 765 30.78
Flora 382 15.37
Antibiotics 337 13.56
Gut microbiota 306 12.31
Immune system 218 8.77
Bacteria 184 7.40
Gut 163 6.56
Gastrointestinal microbiome 152 6.12

Note: *percentage of 2485.
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reflecting its centrality in scholarly discussions. Fol-
lowing closely are pivotal terms such as “microbiome,”
“microbiota,” and “flora,” highlighting the pronounced
emphasis on microbial communities in this domain.
Notably, six out of the top 10 keywords-specifically,
“microbiome,” “microbiota,” “flora,” “gut microbiota,”
“bacteria,” and “gastrointestinal microbiome”-essen-
tially revolve around or intricately relate to microecol-
ogy. This prevalence of microecology-centric keywords
signifies the integral role of microbial interactions and
ecological dynamics within the broader context of sep-
sis and gut microbiome research (Table IX).

4, Discussion

The outcomes of this study affirm the increasing
research focus on the association between sepsis and the
microbiome over the past decade. The upward trajectory
in published literature reflects the growing acknowledg-
ment of the clinical importance of investigating infec-
tious diseases, particularly sepsis (Coopersmith et al.
2018). The observed dominance of the United States
and China in the quantity of published literature under-
scores their significant contributions to the field. The
United States not only exhibits a substantial publication
volume but also a noteworthy centrality score, indicat-
ing a considerable influence within the scholarly net-
work. Conversely, while China demonstrates prolific
publication, its lower centrality score suggests potential
for increased collaborative engagement on the interna-
tional stage (Rhee et al. 2017).

Analysis of research institutions reveals the preva-
lence of European and American entities, with the
University of California emerging as a central hub for
collaborative research in this field. Noteworthy con-
tributors include Fang Min and Wiersinga W] from the
University of Amsterdam, with Prof Wiersinga leading
in both publication volume and collaborative endeav-
ors. Journal analysis indicates that while research in
this field is present in authoritative journals, there is
a prevalent focus on severe diseases, microbiology, and
immunology publications (Wiersinga and van der Poll
2022). This thematic alignment underscores the clinical
and microbiological dimensions inherent in sepsis and
gut microbiome studies. Examining the microecology,
our study underscores the pivotal role of gut microbi-
ome in human health. The intricate interplay of micro-
bial entities, including Bacteroides, Bifidobacterium,
and Lactobacillus, highlights their diverse contributions
to nutrient metabolism, immune function, and intesti-
nal barrier maintenance (Schmidt et al. 2018).

In the context of sepsis, our analysis reveals distinct
alterations in the gut microbiome, characterized by
reduced diversity, altered abundance of key microbial
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groups, and overgrowth of pathogenic bacteria. This
dysbiosis correlates positively with the mortality risk
in patients exhibiting systemic inflammatory response
syndrome and multiple organ dysfunction syndrome
(Shimizu etal. 2011). The use of broad-spectrum
antibiotics, a common therapeutic approach in sep-
sis, emerges as a significant factor contributing to gut
microbiome imbalance (Condotta et al. 2013). This dis-
ruption is not only related to the duration of antibiotic
use but also to specific antibiotic types and/or combina-
tions of antibiotics, such as ceftriaxone and imipenem,
with implications for the risk of opportunistic infec-
tions and antibiotic-associated complications (Haak
and Wiersinga 2017). Clinical strategies for mitigating
gut microbiome imbalance include judicious antibi-
otic use, supplementation with microecological agents,
early enteral nutrition, and fecal flora transplantation
(He etal. 2013, Wang et al. 2019; Ramirez et al. 2020,
Johnstone et al. 2021, Cheema et al. 2022). These inter-
ventions aim to preserve microbial diversity, restore
ecological balance, and improve patient outcomes.

Apart from the bacterial factors in the gut micro-
biota, the contribution of fungus in keeping the micro-
organism balance is a very important aspect that should
be taken into consideration. Fungal species, primarily
Candida, Aspergillus, and Zygomycetes, can consid-
erably affect the intestinal microbiome. For example,
Candida albicans is often related to dysbiosis, especially
in people with weakened immune systems or those who
are on the long-term use of broad-spectrum antibiot-
ics. This non-optimal situation in the microbiota causes
hypoproliferation, inflammation as well as negative
changes in the intestinal barrier. Besides, the Aspergil-
lus genus, although it isn’t usually mentioned in gut
health conversations, has been associated with dysbiosis
in serious infections and it can disturb the microbiome
community’s normal activities in the gastrointestinal
tract. Recognizing the role that fungi play in these
processes is critically important if we are to develop
successful strategies to fight against dysbiosis in sepsis
patients (Chin et al. 2020).

In addition to macroscopic tendencies found in sep-
sis and gut microbiome research, the discovery of the
etiological agents is very important in the differential
diagnosis of sepsis microbe contributors. In our biblio-
metric style, we did not define independent causative
pathogens, but prior studies often find that bacterial
species, such as Escherichia coli, Klebsiella pneumo-
niae, and Staphylococcus aureus are common etiologi-
cal factors in bacterial sepsis. These pathogens are fre-
quently referred to disturbances in the gut microbiota,
which are advantageous for the proliferation of patho-
genic species and disadvantageous from the perspective
of a high microbial diversity ratio. Bacteria, specifically
Candida albicans, are also the predisposing factors for
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sepsis in cases of immunocompromised patients and
they are associated with specific dysbiosis patterns in
the gut microbiome (Jawhara 2022). The limitation
in the bacterial and fungal etiologies can be the poten-
tial information on the dysbiosis and thus, the devel-
opment of specific therapeutic strategies targeting the
patient’s microbes may prove to be the solution.
While this study provides a comprehensive macro-
scopic overview of the literature, its limitations include
the lack of in-depth analysis of individual studies, inter-
ventions, and recent advancements. Additionally, the
exclusion of non-English literature from the SCI-E
database introduces a potential source of omission,
emphasizing the need for a more inclusive approach
to capture global contributions. The surge in research
on the relationship between sepsis and gut microbi-
ome signifies a burgeoning field with evolving clini-
cal implications. The dominance of the United States
in this research landscape underscores its leadership
role. Future directions should prioritize evidence-
based investigations, clinical trials, and prospective
studies. Enhanced international collaboration, par-
ticularly involving Chinese researchers, holds promise
for advancing the understanding and management of
sepsis through the lens of gut microbiome dynamics.

5. Conclusion

Current study delves into the expanding landscape
of sepsis and gut microbiome research, analyzing 2485
articles spanning diverse publication types and the-
matic concentrations. The temporal analysis reveals
a consistent increase in publications, reflecting a bur-
geoning interest and impact within the scientific com-
munity. The dominance of the United States in both
quantity and centrality underscores its pivotal role,
with significant contributions from France, the United
Kingdom, and others. Authorship analysis highlights
Prof Wiersinga’s prolific output and impact, while
institutional dynamics and international collaboration
further enrich the scholarly network. The examination
of journals and keywords elucidates the thematic focus
on microbiome-related concepts. The findings under-
score altered gut microbiome dynamics in patients with
sepsis, influenced by factors like antibiotic use, with
clinical strategies proposed for mitigation. The study’s
limitations, including language exclusivity and the need
for more detailed analyses, are acknowledged. Moving
forward, the emphasis on evidence-based investiga-
tions, clinical trials, and international collaboration,
particularly involving Chinese researchers, holds prom-
ise for advancing understanding and management in
this evolving field. In essence, current study provides
a nuanced and professionally articulated overview of



198

sepsis and gut microbiome research, paving the way
for future exploration and advancements in evidence-
based medicine.
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Abstract. Given the dynamic growth of antibiotic resistance observed over the past few decades, new therapeutic methods for life-threat-
ening infections are crucial. Effective treatment of infections caused by multidrug-resistant microorganisms increasingly requires the use
of last resort drugs, and new antibiotics generate resistance in less time than it takes to bring them to the therapy. Therefore it is advisable
to seek solutions using currently available antibiotics. Effective therapy of infections with multidrug-resistant microorganisms may be ena-
bled by the use of additive and synergistic interactions, resulting from the combination of different groups of antibiotics with the same or
different modes of action - including those to which a particular bacterial strain is resistant. This paper describes methods for determining
the synergistic and additive effects of antibiotics in vitro, including the CombiANT method under testing. The purpose of this study is to
present possible methods for determining the additive and synergistic effects between antibiotics in vitro and to propose appropriate labo-
ratory procedures for their use. This paper reviews the latest literature on methods for determining the antimicrobials interactions. Clini-
cal studies indicate significant benefits of using the phenomenon of antibiotic addition or synergy in clinical practice, not only improving
the effectiveness of therapy, but also minimizing side effects and reducing the risk of developing de novo antibiotic resistance. Despite the
significant problem of increasing antibiotic resistance level, clinical practice still lacks clearly standardized methods for determining syner-
gism. Further research is needed to determine the most beneficial standard available for a wide range of microbiology diagnostic facilities.

1. Introduction. 2. Methodology of literature search and selection. 3. Method based on antibiotics microdilution series in broth medium.
4. “Time-kill” test. 5. CombiANT test. 6. Strips impregnated with antibiotic gradient used in methodology for determining antimicrobials
synergistic effect. 7. Alternative methods for the determination of synergistic and additive antibiotic activity. 8. Conclusions

Keywords: antibiotic resistance, antibiotic synergism, checkerboard test, time-kill test

1. Introduction

The epidemiological transformation in the early
20th century involved a shift from infectious diseases
to non-infectious diseases as the leading causes of death
worldwide. It became a source of hope for the ultimate
victory of medicine over infections, facilitated by the
discovery of many antibiotics in the 1940s and 1950s.
Unfortunately, after only a few decades, due to the
rapid growth of antibiotic resistance, infectious diseases
have once again become one of the greatest threats to
public health. Scientists such as Venkatasubramanian
Ramasubramanian, president of the Clinical Infectious

Disease Society of India, have been warning of a new
post-antibiotic era for some time now (Sayburn 2023).

In addition to the significant rate of development
of global antibiotic resistance, a critical aspect of the
treatment of infections is the epidemiological situation
in Poland, compared to Europe. For example, in 2021,
fluoroquinolones-resistant Escherichia coli isolates
accounted for 33.1% of E. coli isolates in Poland (pop-
ulation-weighted European average: 21.9%), carbap-
enem-resistant Klebsiella pneumoniae isolates for 19.5%
(population-weighted European average: 11.7%), and
vancomycin-resistant Enterococcus faecium isolates for
34.3% (population-weighted European average: 17.2%).
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More than half of the isolated K. pneumoniae strains
showed multidrug resistance (MDR), which in this case
meant resistance simultaneously to aminoglycosides,
fluoroquinolones and third-generation cephalospor-
ins (Zabicka and Grzegorczyk 2022). A significant dif-
ference between the degree of antibiotic resistance in
Poland and Western and Northern European countries
is also of great concern. In 2022, carbapenem-resistant
Acinetobacter baumannii strains accounted for 76.4%
of isolates in Poland, compared with only 3.5% in
Germany and France and 2.7% in Sweden (European
Center for Disease Prevention and Control).

The stagnation of the pharmaceutical market fur-
ther hampers the effective treatment of infections.
From 2017 to 2022, only 12 new antibiotics have been
approved, and only two of them - vaborbactam and
lefamulin - are representatives of new drug groups.
A significant constraint and challenge of new anti-
microbials introduction is the cost of bringing new
therapeutics to market and the need for some of the
latest agents to be seen as drugs of last resort. In most
cases, resistance to new drugs is already reported within
2-3 years of their initial application (WHO 2021).

Although research is ongoing on new antibacterial
agents and strategies, such as monoclonal antibodies or
bacteriophages (WHO 2021), in light of such a dynamic
development of the phenomenon of antibiotic resist-
ance, it is necessary to search for new forms of treat-
ment, including also these using already available
antibiotics. A promising infection treatment method
combines antibiotics with different mechanisms of
action in therapy, including antibiotics to which bac-
teria were resistant in monotherapy. Their additive or
synergistic action may allow them to reduce the value
of their minimal inhibitory concentrations (MICs)
or even break the barrier of resistance of a strain to
particular drugs. Additional advantages of achieving
a synergistic effect of a combined antibiotics approach
include maximizing treatment effects with a reduced
risk of developing de novo antibiotic resistance and pos-
sibly using lower drug doses (Garbusinska and Szliszka
2017). It is worth recalling that combined antimicrobial
therapy is almost as old as antibiotic therapy itself, as
evident in the history of the treatment of infections
caused by Mycobacterium tuberculosis, in which the
association of streptomycin with other drugs began
soon after its discovery. Indeed, it was found that after
the several months course of tuberculosis pharma-
cotherapy, the probability of developing resistance to
streptomycin used in monotherapy could be as high as
100% (Brennan-Krohn and Kirby 2019a).

Several methods are currently used to study the addi-
tive and synergistic effects of antibiotics: e.g. methods
based on strips impregnated with antibiotics in a concen-
tration gradient, antimicrobials disc diffusion methods,
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antimicrobials micro-dilutions in agar methods, the
checkerboard method, “time-kill” test, in vitro dynamic
pharmacokinetic and pharmacodynamic (PK/PD) mod-
els, semi-mechanistic PK/PD models, and even in vivo
animal models (Karakonstantis et al. 2022). This article
characterizes and describes the step-by-step methodo-
logy of several of the methods mentioned above, which,
in the authors’ opinion, have the most significant poten-
tial for use in daily laboratory and clinical practice as
routine methods for testing antibiotic combinations,
which in the future may contribute to improving the
clinical condition of many patients suffering from infec-
tions caused by multi-drug-resistant bacterial strains.

2. Methodology of literature search and selection

PubMed and Google Scholar databases were used for
the literature review, searching for the phrases: antibio-
tic resistance, antibiotic synergism, antibiotic inter-
action methodology, antibiotic FICI assessing, check-
erboard assay, “time-kill” curves, synergism disc-based
methods, synergism gradient-based methods, antibiotic
gradient-based methods from the last 10 years. Among
the results obtained, articles on antibiotic combina-
tions were selected, including descriptions of the most
commonly used methods for testing synergism and
antibiotic adherence in substantive, clinical and/or
procedural terms. Information on the epidemiology of
antibiotic resistance was obtained from the Surveillance
Atlas of Infectious Diseases of the European Centre for
Disease Prevention and Control.

3. Method based on antibiotics microdilution series
in broth medium

The microdilution method (so-called “checkerboard
test”) is the most popular method for testing the in vitro
activity of antibiotic combinations, a modification of
the standard method for determining MIC in broth,
a technique routinely used, for example, in assessing the
MIC value of colistin. Most often, a 96-well polystyrene
plate is used. It is adapted to test the simultaneous activ-
ity of two antibiotics in each well - antibiotic concen-
trations are placed onto the plate, creating a gradient
“checkerboard” of dilutions of the two antimicrobials so
that every possible combination of the two concentra-
tions of the test drugs is evaluated within the chosen
and planned concentration ranges. This method has
two severe limitations. First, it is a static method in
which the effect of antibiotics is assessed at a specific
point in time without the possibility of being evaluated
for several hours of incubation. It provides information
only on the bacteriostatic effect without the possibility
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of testing the killing properties of drugs (in the me-
thodology used, these two effects are indistinguishable)
(Brennan-Krohn and Kirby 2019a). Limiting the num-
ber of antibiotics tested to two is also essential. With
more than that, the method quickly becomes imprac-
tical, even assuming that at least one of the drugs will
be tested in a relatively narrow range of concentrations
(Brennan-Krohn and Kirby 2019a; Doern 2014). In
addition, this method requires many reagents, and it is
necessary to prepare many antibiotic dilutions.

In the described method, standardized bacterial
inocula (of constant density and volume) in Mueller-
-Hinton broth and antibiotics (usually two from two dif-
ferent groups) in appropriate concentrations are placed
in the wells of a polystyrene plate, the concentrations of
which can be related to the concentrations achievable
in the patient’s body fluids and which were obtained
in serial two-fold dilutions (Doern 2014; Garbu-
sinska and Szliszka 2017; Brennan-Krohn and Kirby
2019a). After the incubation time, bacterial growth is
assessed in all of the wells of the plate. For the wells in
which the bacterial growth is inhibited, the fractional
inhibitory concentration index (FICI) is calculated and
based on this, the antibiotic interaction is classified as
antagonistic (FICI>4), neutral (1 <FICI<4), additive
(0.5<FICI<1) or synergistic (FICI<0.5). Although
authors of scientific investigation sometimes use other
ranges for FICI values interpretation or do not distin-
guish between antibiotic addition/synergy effects, the
cited classification method is the most common. The
FICI for a given concentration combination at which
inhibition is observed is the sum of the fractional
inhibitory concentration (FIC) of both drugs, i.e. the
ratio of the drug concentration in that well to its MIC.
Thus, since synergism is evidenced by an FICI<O0.5,
and the error range for MIC testing in a standard dilu-
tion in broth is +1 two-fold dilution (with the error
range increasing when testing drugs in combination),
the definition of synergism is met if each drug in a well
has a concentration of at least half that of its MIC
assessed individually in a separate assay (Garbusinska
and Szliszka 2017; Brennan-Krohn and Kirby 2019a).

The broth microdilution method continues to be
modified and improved, such as using a bio-printer,
which allows for precise micro-volume measurements
and speeds up the entire procedure (Brennan-Krohn
and Kirby 2019b). The procedure described below
includes reagents and equipment commonly available
in microbiology laboratories.

Procedure
1. Preparation of bacterial inoculum.
1.1. Calibrate the densitometer against a control
sample with an optical density of 0.5 on the
McFarland scale.
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1.2. Collect the tested strain with a sterile loop from
the agar medium and place it in a solution
appropriate for the method (usually saline).

1.3. Vortex it.

1.4. Measure of the optical density of the suspension
in a densitometer.

1.5. Optionally, add the bacterial mass or the control
strain being tested using a loop to an optical
density of 0.5 on the McFarland scale.

2. Determination of MICs of the tested antibiotics

(method of choice).

3. Preparation of antibiotic solutions.

3.1. Select the antibiotic to be diluted in rows 1-12,
i.e. horizontal rows (antibiotic A), and another
in wells A->H, i.e. vertical columns (antibio-
tic B); consider the appropriateness of testing
one in a broader range of concentrations.

3.2. Prepare approximately 400 ul of antibiotic A
solution and approximately 350 pl of antibiotic B
at a concentration four- (for A) and eight- (for B)
times higher than the resistance cut-off value of
a given drug for the species of the strain being tested
(Brennan-Krohn etal. 2017; EUCAST 2024).
Select the solvent according to the CLSI (Clinical
and Laboratory Standards Institute) guidelines:
“Solvents and Diluents for Preparing Stock Solu-
tions of Antimicrobial Agents”. If the guidelines
do not contain information on the tested anti-
biotic, use a solvent that maintains more excel-
lent drug stability (Bellio et al. 2021).

3.2.1. Itis possible to use the following pattern:

C,-C, =V

C-C=V,

Where:

C, - initial concentration of the antibiotic

solution [mg/1],

C, - final concentration of antibiotic solu-

tion [mg/1],

C, - solvent concentration [mg/l],

V_-solvent volume [pl],

V, - initial volume of antibiotic solu-

tion [ul].

Adding V. of the initial antibiotic solution

to V_of the solvent will provide an antibiotic

solution with a concentration of C,.

C, should have a value four times higher than

the breakpoint value for resistance to a given

drug for the strain of the species tested.
4. Preparation of a concentration checkerboard. (Fig. 1.

Broth microdilution method - preparation of a con-

centration pattern.)

4.1. Add 50 pl of MHB (Mueller-Hinton broth) to all
wells in rows Ist to 11th and two wells in row
12th by automatic adjustable pipette. (Fig. 1A.
Add Mueller-Hinton broth.)
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Fig. 1. Broth microdilution method - preparation
of a concentration pattern.

A - add Mueller-Hinton broth.

B - prepare a series of microdilutions of the first antibiotic.

C - prepare a series of microdilutions of the second antibiotic.
D - add antibiotics together.

E - re-add of Mueller-Hinton broth.

4.2. Add 50 yl of antibiotic A to all wells (A-H) in

row 1st.

4.3. With a multi-channel adjustable pipette, trans-

fer 50 ul of solution from the wells of row 1st
to the wells of row 2nd, from row 2nd to row
3rd, and so to row 11th. Mix the resulting solu-

4.4.

4.5.

4.6.

4.7.

4.8.

4.9.

tion each time with an automatic pipette (slowly
aspirate and withdraw the solution several
times). Transfer 50 pl of solution from wells 11A
and 11B to 12A and 12B. Remove 50 pl of solu-
tion each from wells 11C-H. The well 12A will
be a control for bacterial growth without anti-
biotics (positive control), the well 12B will
serve as a procedure sterility control, and also
for the remaining reagents and drugs solutions
(negative control). (Fig. 1B. Prepare a series of
microdilutions of the first antibiotic.)

Prepare 8 Eppendorf tubes (1,5ml) and label
them sequentially with the letters A-H.

Place 1 ml of MHB in all the labelled Eppendorf
tubes using an automatic pipette.

Transfer 333 pl of antibiotic B solution (with
a concentration of eight times the resistance
breakpoint of the applied drug for the strains
of the tested species) into the Eppendorf tube A.
After placing antibiotic B in MHB at a ratio of
1:3, its solution with a concentration twice
higher than the resistance breakpoint concentra-
tion of the drug will be obtained.

Transfer the volume of 333 pl from the Eppen-
dorf tube A to the Eppendorf tube B and mix
with an automatic pipette. Transfer 333 pl from
the Eppendorf tube B to the Eppendorf tube C,
mix and so on to the Eppendorf tube H. Remove
333 ul of solution from the Eppendorf tube H.
(Fig. 1C. Prepare a series of microdilutions of
the second antibiotic.)

Pipette 50 pl of solution from the Eppendorf
tube A into wells of A row (A1-A11 - excluding
well A12 - serving as a positive control), from
the Eppendorf tube B into all wells in B row
(B1-B12), from the Eppendorf tube C into wells
C1-Cl11, and so on. (Fig. 1D. Add antibiotics
together.)

Pipette (multi-channel pipette can be used) 50 pl
of MHB into each well of the antimicrobials
dilutions. Avoid adding MHB to the 12C-H wells
when using the multi-channel pipette. (Fig. 1E.
Re-add Mueller-Hinton broth.)

4.10. Add 50 pl of bacterial suspension to each well

6.2.

with antimicrobials solutions (except 12B - as
a negative control).

. Incubate for 16-24 hours at 37°C.
. Bacterial growth assessment.
6.1.

Assess turbidity in the wells after incubation.
The absence of turbidity indicates that the anti-
biotics inhibit bacterial growth.
Record/capture in which antimicrobials concen-
tration combinations growth inhibition is
observed. For these combinations, FICI calcula-
tion is necessary, as follows:
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FICI=FIC_+ FICy

FIC_=MIC_/MIC,

FIC,=MIC /MIC,

Where:

MIC, MICy - MIC of drug X or Y used alone,
MICXC, MICyc - drug X or Y concentration in
combination in a given well for which FICI is
determined (Garbusinska i Szliszka 2017).

6.3. Interpret the FICI values according to the cri-
teria given above and classify the particular anti-
microbials concentrations combination as syn-
ergistic, additive, neutral or antagonistic.

6.4. If a so-called “skipped well” occurred in a row
(e.g. no growth in well C8, while growth in C9,
no growth in C10), the FICI for C10 was calcu-
lated to avoid misinterpretation, i.e. a false posi-
tive result (Brennan-Krohn et al. 2017).

4. “Time-kill” test

The “time-kill” test is a microbiological method
which provides information on both the synergistic
effect of antibiotics and the kinetics of bacterial growth
and activity of the bactericidal preparation (Brennan-
-Krohn and Kirby 2019b). The test is based on the analy-
sis of microbial survival in prepared concentrations of
two antibiotics at selected time intervals. The interac-
tion of the two drugs is determined by comparing the
CFU/ml value (colony-forming unit per ml) between the
tested combination of antibiotics and the best-perform-
ing single antibiotic. The obtained results are presented
on the “time-kill” curves. Synergism is established when
the difference between the two trials exceeds 22,
(Brennan-Krohn and Kirby 2019b). A particular com-
bination is considered bactericidal when the difference
in CFU/ml between the combination of two antibiotics
at the start of incubation and after 24 hours is 23, .
The “time-kill” test is an alternative to the checkerboard
assay (Garbusinska and Szliszka 2017).

Its decisive advantage is the ability to determine both
the bacteriostatic and bactericidal action (as opposed to
the checkerboard assay, which can evaluate only the bac-
teriostatic action). In addition, the “time-kill” test makes
it possible to determine the action of a combination of
antibiotics at different time points (Brennan-Krohn and
Kirby 2019b). The disadvantage of the “time-kill” test
is that it is more labor-intensive and time-consuming
compared to the checkerboard assay. In addition, the
“time-kill” test is much more expensive.

Procedure
1. Preparation of antibiotic solutions.
1.1. Determination of the antimicrobial agent con-
centration based on its solubility and the desired
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final concentration. The solvent selection should
follow the CLSI (Clinical and Laboratory Stan-
dards Institute) guidelines.

2. Initiation of pre-culture.

2.1. Prepare a 0.5 McFarland suspension in 0.9%
NaCl from an overnight culture. Adjust the bac-
terial concentration with a densitometer to
obtain a turbidity of 0.5 on a McFarland scale.

2.2. Add 100 pl of the bacterial suspension to 5 ml
of CAMBH (Mueller-Hinton Broth, cation
adjusted). Transfer a drop of the diluted suspen-
sion via a sterile inoculating loop on a blood
agar plate to confirm the purity of the inoculum.
The incubation of the control culture is recom-
mended at 35°C

2.3. Incubate the remaining suspension at 35°C for
at least 3 hours until logarithmic growth is
achieved.

3. Antimicrobial solutions.

3.1. Add 10 ml of CAMBH to 5 glass culture tubes.
Tube 1: Add the first antibiotic in an amount cor-
responding to the target antibiotic concentration.
Tube 2: Add the second antibiotic in an amount
corresponding to the target antibiotic concen-
tration.

Tube 3: Add the same amount of the first and
the second antibiotic as in tubes 1 and 2.
Tube 4: Growth control - do not add antibiotics.
Tube 5: Negative control — neither antibiotic nor
microorganism should be added.

4. Perform a series of dilutions.

(Fig.2. The “time-kill” method - a series of dilu-

tions.)

4.1. Prepare six 96-well plates (labelled: t, t, t, t,,
to t, 4) with 2 ml wells which will be used for
a series of dilutions. Place 900pl of 0.9%
NaCl in rows B-H, columns Ist-5th. (Fig.2A
Prepare six 96-well plates (to, tot,t,t,t 4) with
0.9% NaCl.)

4.2. Transfer the culture in the logarithmic growth
phase of the initial inoculum. Transfer 1 ml of
suspension to a culture glass tube. To obtain
a density of 1.0 McFarland use CAMBH to
adjust - dilute, or add more microbial cells
to concentrate the suspension.

4.3. Add 100 pl of the suspension to tubes 1st-4th
and mix gently. (Fig. 2B. Add the bacterial sus-
pension to test tubes 1st—4th.)

4.4. Withdraw 150 pl from each tube at time t, (imme-
diately after adding the bacterial suspension)
and after 1, 2, 4, 6 and 24 hours. Add portions
to wells in appropriately marked rows 1 (t t,,
tytytot, 4) of the 96-well plates. (Fig. 2C. Trans-
fer the suspension portion to the appropriate
plate a predetermined times.)
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Fig. 2. The “time-kill” method - a series of dilutions.
prepare six 96-well plates (tptptytytot,) with 0.9% NaCl
add the bacterial suspension to test tubes 1st-4th.
transfer the suspension portion to the appropriate plate at
predetermined times.
obtain a dilution of 1:10.
transfer a portion of the suspension to the plates using
the “drop plate” method.

4.5.

4.6.

4.7.

Using a multi-channel pipette, withdraw 100 pl
volume from row A and transfer it to row B.
Aspirate and withdraw the solution several times
to mix evenly. This action will result in a dilu-
tion of 1:10. Repeat for rows B-H. Remove
100 pl from row H. (Fig. 2D. Obtain a dilution
of 1:10.)

Using a multi-channel pipette, collect 10 pl from
each well in columns 1st-3rd of all plates and
transfer to appropriately labelled Mueller-
-Hinton agar plates for colony counting using the
“drop plate” method. The labelling pattern
should allow for identification of the antibiotics
used, their concentrations, and the time after
which a portion of the bacterial suspension was
transferred to the plate (t,-t,,). Allow the drop
to dry completely. (Fig. 2E. Transfer a portion
of the suspension to the plates using the “drop
plate” method.)

Place a 10 pl drop from the negative control to
the selected plate after 24 hours to confirm pro-
cedure sterility. Invert the plate and incubate
overnight under recommended conditions.

5. Reading the results.

5.1.

5.2.

5.3.

54.

Negative control check. If any growth is observed,
the results are unreliable.

The colonies obtained should have the uniform
morphology expected for the strain used.
Identify drops with 3-30 colonies for each series
of dilutions. Count the colonies in these drops
and record them along with the dilution factor.
If there are no drops with 3-30 colonies in the
dilution series, count the last drop with more
than 30 and the first with colonies.

Calculate the CFU/ml value in the sample for
each dilution series based on the number of
colonies in the drop using the formula:
CFU/ml=100 n/d

Where:

number of colonies,

dilution factor (1 for undiluted sample
—row A, while 0,1 for the first dilution

— row B, 0,01 for the second dilution

- row C, etc.).

n -

d -

6. Analysis of results.

6.1.

6.2.

Plot the corresponding growth curves from
three cultures containing antibiotics and control
growth, using time units on the x-axis and
CFU/ml values on the y-axis.

Calculate the difference between growth in the
tube with no antibiotics after 24 hours and
the most active single factor simultaneously (in
CFU/ml). The combination is considered syn-
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ergistic if the difference is >2 log, . Calculate
the difference in CFU/ml between the combina-
tion in the tube at 24 hours and at time 0 point.
Consider the combination bactericidal if the dif-
ference is >3 log .

5. CombiANT test

Another method for testing antibiotic combinations,
CombiANT, is not yet available in research practice
or microbiological diagnostics. It was first presented
in 2020, and initial studies indicate identical results of
the CombiANT technique compared to the checker-
board assay (Fatsis-Kavalopoulos et al. 2020). Despite
the lack of equipment and algorithms for validated
results interpretation for individual bacterial species,
due to the many advantages of this method and perhaps
a breakthrough in the facilitation of testing antibiotic
combinations, the decision was made to describe this
procedure in detail in this paper.

CombiANT is a diffusion-based assay providing
quantitative information on the interactions of three
pairs of antibiotics. The selected antibiotics are placed
in three reservoirs and then in a standard agar plate.
Two fields can be distinguished. On the outside of the
insert is a field where each antibiotic acts individually.
Inside the antibiotic plate is a triangular field where
the interaction between the individual antibiotic pairs
occurs. The results are generated by an algorithm deve-
loped by the creators, calibrated to the type and rate
of diffusion of each antibiotic in the chosen substrate.
The extent of antibiotic interaction is determined quan-
titatively based on points at the edge of the inhibition
zone, according to the FICI formula. The FICI values
were interpreted according to clinical thresholds, where
<0.5 indicates antimicrobials synergy, FICI >0.5 and
<4 indicates addition, while >4 indicates antagonism
(Tang et al. 2024).

The CombiANT method can be used without deter-
mining the strain’s susceptibility to a given antibiotic.
This fact is a definitive advantage, as it reduces the wait-
ing time for the antimicrobial sensitivity result of the
tested strain. The CombiANT test has the same accu-
racy as the broth microdilution method but is more
efficient and less complex (Fatsis-Kavalopoulos et al.
2020). An additional advantage of this method is the
possibility of accurately determining the inhibitor con-
centration since a continuous range of antibiotic con-
centrations is used. In contrast, the checkerboard assay
has only 2-fold antimicrobials dilutions. A significant
disadvantage of this method is the need to purchase
special inserts, which do not have laboratory applica-
tions for other studies.
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Procedure (Fig. 3. CombiANT method - the insert and
experimental protocol.)

1. Preparation of the antibiotic insert (Fig.3A. The
insert design: antibiotic reservoirs (a-c), interaction
imaging area (d)).

37°C.16-24 h

Fig. 3. CombiANT method - the insert and experimental protocol.
A - the insert design: antibiotic reservoirs (a-c), interaction imag-
ing area (d).

B - theassay protocol: ,The insert is loaded by adding 0.5 mL liquid
agar (60°C) containing antibiotics into the reservoirs. The prepared
inserts can be stored at 4-8°C. To activate an insert, add a second
layer of 25 mL agar to enclose the insert and fill the plate, thereby
permitting diffusion of the antibiotics to the agar surface and the
reservoir periphery. After solidification, a bacterial cell suspension of
0.5 McFarland is inoculated on the agar surface using a sterile cotton
swab and exposed to the antibiotic gradient landscape. The finished
plates are incubated at 37°C, and stable zones of growth inhibition
are established within 16-24 hours”” (Fatsis-Kavalopoulos et al. 2020)
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1.1. Add 0.5 ml of liquid agar medium to each of the
reservoirs (at 60°C) containing previously added
antibiotics (labelled A, B, and C, respectively). The
antibiotic concentration is calculated based on the
result of the calibration of the analytical algorithm
(Fig. 3B). Preparation for digital imaging. Inacti-
vated plates can be stored at 4-8°C for 7 days.

1.2. Applying the insert to the culture plate and add-
ing a second agar layer activate the insert. This
will allow antibiotics to diffuse.

2. Inoculation.

2.1. Prepare a bacterial cells suspension with a den-
sity of 0.5 on McFarland scale in compliance
with the European Committee on Antimicro-
bial Susceptibility Testing (EUCAS) guidelines
for the disk diffusion method.

2.2. Applicate the suspension to the solidified agar
using a cotton swab, forming a bacterial lawn.

3. Incubation.

3.1. Incubate for 16-24 hours at 37°C.

3.2. After the appropriate incubation time, inhibition
zones will form, consistent with the resulting
diffusion gradient.

3.3. A triangular interaction imaging surface will
be created inside the insert with active anti-
biotics. In each corner of this area, two adjacent
antibiotics interact.

4. Quantitative measurements of drug interactions.

4.1. Perform plate imaging to measure antibiotic
interaction, e.g. with a gel-doc camera or a hand-
held mobile device.

4.2. Perform the analysis with an appropriately cali-
brated algorithm that uses previously developed
diffusion models.

4.2.1. Indicate which antibiotic has been placed
in each tank of the test.
The algorithm developed by the method
developers recalls stored diffusion maps
corresponding to the antibiotics used in
the assay and combines them into a test-
specific model. It is then matched to the
imaging performed on the test.
The algorithm determines IC (inhibitory
concentration) and CP (combination
inhibitory point) for all three antibiotics,
individually and in combination. The
extent of antibiotic interaction is deter-
mined quantitatively based on points at
the edge of the inhibition zone, according
to the FICI formula.
5. Calculation of FICI value.

FICI,,=C,/IC, +C,/IC,

Where:

C,, C, - concentrations of antibiotic A and B, respec-

tively,

4.2.2.

4.2.3.
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IC,, IC, - inhibitory concentrations of antibiotic A
and B, respectively.

6. Strips impregnated with antibiotic gradient used
in methodology for determining antimicrobials
synergistic effect

The synergistic effects of antimicrobial agents in vitro

can also be evaluated using methods available in most

microbiological laboratories, i.e., strips impregnated
with antibiotic in the concentration gradient. The fol-
lowing methods have been developed so far:

o E-test fixed ratio method,

o cross method,

o MIC:MIC ratio evaluation,

o E-test agar method (Laishram et al. 2017; Guzek

2023)

Before performing the methods mentioned above,
the MIC values for all antibiotics tested should be deter-
mined.

Methods based on antibiotic-impregnated strips
with the concentration gradient have an advantage over
other methods due to their simplicity and easy access to
this procedure for all laboratories. However, synergism
can be tested only between two antibiotics in this way.
Furthermore, the limitation of these techniques is the
lack of their use against resistant isolates whose MIC
values exceed the maximum antimicrobial concentra-
tion placed on a strip scale since the exact MIC value
must be known a priori to assess the synergy.

E-test fixed ratio method - procedure

1. Prepare suspensions of the tested bacteria (density
0.5 McFarland) and inoculate on Mueller-Hinton
Agar medium (MHA).

2. Apply a strip containing antibiotic A on the MHA.
2.1. The area where the strip containing antibiotic A

is located should be precisely marked.

3. Incubate a plate at room temperature for one hour to
let the antibiotic diffuse from the strip into the MHA
medium.

4. Remove the antibiotic A strip.

4.1. Clean the strip with alcohol and leave it as a tem-
plate for reading the MIC value.

4.2. Apply the strip containing antibiotic B to the same
spot.

5. Incubate the culture on the plate for 16-18 hours at
35°C + 2°C (as recommended by the strip manufac-
turer).

6. Reading and interpretation of results: read the MIC
values for the strips used and calculate the FICI value
after the incubation (Fig. 4. Assessment of the syn-
ergistic effect of antibiotics by the method of con-
stant coefficients.) (Laishram et al. 2017; Sreenivasan
et al. 2022; Guzek 2023), which should be interpreted
according to a standardized criteria.
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35x2°C

Fig. 4. Assessment of the synergistic effect of antibiotics by the method of constant coefficients.

Cross method — procedure

1. Inoculate the MHA plate with the tested bacterial
suspension (density 0.5 McFarland).

2. Place two strips containing antibiotics A and B.

2.1. Arrange the strips to intersect at an angle of 90°
at the concentration marked as the previously
determined MIC values.

3. Culture on a plate incubation for 16-20 hours at
35°C + 2°C (as recommended by the strip manufac-
turer).

4. Reading and interpretation of results: read the MIC
values for the strips used and calculate the FICI value
after the incubation (Fig. 5. Assessment of the syner-
gistic effect of antibiotics by cross-method.), which
should be interpreted according to standardized
criteria.

Due to its high availability and ease of performing,
the cross method is eagerly chosen to evaluate the com-

Fig. 5. Assessment of the synergistic effect of antibiotics
by cross-method.

Fig. 6. Evaluation of the synergistic effect
of antibiotics by the MIC:MIC ratio evaluation.

bination of two antibiotics. However, the results of this
procedure can differ significantly from those obtained
in the “time-kill” test, which is considered the gold
standard for this purpose (Nasomsong et al. 2022).

MIC:MIC ratio evaluation — procedure

1. Apply two strips with a concentration gradient of
antibiotics A and B onto the MHA medium with
a bacterial suspension plated initially.

1.1. Mark previously obtained MIC value for each
drug separately with a marker on the bottom of
the plate.

2. Incubate the plate for one hour at room temperature
to allow the antibiotics to diffuse from the strips.

3. Evaluation of antimicrobials synergism.

3.1. Remove the first antibiotic strip from the culture
after one hour.

3.2. Place a new strip containing antibiotic A on the
spot where the antibiotic B strip was located so
that the MIC value from strip A corresponds
to the MIC value for antibiotic B marked pre-
viously with the marker.

3.3. Follow the same procedure for the second strip.

4. Culture on a plate incubation for 16-20 hours at
35°C+2°C (as recommended by the strip manufac-
turer).

5. Reading and interpretation of results: read the MIC
values for the strips used and calculate the FICI
value, which should be interpreted according to
standardized criteria (Laishram etal. 2017; Guzek
2023). (Fig. 6. Evaluation of the synergistic effect of
antibiotics by the MIC:MIC ratio evaluation.)
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According to some previous results, in compari-
son with gradient diffusion methods used to assess the
synergy of tobramycin and ceftazidime in multidrug-
-resistant Pseudomonas aeruginosa, the results obtained
by Okoliegbe etal. suggest that the MIC:MIC ratio
method should be considered as the preferred method
for antibiotic interaction studies in diagnostic practice
(Okoliegbe et al. 2021).

E-test agar method - procedure

1. Prepare the medium containing antibiotic A ata con-
centration of 0.5xMIC or 0.25xMIC of the given
antimicrobial agent.

2. Place a strip with an antibiotic B on the medium
plate.

3. Assess the MIC value of antibiotic B on the medium
with antibiotic A.

4. Compare the obtained MIC value with the MIC
value in the drug-free medium.

5. Interpretation of the results: Synergy is observed
when there is more than a three-fold reduction in
the MIC value on the medium containing the tested
antibiotic (Laishram et al. 2017).

Marie et al. used this method to evaluate the combi-
nation of sulbactam and tazobactam with meropenem
or colistin against the multidrug-resistant A. baumannii
strain. However, the results obtained by this method
did not coincide with the checkerboard assay, which
demonstrated higher sensitivity in terms of synergism
but identical in terms of addition (Marie et al. 2015).

7. Alternative methods for the determination
of synergistic and additive antibiotic activity

Three of the many methods for determining anti-
biotic synergistic and additive activity not described
in this article are worth mentioning. All of them are
achievable in any basic medical diagnostic laboratory
— double disc synergy test (a modification of the pro-
cedure typically used to assess the presence of drug
resistance mechanisms in microorganisms), paper strip
diffusion (which uses strips soaked in various antimi-
crobial solutions at concentrations equal to or higher
than their MIC values) and the overlay inoculum sus-
ceptibility disc method.

Double-disc synergy test — procedure

1. Applicate discs soaked with the antibiotics tested to
the medium with the bacterial suspension. Apply
a distance of 20 mm or corresponding to the sum of
the radii of the inhibition zones of each antibiotic
separately.
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2. Incubate the plate for 24 hours at 35°C.
3. Interpret the results by assessing the diameter of the
growth inhibition zones around the discs.

3.1. Antibiotic synergism is demonstrated by an
increase 22 mm in the growth zone diameter
compared to the size of the diameter of the
single agent, the combination of the growth
inhibition zone between the drug A and B, or
the growth inhibition zone appearing between
the diffusing agents.

3.2. An increase of the inhibition zone by <2 mm is
classified as slight synergy.

3.4. Antagonism is detected when the zone of inhibi-
tion flattens at the diffusion interface of two anti-
microbials (Laishram et al. 2017).

This method is not commonly used due to the rela-

tively subjective and only qualitative assessment of the
synergistic effect of antibiotics.

Paper strip diffusion — procedure

1. Place the strips perpendicular to each other on an
MHA medium with a previously applied inoculum
of the tested microorganisms.

2. Leave the filter paper strips with the antibiotics for
several hours to allow antibiotics to diffuse into the
medium.

3. Incubate the plate for 18-24 hours at 37°C (Laishram
etal 2017).

Apply antibiotic-soaked strips to a new MHA
medium for 24 hours to allow antibiotics to diffuse
into the medium, and then apply the microorganism
using a membrane transfer technique as a possible
alternative.

4. Interpretation of the results
4.1. A neutral/additive effect is considered when two

oval areas of growth inhibition zones, connected
at a 90-degree angle, appear.

4.2. Synergism is identified as enlargement or the pre-
sence of an inhibition zone around a 90-degree
angle.

4.3. Antagonism is noted at incision or narrowing
around an angle between strips.

This method is cost- and labour-intensive, and the

results obtained by this technique are only qualitative.

Overlay inoculum susceptibility disc method

— procedure

1. Prepare an agar medium containing antibiotic A at
a concentration equal to half the MIC value for this
antibiotic (so-called base agar layer).

2. Apply an agar layer without antibiotic (so-called ino-
culum layer) containing 10° CFU/ml of the tested strain.

3. Place discs containing different concentrations of
antibiotic B on the surface after solidification of the
previous agar layers.
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4. Incubate for 24 hours at 37°C.
5. Interpretation of the results
5.1. Synergism occurs when the diameter of the
inhibition zone around the disc with antibiotic B
increases by at least 19%.
5.2. An additive effect is assessed with an increase
in the inhibition zone diameter around the disc
with antibiotic B of less than 19%.
5.3. No visible change in the inhibition zone indi-
cates an indifferent effect of the combinations of
antimicrobials used.

8. Conclusions

Due to the dynamic increase in antibiotic resistance
of microorganisms, mainly bacteria, and the long time
required to develop and approve a new antibiotic for
clinical practice, it is necessary to introduce the evalua-
tion of the effectiveness of the already-known antibiotic
combinations into routine diagnostic practice. There
are many methods for testing synergistic and additive
antibiotic activity, which vary in the availability of the
necessary reagents and equipment, the difficulty and
time of performance, as well as the reliability of the
results obtained and the unambiguity of their interpre-
tation (Papoutsaki et al. 2020; Okoliegbe et al. 2021).
Depending on the study, the level of compliance with
individual methods varies significantly. Differences
may be related to the strain of bacteria tested, antibio-
tics used, or even the presence of particular resistance
mechanisms. In their study of methods for detecting
synergism in multidrug-resistant Gram-negative rods,
Gaudereto etal. obtained compliance with the MIC:
MIC method and “time-kill” ratio method at the level
of 35-71% (Gaudereto et al. 2020). Therefore, a clear
comparison of individual methods in a universal way
for antibiotics and bacterial strains is currently beyond
the capabilities of researchers due to divergent results
depending on the strains, antibiotics and their combi-
nations (Doern 2014).

The “gold standard” test remains the “time-kill”
method, which provides information on bactericidal
and bacteriostatic action at different time points and
is a reliable reference method in comparing different
procedures. However, the “time-kill” test is a time-con-
suming and relatively difficult method, so using strips
with antimicrobials concentration gradients seems to be
an attractive alternative. It is necessary to validate the
results to ensure they are as reliable as possible.

In addition to routine testing of synergistic and
additive activity of antibiotics, it is also necessary to
develop new methods to implement in diagnostic
and clinical practice. The CombiANT method seems
to be a promising procedure, which may become
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a method of great diagnostic importance soon, consi-
dering its ability to quickly test a combination of
three drugs, easy interpretation of the results and accu-
racy comparable to the microdilution method (Fatsis-
-Kavalopoulos et al. 2020).

The checkerboard assay, the most popular method
for synergism testing, as a modification of the MIC
determination by antimicrobials broth microdilutions
method, is an intuitive and easily accessible procedure
due to the broad access to the required equipment
and reagents. However, in contrast to the “time-kill”
method, it only provides information on the bacterio-
static effect, which is the most significant limitation that
may affect further clinical management.

The most accessible, easiest and cheapest methods
are those using antibiotic concentration gradient strips
or discs. Although validating the methodology based
on their use and introducing uniform criteria for inter-
pretation of the results obtained is difficult, in some
situations, they may be the only possible procedure.
Therefore, further studies are needed to introduce
them into routine diagnostic and clinical practice while
obtaining results comparable to other methods. It is
essential to differentiate the reliability of the results
of individual procedures with gradient strips, among
which the MIC:MIC ratio method seems to be the most
reliable one (Okoliegbe et al. 2021).
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Streszczenie: W zwigzku z dynamicznym wzrostem antybiotykoopornoéci obserwowanym na przestrzeni ostatnich kilkudziesieciu lat,
wskazane jest poszukiwanie nowych metod terapeutycznych w leczeniu zagrazajacych zyciu infekeji. Efektywne leczenie zakazen wielo-
lekoopornymidrobnoustrojamicorazczgéciej wymagakorzystania zlekow ostatniejszansy,anoweantybiotykigenerujg oporno$¢ wkroétszym
czasie, niz zajmuje ich wprowadzenie do lecznictwa. Wskazane zatem jest poszukiwanie rozwigzan z wykorzystaniem aktualnie dostepnych
antybiotykéw. Skuteczng terapie zakazen wielolekoopornymi drobnoustrojami umozliwia¢ moze wykorzystanie oddziatywan addycyjnych
oraz synergistycznych, wynikajacych z Iaczenia réznych grup antybiotykéw, wigczajac te o odmiennych mechanizmach dzialania - réw-
niez takich, na ktére z osobna dany szczep bakterii jest oporny. W niniejszej pracy zostaly opisane dostgpne metody oznaczania dziatania
synergistycznego oraz addycyjnego antybiotykéw w warunkach in vitro oraz metoda CombiANT, bedaca aktualnie w fazie testow. Celem
pracy jest przedstawienie mozliwych metod, pozwalajacych na oznaczenie addycyjnego i synergistycznego dziatania miedzy antybioty-
kami in vitro oraz zaproponowanie odpowiednich procedur laboratoryjnych do ich stosowania. W niniejszej pracy dokonano przegladu
najnowszego pi$miennictwa naukowego dotyczacego dostgpnych metod oznaczania oddziatywania antybiotykéw wzgledem siebie. Bada-
nia kliniczne wskazujg na znaczne korzysci wykorzystywania zjawiska addycji oraz synergii antybiotykéw w praktyce klinicznej, nie tylko
poprawiajac skuteczno$¢ terapii, ale réwniez minimalizujac dzialanie niepozadane oraz zmniejszeniu ryzyka rozwoju antybiotykoopor-
nosci de novo. Pomimo znaczacego problemu, jakim jest rosnacy poziom antybiotykoopornosci, w praktyce klinicznej w dalszym ciagu
brakuje jednoznacznej standaryzacji metod oznaczania synergizmu. Konieczne sa dalsze badania, w celu okreslenia najkorzystniejszego
standardu, dostepnego dla szerokiego zakresu zaktadéw diagnostyki mikrobiologicznej.

1. Wprowadzenie. 2. Metodyka wyszukiwania i doboru pi$miennictwa. 3. Metoda szeregéw mikrorozcienczen dwdch antybiotykéw
w bulionie. 4. Test “time-kill”. 5. Test CombiANT. 6. Paski z gradientami stezen antybiotykdw stosowane w metodach oznaczen ich syner-
gistycznego dziatania. 7. Inne metody oznaczania synergizmu i addycji antybiotykéw. 8. Wnioski.

Stowa kluczowe: antybiotykooporno$¢, synergizm antybiotykowy, test szachownicy, test ,,time-kill”

1. Wprowadzenie w tym tacy jak Venkatasubramanian Ramasubramanian,
prezes Klinicznego Towarzystwa Chorob Zakaznych
W czasie transformacji epidemiologicznej, do ktérej  w Indiach, juz od jakiegos czasu przywolujg ostrzezenia
doszlo na poczatku XX wieku, dokonalo si¢ przesu- o nowej erze postantybiotykowej (Sayburn 2023).
niecie gléwnej przyczyny zgondéw na swiecie z choréb W sytuacji znaczacego tempa narastania antybio-
infekcyjnych na te nieinfekcyjne. Pojawita si¢ nadzieja  tykoopornosci na $wiecie, sytuacja epidemiologiczna
na ostateczne zwyciestwo medycyny nad chorobami  w Polsce wydaje si¢ szczegélnie trudna, réwniez na tle
powodowanymi przez drobnoustroje, czemu sprzyjalo  Europy. Dla przykladu w 2021 roku izolaty Escherichia
odkrycie w latach 40. i 50. ubiegltego stulecia wielu anty-  coli oporne na fluorochinolony stanowitly w Polsce
biotykéw. Niestety po uptywie zaledwie kilku dekad, ze ~ 33,1% izolowanych szczepéw E.coli (populacyjnie
wzgledu na dynamiczny wzrost antybiotykoopornosci, ~ wazona $rednia europejska: 21,9%), izolaty Klebsiella
choroby zakazne ponownie staly si¢ jednym z naj-  pneumoniae oporne na karbapenemy - 19,5% (popu-
wigkszych zagrozen zdrowia publicznego. Naukowcy, lacyjnie wazona $rednia europejska: 11,7%), a izolaty
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Enterococcus faecium oporne na wankomycyne — 34,3%
(populacyjnie wazona $rednia europejska: 17,2%).
Ponad potowa izolowanych szczepéw K. pneumoniae
wykazywala wielolekoopornos¢ (MDR, ang. multi-
-drug resistance), co oznaczalo, w tym przypadku,
opornos¢ jednoczesnie na aminoglikozydy, fluoro-
chinolony i cefalosporyny III generacji (Zabicka
i Grzegorczyk 2022). Niepokojaca jest duza roznica mig-
dzy stopniem antybiotykoopornosci w Polsce a w kra-
jach Europy zachodniej i poinocnej. W 2022 roku
szczepy Acinetobater baumannii oporne na karbape-
nemy stanowily w Polsce 76,4% izolatéw, podczas gdy
w Niemczech i we Francji zaledwie 3,5%, a w Szwecji
- 2,7% European Centre for Disease Prevention and
Control (ECDC).

Skuteczne leczenie zakazen utrudnia ponadto stag-
nacja na rynku farmaceutycznym. Od 2017 do 2022 roku
zatwierdzono zaledwie 12 nowych antybiotykéw, w tym
tylko dwa - waborbaktam i lefamulina - naleza do
nowych grup lekéw. Duzym ograniczeniem i wyzwa-
niem sa koszty wprowadzania nowych terapeutykow
na rynek oraz koniecznos¢ zastrzezenia niektérych naj-
nowszych $rodkow jako lekow ostatniej szansy. Opor-
nos¢ na te nowe leki zglaszana jest jednak juz w ciagu
2-3 lat od ich wprowadzenia do stosowania (World
Health Organization 2021).

Cho¢ trwaja badania nad nowymi preparatami
i strategiami przeciwbakteryjnymi, takimi jak przeciw-
ciala monoklonalne czy bakteriofagi (World Health
Organization 2021), w $wietle tak dynamicznego roz-
woju antybiotykoopornosci konieczne jest poszukiwa-
nie nowych sposobow leczenia zakazen z wykorzysta-
niem dostepnych juz antybiotykéw. Bardzo obiecujaca
metoda jest taczenie w terapii antybiotykow o réznych
mechanizmach dzialania - réwniez takich, na ktdre
z osobna dany szczep bakterii jest oporny. Ich addycyjne
lub synergistyczne dzialanie moze pozwoli¢ na zmniej-
szenie wartosci ich minimalnego stezenia hamujacego
(MIC, ang. minimal inhibitory concentration), a nawet
przetamac bariere opornosci szczepu na leki. Dodat-
kowymi zaletami uzyskania synergizmu skojarzonych
antybiotykow sa: maksymalizacja efektow leczenia przy
zmniejszonym ryzyku rozwoju antybiotykooporno-
$ci de novo oraz mozliwoé¢ korzystania z mniejszych
dawek lekoéw (Garbusinska i Szliszka 2017). Warto
przypomnie¢, ze taczenie antybiotykéw w terapii jest
praktyka niemal tak stara jak sama antybiotykoterapia.
Jest to widoczne w historii leczenia zakazen wywoty-
wanych przez pratki gruzlicy (Mycobacterium tuber-
culosis), w ktorej szybko po odkryciu streptomycyny
rozpoczeto kojarzenie jej z innymi lekami. Stwierdzono
bowiem, ze w ciagu kilkumiesiecznej farmakoterapii
gruzlicy prawdopodobienstwo rozwoju opornosci na
streptomycyne stosowang w monoterapii moze wynosic¢
nawet 100% (Brennan-Krohn i Kirby 2019a).
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Obecnie stosuje si¢ kilka metod badania dziatania
addycyjnego i synergistycznego antybiotykéw. Sa to
metody wykorzystujace paski nasycone gradientem
stezen antybiotykow, preparaty przeciwdrobnoustro-
jowe w krazkach, substancje przeciwbakteryjne roz-
cieiczane w agarze, metode szachownicy, tzw. test
“time-kill’, dynamiczne modele farmakokinetyczne
i farmakodynamiczne (PK/PD) in vitro, pélmecha-
niczne modele PK/PD, a nawet modele zwierzece in
vivo (Karakonstantis i wsp. 2022). W artykule scha-
rakteryzowano i opisano krok po kroku metodologie
kilku wspomnianych metod, ktére w ocenie auto-
row majag najwiekszy potencjal na wykorzystywanie
w codziennej praktyce laboratoryjnej i klinicznej jako
rutynowe metody badania polaczen antybiotykéw, co
w przysztosci moze przyczyni¢ si¢ do poprawy stanu
klinicznego wielu pacjentéw cierpigcych z powodu
zakazen wywotanych wieloantybiotykoopornymi szcze-
pami bakterii.

2. Metodyka wyszukiwania i doboru pismiennictwa

Do przegladu pismiennictwa wykorzystano bazy
PubMed i Google Scholar, wyszukujac frazy: antibio-
tic resistance, antibiotic synergism, antibiotic interac-
tion methodology, antibiotic FICI assessing, checker-
board array, ,,time-kill” curves, synergism disk-based
methods, synergism gradient-based methods, anti-
biotic gradient-based methods z ostatnich 10 lat. Spo-
$réd uzyskanych wynikéw wyselekcjonowano artykuly
badania polaczen antybiotykéw, z uwzglednieniem
opisow najczesciej stosowanych metod badania syner-
gizmu i addycji antybiotykdéw w ujeciu merytorycznym,
klinicznym i/lub proceduralnym. Informacje na temat
epidemiologii antybiotykoopornosci uzyskano z bazy
Surveillance Atlas of Infectious Diseases Europejskiego
Centrum ds. Zapobiegania i Kontroli Choréb.

3. Metoda szeregow mikrorozcienczen dwoch
antybiotykéw w bulionie

Metoda mikrorozcienczeniowa (tzw. test szachow-
nicy) to najpopularniejsza metoda badania aktywnosci
polaczen antybiotykéw w warunkach in vitro, bedaca
modyfikacja standardowej metody oznaczania MIC
w bulionie, techniki rutynowo wykorzystywanej np.
przy okreslaniu wartosci MIC kolistyny. Najczgsciej
wykorzystuje sie¢ 96-doltkowg polistyrenowa ptytke,
ktorg dostosowuje si¢ do badania aktywnosci dwdch
antybiotykow. Tworzy si¢ gradientowa “szachownice”
rozcienczen dwoch antybiotykdw, tak aby w poszcze-
golnych dotkach oceniona zostala kazda mozliwa kom-
binacja stezen badanych lekéw. Wigze si¢ to z dwoma
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powaznymi ograniczeniami — jest to metoda statyczna,
w ktorej dzialanie antybiotykéw oceniane jest w kon-
kretnym punkcie czasowym, bez mozliwosci ich oceny
na przestrzeni kilkunastu godzin inkubacji, oraz dostar-
cza informacji tylko o dzialaniu bakteriostatycznym,
bez mozliwosci zbadania wlasciwosci bojczych lekow
(w zastosowanej metodologii te dwa efekty sa nie do
odro6znienia) (Brennan-Krohn i Kirby 2019a). Istotne
jest takze rzeczywiste ograniczenie liczby badanych
antybiotykéw do dwoch. Przy wiegkszej ich liczbie
metoda ta szybko staje si¢ niepraktyczna, nawet przy
zalozeniu, ze co najmniej jeden z nich bedzie badany
w waskim zakresie stezen (Doern 2014; Brennan-Krohn
i Kirby 2019a). Ponadto w metodzie tej potrzeba wielu
odczynnikéw oraz konieczne jest przygotowanie sze-
regu rozcienczen antybiotykow.

W opisywanej metodzie do dotkéw plytki polisty-
renowej dodaje si¢ wystandaryzowane inokula bakte-
ryjne (o stalej gestosci i objetosci) w bulionie Muellera-
-Hinton i antybiotyki w odpowiednich stezeniach (naj-
czedciej dwa z dwdch réznych grup). Stezenia anty-
biotykow, ktdre uzyskuje sie w serii dwukrotnych roz-
cienczen, powinny odnie$¢ si¢ do stezen mozliwych do
uzyskania w plynach ustrojowych pacjenta (Doern 2014;
Garbusinska i Szliszka 2017; Brennan-Krohn i Kirby
2019a). Po okresie inkubacji ocenia si¢ wzrost bakterii
we wszystkich dotkach plytki. Dla stezen w dotkach,
w ktorych wzrost zostal zahamowany, wylicza sie wskaz-
nik FICI (ang. fractional inhibitory concentration index)
ina jego podstawie klasyfikuje si¢ interakcje antybioty-
koéw jako dzialanie antagonistyczne (FICI>4), obojetne
(1<FICI<4), addytywne (0,5<FICI<1) lub synergi-
styczne (FICI<0,5). Przytoczony sposéb klasyfikacji
jest najczestszy, cho¢ autorzy prac naukowych korzystaja
czasem z innych przedziatéw dla FICI badz nie wyrdz-
niajg addycji antybiotykéw. Wskaznik FICI dla danej
kombinacji stezen, przy ktorych zaobserwowano zaha-
mowanie wzrostu, jest sumg FIC (ang. fractional inhi-
bitory concentration) obu lekéw, czyli stosunku stezenia
leku w tym dotku do jego MIC. Zatem, skoro o syner-
gizmie $wiadczy FICI<0,5, a zakres btedu dla badania
MIC w standardowym rozcieficzaniu w bulionie wynosi
+1 dwukrotne rozcieniczenie (przy czym zakres bledu
zwigksza si¢ przy badaniu lekow w skojarzeniu), to defi-
nicja synergizmu jest spelniona, jesli kazdy lek w dotku
ma stezenie co najmniej o polowe nizsza niz jego MIC
oceniane indywidualnie w osobnym oznaczeniu (Gar-
businska i Szliszka 2017; Brennan-Krohn i Kirby 2019a).

Metoda mikrorozcienczen w bulionie jest nadal
modyfikowana i udoskonalana, np. poprzez wykorzy-
stanie bio-drukarki, umozliwiajacej precyzyjne odmie-
rzanie mikroobjetosci i przyspieszajacej oznaczenie
(Brennan-Krohn i Kirby 2019b). Opisana ponizej pro-
cedura uwzglednia odczynniki i aparature powszechnie
dostepne w laboratoriach mikrobiologicznych.
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Procedura

1. Przygotowanie inokulum bakteryjnego.

1.1. Skalibruj densytometr wzgledem probki kon-
trolnej o gestosci optycznej 0.5 w skali McFar-
landa.

1.2. Zbierz badany szczep sterylna eza z podloza
agarowego i umie$¢ go w odpowiednim dla
metody roztworze (najczesciej w roztworze fizjo-
logicznym soli).

1.3. Wymieszaj przez worteksowanie.

1.4. Zmierz gesto$¢ optyczna zawiesiny w densyto-
metrze.

1.5. W razie potrzeby dodaj masy bakterii lub szczepu
kontrolnego za pomocg ezy w celu otrzyma-
nia zawiesiny o gesto$ci optycznej 0.5 w skali
McFarlanda.

2. Oznaczenie MIC badanych antybiotykéw (metoda
do wyboru).
3. Przygotowanie roztworéw antybiotykdow.

3.1. Wybierz antybiotyk, ktéry bedzie rozcienczany
w rzedach od 1. do 12,, czyli rzedach poziomych
(antybiotyk A), a ktory w dotkach A->H, czyli
kolumnach pionowych (antybiotyk B), uwzgled-
niajac zasadnos¢ zbadania jednego z nich w szer-
szym zakresie stezen.

3.2. Przygotuj okoto 400 pl roztworu antybiotyku A
i okoto 350 ul - antybiotyku B o stezeniu czte-
rokrotnie (A) i o§miokrotnie (B) wyzszym niz
graniczna warto$¢ opornosci danego leku dla
gatunku badanego szczepu (Brennan-Krohn i wsp.
2017; European Committee on Antimicrobial
Susceptibility Testing 2024). Wybierz rozpusz-
czalnik zgodnie z wytycznymi CLSI (Clinical
and Laboratory Standards Institute) “Solvents
and Diluents for Preparing Stock Solutions of
Antimicrobial Agents”. Jesli wytyczne nie zawie-
raja informacji o badanym antybiotyku, uzyj
rozpuszczalnika, ktory daje wigkszg stabilnos¢
leku (Bellio i wsp. 2021).

3.2.1. Mozna skorzysta¢ ze wzoru:
C,-C =V
C-C=V
gdzie C - stezenie wyjsciowego roztworu
antybiotyku [mg/1],
C, - stezenie konicowe roztworu antybio-
tyku [mg/1]
C, - stezenie rozpuszczalnika [mg/1]
V_ - objetos¢ rozpuszczalnika [ul]
V. - objetos¢ wyjsciowego roztworu anty-
biotyku [l]

Dodanie V, wyjsciowego roztworu antybiotyku do

V_rozpuszczalnika pozwoli uzyskac roztwér antybio-

tyku o stezeniu C,. C, powinno mie¢ wartos¢ czte-

rokrotnie wigkszg niz graniczna warto$¢ opornosci
danego leku dla gatunku badanego szczepu.
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4. Przygotowanie szachownicy stezen. (Ryc. 1. Metoda
mikrorozcieniczen w bulionie - przygotowanie sza- A
chownicy stezen.)

4.1. Pipeta automatyczna dodaj do wszystkich dot-
kéw w rzedach od 1. do 11. oraz do dwoch w rze-
dzie 12. po 50 ul MHB (bulion Muellera-Hinton).
(Ryc. 1A. Dodanie bulionu Muellera-Hinton.)
4.2. Nanie$ do wszystkich dotkéow (A-H) w rzedzie 1.
po 50 ul antybiotyku A.
4.3. Przenie$ pipetg wielokanatowg 50 pl roztworu 12345678910112
z dotkéw rzedu 1. do dotkéw z rzedu 2.,z 2. do 3. B
i tak do rzedu 11. Kazdorazowo wymieszaj uzys-
kany roztwor pipetg automatyczng (kilkukrotnie RERRRRRRRRY
wolno naciagaj i wypuszczaj roztwor). Przenie$
po 50 pl roztworu z dotkéw 11A i 11B do 12A
i 12B. Usun z dotkéw 11C-H po 50 pl roztworu.
Dotek 12A bedzie stuzy¢ jako kontrola wzrostu
bakterii bez antybiotykéw (kontrola dodatnia),
a dotek 12B - kontrola jalowosci odczynnikow
ilekéw (kontrola ujemna). (Ryc. 1B. Przygotowa-
nie szeregu mikrorozcienczen pierwszego anty-
biotyku.)
4.4. Przygotuj 8 probowek typu Eppendorf i oznacz
je kolejno literami A-H.
4.5. Umie$¢ za pomocy pipety automatycznej po 1 ml
MHB we wszystkich probéwkach Eppendorf.
4.6. Przenies 333 ul roztworu antybiotyku B (o steze-
niu o$miokrotnie wigkszym niz graniczna war-
to$¢ opornosci danego leku dla gatunku badanego
szczepu) do probowki A. Po umieszczeniu anty-
biotyku B w MHB w proporcji 1:3, otrzymany
zostanie jego roztwor o stezeniu dwukrotnie
wyzszym niz graniczna warto$¢ stezenia, ktore T
warunkuje opornos¢ na dany lek. ;
4.7. Przenie$ 333 ul z probowki A do probowki B,
wymieszaj pipeta automatyczng. Przenie$ 333 pl
z probowki B do probowki C, wymieszaj i tak
dalej kolejno az do probéwki H. Z probowki H
usun 333 pl roztworu. (Ryc. 1C. Przygotowanie sze-
regu mikrorozcienczen drugiego antybiotyku.) E
4.8. Do dotkéw w rzedzie A (A1-All - bez dotka
A12, tj. kontroli dodatniej) rozpipetuj po 50 pl
roztworu z probowki A, z probéwki B do wszyst-

T OQOmmYOw»

T QmmgOwr»

TOmmUOw>

>,
PRBTRE

XXX

123456789101112

A
kich dotkéw w rzedzie B (B1-B12), z probéwki C B
do dotkéw C1-C11 i tak dalej. (Ryc. 1D. Dodanie N
antybiotykow do siebie.) E 00000000:,
4.9. Do kazdego dotka z roztworami dodaj pipeta . :’:‘:’:‘:‘:‘:‘:‘g
- IS

00000000
123456789101112

(mozna uzy¢ pipety wielokanalowej) po 50 ul
MHB. Zachowaj ostroznos¢, aby przy korzysta-

niu z pipety wielokanatowej nie doda¢ MHB do Ryc. 1. Metoda mikrorozcienczen w bulionie
dotkéw 12C-H. (Ryc. 1E. Ponowne dodanie bulio- - przygotowanie szachownicy stezen.
nu Muellera-Hinton.) A - dodanie bulionu Muellera-Hinton.

4.10 Dodaj 50 P-l zawiesiny bakterii do WSZYStkiCh B - przygotowanie szeregu mikrorozcienczen pierwszego antybiotyku.

, . . . . C - przygotowanie szeregu mikrorozcienczen drugiego antybiotyku.
dotkéw z roztworami (oprécz 12B, tj. kontroli 5 _ 4o danie antybiotykéw do siebie.

uj emnej). E - ponowne dodanie bulionu Muellera-Hinton.
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5. Inkubacja przez 16-24 godzin w temperaturze 37°C.
6. Ocena wzrostu.

6.1. Ocen zmetnienie w dotkach po zakonczeniu
inkubacji. Brak zmetnienia oznacza zahamowa-
nie wzrostu bakterii przez antybiotyki.

6.2. Zapisz, w ktérych polaczeniach stezen zaobser-
wowano zahamowanie wzrostu. Dla tych kombi-
nacji oblicz wskaznik FICI:

FICI =FIC_+ FICy

FIC_= MIC_/MIC,

FICy = MICyc / MICy

gdzie MIC , MIC - MIC leku X lub Y uzytego
samodzielnie,

MIC , MICyc - stezenie leku X lub Y w skojarze-
niu w danym dotku, dla ktérego wyznaczane jest
FICI (Garbusinska i Szliszka 2017).

6.3. Ocen wartoéci FICI wedlug kryteriow podanych
powyzej i sklasytikuj polaczenia w réznych steze-
niach jako synergistyczne, addytywne, obojetne
badz antagonistyczne.

6.4. Jesli w rzedzie nastapito tzw. “pominiecie dotka”
(np. w dotku C8 brak wzrostu, w C9 wzrost, w C10
brak wzrostu), wylicz FICI dla C10, aby unikna¢
blednej interpretacji, tj. np. wyniku fatszywie dodat-
niego (Brennan-Krohn i wsp. 2017).

4. Test “time-kill”

Test “time-kill” jest metoda, ktérej wynik dostar-
cza informacji zaréwno na temat synergistycznego
dzialania antybiotykoéw, jak i dynamiki wzrostu bak-
terii oraz aktywnosci bakteriobojczej preparatu (Bren-
nan-Krohn i Kirby 2019b). Test opiera si¢ na analizie
przezywalnosci drobnoustrojéw w badanych stezeniach
dwoch antybiotykéw w wybranych odstepach czaso-
wych. Wzajemne oddziatywanie dwdch lekéw ustala
sie, poréownujac liczbe przezywajacych bakterii jako
CFU/ml (liczba jednostek tworzacych kolonie na ml)
w badanej kombinacji antybiotykow i ich liczbe w naj-
lepiej dzialajacym pojedynczym chemioterapeutyku.
Uzyskane wyniki prezentowane s na krzywych zabicia
“time-kill”. Synergizm stwierdza sie, gdy réznica miedzy
dwoma proébami wynosi > 2ig10 (Brennan-Krohn i Kirby
2019b). W momencie, gdy réznica w liczbie CFU/ml
miedzy kombinacja dwoch antybiotykéw w momencie
rozpoczecia inkubacji i po 24 h wynosi >3, uznaje
sie ja za bakteriobdjcza. Test “time-kill” przedsta-
wiany jest jako alternatywa dla metody szachownicy
(Garbusinska i Szliszka 2017).

Zdecydowana jego zaleta w przeciwienstwie do
metody szachownicy, ktdra jest w stanie okresli¢ jedynie
dzialanie bakteriostatyczne, jest mozliwos$¢ okreslenia
zaréwno dzialania bakteriostatycznego, jak i bakterio-
bdjczego. Dodatkowo test “time-kill” umozliwia okres-
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lenie dzialania kombinacji antybiotykéw w réznych
punktach czasowych (Brennan-Krohn i Kirby 2019b).
Wada testu “time-kill” jest natomiast wigksza praco-
chtonno$¢ i czasochlonno$¢ wykonania w poréwna-
niu do metody szachownicy. Ponadto wykonanie testu
“time-kill” jest bardziej kosztochtonne.

Procedura
1. Przygotowanie roztworéw antybiotykéw.

1.1. Nalezy okresli¢ docelowe stezenie chemiotera-
peutyku w oparciu o jego rozpuszczalno$¢ oraz
o pozadane stezenia konicowe. Wyboru rozpusz-
czalnika nalezy dokona¢ w oparciu o wytyczne
CLSIL

2. Hodowla wstepna.

2.1. Z jednodniowej hodowli bakteryjnej przygotuj
w 0,9% NaCl zawiesing o gestosci optycznej 0,5
w skali McFarlanda. Skontroluj zmetnienie za
pomocg densytometru.

2.2.Dodaj 100l zawiesiny bakteryjnej do 5ml
CAMBH (ang. Mueller-Hinton Broth, cation adjus-
ted). Przenies krople rozcienczonej zawiesiny przy
pomocy sterylnej petli inokulacyjnej na plytke
z agarem z krwig w celu potwierdzenia czystosci
inokulum. Inkubuj t¢ hodowle w 35°C.

2.3. Inkubuj pozostalg czes¢ zawiesiny w temperatu-
rze 35°C przez minimum 3 h, do czasu uzyskania
wzrostu w fazie logarytmiczne;j.

3. Roztwory zwigzkéw przeciwdrobnoustrojowych.

3.1. Dodaj po 10 ml CAMBH do 5 szklanych pro-
boéwek hodowlanych a nastepnie:

Probéwka nr 1: Dodaj pierwszy antybiotyk w ilo-
$ci odpowiadajacej jego docelowemu stezeniu.
Probéwka nr 2: Dodaj drugi antybiotyk w ilosci
odpowiadajacej jego docelowemu stezeniu anty-
biotyku.
Probéwka nr 3: Dodaj tg sama ilosci antybiotyku
pierwszego i drugiego, co do probowek 11 2.
Probéwka nr 4: Kontrola wzrostu - nie nalezy
dodawa¢ antybiotyku.
Probéwka nr 5: Kontrola ujemna — nie nalezy doda-
wac¢ ani antybiotyku, ani pdzniej drobnoustrojow.
4. Wykonanie serii rozcienczen. (Ryc. 2. Metoda ,,time-

-kill” — wykonanie serii rozcienczen.)

4.1. Przygotuj szes¢ 96-dotkowych ptytek (oznaczo-
nych: t, t,t,t,t,t )ze studzienkami o pojem-
no$ci 2 ml, ktore postuza do serii rozcienczen.
Umies¢ po 900 ul 0,9% roztworu NaCl w rze-
dach B-H, kolumny 1-5. (Ryc. 2A. Przygotowa-
nie szesciu 96-dotkowych plytek (t0, t1, t2, t4, t6,
t24) z 0,9% chlorkiem sodu.)

4.2. Przygotuj poczatkowe inokulum. W tym celu
przenie$ 1 ml zawiesiny do szklanej probowki
w momencie, gdy hodowla osiggnie faze loga-
rytmicznego wzrostu. Rozciencz za pomoca
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4.3.

4.4.

4.5.

4.6.

4.7.
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CAMBH lub zage$¢ w celu uzyskania gestosci 1,0
w skali McFarlanda.

Dodaj 100 pl zawiesiny do probéwek 1-4 i deli-
katnie wymieszaj. (Ryc. 2B. Dodanie zawiesiny
bakteryjnej do probéwek 1-4.)

Pobierz 150 pl z kazdej probéwki w czasie t, (tuz
po podaniu zawiesiny bakteryjnej) oraz po 1, 2,
4, 6 i 24 godzinach. Dodawaj kolejne porcje do
kolejnych dotkéw w rzedach o numerach 1 odpo-
wiednio oznaczonych (t, t, t,, t, t,) plytek
96-dotkowych. (Ryc. 2C. Przeniesienie porcji za-
wiesiny do odpowiednich plytek w ustalonych
wczesniej punktach czasowych.)

Pobierz za pomocg pipety wielokanalowej 100 pl
zrzedu A i przenies do rzgdu B. Wymieszaj zawar-
tos¢ dotkow (kilkukrotnie wolno naciagaj i wypusz-
czaj roztwor). Uzyskane zostanie w ten sposob
rozcienczenie 1:10. Powtérz czynnosci dla rze-
dow B-H. Usun 100 pl z rzedu H. (Ryc. 2D. Uzys-
kanie rozcienczenia 1:10.)

Pobierz za pomoca pipety wielokanalowej po
10 ul z kazdego dotka w kolumnach 1-3 wszyst-
kich plytek i przenie$ na odpowiednio oznako-
wane plytki z agarem Muellera-Hinton w celu zli-
czania kolonii przy uzyciu metody “drop plate”
Odpowiednie oznakowanie powinno umozliwi¢
identyfikacje uzytych antybiotykéw, ich stezen
i czasu, po ktérym przeniesiono porcj¢ zawie-
siny bakteryjnej na ptytke (t-t,,). Pozostaw kro-
ple do catkowitego wyschniecia. (Ryc. 2E. Prze-
niesienie porcji zawiesin na plytki metoda “drop
plate”.

Po uptywie doby umie$¢ krople 10 ul pobrang
z kontroli negatywnej na wybrana plytke, w celu
potwierdzenia sterylno$ci. Wszystkie plytki po
odwrdceniu powinny by¢ inkubowanie przez
noc w warunkach zgodnych z zaleceniami.

5. Odczytanie wynikow.

5.1.

5.2.

5.3.

54.

Sprawdz kontrole ujemng. Jesli zaobserwowano
jakikolwiek wzrost, wyniki oznaczenia nie po-
winny by¢ wykorzystywane.

Widoczne na plytkach kolonie powinny posia-
da¢ jednolita morfologie, oczekiwang dla danego
szczepu.

Znajdz krople z 3-30 koloniami dla kazdej serii
rozcienczen. Zlicz kolonie w tych kroplach i zapisz
wraz ze wspolczynnikiem rozcieficzenia. Jesli
w serii rozcienczen nie ma kropli z 3-30 kolo-
niami, policz kolejno - kolonie w ostatniej kropli
z ponad 30 koloniami i w pierwszej kropli z kolo-
niami.

Oblicz dla kazdej serii rozcieiczen wartosci
CFU/ml w prébce na podstawie liczby kolonii
w kropli, uzywajac wzoru:

CFU/ml=100n/d

A
A
B
c
D
E
F
G
H
B
C
D
Q} A
NS B
S 5
S E
S F
t G
H
S
E
A
B
c
D
E
F 0
G N
H S

1234567809101112

Ryc. 2. Metoda ,,time-kill” — wykonanie serii rozcieficzen.

A - przygotowanie szesciu 96-dotkowych plytek (t;, t;, t,, t
2 0,9% chlorkiem sodu.

B - dodanie zawiesiny bakteryjnej do probowek 1-4.

C - przeniesienie porcji zawiesiny do odpowiednich ptytek
ustalonych wczeéniej punktach czasowych.

D - uzyskanie rozcienczenia 1:10.

2 "9 6 24

T OmEOOw»

t

t

E - przeniesienie porcji zawiesin na plytki metoda “drop plate”.

)
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gdzie:
n - liczba kolonii
d - wspétczynnik rozcieniczenia (1 dla nierozcien-
czonej probki — wiersz A, 0,1 dla pierwszego
rozcienczenia — wiersz B, 0,01 dla drugiego roz-
cieficzenia — wiersz C, itd.)

6. Analiza wynikow.

6.1. Wykresl krzywe wzrostu z trzech hodowli zawie-
rajacych antybiotyk oraz kontrole wzrostu. Oznacz
czas na osi x, natomiast wartosci CFU/ml na osi y.

6.2. Oblicz réznice pomigdzy wzrostem w probdwce
z dwoma antybiotykami po uplynieciu 24 godzin
a najbardziej aktywnym pojedynczym antybioty-
kiem w tym samym czasie (w CFU/ml). Kombi-
nacje antybiotykéw nalezy uznac za synergistyczna,
jedli réznica wynosi 22, . Oblicz rdzinice
w CFU/ml miedzy kombinacjg antybiotykéw
w probowce w 24. godzinie i w czasie 0. Uznac
kombinacje za bakteriobdjcza nalezy, jesli roz-

nica wynosi = 310g10.

5. Test CombiANT

Kolejna metoda badania polaczen antybiotykéw,
CombiANT, nie jest jeszcze dostepna w praktyce badaw-
czej ani diagnostyce mikrobiologicznej, a jej efekty
w stosowaniu klinicznym nie sa jeszcze znane. Po raz
pierwszy zostala zaprezentowana w 2020 roku, ale
dotychczasowe badania wskazuja, ze wyniki ozna-
czen technikag CombiANT sg identyczne jak w meto-
dzie szachownicy (Fatsis-Kavalopoulos i wsp. 2020).
Mimo braku dostepnosci aparatury i algorytméw inter-
pretacji wynikow zwalidowanych dla poszczegdlnych
gatunkow bakterii, z powodu wielu zalet tej metody
i by¢ moze przelomowego ulatwienia badania pola-
czen antybiotykéw zdecydowano o opisie tej procedury
w niniejszej pracy.

CombiANT to test oparty na dyfuzji dostarcza-
jacy informacji ilosciowych o interakcjach trzech par
antybiotykow. Wybrane antybiotyki umieszczane s3
w trzech zbiorniczkach, a wkladka z nimi lokowana
w standardowej plytce z agarem. Wyrdzni¢ mozna dwa
pola. Na zewnatrz wktadki znajduje si¢ pole, w ktorym
kazdy z antybiotykéw dziata indywidualnie. Wewnatrz
plytki z antybiotykami znajduje si¢ trdjkatne pole,
w ktérym dochodzi do interakcji pomiedzy poszcze-
g6lnymi parami antybiotykéw. Wyniki sg generowane
przez algorytm opracowany przez tworcow, ktdry zostat
skalibrowany pod wzgledem rodzaju i szybkosci dyfuzji
poszczegolnych antybiotykéw w wybranym podlozu.
Zakres interakcji antybiotykow jest okreslany ilosciowo
na podstawie punktéw na krawedzi strefy zahamowania,
zgodnie ze wzorem FICI. Wartos$¢ FICI zostaly zinter-
pretowane zgodnie z progami klinicznymi, gdzie <0,5
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wskazuje na synergie, FICI > 0,5, a <4 wskazuje na addy-
cj¢, natomiast >4 — na antagonizm (Tang i wsp. 2024).

Metode CombiANT mozna zastosowac bez wczes-
niejszego oznaczenia wrazliwosci szczepu na dany anty-
biotyk. Jest to zdecydowana zaleta, poniewaz pozwala
to na skrocenie czasu oczekiwania na wynik leko-
wrazliwosci szczepu badanego. Test CombiANT ma
taka sama dokladnos¢, jak metoda mikrorozcienczen
w bulionie, jednak jest bardziej wydajny i mniej ztozony
(Fatsis-Kavalopoulos i wsp. 2020). Dodatkowym atutem
tej metody jest mozliwos¢ dokladnego oznaczenia ste-
zenia hamujacego, poniewaz stosuje si¢ ciagly zakres
stezen antybiotykow, natomiast testy szachownicy tylko
dwukrotne rozcienczenia. Istotng wadg tej metody jest
konieczno$¢ wykorzystania specjalnie zaprojektowa-
nych i wykonanych wkiadek, ktére nie maja zastoso-
wania w innych badaniach laboratoryjnych.

Procedura
1. Przygotowanie wkladki z antybiotykami (Ryc.3.

Metoda CombiANT - wktadka i protokét ekspe-

rymentalny.) zawierajacej trzy rezerwuary (zbior-

niczki) oznaczone jako a, b, ¢ oraz trdjkatne pole
oddzialywania — oznaczone jako d. (Ryc. 3A. Kon-
strukcja wkladki: zbiorniki antybiotykéw (a, b, )

i obszar obrazowania interakeji (d).)

1.1. Dodaj 0,5 ml plynnego agaru (w temperaturze
60°C) do kazdego ze zbiorniczkow wktadki zawie-
rajacych antybiotyki (oznaczone odpowiednio
jako a, b, ¢). Stezenie antybiotyku jest obliczane
na podstawie wyniku kalibracji algorytmu anali-
tycznego, co jest przygotowaniem do obrazowa-
nia cyfrowego (Ryc. 3B).

Przygotowane wkladki moga by¢ bezpiecznie
przechowywane w temperaturze 4-8°C przez
okres 7 dni.

1.2. Umie$¢ wkladke w ptytce hodowlanej i dodaj
drugg warstwe agaru, w ten sposob jag aktywujac.
Umozliwiona zostanie dyfuzja antybiotykow.

2. Posiew badanego drobnoustroju.

2.1. Przygotuj zawiesine bakterii o gestosci 0,5 w skali
McFarlanda, zgodnie z wytycznymi EUCAST
(European Committee on Antimicrobial Suscep-
tibility Testing), tak jak dla oznaczen metoda
dyfuzyjno-krazkowa.

2.2. Nanie$ zawiesine na zestalony agar za pomoca
bawelnianej wymazowki, tworzgc murawe bak-
teryjna.

3. Inkubacja.

3.1. Inkubuj przez 16-24 godzin w temperaturze 37°C.

3.2. Po odpowiednim czasie inkubacji wytworza sie
strefy zahamowania wzrostu bakterii zgodne
z powstalym gradientem stezen.

3.3. Wewnatrz wkladki z aktywnymi antybiotykami wy-
tworzy sie trojkatna powierzchnia obrazowania
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37°C, 16-24 h

Fig. 3. Metoda CombiANT - wkladka i protokot eksperymentalny.

A - konstrukcja wktadki: zbiorniki antybiotykow (a, b, ¢) i obszar obra-
zowania interakeji (d).

B - protokdl testu: Napelnienie wktadki poprzez dodanie do kazdego
ze zbiornikéw (a,b,c) 0,5ml plynnego agaru (60°C) zawierajacego
odpowiedni antybiotyk (A,B,C). Tak przygotowane wkladki mozna
przechowywa¢ w temperaturze 4°C - 8°C do 7 dni. Aby aktywowac
wktadke, nalezy umiesci¢ ja na szalce i doda¢ 25 ml agaru, umoz-
liwiajac w ten sposob dyfuzje antybiotykéw na powierzchnie agaru
i obrzeza szalki. Po zestaleniu agaru nanie$¢ zawiesine bakterii o ges-
tosci 0,5 McFarlanda na powierzchnie agaru za pomoca wymazowki.
Inkubacja ptytek w 37°C przez 16-24 godzin pozwala na uwidocznie-
nie stref zahamowania wzrostu (Fatsis-Kavalopoulos et al. 2020).

interakcji. W kazdym rogu obszaru dochodzi
do interakcji dwdch sasiadujgcych ze sobg anty-
biotykdow.
4. Tlo$ciowe pomiary interakcji lekow.
4.1. Wykonaj obrazowanie plytki w celu pomiaru
interakcji antybiotykéw, np. za pomocg kamery
gel-doc lub recznego urzadzenia mobilnego.

PAWEL Z. KMIECIKOWSKI, ANIELA GABRIEL, DAGMARA DEPKA, TOMASZ BOGIEL

4.2. Dokonaj analizy za pomoca odpowiednio ska-
librowanego algorytmu, ktory wykorzystuje
uprzednio opracowane modele dyfuzji.

4.2.1. Okredl, ktory antybiotyk zostal umiesz-

czony w kazdym zbiorniku testu.
Algorytm opracowany przez twoércow me-
tody przywoluje zapisane mapy dyfuzji od-
powiadajgce antybiotykom uzytym w tes-
cie i laczy je w model specyticzny dla testu.
Jest on nastepnie dopasowywany do wyko-
nanego obrazowania testu.
Algorytm wyznacza IC (ang. inhibitory
concentration) oraz CP (ang. combination
inhibitory point) dla trzech antybiotykéw,
zaréwno indywidualnie, jak i w polacze-
niu. Zakres interakcji antybiotykow jest
okreglany ilo§ciowo na podstawie punk-
tow na krawedzi strefy zahamowania,
zgodnie ze wzorem FICL

5. Obliczenie warto$ci FICI.

FICI,,=C, /IC, + C,/IC,

gdzie:

C,,C, - stezenie antybiotyku A i B

IC,, IC, - stezenie hamujgce antybiotyku A i B

4.2.2.

4.2.3.

6. Paski z gradientami stezen antybiotykow stoso-
wane w metodach oznaczen ich synergistycznego
dzialania

Ocene synergistycznego dzialania srodkéw prze-
ciwdrobnoustrojowych in vitro mozna przeprowadzi¢
réwniez, stosujac metody dostepne w wiekszosci labo-
ratoriow mikrobiologicznych, tj. wykorzystujace paski
nasgczone antybiotykiem w gradiencie stezen. Dotych-
czas opracowano nastepujace metody:

« metoda stalych wspdtczynnikéw (ang. E-test fixed
ratio method),

» metoda krzyzowa (metoda kata 90°, ang. cross
method),

» metoda proporcji - MIC:MIC,

« podlozy zawierajacych antybiotyk i paskéw z gra-
dientem stezen (ang. E-test agar method) (Laishram
i wsp. 2017; Guzek 2023).

Wykonanie badania kazda z wyzej wymienionych
metod nalezy poprzedzi¢ oznaczeniem wartosci naj-
mniejszego stezenia hamujacego (MIC) wszystkich
badanych antybiotykéw.

Metody oparte na wykorzystaniu paskéw nasaczo-
nych antybiotykiem w gradiencie stezen majg przewage
nad innymi metodami ze wzgledu na prostote wykona-
nia oraz fatwy dostep do tej procedury dla wszystkich
laboratoriéw. Jednak w ten sposéb mozna badac syner-
gizm tylko pomiedzy dwoma antybiotykami. Ograni-
czeniem technik wykorzystujacych paski z zawartoscia
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Ryc. 4. Ocena synergistycznego dzialania antybiotykéw metoda statych wspotczynnikow.

antybiotyku w gradiencie stezen jest ponadto brak
mozliwosci zastosowania ich wobec izolatéw opornych,
ktorych wartosci MIC wykraczajg poza skale paska, gdyz
do oceny synergii nalezy zna¢ dokladng wartos¢ MIC.

Metoda stalych wspoétczynnikéw — procedura

1.

Przygotuj badana zawiesine bakterii (gestos¢ 0,5
w skali McFarlanda) i nanie$ jg na podlozu Mueller-
Hinton Agar (MHA).

. Nal6z na powierzchnie agaru pasek z gradientem

stezen badanego antybiotyku A.
Dokladne zaznacz pole, na ktérym znajduje sie pasek
zawierajacy antybiotyk A.

. Inkubuj hodowle na plytce w temperaturze pokojo-

wej przez godzine w celu dyfuzji antybiotyku z paska
do podtoza.

. Usun pasek z antybiotykiem A.

4.1. Oczy$¢ pasek alkoholem i pozostaw jako wzér
do odczytu wartosci MIC.

4.2. Naldz na to samo miejsce pasek z gradientem
stezen antybiotyku B.

. Inkubuyj ptytke przez 16-18 godzin w 35°C+2°C

(wedlug zalecen producenta paskow).

. Odczyt i interpretacja wynikéw: po inkubacji odczy-

taj warto$ci MIC dla zastosowanych paskow i oblicz
warto$ci wspolczynnika FICI, ktéry nalezy inter-
pretowa¢ wedlug standardowo przyjetych kryte-
riéw (Laishram i wsp. 2017; Sreenivasan i wsp. 2022;
Guzek 2023). (Ryc. 4. Ocena synergistycznego dziala-
nia antybiotykéw metoda statych wspétczynnikow.)

Metoda krzyzowa — procedura

1.

Badang zawiesine bakterii (gestos¢ 0,5 w skali McFar-
landa) nanie$ na plytke z podlozem MHA.

. Umie$¢ dwa paski z gradientem stezen badanych

antybiotykéw A i B w taki sposdb, aby przecinaly sie
pod katem 90° na wysokosci wczesniej oznaczonych
warto$ci MIC.

. Inkubuj ptytke przez 16-20 godzin w 35°C+2°C

(wedtug zalecen producenta paskow).

. Odczyt i interpretacja wynikow:

Po inkubacji odczytaj wartos$ci MIC obu zastosowa-
nych antybiotykdéw i oblicz warto§¢ wspdtczynnika
FICI, ktéry nalezy interpretowa¢ wedlug standar-

Ryc. 5. Ocena synergistycznego dziatania antybiotykow
metoda krzyzowa.

dowo przyjetych kryteriow. (Ryc. 5. Ocena synergi-

stycznego dzialania antybiotykéw metoda krzyzows.)

Ze wzgledu na wysoka dostepno$¢ oraz fatwosé
wykonania, metoda krzyzowa jest chetnie wybierana
do oceny skutkéw polaczenia dwdch antybiotykow. Jed-
nakze, wyniki tej procedury potrafig znacznie odbiega¢
od tych otrzymanych w testach “time-kill”, bedacych
ztotym standardem (Nasomsong i wsp. 2022).

Metoda proporcji MIC:MIC - procedura
1. Nalt6z réwnolegle dwa paski z gradientem stezen
badanych antybiotykéw A i B na plytke MHA
z naniesiong zawiesing bakterii. Zaznacz na spodzie
plytki markerem w odpowiednim miejscu zbadane
wezesniej warto$¢ MIC dla kazdego z antybiotykow.
2. Inkubuj ptytki przez godzine w temperaturze poko-
jowej celem dyfuzji antybiotykow.
3. Ocena synergizmu.
3.1. Po uplywie godziny usun paski z antybiotykiem
z plytki.
3.2.Naldz nowy pasek z gradientem stezen antybio-
tyku B na miejsce, w ktérym znajdowat si¢ pasek
z antybiotykiem A, w taki sposdb, zeby wartos¢
MIC z paska B korespondowala z oznaczong
markerem warto$cig MIC dla antybiotyku A.
3.3. Postepuyj analogicznie zastepujac pasek B paskiem
z antybiotykiem A.
4. Inkubuj plytke przez 16-20godzin w 35°C+2°C
(wedlug zalecen producenta paskow).




220

PAWEL Z. KMIECIKOWSKI, ANIELA GABRIEL, DAGMARA DEPKA, TOMASZ BOGIEL

Ryc. 6. Ocena synergistycznego dzialania antybiotykéw metoda proporcji MIC:MIC.

5. Odczyt i interpretacja wynikow:

Dokonaj odczytu wartosci MIC zastosowanych anty-

biotykéw A i B. Oblicz warto$¢ wspolczynnika FICI,

ktéry nalezy interpretowaé wedlug standardowo
przyjetych kryteriow (Laishram i wsp. 2017; Guzek

2023). (Ryc.6. Ocena synergistycznego dziatania

antybiotykow metoda proporcji MIC:MIC.)

W poréwnaniu metod dyfuzji gradientowej tobra-
mycyny i ceftazydymu stosowanych w ocenie synergii
w przypadkach zakazen wielolekoopornymi Pseudo-
monas aeruginosa, wyniki uzyskane przez Okoliegbe
i wsp. sugeruja zasadnos$¢ uznania metody MIC:MIC
jako preferowanej w badaniach interakeji antybiotykow
w praktyce diagnostycznej (Okoliegbe i wsp. 2021).

Metoda podlozy z zawartoscia antybiotyku i paskéw

z gradientem stezen — procedura

1. Przygotuj podioze zawierajace jeden z badanych anty-
biotykdéw (A) w stezeniu 0,5 x MIC lub 0,25 x MIC.

2. Umies$¢ pasek z gradientem stezen antybiotyku B na
tym podiozu.

3. Odczytaj warto$¢ MIC antybiotyku B na podiozu
z antybiotykiem A.

4. Poréwnaj uzyskang wartos¢ MIC z wartoscig MIC
w podlozu wolnym od leku.

5. Interpretacja wyniku:
Dziatanie synergistyczne stwierdza sie, gdy wyste-
puje ponad trzykrotne zmniejszenie warto$ci MIC na
podtozu zawierajagcym badany antybiotyk (Laishram
i wsp. 2017).
Marie i wsp. uzywali tej metody w celu oceny pola-
czenia sulbaktamu i tazobaktamu z meropenemem
lub kolistyna wobec wielolekoopornego szczepu
Acinetobacter baumannii. Wykazali, ze w przypadku
tych pofaczen wyniki uzyskane metoda podiozy z
zawarto$cig antybiotyku i paskow z gradientem
stezen nie pokrywaly si¢ z wynikami uzyskanymi
metoda szachownicy, ktéra wykazata wigksza czulos¢
w oznaczaniu synergizmu. W przypadku oddzialy-
wania addycyjnego obie metody wykazaly podobng
czulo$é (Marie i wsp. 2015).

7. Inne metody oznaczania synergizmu
i addycji antybiotykow

Sposrod wielu nieopisanych w artykule metod ozna-
czania synergizmu i addycji antybiotykéw na uwage
zastuguja trzy, ktorych wykonanie jest osiggalne w kaz-
dym podstawowo wyposazonym medycznym labora-
torium diagnostycznym. Sg to: metoda podwdjnych
krazkéw (modyfikacja procedury standardowo wyko-
rzystywanej w celu oceny wystepowania mechanizmoéow
opornosci drobnoustrojéw na leki), metoda nasaczania
bibuly filtracyjnej (wykorzystuje ona paski bibuly fil-
tracyjnej nasgczone réznymi roztworami przeciwdrob-
noustrojowymi o stezeniu réwnym lub wyzszym od ich
warto$ci MIC) oraz metoda warstwowa.

Metoda dwéch krazkéw — procedura
1. Naloz krazki nasaczone badanymi antybiotykami

na podloze z naniesiong zawiesing bakterii w odle-
glosci 20 mm lub odpowiadajacej sumie promieni
stref zahamowania wzrostu dla kazdego antybiotyku
oddzielnie.
2. Inkubuyj plytki przez 24 godziny w temperaturze 35°C.
3. Zinterpretuj wyniki poprzez ocene srednicy strefy
zahamowania wzrostu wokoét krazkdow.

3.1. Synergizm antybiotykow stwierdza si¢ przy po-
wigkszeniu $rednicy strefy zahamowania wzro-
stu 0 22 mm w poréwnaniu ze $rednicg pojedyn-
czego $rodka, polaczeniu strefy zahamowania
wzrostu miedzy lekiem A i B lub przy pojawieniu
sie strefy zahamowania wzrostu pomiedzy dyfun-
dujacymi lekami.

3.2. Nieznaczne dzialanie synergistyczne wskazuje
wzrost strefy zahamowania wzrostu o <2 mm.

3.3. Antagonizm stwierdza si¢ przy splaszczeniu strefy
zahamowania wzrostu na styku dyfuzji dwdch
srodkéw przeciwdrobnoustrojowych (Laishram
i wsp. 2017).

Metoda ta nie jest powszechnie stosowana ze wzgledu

na subiektywna i wylacznie jakosciowq ocene syner-

gistycznego dzialania antybiotykow.
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Metoda nasaczania bibuly filtracyjnej — procedura
1. Na ptytce MHA z naniesionym inokulum badanego

drobnoustroju umie$¢ wczesniej przygotowane paski

bibuly nasgczone antybiotykami pod katem prostym

wzgledem siebie, stykajace sie.

2. Pozostaw paski bibuly z antybiotykami na kilka
godzin w celu dyfuzji w podiozu.

3. Inkubuj plytki przez 18-24 godzin w temperaturze

37°C (Laishram i wsp. 2017).

3.1. Mozliwg alternatywa jest nalozenie paskoéw nasa-
czonych antybiotykiem na czyste podloze MHA
na 24 godziny w celu dyfuzji, a nastepnie nanie-
sienie badanego szczepu za pomoca techniki
transferu membranowego.

4. Interpretacja wynikow.

4.1. Za efekt addycji uznaje si¢ wystepowanie dwdch
owalnych obszaréw zahamowania wzrostu wokot
paskow z antybiotykami faczacych si¢ pod katem
prostym.

4.2. Synergizm stwierdza si¢ przy poszerzeniu lub obec-
nosci strefy zahamowania wokot kata prostego.

4.3. Antagonizm stwierdza si¢ przy wcigciu lub zwe-
zeniu stref zahamowania wzrostu wokot paskow
z antybiotykami od strony kata prostego pomie-
dzy paskami (Laishram i wsp. 2017).

Metoda ta jest kosztochtonna i pracochtonna, a wy-

niki uzyskane ta technika sa jedynie jakosciowe.

Metoda warstwowa — procedura
1. Przygotuj podloze agarowe, zawierajace antybiotyk A
w stezeniu rownym polowie jego wartosci MIC dla
badanego szczepu (tzw. warstwa agaru bazowego)
oraz jako podloze kontrolne agar bez antybiotyku.
2. Nanies$ warstwe inokulum (agaru bez antybiotyku)
zawierajacg 10° CFU/ml badanego szczepu, na pod-
toze z antybiotykiem A oraz podloze kontrolne.
3. Po zestaleniu agaru na plytce badanej i kontrolnej

umie$¢ na powierzchni krazki z antybiotykiem B

w réznych stezeniach.

4. Inkubuj przez 24 godziny w temperaturze 37°C.
5. Interpretacja wynikéw:

5.1. Synergizm stwierdza si¢ przy wzroscie srednicy
strefy zahamowania wzrostu drobnoustrojow
wokot krazka z antybiotykiem B o co najmniej
19% w stosunku do kontroli.

5.2. Efekt addycji stwierdza si¢ przy wzroscie srednicy
strefy zahamowania wzrostu wokoét krazka z anty-
biotykiem B o mniej niz 19%.

5.3. Brak zmian strefy zahamowania wzrostu wska-
zuje na brak dzialania polaczen stosowanych
preparatow (Laishram i wsp. 2017).

8. Wnioski

Ze wzgledu na dynamiczny wzrost poziomu antybio-
tykoopornosci drobnoustrojow i diugi czas potrzebny
do opracowania i dopuszczenia do praktyki klinicznej
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nowego antybiotyku konieczne jest wprowadzanie do
rutynowej praktyki diagnostycznej oceny dziatania
polaczen antybiotykéw. Opisano wiele metod bada-
nia synergizmu i addycji antybiotykéw, ktére roznia
sie dostepnoscig odczynnikéw i aparatury, trudnoscia
i czasem wykonania, a takze uzyskiwanymi wynikami
i jednoznacznoscia ich interpretacji (Papoutsaki i wsp.
2020; Okoliegbe i wsp. 2021). Opisywany w réznych
badaniach poziom zgodnosci wymienionych tu metod
jest znaczaco rézny, co moze by¢ zwigzane z badanym
szczepem bakterii, wykorzystywanymi antybiotykami
czy nawet mechanizmami opornosci. Gaudereto i wsp.
w badaniu metod wykrywania synergizmu w przypadku
wielolekoopornych paleczek Gram-ujemnych uzyskali
zgodno$¢ metody proporcji MIC:MIC i “time-kill” na
poziomie 35-71% (Gaudereto i wsp. 2020). Wydaje sie,
ze jednoznaczne poréwnanie poszczegdlnych metod
w sposOb uniwersalny wobec réznych antybiotykéw
oraz szczepOw bakterii aktualnie pozostaje poza grani-
cami mozliwosci badaczy (Doern 2014).

Obecnie “zlotym standardem” badania polaczen anty-
biotykéw pozostaje metoda “time-kill”, ktora dostarcza
dodatkowo informacji o dzialaniu bakteriobdjczym
i bakteriostatycznym w réznych punktach czasowych
i stanowi wiarygodny punkt odniesienia dla réznych pro-
cedur. Test “time-kill” jest jednak metodg czasochtonng
i relatywnie trudna metodologicznie, przez co atrak-
cyjng alternatywa wydaja si¢ przede wszystkim metody
wykorzystujace paski z gradientami stezen. Konieczna
jest jednak walidacja uzyskiwanych dzieki nim wyni-
koéw, tak aby byly one jak najbardziej wiarygodne.

Oprocz rutynowego badania synergizmu i addycji
w dzialaniu antybiotykéw potrzebne jest jednak opra-
cowywanie nowych metod mozliwych do wdrozenia
w praktyce diagnostycznej i, w efekcie, klinicznej.
Obiecujaca procedura wydaje si¢ metoda CombiANT,
ktora dzigki mozliwoéci szybkiego oznaczenia kom-
binacji trzech par lekow, tatwej interpretacji wynikow
oraz doktadnosci poréwnywalnej do metody mikroroz-
cienczen w bulionie moze by¢ w niedalekiej przyszlosci
metoda o duzym znaczeniu diagnostycznym (Fatsis-
-Kavalopoulos i wsp. 2020).

Test szachownicy, najpopularniejsza metoda bada-
nia synergizmu, jako modyfikacja oznaczania MIC
antybiotyku w bulionie jest procedura intuicyjng i fatwo
dostepng ze wzgledu na szeroki dostep do potrzeb-
nej do wykonania badania aparatury i odczynnikéw.
W przeciwienstwie do metody “time-kill” dostarcza
jednak informacji wylacznie o efekcie bakteriostatycz-
nym, co jest ograniczeniem mogacym mie¢ wplyw na
dalsze postepowanie kliniczne.

Najbardziej dostepne, najlatwiejsze i najtansze sg
metody wykorzystujace paski z gradientami stezen
antybiotykow. Pilnie potrzebna jest walidacja ich
metodologii i konieczno$¢ wprowadzenia jednolitych
kryteriow interpretacji uzyskanych wynikéw. W nie-
ktérych sytuacjach metody paskowe moga by¢ jedyna
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mozliwg do wykonania procedurg, dlatego tym bardziej
potrzebne s dalsze badania poréwnawcze wzgledem
innych metod, ktére pozwolg wprowadzi¢ je do ruty-
nowej praktyki diagnostycznej, a w efekcie kliniczne;.
Wazne jest przedstawienie zréznicowania wiarygod-
nosci wynikéw poszczegélnych procedur z zastosowa-
niem paskow z gradientami stezen, sposrod ktdrych
metoda proporcji MIC:MIC wydaje si¢ by¢ najbardziej
rzetelna (Okoliegbe i wsp. 2021).
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Abstract. Polyurethanes (PUs) are exceptionally versatile polymers widely utilized in medicine due to their outstanding mechanical prop-
erties, biocompatibility, and adaptability to various applications. This article explores advanced applications of polyurethane biomaterials
in medicine, the challenges posed by infections associated with their use, and innovative surface modification techniques to improve
their functionality. PUs are employed in a diverse array of medical devices, including non-implantable applications such as wound dress-
ings, catheters, and infusion sets; short-term implants like bone stabilizers and tracheostomy tubes; and long-term implants such as tis-
sue regeneration scaffolds, artificial blood vessels, and heart valves. Despite their many advantages, their use carries a significant risk of
infections, including ventilator-associated pneumonia, infective endocarditis, and urinary tract infections. An important challenge lies
in bacterial biofilms, which complicate treatment and enhance bacterial resistance to antibiotics. To address these issues, innovative PU
surface modification methods are being developed, including laser texturing, nanoparticle deposition with antibacterial properties, ion
implantation, cold metal spraying, the integration of biodegradable and biocompatible components, and plasma modifications. These
advanced techniques aim to enhance polyurethane biomaterials’ antibacterial properties and biocompatibility, thereby reducing infection
risks and improving clinical outcomes. This article underscores the importance of ongoing research to effectively combat biomaterial-
associated infections and broaden the medical applications of polyurethanes. The development of advanced surface modification methods
holds great promise for improving patient quality of life and the efficacy of medical treatments.

1. Introduction. 2. Characteristics and Applications of Polyurethane-Based Biomaterials. 2.1. Segmented Structure of Polyurethanes.
2.2. Mechanical Properties of Hard Segments. 2.3. General Characteristics. 2.4. Classification of Polyurethane Biomaterials. 2.5. Trade
Names of Polyurethane-Based Biomaterials. 3. Instances of Infections Linked to the Utilization of Biomaterials. 3.1. Infections Involving
Biomaterials in the Respiratory System. 3.2. Cardiovascular Infections with the Use of Biomaterials. 3.3. Urinary Tract Infections Associ-
ated with Biomaterial Usage. 4. Biofilm Formation on Polyurethanes. 5. Techniques for Altering the Surface Properties of Polyurethanes.
5.1. Laser Surface Texturing. 5.2. Nanoparticle Grafting. 5.3. Ton Implantation. 5.4. Cold Spraying Metallization. 5.5. Polyurethane-bio-
polymer composites for antimicrobial and biofilm-preventive applications. 5.6. Plasma Modification. 6. Summary.

Keywords: biomaterial-associated infections, biomaterials, innovative surface modification methods, medical applications
of polyurethanes, polyurethanes

1. Introduction

Polyurethanes (PUs) are widely used in the produc-
tion of medical devices. Due to their specific properties,
some types of PUs can also be classified as biomateri-
als, depending on their application and compatibility
with biological systems. A biomaterial can be described
as “any substance or combination of substances, other

than drugs, synthetic or natural, that can be used for
any period of time and extends or replaces partially or
completely any tissue, organ or function of the body”
by the U.S. National Institutes of Health (Bergman and
Stumpf 2013).

The first research on polyurethanes was carried
out by Otto Bayer in 1937. He studied the polyaddi-
tion reaction between diisocyanate and polyester diol,
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Fig. 1. Diagram of the synthesis of polyurethanes and their application in medical devices.

which enabled their use during the Second World War,
mainly as adhesives and foams. Soon after the war,
with the development of commercial production of
flexible PU foams in the 1950s, PU industrial produc-
tion began to include elastomers and coatings. During
the same period, in response to the commercial suc-
cess of Nylon 6.6, a condensation polymer developed
by Du Pont, German teams led by Bayer investigated
new methods of polymerization, which led to the crea-
tion of polyurethanes with properties similar to nylon.
These new polyurethanes had lower water absorption
and better mechanical and electrical stability than
nylon. The evolution of PU technology continued,
including developing more sustainable bio-based mate-
rials and improved production methods in an environ-
mentally friendly direction (Ratner et al. 2013; Wendels
and Avérous 2021).

Polyurethanes are synthesized through a complex
process of urethane linkage. The process starts with
a two-step synthesis strategy using three precursors:
diisocyanates, diols and chain extenders, which together
form the hard and soft segments of the polymer. The
key process is the polyaddition reaction, in which the
isocyanate NCO group reacts with the labile hydrogen
of active compounds such as hydroxyls or amines to
form permanent urethane bonds. These bonds a small
but essential part of the chain, are formed by the reac-
tion of isocyanates with alcohols (Fig. 1). Macroglycol,
the main component, determines most of these bonds,
which affect flexibility and fatigue resistance. Because

the material is one large molecule, it cannot be dis-
solved or forced to flow by applying heat and pressure.
This feature means that once a thermoset elastomer is
formed, it cannot be further processed (Ratner et al.
2013). Therefore, PUs have simple architecture. Nowa-
days, commercially relevant PUs are block copolymers.
The polymer molecules have alternating segments con-
sisting of repeating ,,A” or ,,B” units. In addition, the
materials are designed so that one segment — called
the hard segment - is glassy or crystalline at the tem-
perature of use, while the other segment - called the
soft segment — is rubbery (Ratner et al. 2013).

PUs are a class of polymers that have, today,
achieved industrial importance due to their tough and
elastomeric properties and good fatigue resistance
(Gunatilake et al. 2003; Rusu et al. 2020). In addition to
their elastomeric properties, PUs have several beneficial
interfacial characteristics. Most notably, PUs are abra-
sion and impact resistant, which makes them suitable
for as coatings, and the materials also have good blood
contact properties, making them useful in biomaterial
applications (Ratner et al. 2013).

The main objective of this work is to provide a com-
prehensive overview of polyurethanes and their vari-
ous applications in medicine and to outline the current
challenges of biomaterial infections, especially those
involving polyurethane-based devices. In addition,
the paper discusses innovative surface modification
techniques for polyurethanes to enhance their antimi-
crobial properties.
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2. Characteristics and Applications
of Polyurethane-Based Biomaterials

2.1. Segmented Structure of Polyurethanes

PUs stand out as one of the most versatile classes
of polymer materials. Their versatility is primarily due
to their segmented structure, including hard and soft
segments (Rusu et al. 2020). The soft segments in polyu-
rethanes are responsible for the material’s elastomeric
properties. Their chemical structure is based on poly-
ols, such as polyethers and polyesters. The low glass
transition temperature of the soft segments allows for
flexibility and influences the material’s hydrophilicity,
which determines the degree of water diffusion into the
polymer. As a result, the degradation rate of soft seg-
ments is related to hydrophilicity and the presence of
labile groups. Polyethers are commonly used to impart
flexibility and increase stability to the material. Another
class of soft segments includes A-B-A tri-block polyols,
which are used in producing resorbable polyurethanes
due to their versatile properties (Mirhosseini ef al. 2019;
Zhang et al. 2019).

2.2. Mechanical Properties of Hard Segments

The hard segments in polyurethanes provide
increased mechanical resistance. They consist of iso-
cyanates and chain extenders. Their high transition
temperature and pronounced crystallinity contribute
to the material’s mechanical strength. The content and
chemistry of the hard segments have a direct impact
on tensile strength and modulus. The amount of iso-
cyanates and chain extenders determines the physical
characteristics of polyurethane, and their type (aro-
matic or aliphatic) affects reactions with nucleophilic
reagents and the material’s toxicity. Aromatic isocy-
anates are highly reactive but can lead to side effects in
carcinogenic degradation products, whereas aliphatic
isocyanates have a lower toxicity potential (Somdee
etal. 2019; Rogulska 2023).

2.3. General Characteristics

They are valued for their excellent biocompatibil-
ity, exceptional resistance to hydrolytic processes, high
abrasion resistance and outstanding mechanical dura-
bility, including resistance to bending. Their diversity
manifests in adhesives, coatings, sealants or foams,
available in a wide range of Shore hardnesses (Shin et al.
2018). Thanks to such broad properties, it is possible
to use PUs to create short- and long-term biomaterials.

2.4. Classification of Polyurethane Biomaterials
According to the U.S. Food and Drug Adminis-
tration (FDA) and the European MDCG 2021-24,
implants made of biomaterials are devices placed inside
the body or on the body’s surface (EC 2021; FDA 2023).
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A distinction can be made between long-term implants,
which have a lifespan of 30 days or more in contact with
a tissue before biodegradation or removal to promote
healing to the tissue remodeling phase. In contrast,
short-term implants have less than 30 days of lifespan
in contact with living tissues. Finally, non-implantable
devices are materials designed to be placed on the
body’s surface (EC 2021; FDA 2023). The properties
mentioned above render polyurethanes ideal materials
for various medical device components (Fig. 1).

2.4.1. Non-Implantation Applications
of Polyurethanes

Polyurethanes are ideal materials for a wide range of
medical devices due to their versatility. In non-implan-
tation applications, they are valued for their excellent
mechanical and chemical properties. For instance, pol-
yurethane-based materials are used in wound dressings
and membranes (Khodabakhshi et al. 2019; Yeoh et al.
2020; Li etal. 2022). In peritoneal dialysis catheters,
polyurethanes provide flexibility and biocompatibility,
enhancing patient comfort (Crabtree 2023; Peng et al.
2023). Due to their chemical resistance and durability,
polyurethanes are also used to manufacture catheters
and urine collection bags (Wang and Wang 2012).

2.4.2. Applications in Long-Term Implants
Polyurethanes are also utilized in intravenous line
(IV) tubing due to their flexibility and kink resistance,
ensuring continuous fluid delivery (Wang and Wang
2012, Tokhadzé etal. 2021). However, Tokhadzé et al.
(2021) found that polyurethane catheters can cause
significant drug loss, particularly with diazepam and
insulin, which is clinically relevant for long-term infu-
sions (Tokhadzé etal. 2021). Polyurethanes are also
employed in artificial veins and arteries (Jia et al. 2020;
Wendels and Avérous 2021; Zhang et al. 2021), align-
ing with blood flow dynamics and reducing thrombosis
risk (Kim et al. 2016). Additionally, they aid in nerve
regeneration, promoting the recovery of peripheral and
sciatic nerves (Niu and Galluzzi 2020; Toichi Nasab et al.
2022; Zhang et al. 2023). In artificial heart valves, polyu-
rethanes provide the necessary flexibility and strength
to mimic natural valve function (Santerre et al. 2005;
Shin et al. 2018; Kazerouni et al. 2021). Their biostabil-
ity and low incidence of postoperative complications
make them suitable for outer shells in breast implants,
enhancing aesthetic results and patient satisfaction
(Navas-Gémez and Valero 2020; Catanuto et al. 2023).

2.4.3. Applications in Short-Term Implants
Polyurethane tracheostomy tubes increase patient
comfort and reduce tissue irritation due to their soft-
ness and flexibility (Bjorling 2009; Guo et al. 2020). In
long-term implants, the durability and biocompatibility
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of polyurethanes are crucial. They are used to create
scaffolds supporting the regeneration of various tissues,
including cartilage (Wendels and Avérous 2021) and
muscle (Ergene et al. 2019; Jo et al. 2020; Wendels and
Avérous 2021). Polyurethanes support healing by acting
as bone stabilizers or adhesives in situations that require
temporary reinforcement of bone structures (Oliveira
etal. 2016; Rode etal. 2020; Li etal. 2023). Li etal.
(2023) developed an injectable polyurethane adhesive
with catechol groups and disulfide bonds that shows
strong wet adhesion and biodegradability, making it
ideal for complex bone injuries (Li et al. 2023).

These examples highlight polyurethanes’ versatility
and essential role in medical technology, from external
devices to long-term implants, significantly contribut-
ing to improved patient outcomes and quality of life.

2.5. Trade Names of Polyurethane-Based Biomaterials

Medical-grade PU-based polymers can be found
under several trade names, such as Carbothane™, Pelle-
thane® or Tecoflex™ from Lubrizol (USA) and Carbosil®
and Bionate® from DSM (Netherlands) (Wendels and
Avérous 2021).

3. Instances of infections linked to the utilization
of biomaterials

Advances in medical technology have made the use
of various PU medical devices an integral part of patient
care, significantly improving survival rates and quality
of life. However, it should be explicitly stated that parent
polyurethanes have no intrinsic antimicrobial activity,
which poses additional challenges in preventing infec-
tions associated with their use. The colonization of
medical devices by microorganisms can lead to severe
infections, such as ventilator-associated pneumonia
(Pen etal. 2020), infective endocarditis (Selton-Suty
etal. 2012; Cahill etal. 2016), or vascular prosthesis
infections (Gouveia e Melo et al. 2021). Understanding
the microbiology of these infections is key to developing
effective prevention and treatment strategies.

The available literature data is general and does
not apply exclusively to polyurethane medical devices.
This is because hospitals and clinical teams often do not
consider the diversity of biomaterials used in medical
devices, which significantly hinders detailed analyses
of their impact on infection risk.

3.1. Infections involving biomaterials
in the respiratory system
The insertion of respiratory biomaterials, such as tra-
cheostomy tubes, is often essential in treating patients
requiring long-term respiratory support. The tracheos-
tomy procedure is an alternative to prolonged endotra-
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cheal intubation, offering better control of the patient’s
airway and reducing the risk of nosocomial infections.
Nevertheless, using such devices may be associated with
complications, such as granuloma formation, which can
lead to bleeding, airway obstruction or scab formation.
In addition, tracheostomy tubes may provide a site for
colonization by microorganisms, promoting infection
development (Cheung and Napolitano 2014).

These include different bacterial species such as Kleb-
siella pneumoniae, Pseudomonas. aeruginosa, Staphylo-
coccus aureus, and Acinetobacter baumannii (Restrepo
etal. 2013; Huang etal. 2018; Scibik etal. 2020;
Thirumurthi et al. 2021; Raveendra et al. 2022) and Strep-
tococcus pneumoniae (Thirumurthi etal. 2021). Bac-
terial colonization on tracheostomy tubes can fur-
ther lead to ventilator-associated pneumonia (VAP)
(Restrepo et al. 2013; Ferro et al. 2021), which can be
caused by a single pathogen or have a polymicrobial
origin (Scibik et al. 2020).

A study conducted in twenty-seven intensive care
units across nine European countries reported a VAP
rate of 18.3 cases per 1,000 days of mechanical ven-
tilation. The predominant pathogens were S. aureus,
P aeruginosa, and Acinetobacter spp. (Koulenti et al.
2016). Additionally, it was shown that patients with
SARS-CoV-2 infection had a higher risk of developing
VAP (50.5%) compared to patients without viral infec-
tions (25.3%) (Rouzé etal. 2021). On the other hand,
a meta-analysis that included 8,282 cases from twenty
provinces in China revealed that the cumulative inci-
dence of VAP in mainland China was 23.8% between
2006 and 2014 (Ding et al. 2017).

In addition to colonizing the tracheostomy tube, the
natural microbiome colonizing patients is also essential.
It is estimated that approximately 20% of healthy indi-
viduals are chronically colonized by S. aureus (Pickens
and Wunderink 2022). Studies indicate that between
15.2% and 22.1% of VAP cases are caused by MRSA
strains (Feeney et al. 2018; Pasha et al. 2020). Further-
more, a systematic review and meta-analysis suggest
that MRSA colonization status may be helpful as an
indicator of the risk of developing a VAP infection,
which may support decision-making about the use of
empiric therapy (Butler-Laporte et al. 2018).

In addition, patients colonized by MRSA tend to
have more prolonged mechanical ventilation and poorer
clinical outcomes, highlighting the need for strict infec-
tion control and targeted therapies (Feeney et al. 2018)

As a result, it can lead to patient death. Scientific
sources report that VAP mortality rates range from
20-30% (Restrepo et al. 2013), with some studies indi-
cating that the mortality rate can be as high as 49.2%
(Tamaya et al. 2012). In patients who have undergone
heart surgery, VAP was identified as the most signifi-
cant independent risk factor for in-hospital mortality.
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The mortality rate in patients with VAP was 49.2%,
compared to 2% among those without VAP (Tamaya
etal 2012).

3.2. Cardiovascular infections with the use
of biomaterials

The use of medical devices, including pacemakers,
defibrillators, stents, and heart valves, has increased
dramatically over the past fifty years. Today, more than
1.7 million cardiovascular devices and over one million
other medical devices are implanted worldwide annu-
ally (Scialla et al. 2021).

Infective endocarditis (IE) associated with implant-
able devices, such as artificial valves, is referred to as
prosthetic valve endocarditis (PVE). PVE is a severe
complication of heart valve replacement surgery, with
a reported mortality rate ranging from 20% to 80%
(Angelina etal. 2016). The pathophysiology of PVE
varies depending on the time elapsed since the opera-
tion, allowing for a distinction between two types of
PVE: early and late. Early PVE is diagnosed within the
first year after the implantation of an artificial valve,
while late PVE is diagnosed after this period (Ramos-
Martinez et al. 2023).

In early PVE, the lack of endothelialization of the
suture ring and adjacent tissue plays a key role. When
combined with the presence of adhesion proteins such
as fibrinogen and fibronectin, it facilitates the develop-
ment of infection. Additionally, early PVE often results
from accidental contamination during surgery or hema-
togenous spread occurring postoperatively within the
first hours to months. In contrast, during late PVE, the
heart valve structures are fully covered by endothelium,
and the pathogenesis of the disease more closely resem-
bles that of native valve endocarditis (NVE) (Galar et al.
2019). A large cohort study involving 1,354 cases of PVE
demonstrated that early PVE is more commonly associ-
ated with nosocomial pathogens, whereas late PVE is
characterized by greater microbiological diversity. The
hospital mortality rate for PVE was reported to be 32.6%
(Ramos-Martinez et al. 2023; Ivanovic etal. 2019). In
contrast, other studies suggest that the most common
microorganisms responsible for early PVE (within two
months of implantation) are S. aureus (36%), coagu-
lase-negative staphylococci (17%), and fungi. For PVE
occurring later, the incidence of S. aureus and coagu-
lase-negative staphylococci decreases to 18-20%, with
a corresponding increase in infections caused by entero-
cocci and streptococci (10-13%) (Ivanovic et al. 2019).
Patients with S. aureus-induced PVE represent a unique
subgroup characterized by an increased risk of compli-
cations and a higher mortality rate (Tan etal. 2015).
The causative factors in late PVE are similar to those in
native valve endocarditis. It is usually caused by bacteria,
such as a-haemolytic streptococci and CoNS (Coagulase
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Negative Staphylococci), which colonize various human
body surfaces (Ivanovic et al. 2019; Berisha et al. 2022).
Patients with S. aureus-induced PVE represent a distinct
subgroup characterized by an increased risk of compli-
cations and a higher mortality rate (Rivoisy et al. 2018).

Other examples of biomaterial-related infections
include infections of synthetic blood vessels, which
typically result from direct contamination during sur-
gery (Hasse et al. 2013). These infections affect approxi-
mately 1-6% of patients, with a higher risk (around 6%)
for prostheses placed in the groin region (Wilson et al.
2016). Treatment usually involves antibiotic therapy
and surgical prosthesis removal, a particularly challeng-
ing process due to the biofilm’s presence and the infec-
tions depth (Leroy et al. 2012). Gram-positive bacteria,
such as S. aureus and coagulase-negative staphylococci,
and less commonly Gram-negative bacteria like Escher-
ichia coli, are most frequently responsible for these
infections. The biofilms produced by these bacteria
significantly complicate the elimination of infections
(Gharamti and Kanafan 2018). However, a recent ret-
rospective study revealed that vascular prosthesis infec-
tions have evolved, with a notable increase in infec-
tions caused by Gram-negative bacteria exhibiting high
antibiotic resistance, particularly in early infections
(Gouveia e Melo et al. 2021).

Another group of biomaterials, some made from
polyurethanes, includes implantable cardiac electronic
devices (ICEDs). This group comprises implantable
cardiac defibrillators (ICDs), cardiac resynchronization
therapy devices (CRTDs), and permanent pacemak-
ers (PPMs) (Armaganijan and Healey 2011). In 2010,
approximately 40,000 ICEDs were implanted in the UK
(Sandoe et al. 2014).

Studies indicate that the infection rate associated
with ICEDs is relatively low, ranging from 0.5% to 2.2%.
However, the mortality rate of these infections is as
high as 35% (Sandoe et al. 2014; Stawinski et al. 2019).
In Poland, the infection rate is reported to be 1.2%
(Stawinski et al. 2019). More than eighteen scientific
reports, including at least 100 patients each, were ana-
lyzed in recent guidelines on diagnosing, preventing,
and treating infections associated with implantable car-
diac electronic devices (ICEDs). The etiological agents
were found to be highly recurrent. Gram-positive bac-
teria were the predominant group, isolated in 67.5% to
92.5% of cases, with CoNS and S. aureus being the most
common pathogens. Gram-negative bacilli accounted
for 6% to 10.6% of all isolates. Polymicrobial infec-
tions were reported in seven studies, ranging from 2%
to 24.5%. Fungal infections, in contrast, were rare, with
a prevalence of less than 2% (Sandoe et al. 2014).

Central venous catheters (CVCs) are essential
in managing critically ill patients, particularly those in
intensive care units (ICUs). They facilitate intravenous
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access, enabling the administration of drugs and fluids,
as well as the collection of blood for laboratory analysis
(Gomes Resende de Souza da Silva et al. 2021). How-
ever, their use requires proper preparation and precise
insertion techniques to minimize the risk of procedural
complications. Central line-associated bloodstream
infections (CLABSIs) are among the most common
infections in ICUs. In developing countries, incidence
rates range from 1.7 to 44.6 cases per 1,000 catheter
days (Fontela et al. 2012). These infections are caused
by various species, with CoNS (e.g., Staphylococcus epi-
dermidis) being predominant, particularly in patients
using long-term central catheters (Ozalp Gergeker et al.
2019; Akaishi et al. 2023). Other common pathogens
include S. aureus (Sellamuthu et al. 2023), Enterococcus
faecium and Enterococcus faecalis (Belloni et al. 2022).
Gram-negative bacteria, such as Klebsiella spp. and
Pseudomonas spp., are responsible for many infections,
particularly in pediatric and oncology wards (Tomar
etal. 2015). This group also includes Gram-negative
bacteria, such as Klebsiella spp. and Pseudomonas
spp., responsible for many infections, particularly in
pediatric and oncology wards (Tomar et al. 2015). Fur-
thermore, the emerging phenomenon of antimicrobial
resistance among clinically significant Gram-positive
and Gram-negative bacteria, particularly those in the
ESKAPE group (E. faecium, S. aureus, K. pneumoniae,
A. baumannii, P.aeruginosa, and Enterobacter spp.),
poses a significant challenge for the prevention and
treatment of infections (De Oliveira et al. 2020).

3.3. Urinary Tract Infections Associated
with Biomaterial Usage

Another infection associated with biomaterials is
catheter-associated urinary tract infection (CAUTI).
CAUTI occurs when bacteria enter the urinary tract
due to using a urinary catheter, a tube inserted into
the bladder through the urethra to drain urine when
a patient cannot urinate independently.
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Catheter-associated urinary tract infections are sig-
nificant due to their high prevalence, as they are one
of the most common healthcare-acquired infections,
accounting for up to 40% of hospital-acquired infec-
tions (Rubi et al. 2022). Moreover, 15-25% of hospital-
ized patients use urinary catheters, and approximately
75% of UTIs developing in hospitals are associated with
catheter use (CDC 2024). Some studies indicate that the
costs per patient with CAUTI range from $876 when
a patient requires hospitalization, additional diagnos-
tic tests, and medications to as much as $10,197 when
a patient is hospitalized in the ICU (Hollenbreak and
Schilling 2018). Other data suggest that reducing
the incidence of CAUTIs can lower healthcare costs
by $4,501 for every 1,000 catheterized patient days
(Sutherland et al. 2015).

The most commonly identified microorganisms in
the biofilms of long-term catheterized patients include
Proteus mirabilis (Melo etal. 2016; Yuan etal. 2021;
Herout et al. 2023), E. coli, P. aeruginosa, K. pneumoniae,
Proteus stuartii, Morganella morganii, and E. faecalis
(Lassek etal. 2015; Puspitasari etal. 2021). Less fre-
quently, S. aureus has been found to be responsible for
0.5% to 2% of all CAUTIs (Walkera et al. 2017).

4. Biofilm formation on polyurethanes

Bacterial biofilm represents a significant challenge
in each of the infections mentioned above. A biofilm
is a structured community of microorganisms grow-
ing within a self-produced matrix of polymeric mate-
rials (Das et al. 2019). It is estimated that 40% to 80%
of all bacterial and archaeal cells exist within biofilm
structures (Flemming and Wuertz 2019). An example
of such biofilm formation on polyurethane surfaces,
derived from the author’s research, is shown in Fig. 2.

The formation of a biofilm occurs in four stages:
initial attachment, biofilm accumulation, maturation,
and dispersion (Fig. 3).
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Fig. 2. Biofilm formation by S. aureus, S. epidermidis and P. aeruginosa on polyurethane surfaces. Images were obtained by this paper
authors using a conventional scanning electron microscope (SEM) protocol at 10,000x magnification.



POLYURETHANES AS BIOMATERIALS IN MEDICINE: ADVANCED APPLICATIONS, INFECTION CHALLENGES...

ol

I Initial Il. Biofilms
attachment accumulation -

@ Live Bacterial Cells

Il Biofilm -
maturation :

229

Microcolony

IV. Dispersion of biofilms

@ DeadBacterial Cells = Extracellular Polymeric Substances (EPSs)

Fig. 3. Stages of bacterial biofilm formation on polyurethane medical devices: stage I - Initial attachment,
stage II - Biofilm accumulation, stage III Biofilm maturation, stage IV — Dispersion of biofilms.

The first and most critical stage of biofilm forma-
tion by bacteria is the reversible adhesion of plank-
tonic bacteria. This process occurs due to the ability of
bacteria and surfaces to form covalent or ionic bonds.
Additionally, weaker forces, such as polar bonds, hydro-
gen bonds, or Lifshitz-van der Waals interactions, can
enhance or lead to strong interactions when many
contact points are involved (Carniello et al. 2018; Joshi
etal. 2020). Bacteria can also be modeled as smooth,
inert colloidal microparticles. Many researchers uti-
lize the Derjaguin-Landau-Verwey-Overbeek (DLVO)
model to describe this process (Carniello et al. 2018).
However, this model is a generalization due to the high
variability in bacterial surface properties, which depend
on species, strain, population heterogeneity, and even
the cell cycle phase. Bacterial cell protrusions, such as
nanofibers, pili, or fimbriae, act as adhesins, further
facilitating attachment (Arciola et al. 2018; Vissers et al.
2018). The roughness of bacterial surfaces, caused by
protrusions of varying lengths and widths, complicates
the classical approach to adhesion, as the concept of
distance between surfaces becomes ambiguous in these
cases (Carniello et al. 2018).

In the second stage, bacterial adhesion transitions
from a reversible to a more permanent state through
physicochemical mechanisms that do not yet involve
changes in gene expression. This process occurs on
a timescale of minutes and depends on surface charac-
teristics (e.g., hydrophobicity, charge) and environmen-
tal conditions (Carniello et al. 2018). The contact time
between bacteria and the surface influences the bind-
ing strength amplification. This process is described
by models incorporating changes in adhesion forces,
browning motion, and temporal desorption (Fang et al.
2014; Carniello et al. 2018).

Mechanisms of bond strengthening and the transi-
tion to irreversible adhesion include:

Removal of interfacial water: This allows closer
contact between bacteria and the surface, enabling the
formation of acid-base interactions (Olsson et al. 2010).

Nanoscopic deformation of the cell wall: Defor-
mation under adhesion forces increases the interac-
tions between the bacterium and the surface, thereby
strengthening adhesion (Chen et al. 2014).

Multi-molecule binding: Over time, additional
adhesion structures (e.g., pili) become involved in bind-
ing to the surface, reducing the likelihood of simultane-
ous detachment (Sjollema et al. 2017).

Subsequently, extracellular polymeric substances
(EPS) production begins, marking the transition to
a strictly biological process. Studies indicate that pili-
mediated adhesions in P.aeruginosa stimulate gene
expression changes, initiating EPS production within
1-2 hours after contact with the surface (Crouzet
etal. 2017). In S. aureus, EPS production reinforces
binding in response to environmental conditions that
weaken adhesion forces. Notably, in 3-24 hours of bio-
films, the production of eDNA and poly-N-acetylglu-
cosamine (PNAG) and the expression of their associ-
ated genes decreased as adhesion forces strengthened
(Harapanahalli et al. 2015).

The third stage is biofilm maturation, during which
bacteria proliferate to form a heterogeneous three-
dimensional structure. Within this structure, zones of
variable cell growth and gene expression emerge. At this
stage, a high density of bacterial cells is established, ena-
bling communication through quorum sensing. This
process facilitates biofilm growth and supports a coor-
dinated response to environmental changes, such as
fluctuations in nutrient availability and stress condi-
tions (Mukherjee et al. 2017).

The final stage of biofilm development is dispersion,
during which individual bacterial cells or microcolo-
nies are released, potentially producing new biofilms
(Arciola et al. 2018). A combination of biological mech-
anisms and environmental factors regulates biofilm dis-
persion. Key processes include the activity of enzymes
that degrade the extracellular polymeric matrix (EPS)
and quorum sensing systems that synchronize the
release of bacteria from the biofilm (Le etal. 2019).
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Additionally, changes in nutrient and oxygen avail-
ability can trigger dispersal, enabling bacteria to adapt
to fluctuating environmental conditions (Wang et al.
2020). This process is further associated with activat-
ing motility-related genes, facilitating the colonization
of new surfaces following release from the biofilm
(Rumbaugh and Sauer 2020).

Biofilms on biomaterials present a serious challenge
in medicine and engineering, causing infection-related
complications, device durability, and treatment efficacy.
Antibiotic resistance, recognized as one of the most
significant global health threats, is increasingly associ-
ated with biofilms, which exhibit adaptive resistance
depending on their growth stage. As a community of
microorganisms embedded in an EPS, biofilms enable
bacteria to survive environmental stresses, enhancing
their resistance to antibiotics and host defense mecha-
nisms (Dostert et al. 2021). Biofilms are multiresistant
to antibiotics and play a critical role in chronic infec-
tions, accounting for over 65% of all human infections
(Dostert et al. 2021). The National Institutes of Health
(NIH) also estimates that approximately 80% of surgical
site infections in the U.S. are linked to biofilm forma-
tion (Hrynyshyn et al. 2022). No specific countermeas-
ures targeting biofilms have been developed (Dostert
etal. 2021). Furthermore, the lack of reliable and stand-
ardized clinical methods for detecting biofilms makes
diagnosis and treatment challenging (Xu et al. 2020).

When biofilms develop on medical devices made
of various biomaterials, long-term therapy is often
required, and in many cases, implant removal becomes
necessary (Li et al. 2023).

The economic burden of treating biofilm-related
infections is substantial. For example, treating P. aeru-
ginosa biofilm infections in hospital settings costs
between $20,000 and $80,000 per patient (Gupta and
Ayan 2017). Additionally, biofilm-associated infec-
tions on medical devices, such as joint prostheses and
implants, cost $1 billion annually in the U.S. (Rogers
and Hudson 2013).

Given these challenges, there is an urgent need to
develop alternatives to traditional antibiotics that can
directly inhibit or eliminate biofilms.

5. Surface Modification Techniques for Polyurethanes
to Enhance Antimicrobial Properties

Modern materials engineering and biomedicine
increasingly utilize advanced surface modification
techniques to meet the demands placed on contempo-
rary biomaterials. It is essential to tailor the mechanical
properties and optimize polymeric materials’ chemical
and topographical characteristics to enhance their func-
tionality in various medical and technological applica-
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tions. Developing innovative modification methods
opens up new opportunities in designing materials
with highly specific properties. This progress can drive
advancements in tissue engineering, implant manufac-
turing, and drug delivery technologies (Fig. 3).

5.1. Laser Surface Texturing

One technique for processing polyurethanes is laser
surface texturing (LST). This method modifies the sur-
faces of polymer biomaterials using a laser beam. LST
offers numerous advantages, such as altering surface
roughness and chemistry in a single step without using
toxic substances. Laser surface texturing can also alter
polymer surfaces on the macro-, micro, and nanoscale
with high spatial and temporal resolution (Lippert
2004) (Fig. 4a).

Laser processing technology enables the creation of
submicrometer structures on polyurethane surfaces,
first documented for components around 250 nm in
size. Studies have shown that periodic line-like patterns
with spatial periods of up to 500 nm can be achieved
using this technique. The depth of these structures
ranges from 0.88 to 1.25um for periods larger than
2.0 um. It reaches up to 270 nm for periods between
500nm and 1.0 um, demonstrating precise control
over the parameters of the textures obtained (Estevam-
Alves etal. 2016).

In comparison, the average size of most bacteria
falls within the 1-2 pm range. As a result, surfaces with
submicron topographies have been found to exhibit
antimicrobial properties (Siddiquie et al. 2020). These
properties are particularly relevant in the context of
biomaterial-associated infections (BAI), where bacte-
rial adhesion to the biomaterial surface is a critical first
step in biofilm formation (Arciola et al. 2018). Submi-
cron surface structures reduce bacterial adhesion by
inducing stress on bacterial cell walls when the spacing
between protrusions is less than 1.5 um and by trapping
air to decrease the apparent solid surface area available
for bacterial attachment. While this does not equate to
bacteriostatic or bactericidal activity, limiting bacterial
adhesion is an important indicator of antimicrobial effi-
cacy in preventing biofilm formation and subsequent
infections (Siddiquie et al. 2020).

5.2. Nanoparticle Grafting

Nanoparticle grafting involves attaching nanopar-
ticles to the surface of a polymer, often through cova-
lent bonds, to enhance surface properties. This process
allows for the modification of both the physical and
chemical properties of the polymer and the nanopar-
ticles, thereby expanding their application potential
across various technological fields. Grafting nanopar-
ticles onto polymers is typically achieved using chemi-
cal methods such as ‘grafting to’ and ‘grafting from’
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Fig. 4. Methods applied for the surface treatment of polyurethane polymers: a) Laser Surface Texturing, b) Nanoparticle Grafting,

c) Cold spraying metallization, d) Ion Implantation, e) Low-temperature plasma, f) Biodegradable and biocompatible polyurethanes.

This technique is gaining popularity due to its ability
to improve nanoparticles’ dispersion, chemical reac-
tivity, and stability within polymer matrices, making
them more effective in advanced material applications
(Kango et al. 2013) (Fig. 4b).

Various chemical techniques, including silane cou-
pling agents, atom transfer radical polymerization
(ATRP), and reversible addition-fragmentation chain
transfer (RAFT) polymerization, are employed to graft
polymers onto nanoparticles. These techniques allow
fine-tuning of the surface properties of nanoparticles
and their compatibility with polymer matrices, making
them more versatile and practical in a wide range of
applications (Kango et al. 2013).

One example of nanoparticle grafting is the creation
of polyurethane nanofibers with incorporated ZnAg
composite nanoparticles for use in antibacterial wound
dressings. The grafting process involved synthesizing
ZnAg composite nanoparticles (silver and zinc oxide)
and incorporating them into polyurethane nanofib-
ers (PUZnAg) through electrospinning. The resulting
PUZnAg nanofibers demonstrated excellent antibacte-
rial properties. Specifically, the PUZnAg, sample, con-
taining 8% ZnAg by weight, exhibited 100% antibacte-
rial efficacy against E. coli, S. aureus, and Bacillus subtilis,

completely inhibiting bacterial growth. Furthermore,
the nanofibers effectively prevented bacterial growth
in the medium for up to 72 hours (Jatoi et al. 2020).

A similar technique was used for the single-phase
synthesis of silver (Ag) nanoparticles embedded in
polyurethane (PU) nanofibers. These PU/Ag nano-
fibers showed antibacterial efficacy against E. coli
and S. aureus, forming inhibition zones of 11.4 mm
and 10.8 mm in diameter, respectively. Additionally, the
PU/Ag nanofibers were shown to be biocompatible,
promoting fibroblast proliferation making them prom-
ising materials for medical applications, such as wound
dressings (Pant et al. 2019).

Another potential application of polyurethanes is in
flexible nanocomposite foams based on biocompatible
thermoplastic polyurethane (TPU) and ZnO nanoparti-
cles, which have potential uses as wound dressings. The
TPU/ZnO foams were produced using the thermally
induced phase separation (TIPS) method. This resulted
in a highly porous structure with pore sizes ranging
from 10 to 60 um, allowing water vapor transport up
to 8.9 mg/cm?-h. The TPU/ZnO foams exhibited strong
antibacterial activity against Gram-positive bacteria,
such as E. faecalis and S. aureus, and Gram-negative
bacteria, such as E. coli and P. aeruginosa. The highest
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reduction in bacterial numbers, by up to 10> Colony
Forming Units (CFU), was observed in foams contain-
ing 10% ZnO (Buzarovskaa et al. 2019).

5.3. Ion Implantation

Ion implantation is a process in which ions of a spe-
cific element are accelerated and introduced into the
surface of a polymer, leading to the formation of metal-
lic nanoparticles within the polymer matrix. This tech-
nique allows for the modification of both the chemical
and physical properties of the surface without altering
the bulk material’s properties. Ion implantation ena-
bles the creation of advanced metal-polymer nanocom-
posites with enhanced mechanical properties, such as
increased strength, wear resistance, and improved elec-
trical conductivity. This method is widely applied in
medical implants, biomaterials, and electronics (Popok
etal. 2014). Ion implantation also provides precise con-
trol over the depth and distribution of nanoparticles
within the polymer, influencing properties such as sur-
face conductivity and roughness. This level of control is
crucial for applications like surface plasmon resonance,
which plays a key role in photonics and sensor tech-
nology (Salvadori et al. 2014) (Fig.4d). PUs are being
modified to enhance their antimicrobial properties,
which are essential for reducing the risk of infections
associated with medical implants.

Recent studies have demonstrated significant micro-
biological effects of modifying polyurethane (PU) sur-
faces using nitrogen ion implantation (N,*). This treat-
ment substantially reduced the viability of S. epidermidis
colonies, decreasing their survival by 3 to 5 times com-
pared to unmodified PU. Additionally, a significant
reduction in the total number of bacteria adhering to the
surface was observed. These effects remained stable over
time, with antibacterial properties persisting for up to
11 months post-treatment. The reduction in bacterial adhe-
sion and viability was closely associated with structural
changes in the surface, including increased roughness,
the development of an undulating morphology, and
enhanced surface hydrophilicity (Morozov et al. 2019).

The plasma ion implantation (PIII) method also
shows great promise in improving the antimicrobial
properties of polymeric biomaterials, such as polyure-
thane (PU) and polyethylene terephthalate (PET). This
technique significantly reduces bacterial adhesion on
modified materials, crucial for preventing infections
related to medical implants. For instance, PIII-modified
PET surfaces treated with acetylene (C,H,) exhibited
a marked decrease in the adhesion of bacteria, includ-
ing S. aureus, S. epidermidis, E. coli, and P. aeruginosa.
Structural changes induced by the modification, such as
increased roughness and enhanced hydrophilicity, were
key factors contributing to the reduction in bacterial
growth. These findings highlight the potential of the PIII
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method as an effective tool for creating antimicrobial
biomaterials that reduce infection risks and enhance the
safety of medical implants (Huang et al. 2004).

5.4. Cold spraying

Cold spraying, also known as cold dynamic gas
spray (CGDS) technology, is an advanced method
of applying coatings and depositing powder materials to
various surfaces. The process involves accelerating pow-
der particles to supersonic speeds (300-1200 m/s) using
a gas jet (e.g., nitrogen, helium or air) passed through
a special nozzle. After hitting the substrate, the parti-
cles experience intense plastic deformation phenomena,
which enables effective adhesion without melting the
material (Dai et al. 2024).

Cold spraying is emerging as a promising technique
for biomedical applications, particularly for improving
the properties of PUs. The process involves the deposi-
tion of various materials, including metals, ceramics,
and composites, onto the surface of polymers without
the risk of thermal degradation, which is essential for
medical materials. One of the key application areas for
this technique is to improve biomaterials’ biocompat-
ibility and antimicrobial properties, which is particu-
larly important in medical devices such as prostheses
and internal fixation systems. With cold spraying coat-
ings, these biomaterials can achieve improved cell adhe-
sion, reduced cytotoxicity, and improved mechanical
properties, making them ideal for implant applications
(Vilardell et al. 2015; Dosta et al. 2018) (Fig. 4c).

Another example of using cold spray metallization
techniques is the production of copper coatings on car-
bon steel. Silva etal. (2019) demonstrated that these
coatings, characterized by a dense microstructure and
low porosity, exhibit strong antibacterial properties
against S. aureus, achieving complete bacterial mortal-
ity (100%) within 10 minutes of direct contact under
controlled experimental conditions. The antibacterial
mechanism involves the release of copper ions, which
damage bacterial cell membranes and disrupt protein
structures. The high copper content on the surface is
essential for antibacterial efficacy. Notably, the coating
produced by this method is nearly oxide-free, ensur-
ing direct contact between the copper and bacteria,
which enhances its antimicrobial performance. These
findings suggest that copper cold spraying coatings
could be effective antibacterial surfaces, with potential
applications in hospital equipment and touch surfaces
in public spaces (Silva et al. 2019).

5.5. Polyurethane-biopolymer composites for anti-
microbial and biofilm-preventive applications

The integration of natural biopolymers into pol-
yurethane (PU) matrices is a promising approach to
enhance their antimicrobial properties and prevent
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biofilm formation. Modifying PUs with components
like chitosan and alginate during synthesis makes it
possible to create materials with improved biocompat-
ibility, biodegradability, and antimicrobial properties
(Uscategui et al. 2019) (Fig. 4f). Composites are materi-
als composed of two or more components with differ-
ent physical, chemical or mechanical properties that
remain separate but work together to produce unique
properties (Biermann 2019)

Chitosan is a natural polysaccharide derived from
crustaceans, making it a dedicated and renewable
resource. Studies have shown that it is biocompatible,
biodegradable, bioadhesive, non-toxic, and possesses
antimicrobial properties (Confederat et al. 2021). Due
to these attributes, chitosan is widely used in applica-
tions such as wound dressings, surgical sutures, and
scaffolds in tissue engineering, among others (Wu et al.
2018). Similarly, alginate, a polysaccharide derived
from brown algae, is valued for its biocompatibility and
capacity to support tissue regeneration. Alginate-mod-
ified PUs form hydrogels that can trap bacteria, limit-
ing their mobility and reducing biofilm growth. These
composites have demonstrated antimicrobial activity by
acting as physical barriers and delivering antimicrobial
agents directly to the infection site (Zafar et al. 2022).

Building on this foundation, the research team led by
Villani et al. developed a polyurethane composite incor-
porating chitosan (Chit) as a functional filler within
a thermoplastic polyurethane (TPU) matrix. With its
well-documented antimicrobial properties, chitosan
was integrated into the TPU matrix to enhance biolog-
ical performance. The resulting TPU-Chit composite
exhibited significant antimicrobial activity, particularly
against S. aureus. This antimicrobial effect was primarily
attributed to the anti-adhesion properties of chitosan,
which reduced bacterial attachment to the composite
surface and inhibited biofilm formation. The effec-
tiveness of the composite was selective, with S. aureus
growth reduced by 20% to over 50%, depending on
bacterial concentration, while no significant effect was
observed against E.coli. Additionally, scanning elec-
tron microscopy (SEM) confirmed structural damage
to S. aureus bacteria adhering to the composite surface,
including cell wall deformation, indicating a reduced
capacity for growth and adhesion (Villani et al. 2020).

The research conducted by Khan et al. focused on
the development of polyurethane (PUR) membranes
modified with sodium alginate (SAg) to enhance their
antimicrobial properties. By incorporating sodium
alginate as a filler, the team explored its impact on
the structural and functional characteristics of the
membranes. Antimicrobial testing of the PUR-algi-
nate membranes was performed using Gram-negative
(E. coli) and Gram-positive (Bacillus cereus) bacteria.
The study revealed that the membranes effectively
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inhibited bacterial growth, with B. cereus demonstrating
a higher sensitivity to the alginate content. Membranes
with increased alginate concentrations produced larger
bacterial growth inhibition zones, indicating a clear
link between alginate levels and antimicrobial efficacy.
In the case of E. coli, a gradual reduction in bacterial
proliferation was observed, likely due to the enhanced
hydrophilicity of the alginate-modified membranes.
Khan etal. proposed that the antimicrobial mecha-
nism arises from the interaction of alginate’s carboxyl
groups (-COOH) with bacterial cells. The dissociation
of protons from these groups lowers the local pH, com-
promising bacterial cell walls. Additionally, carboxy-
late ions can bind to positively charged components of
bacterial cells, disrupting essential cellular processes.
Opverall, incorporating alginate into polyurethane mem-
branes improved their hydrophilicity and significantly
enhanced their antimicrobial performance, particularly
against B. cereus (Khan et al. 2021).

In summary, incorporating natural biopolymers
like chitosan and alginate into polyurethane matri-
ces enhances their antimicrobial efficacy by disrupt-
ing bacterial adhesion and biofilm formation. These
modifications address critical challenges in biomateri-
als engineering, particularly for medical devices prone
to infection.

5.6. Plasma modification

Plasma, often referred to as the fourth state of mat-
ter, is a powerful tool for surface modification of
polymers, including polyurethanes. Plasma treatment
involves the exposure of polyurethane surfaces to
a gaseous environment containing ions, radicals, and
photons (visible and near-UV), leading to physical and
chemical surface modifications (Friedrich etal. 2012;
Thakur and Vasudevan 2021). The concept of polymer
functionalization is based on exposing the modified
surface to plasma, which results in the attachment of
atoms or fragments of dissociated plasma gas as func-
tional groups through H-substitution in the polymer
chain. Since many different fragments and atoms are
present in plasma, a wide range of functional groups
can be produced (Friedrich etal. 2012; Thakur and
Vasudevan 2021) (Fig. 4e).

The interaction of plasma with polymer materials
can be divided into three stages:

Surface cleaning: In this stage, organic impurities
are mainly removed.

Chemical modification: In this stage, C-C and C=C
bonds are broken, and fragments of dissociated plasma
gas are incorporated as functional groups through
H-substitution in the polymer chain.

Surface etching and nanotopography creation: For
longer exposure times, plasma etches the surface and
creates nanotopography.
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However, a significant challenge lies in introducing
plasma energy into polyurethanes. While this energy is
necessary to sustain the plasma state, it also poses a risk
of degrading the polymer material. Excessive energy
delivery can break C-H and C-C chemical bonds,
which are crucial for the structural stability of polymers
(Friedrich et al. 2012; Thakur and Vasudevan 2021).

In biomaterials engineering, there are various sur-
face treatment methods in which plasma plays a key
role. Low-temperature plasma is one of the most effec-
tive techniques for surface modification of biomateri-
als, such as polyurethanes. Due to its unique proper-
ties and wide range of applications, this method allows
selective surface modification in inert (e.g., argon) or
reactive (e.g., oxygen) atmospheres, providing precise
control over the chemical changes introduced. For
polyurethanes, the modification must be tailored to
the specific material, considering chemical composi-
tion, crystallinity, and thickness factors. It is essential to
optimize parameters like the type of feed gas (oxidizing,
reducing, inert), gas partial pressure, plasma genera-
tor power, and exposure time. Thanks to its flexibil-
ity, low-temperature plasma is particularly effective
in enhancing the surface properties of polyurethanes
without altering their bulk characteristics (Alves et al.
2011; Cvréek et al. 2019; Drozdz et al. 2024).

6. Summary

Polyurethanes (PUs) have emerged as highly ver-
satile materials in modern medicine, offering unparal-
leled opportunities for innovation in medical devices
ranging from wound dressings to artificial heart valves.
Their exceptional mechanical properties, adaptability,
and biocompatibility make them indispensable in
diverse medical applications. However, parent PUs
lack intrinsic antimicrobial properties, posing signifi-
cant challenges in preventing biofilm formation and
associated infections.

Innovative surface modification techniques, such as
laser texturing, nanoparticle deposition, ion implan-
tation, and plasma treatments, show great promise in
addressing these challenges. These methods enhance
the antimicrobial properties of PUs and improve their
biocompatibility, paving the way for safer and more
effective medical devices. Furthermore, integrating nat-
ural polymers and biodegradable components into PU
matrices offers an additional avenue for enhancing their
functionality while aligning with sustainability goals.

Looking forward, further research should focus on
translating these laboratory advancements into clini-
cal settings, optimizing the long-term performance of
PU-based biomaterials, and exploring their applications
in regenerative medicine and personalized therapies.
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Overcoming these challenges will require multidisci-
plinary collaboration, combining materials science,
microbiology, and clinical expertise to unlock the full
potential of polyurethanes in healthcare.

By advancing the design and functionality of pol-
yurethane biomaterials, the scientific community can
contribute to groundbreaking innovations that will
enhance patient outcomes and inspire new directions in
biomaterials science. This review underscores the need
for continued focus on addressing infection risks while
maximizing the unique advantages of polyurethanes in
modern medicine.
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