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Abstract: Four methods for assessing the antibacterial activity of natural additives with antibacterial
properties intended for polymeric materials have been described: in solution, in the form of a film (agar
test; bacterial culture test) and in accordance with ISO 22196. Natural additives such as berberine, quer-
cetin, caffeic acid, curcumin and hops were tested in the form of a solution or as an additive to a poly-
mer, i.e. poly(butylene succinate-co-adipate) (PBSA), and their activity was determined against Gram-
positive and Gram-negative bacteria — S. aureus and E. coli, respectively. The best results were obtained
for additives in the form of a film. On the other hand, the highest antibacterial and biocidal activity was
characterized by berberine, caffeic acid and hops.

Keywords: natural antibacterial additives, antibacterial activity, S. aureus, E. coli.

Metody oznaczania aktywnosci przeciwbakteryjnej dodatkow do materialow
polimerowych

Streszczenie: Opisano cztery metody oceny aktywnosci antybakteryjnej naturalnych dodatkéw o wia-
Sciwosciach antybakteryjnych przeznaczonych dla materialéw polimerowych: w roztworze, w postaci
folii (test agarowy; test hodowli bakteryjnej) oraz zgodnie z norma ISO 22196. Zbadano naturalne do-
datki takie, jak berberyna, kwercetyna, kwas kawowy, kurkumina oraz chmiel w postaci roztworu lub
dodatku do polimeru tj. poli(bursztynianu-co-adypinianu butylenu) (PBSA), a ich aktywnos¢ okreslono
wobec bakterii Gram-dodatnich i Gram-ujemnych — odpowiednio S. aureus i E. coli. Najlepsze wyniki
uzyskano dla dodatkow w postaci folii. Natomiast najwigksza aktywnoscig antybakteryjna i biobojcza
charakteryzowaty si¢ berberyna, kwas kawowy i chmiel.

Stowa kluczowe: naturalne dodatki antybakteryjne, dziatanie biobdjcze, S. aureus, E. coli.

Natural additives as alternative antibacterial agents
have been of interest to researchers in recent years, due
to the drastic increase in bacterial and antimicrobial
resistance (AMR) of synthetic antibiotics. It has been
reported that AMR was responsible for approximately
5 million deaths worldwide in 2019 and can be consid-
ered as a global threat. The number of bacterial related
deaths because of AMR will significantly increase if the
issue is not resolved [1]. The significant increase in AMR
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can be linked to excessive use and incorrect disposal of
conventional antibiotics [2]. Harmful and non-harmful
bacteria often inadvertently come into contact with these
overused or incorrectly disposed antibiotics and there-
fore are presented with opportunities to build resistance.
Plant, animal, and microorganism derived additives have
become more popular as potential drug candidates due to
their wide range of action, with minimal risks of toxicity
or resistance [3]. Plant and animal derived additives tend
to contain phytochemicals with antibacterial, antifungal,
antimicrobial and antiviral properties [4]. There are limi-
tations associated with natural antimicrobials, they have
low bioavailability and shorter half-lives compared to
synthetic alternatives [5]. Other limitations include their
lack of high temperature stability and the need to be used
in higher concentrations or in combination with antibiot-
ics [6-9]. However, when their cost is compared to syn-
thetic agents they are deemed worthwhile alternatives.
Different researchers have investigated the mode of
action for the natural additives selected as part of this



POLIMERY 2025, 70, nr 4

tukasiewicz
IChp.

249

study. Berberine is a plant-based substance found in the
roots and leaves of the berberis plant. It has been sug-
gested that its mode of action as an antimicrobial agent
is the inhibition of DNA and protein synthesis [10], other
studies have shown that high concentrations of berberine
can damage bacteria cell walls resulting in cell death [9].
Quercetin dihydrate, a natural antioxidant has been used
in packaging materials to maintain the shelf life of fresh
fruit products [11]. The polyphenolic bioflavonoid found
in fruit and vegetables is known to inhibit pathogen
growth of harmful bacteria [12], without inhibiting “good
bacteria” of the Lactobacillaceae family. This further sup-
ports its use as a packaging additive [13]. Caffeic acid is
also a polyphenol with proven antimicrobial activity, [14]
it displays antibacterial action by inhibiting RNA poly-
merase enzymes. In some studies, it has been known to
provide synergistic action when combined with conven-
tional antibiotics to combat methicillin resistant bacte-
rial strains [15]. Curcumin is another natural antioxidant
with antimicrobial activity. Inhibition zone tests showed
that curcumin presented antibacterial activity against
both gram-positive and gram-negative bacteria [16]. Beer
hops are an abundant source of a- and [-acids, because of
their hydrophobic nature, with the (3-acids being a strong
antimicrobial agent. Both a- and {3-acids interact with cell
membranes of gram-positive bacteria and can inhibit
or reduce growth [17]. Other compounds isolated from
plant-derived beer hops such as humulone and lupu-
lone have been known to have antibiofilm properties,
even allows the substances to penetrate the biofilms and
reduce the number of bacteria inside it [18]. Chitosan, an
animal-derived polysaccharide from chitin, has antimi-
crobial activity against both gram-negative and gram-
positive bacteria [19]. Chitosan displays its antimicrobial
effect by disrupting cell membranes leading to integrity
changes in the membrane and cell death. It also interferes
with microbial gene expression, by interacting with RNA
and DNA resulting in growth inhibition [20].

The utilization of natural additives in active packaging
is a new area of research and technology. Active pack-
aging is the manufacturing of packaging that contains
active additives that modify the conditions of the pack-
aged goods in such a way that the shelf-life of the pro-
ducts and therefore quality of the goods are maintained
or even extended [21, 22]. Polymers are typically used for
packaging food and non-food items as their application is
very versatile. They can be flat films or rigid containers,
opaque or transparent, and several times cheaper than
other materials like glass or metal [22].

As previously mentioned, it has become more popular
for active packaging to contain biologically active natural
additives. In one study, curcumin, and quercetin — both
polyphenolic compounds, were used individually as addi-
tives (up to 50 wt%) in functional polypropylene mem-
branes. Significant antibacterial activity against S. aureus
and E. coli bacteria strains was observed in the functional
membranes when compared to the pure polypropylene

control film [23]. The authors concluded that the func-
tional membranes had potential to be applied as packag-
ing in the food industry. With regards to the food indus-
try, additives must be selected carefully, due to the risk
of interaction with the additives and the packaged food
goods. The selection of natural additives that do not dis-
play toxicity or affect the organoleptic properties of the
food is important [24]. In another study, it was found that
polyethylene films coated with rosemary extracts used
to package fresh meat had around 60% less lipid oxida-
tion after 9 days of cold storage compared to meat stored
in the pure polymer control [25]. The authors suggested
that natural additives in packaging coating could be
used as alternatives to synthetic antioxidants due to their
enhanced oxidative stability. Other researchers found that
edible chitosan films coated with 2% oregano essential oil
had the highest inhibitory effect on spoilage microorgan-
isms in chicken fillets. The use of oregano essential oil
in combination with chitosan inhibited microbial growth
and extended the shelf life of the chicken [26].

The antibacterial activity of the selected additives is
an important parameter to assess while working with
food/packaging additives. There are numerous labora-
tory methods that can be used to determine antibacte-
rial activity [27]. One of the most popular is the disc-
diffusion method, sometimes called the agar diffusion
method. This method was developed in 1940 and is being
used as the primary method in many clinical laborato-
ries as a preliminary antimicrobial susceptibility test.
The disc diffusion method is a qualitative assessment, the
growth of bacteria will be inhibited if the substance has
antibacterial activity. Therefore, the presence and size of
an inhibition zone is indicative of antimicrobial efficacy
[28]. The method itself relies upon the diffusion of the
active substance from its support medium, during con-
trolled incubation. If the antibacterial activity is present,
the inhibition zone will be visible around the filter paper
disc or polymer film carrier containing the active sub-
stance [29, 30]. The main advantages of this method are its
cost-effectivity and does not require specialized equip-
ment. It can be used to test several substances against the
same microorganism, as a comparative analysis of their
microbial activity. The results are acquired after a rela-
tively short time (18-48 hours), making another reason
the disc diffusion method is often used as a preliminary
screening method for antimicrobial susceptibility [31]. It
is important to remember that it is a qualitative test, not
quantitative. Additionally, there are several factors that
can affect the size of the observed inhibition zone such
as humidity, pH, temperature, and diffusion rate of the
substance from the support medium to the agar.

Broth dilution is a quantitative technique that can be
used to determine the minimum inhibitory concentra-
tion (MIC) of the selected antimicrobial agent. It is a stan-
dardized test, recognized by the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) as
a reliable method to determine susceptibility. The broth
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dilution method can be carried out in two ways — micro-
dilution or macrodilution. Microdilution uses a smaller
volume compared to macrodillution, requiring less mate-
rials, making this method ideal when the antimicrobial
agent of interest is expensive, and researchers only have
a small quantity [32].

It is a time-consuming method that requires pre-
cise serial dilution of the suspected antimicrobial agent
in broth. Diluted solutions containing the additive are
spiked with a standardized number of microbial cells.
After incubation, the tubes are visually inspected, clear
broth indicates no growth of microorganisms and turbid
broth confirms growth of microorganisms. The test tube
with the lowest concentration of suspected antimicro-
bial agent with no growth of microorganism observed is
taken as the MIC [31, 32].

Several standardized normative procedures have been
created to measure the activity of antibacterial agents in
polymer films. ASTM E2180 evaluates antimicrobials
incorporated into hydrophobic materials like plastics and
resins. This method uses bacteria inoculum contained
in an agar slurry. This quantitative technique compares
antimicrobial activity of polymer materials between non-
treated and treated with antimicrobial agents. The inoc-
ulated agar slurry is introduced to the polymer sample
via pipette and incubated for 24h at a specific tempera-
ture and humidity. After incubation, the slurry is washed
from the sample, subjected to serial dilution, and spread
on agar. Following further incubation, the change in
number of viable bacteria cells is observed [33].

Another popular standardized procedure is ISO 22196.
It assesses the antibacterial activity of plastic or other
non-porous surfaces. The sample surface is inoculated
with a bacterial suspension in a liquid culture medium,
and similarly to ASTM E2180 undergoes incubation.
After 24h of incubation at 35°C (>90% RH), the sample
is rinsed, and the rinsed liquid is further incubated to
observe bacteria growth. Bacteria colonies are counted,
and antibacterial activity can be reported. This method
also relies on comparing the antibacterial activity of
treated to untreated reference materials [35].

T able 1. Characteristics of bacterial strains used

The aim of this study was to evaluate and select the
best method for preliminary determination of antibacte-
rial activity of natural additives. Obtained results were
used to decide whether to use the assay to examine addi-
tives in active packaging for food or non-food items.
The natural additives deemed suitable after antibacte-
rial activity characterization in this investigation will be
used to manufacture polymer composites. These compos-
ites, based on biodegradable polymer carriers, contained
anovel mixture of natural additives. The mixture of addi-
tives was examined to display a wide range of combined
antibacterial activity. Obtained composites will be exam-
ined as an active polymer food packaging.

EXPERIMENTAL PART
Materials

Poly(butylene succinate-co-adipate) (PBSA) granu-
late (FD92PM) was purchased from Mitsubishi Group
Chemicals (Mortizburg, Germany). PBSA has a melt-
ing temperature of 84°C, a density of 1.24 g/cm’, and
a melt flow rate of 4 g/10 min (190°C/2.16 kg). Berberine
hydrochloride (C, H CINO, M = 371.82 g/mol), quer-
cetin dihydrate (C ,H,,O, - 2H,O, M = 338.28 g/mol),
chitosan (C,H,NO,) , M = 200000 g/mol), caffeic acid
(CH,0, M =180.16 g/mol) and curcumin (C, H, O,
M = 180.16 g/mol) were supplied by Glentham Life
Sciences (Planegg, Germany). Cascade beer hops were
purchased from Hopsmaker (USA). Cascade beer hops
contain, among others, alpha acids (4-9%), beta acids
(5-8%) and essential oils (0.5-2%), i.e., myrcene, caryo-
phyllene, humulene etc. Solvents and reagents were
laboratory grade and were purchased from ChemLand
(Stargard, Poland). Antibiotic control (ciprofloxacin) and
blank filter paper discs were obtained from Pol-Aura
(Zawroty, Poland). Mueller Hinton loose agar, plate count
agar (PCA) and ready-prepared Mueller Hinton agar
plates were purchased from GRASO Biotech (Owidz,
Poland). The following bacterial strains were used in the
study: S. aureus (ATCC 43300), S. aureus (ATCC 6538P),

Strain

Characteristic

S. aureus (ATCC 43300)

S. aureus (ATCC 6538P)

E. coli ATCC (43888)

E. coli (ATCC 8739)

Staphylococcus aureus subsp. aureus strain F-182 is a clinical isolate from
Kansas. This bacterial strain is pvl negative and SCCmec type I, and it is resis-

tant to methicillin and oxacillin.

Staphylococcus aureus subsp. aureus strain FDA 209P is a whole-genome
sequenced bacterium with applications in media testing, sterility testing, and

susceptibility testing.

Escherichia coli strain CDC B6914-MS1 was isolated from human feces. This
whole-genome sequenced bacterial strain does not produce either Shiga-like
toxin I or IT and does not possess the genes for these toxins.

Escherichia coli strain Crooks is a whole genome sequenced bacterial strain
that was isolated from feces. This product has applications as a quality control
strain in testing antimicrobial handwashing formulations, media testing, effi-

cacy testing, and bioresistance testing.
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T able2. Antibacterial properties testing methods

Method Description Material Incubation conditions Eval;iti;c;r;stfisﬁ;bac-
Antibacterial activity of addi-
tives was analyzed in solu-
tion (Img/mL). The substances
. . were dissolved in appropri- Measurement of
i\(/e[settil:fd 1: Solution ate solvents (DMSO or acetic Filter paper discs 24 h, 37+1°C the inhibition zones
& acid) and applied to filter paper around the discs
discs, which were then placed
on bacteria-inoculated agar
plates.
Additives (10 wt%) were incor-
o porated into PBSA by solvent Observation of inhibi-
Met.hod 2: Film form method (dichloromethane) and PBSA film 24h, 37+1°C tion zones around the
testing (agar test) I .
then placed on bacteria-inocu- film samples
lated agar plates.
Bacteria were cultured in
suspension in the presence of o .
Method 3: Film form PBSA films with additives (10 First mcg?oa élon 24k, Determination of
testing (bacterial culture | wt%). After incubation, bacte- PBSA film Second. incubation viable bacterial count
test) rial counts were determined by 7 h 30’0 C (on PCA) after incubation
plating on PCA medium and !
further incubation.
A standardized method for
evaluating the antibacterial Calculation of
. activity of plastics and textiles. . o the difference in
Method 4: IS0 22196 It compares the viable bacterial PBSA film 24h, 35+1°C logarithmic bacterial
count on antibacterial-treated cell counts
and untreated samples.

E. coli (ATCC 43888) and E. coli (ATCC 8739). Detailed
characteristics of the strains used are presented in Table 1.

Methods

Four methods were utilized as part of this study.
A brief description of the research methods used is pre-
sented in Table 2. A detailed description of the methodol-
ogy is included later in the text.

In the first method, the antibacterial activity of the addi-
tives was analyzed in solutions. The additives were dis-
solved in suitable solvents (either 5% DMSO or 1% acetic
acid) depending on their solubility. Individual stock solu-
tions of the additives were produced at a concentration
of 100 mg/mL. The stock solutions were diluted to obtain
a working solution with the concentration 10 mg/mL
and finally an analytical solution at a concentration of
1 mg/mL. Onto individual blank filter paper discs 20 uL
of each analytical solution was pipetted. The discs were
enclosed on a single use plastic petri dish and left to air
dry (approximately 30 min). While the filter paper discs
with additives were drying, the agar petri plates were pre-
pared for incubation. Bacteria cultures (S. aureus and E.
coli) grew 24 h before analysis, using the McFarland scale,
inoculums were diluted to 1.0 McE. The bacteria culture
was spread over the entirety of the pre-prepared agar
plate, before adding the samples, the bacteria-loaded agar
plate was also left to condition for approximately 30 min.
Sample discs along with a blank control, 5% DMSO con-
trol, and an antibiotic control, were placed onto the agar

plates and the agar plates were incubated for 24 h at 37+1°C.
After the incubation period, if observed, the zone of inhi-
bition for the additives and controls were measured.

In the second method, the antibacterial activity of the
additives was measured in film form. Flat films using bio-
degradable polymer PBSA as the polymer carrier were pre-
pared using the solvent method. An appropriate amount
of polymer with 10 wt% additive was dissolved and mixed
in dichloromethane (DCM) with a magnetic stirrer for 1 h
at room temperature, a pure PBSA control film was also
manufactured. The mixing time was to ensure that both
the additive and polymer were adequately dissolved before
they were poured out onto glass petri dishes with a diam-
eter of 150 mm. The poured solution was left to evaporate
overnight, leaving behind a composite film (Fig. 1). Prior
to analysis, the composite films were dried at 45°C for 24 h
to remove any residual solvent and cut into squares mea-
suring 1'lcm. Readymade agar plates were streaked with
bacteria inoculum in the same way first method (S. aureus
and E. coli). Agar plates with film samples were incubated
for 24h at 37+1°C, pure PBSA film was used as a negative
control while an antibiotic was used for a positive con-
trol. After incubation, the plates were visually observed
for growth inhibition zones.

The third method to determine antibacterial activity,
used adapted methodology taken from Lopusiewicz et al.
[34]. It also called for the samples to be analyzed in film
form, again the concentration of the additive was 10 wt%,
and squares of 1 x 1 cm were used. During this analysis,
bacterial cell suspensions (0.5 on the McFarland scale)
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Fig. 1. PBSA films with 10 wt% additives obtained by the solvent method: A — quercetin dihydrate, B — berberine hydrochloride,
C - caffeic acid, D - chitosan, E — beer hops, F — curcumin

were incubated in the presence of polymer materials con-
taining the active ingredients. S. aureus and E. coli bacte-
ria suspensions were produced in 100 mL agar and 1 mL
was introduced to the polymer material and incubated
for 24 h at 37+1°C. After incubation, the number of bacte-
ria was determined by performing microbiological cul-
tures on the PCA (Plate Count Agar) medium, incubation
was for another 72 h at 30+1°C.

The final method, to confirm or disprove the reliabil-
ity of the three previous methods, was ISO 22196. It is
a method used to evaluate the antibacterial activity of
antibacterial-treated plastics and textiles. This norm
measures antibacterial activity by calculating the dif-
ference in the logarithm of the viable cell counts found
on an antibacterial-treated product and an untreated
product after inoculation with and incubation of bac-
teria. It was decided that a selected natural substance
that consistently showed antibacterial activity in the
other methods, and an additive that did not display
antibacterial activity, would be analyzed in film form
with 10 wt% natural additives. Similarly to other meth-
ods, pure PBSA film was used as a control. As specified
in the procedure, antibacterial activity was measured
against both gram-positive bacteria S. aureus and gram-
negative bacteria E. coli.

RESULTS
Method 1

An example of petri plates with samples ready for incu-
bation is presented in Fig 2. The agar plates with satu-
rated filter paper discs were incubated for 24 h at 37°C,
after incubation, the plates were visually inspected for
the presence of inhibition zones. In Table 3, the observed
inhibition zones against S. aureus and E. coli are presented.

It can be concluded that the antibiotic control sample
displayed antibacterial activity, whereas as expected, no
antibacterial activity was observed in the blank control,
or the DMSO 5 wt% used to dissolve the examined sub-
stances. With regards to the potentially active natural
substances, antibacterial activity was only observed in
beer hops (Fig 3b).

Method 2

The thickness of the prepared composite films was
measured with a micrometer screw and the results are
presented in Table 4, the average thickness of 5 measure-
ments, ranged from 0.06 to 0.13 mm. Prior to analysis,
the composite films were cut into squares measuring
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Fig. 2. Agar plate with samples ready for incubation by solution method

1 x 1 cm. These squares were sterilized under UV light
for 30 min before testing. Due to the lack of antibacte-
rial activity observed in the first method against gram-
negative E. coli it was decided to measure activity against
only gram-positive S. aureus. The results in Table 5 detail
whether a zone of inhibition was observed.

While it can be agreed that the concentration of the
additives is higher in method 2 than method 1, 10 wt%
compered to 1 mg/ml, it is apparent that measur-
ing the antibacterial activity of the natural substances
whilst impregnated in a polymer film is more effective.
Inhibition zones and therefore antibacterial activity were
observed in film samples with berberine hydrochloride,
chitosan, and beer hops. The positive antibiotic control

T a b 1le 3. Observed inhibition zones in antibacterial activity
tests for natural substances

Inhibition zone, mm
E. coli (-) S. aureus (+)
34.09 26.85
Blank disc - -
DMSO 5 wt% - -

Sample, 1 mg/mL

Antibiotic control

Curcumin - -

Berberine
hydrochloride

Caffeic acid - -

Quercetin
dihydrate

12.77

Chitosan - -

Beer hops -

as expected displayed antibacterial activity, moreover
there was the presence of a small inhibition zone for the
negative control — pure PBSA. It is suspected that some
residual DCM solvent used to produce the films may be
present. However, due to the absence of inhibition zones
in the remaining natural substances samples (Fig. 4), it
can be assumed that DCM did not influence the positive
results obtained in the samples.

Method 3

The polymer film samples with 1 mL of bacteria spiked
agar were incubated individually in disposable Petri dishes.
After incubation and the subsequent plate count agar
method, the observed change in the number of bacteria cells
was used as an indication of antibacterial activity. The two
graphs presented in figures 5 and 6 show measured anti-
bacterial activity against S. aureus and E. coli, respectively.

In the case of S. aureus, gram-positive bacteria, a signifi-
cant reduction in microbial counts (CFU/mL) compared
to that of the pure PBSA control indicating antibacterial
activity was observed in sample B (berberine hydrochlo-
ride). Biocidal activity, where no bacteria was present, was
observed in samples C and E (caffeic acid and beer hops).

In the case of E. coli, gram-negative bacteria, biocidal
activity was observed in samples B and C (berberine
hydrochloride and caffeic acid).

Method 4

For continuity and confirmation of suitable prelimi-
nary antibacterial activity method selection, it was
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Fig. 3. Inhibition zone antibacterial activity tests against S. aureus.: a) inhibition zone of the antibiotic control, b) inhibition zone
of beer hops

Fig. 4. Agar plates with 10 wt% additive film samples (A-F), polymer film control (2) and antibiotic control (Ant)
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T able4. Average composite film thickness

Composite film | Sample description Averageptr};mkness,

Control pure PBSA Control 62.4+5.0

10% quercetin

dihydrate A 83.6x10.5

10% berberine

hydrochloride B 80.2¢12.7

10% caffeic acid C 92.8+14.5

10% chitosan D 122.8+9.7

10% beer hops E 126.0+13.9

10% curcumin F 69.4+12.3
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Fig. 6. Antibacterial activity in natural additive polymer films
and E. coli

T a b 1eb5. Presence or absences of inhibition zones for natural
substances in PBSA film

Sample Observed zone of inhibition
S. aureus (+)
Antibiotic control Yes
Pure PBSA control Yes
10% quercetin dihydrate No
10% berberine hydrochloride Yes
10% caffeic acid No
10% chitosan Yes
10% beer hops Yes
10% curcumin No

T ab1le6. Antibacterial activity of samples against E. coli and S. aureus

Sample Bacteria strain Average nqmber of Vlf ble bac- Calculated parameter
teria cells/cm
E. coli 2.510* U,=44
Control 0 h
S. aureus 2.510% U,=44
E. coli 4.010° U,=56
Control 24 h
S. aureus 4.4-10? U,=26
E. coli 6.3 A=08
B —berberine hydrochloride
S. aureus 6.3 A =08
. E. coli 3.8-10° A, =56
— chitosan
S. aureus 3.210% A =25
decided that an additive that consistently displayed R=U-U)-(A-U)=U-A )

antibacterial activity in film form, an additive that has
not displayed antibacterial activity in film form and the
pure PBSA control would be analyzed according to ISO
22196. This method measures the antibacterial activity
of treated polymers and textiles. The additives selected
for this test were berberine hydrochloride and chitosan.

In accordance with the norm, the film sample sizes
were 5 x 5cm and the inoculum volume was 0.4 mL. The
results are presented in Table 6.

Equation 1 was used to calculate antibacterial activ-

ity (R)

Where: U, is the average number of viable bacteria from
the control sample after 24 h, U, is the average number
of viable bacteria from the control sample at 0 h. A, is the
viable number of bacteria on the treated sample after 24 h.

For sample B (berberine hydrochloride), the suspected
active natural additive, the calculated R values were
R =4.8 (E. coli) and R = 1.8 (S. aureus) this corresponds
to an observed bacteria reduction of 100% and 98.59%,
respectively. For sample D (chitosan), the suspected
inactive natural additive, the calculated R values were
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R =0.0 (E. coli) and R = 0.1 (S. aureus) this corresponds
to an observed bacteria reduction of 4.63% and 29.16%,
respectively.

DISCUSSION

Some of the proposed additives proved to be effective
in terms of antibacterial and biocidal properties, but their
level of effectiveness depended on the characteristics of
the compound, the form of its application and the research
method used. The antibacterial activity of the studied
compounds is likely to be mediated through multiple
mechanisms that target essential cellular structures and
processes. One of the primary modes of action involves
the disruption of bacterial cell membrane integrity [35].
By destabilizing the lipid bilayer, these compounds can
lead to increased membrane permeability, loss of cellu-
lar contents, and eventual cell lysis. Another proposed
mechanism is the inhibition of vital biosynthetic path-
ways, such as protein synthesis or nucleic acid replica-
tion. By interfering with ribosomal function or enzymatic
processes essential for bacterial growth, the compounds
effectively hinder bacterial proliferation. Additionally,
oxidative stress induction plays a crucial role in bacterial
cell damage. The generation of reactive oxygen species
(ROS) can lead to oxidative damage of proteins, lipids,
and DNA, triggering apoptotic-like cell death in bacte-
rial populations [35]. These mechanisms may act indepen-
dently or synergistically, depending on the specific chem-
ical structure and concentration of the tested compounds.

The influence of the characteristics of a given com-
pound is clearly visible in the example of beer hoops,
which was the only tested compound to demonstrate
antibacterial activity against S. aureus in Method 1.
Antibacterial activity may be the result of the multi-com-
ponent nature of this substance (unlike the other com-
pounds), where one of the components demonstrates
antibacterial activity against bacteria. The observed effect
indirectly confirms the appropriateness of the assumed
direction of the planned research, i.e., the development
of multi-component antibacterial systems with a broad
spectrum of activity.

Research on antibacterial activity assessment methods
has significantly evolved over the years, with many stud-
ies focusing on optimizing testing procedures to improve
reliability and reproducibility. Comparative studies on
different methods indicate that no single approach is
universally superior; rather, the choice of method should
be guided by the specific properties of the tested com-
pounds and the experimental context. This fact was also
confirmed in the presented research works.

The differences observed in the results obtained from
the four antibacterial activity assessment methods can
be attributed to various factors. Each method is based on
distinct measurement principles, which influence their
sensitivity, specificity, and overall effectiveness in detect-
ing antibacterial properties of the tested compounds. The

physical and chemical characteristics of the compounds
play a crucial role in determining their behavior under
different testing conditions. Factors such as solubility,
stability, and interaction with the test medium can signif-
icantly affect the outcomes. Additionally, small variations
in experimental conditions, including incubation time,
temperature, and bacterial strain susceptibility, may con-
tribute to inconsistencies between methods.

A decisive aspect of the effectiveness of the pro-
posed compounds is their biocidal activity character-
istics. Despite demonstrating antibacterial activity, the
studied compounds exhibit certain limitations that may
affect their overall effectiveness. One key limitation is
the spectrum of activity, as some compounds may be
more effective against specific bacterial strains while
showing limited efficacy against others. Additionally,
variations in bacterial resistance mechanisms, such as
efflux pumps or enzymatic degradation, may reduce the
potency of these compounds in certain microbial popula-
tions. Environmental factors, such as pH, ionic strength,
and the presence of biological macromolecules, can also
influence the bioavailability and activity of the tested
compounds.

Therefore, numerous research works are undertaken
trying to increase the antibacterial effectiveness of natural
chemical compounds. Strategies to enhance their antibac-
terial potential include structural modifications aimed at
increasing affinity for bacterial targets, thereby improv-
ing efficacy. Optimization of formulation and dosing
strategies is also crucial for ensuring maximal therapeu-
tic potential while minimizing toxicity and undesirable
side effects. The incorporation of nanotechnology-based
delivery systems, such as nanocarriers, can enhance cel-
lular uptake and improve the stability of the compounds
within biological environments. Furthermore, the com-
bination of these compounds or combination with other
antibacterial agents (synthetic compounds or antibiotics)
may result in synergistic effects, reducing the likelihood
of resistance development while improving overall anti-
bacterial performance.

This last research direction in particular offers great
opportunities for developing new biodegradable polymer
materials with biocidal and antibacterial properties. The
result of future research will therefore be finding a mix-
ture of several natural substances that will contribute
to enhancing the effect and expanding the spectrum of
antimicrobial activity. As a result, a new and innovative
biodegradable polymer composite with increased effec-
tiveness of antibiological activity will be developed while
maintaining the appropriate processing, mechanical and
thermal properties of this material, while maintaining
its ability to biodegrade in a time that does not burden
the natural environment. The use of low concentrations
of individual components of the system will reduce the
cost of production, and the developed technology can
be successfully implemented in the form of a polymer
concentrate or the production of finished products, such
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as films, containers or packaging, which is of interest to
many companies in the polymer and medical industries.

CONCLUSIONS

The effectiveness of antibacterial additives depends on
their chemical structure, application form and research
method. Mechanisms of action include cell membrane
destabilization, biosynthesis inhibition and oxidative
stress, which can act independently or synergistically.

Methods for assessing antibacterial activity vary in
their effectiveness, and their selection depends on the
properties of the substances being tested and the exper-
imental conditions. Limitations related to the narrow
scope of action, mechanisms of bacterial resistance and
environmental conditions affect the effectiveness of com-
pounds.

Method 3 that utilizes additive loaded polymer films,
bacterial suspensions and the plate count agar method
is best for preliminary determination of antibacterial
activity. Although slightly time-consuming, the method
has high repeatability and reliability. Advantages of the
method include easy sample preparation, with a small
volume of raw materials necessary. This can be particu-
larly beneficial when assessing the antimicrobial activ-
ity of expensive additives. This method will be ideal for
testing polymeric materials containing single or complex
systems of antibacterial compounds and could be used to
test active food packaging. The ‘success’ of the method
has been confirmed by Method 4 ISO 22196, a standard
norm used in accredited laboratories to measure anti-
bacterial activity of plastics and textiles. Natural addi-
tives such as berberine hydrochloride, caffeic acid and
beer hops displayed antibacterial and biocidal activity.
They should be selected for use as alternative antibac-
terial additives in further projects, i.e., the development
of a new polymer material with a broad antibacterial
spectrum containing a mixture of natural chemical com-
pounds. Polymer composites with biocidal and antibac-
terial properties containing a mixture of these specified
compounds will be effective, environmentally safe, and
cost-effective.

Authors contribution

L.S. — conceptualization, methodology, investigation,
writing-original draft, writing-review, and editing; K.t.. —
conceptualization, methodology, investigation, writing-
original draft; A.R.K. —methodology, writing-review, and
editing; M.S. — writing-review and editing; K.M. — writ-
ing-review and editing, supervision.

All authors have read and agreed to the published ver-
sion of the manuscript.

Funding

This research was funded by the Polish Ministry of
Education and Sciences as part of an implementation
degree program, contract number DWD/7/0153/2023.

Conflicts of interest
Authors declare no conflict of interests.

Copyright © 2025 The publisher. Published by Lukasiewicz
Research Network — Industrial Chemistry Institute. This article
is an open access article distributed under the terms and condi-
tions of the Creative Commons Attribution (CC BY-NC-ND) license
(https://creativecommons.org/licenses/by-nc-nd/4.0/).

[@lelle]

REFERENCES

[1] Ho C.S., Wong CT.H., Aung TT. et al.: The Lancet
Microbe 2025, 6(1), 100947.
https://doi.org/10.1016/j.lanmic.2024.07.010_

[2] Schneider Y.K.: Antibiotics 2021, 10(7), 842.
https://doi.org/10.3390/antibiotics10070842

[3] Elmaidomy A.H. Hisham Shady N., Abdeljawad
K.H. et al.: RSC Advance 2022, 12(25), 29078.
https://doi.org/10.1039/D2R A04884 A

[4] Ye L., Zhang W., Xiao W. et al.: Pharmacology and
Therapeutics 2020, 216, 107671.
https://doi.org/10.1016/j.pharmthera.2020.107671

[3] Kosalec I, Rai M.: “Natural Antimicrobials: An
Introduction” in “Promising antimicrobials from
Natural Products”, (edit. Kosalec I, Rai M.), Springer,
Cham 2022, p. 3.
https://doi.org/10.1007/978-3-030-83504-0_1

[6] Wojtyczka R.D., Dziedzic A., Kepa M. et al.: Molecules,
2014, 19(5), 6583.
https://doi.org/10.3390/molecules19056583

[7] Mun S.H., Joung D.K., Kim Y.S. et al.: Phytomedicine
2013, 20(8-9), 714.
http://doi.org/10.1016/j.phymed.2013.02.006

[8] Natarajan P, Katta S., Andrei L. et al.: Phytomedicine
2008, 15(3), 194.
https://doi.org/10.1016/j.phymed.2007.10.008

[91 Wang L., Zhou F.,, Xu M. et al.: Research Square 2020,
PREPRINT (Version 2).
https://doi.org/10.21203/rs.2.9640/v2

[10] Peng L., Kang S., Yin Z. et al.: International Journal of
Clinical and Experimental Pathology 2015, 8, 5217.

[11] Olewnik-Kruszkowska E., Ferri M., Cadeira M.C. et
al.: Polymers 2024, 16(11), 1577.
https://doi.org/10.3390/polym16111577

[12] Nguyen T.L.A., Bhattacharya D.: Molecules 2022, 27,
2494.
https://doi.org/10.3390/molecules27082494

[13] Jaisinghani R.N.: Microbiology Research 2017, 8(1),
6877.
https://doi.org/10.4081/mr.2017.6877

[14] Taikaisi-Kikuni N.B., Schilcher H.: Planta Medica
1994, 60(3), 222.
https://doi.org/10.1055/s-2006-959463



258

POLIMERY 2025, 70, nr 4

tukasiewicz
IChP.

[15] Lima V., Oliveira-Tintino C.D.M., Santos E.S. et al.:
Microbial Pathogenesis 2016, 99, 56.
https://doi.org/10.1016/j.micpath.2016.08.004

[16] Silva de Campos S., de Oliveira A., Moreira T.F.M. et
al.: Food Packaging and Shelf Life 2019, 22, 100424.
https://doi.org/10.1016/j.fpsl.2019.100424

[17] Bortoluzzi C., Menten J.E.M., Silviera H. et al.: The
Journal of Applied Poultry Research 2016, 25(2), 191.
https://doi.org/10.3382/japr/pfw001

[18] Bogdanova K., Réderova M., Kolar M. et al.: Research
in Microbiology 2018, 169(3), 127.
https://doi.org/10.1016/j.resmic.2017.12.005

[19] Indriyati., Dara F., Primadona 1. et al.: Journal of
Polymer Research 2021, 28, 70.
https://doi.org/10.1007/s10965-020-02328-6

[20] Khubiev O.M., Egorov A.R., Kirichuk A.A. et al.:
International Journal of Molecular Sciences, 2023, 24(13),
10738.
https://doi.org/10.3390/ijms241310738

[21] Day B.P.F.: “Modified atmosphere and active
packaging of chilled foods” in “Chilled Foods.
A Comprehensive Guide”, (edit. Brown M),
Woodhead Publishing Limited, Sawston 2008, p. 158

[22] Berk Z.: “Food Process Engineering and Technology”,
Academic Press, Cambridge 2018, p. 625.

[23] Karahaliloglu Z., Hazer B.: Journal of Food Science
2024, 89(10), 6575.
https://doi.org/10.1111/1750-3841.17333

[24] Igbal M.: IOP Conference Series: Earth and Environmental
Science 2023, 1230, 012184.
https://doi.org/10.1088/1755-1315/1230/1/012184

[25] Barbosa-Pereira L., Aurrekoetxea G.P, Angulo I. et
al.: Meat Science 2014, 97(2), 249.
https://doi.org/10.1016/j.meatsci.2014.02.006

[26] Karimnezhad F., Razavilar V., Anvar A.A. et al.
Journal of Nutrition and Food Security 2019, 4(4), 236.
https://doi.org/10.18502/jnfs.v4i4.1720

[27] Balouiri M., Sadiki M., Ibnsouda S.K.: Journal of
Pharmaceutical Analysis 2016, 6(2), 71.

https://doi.org/10.1016/j,jpha.2015.11.005

[28] Li K., Zhong W., Li P. et al.: International Journal of
Biological Macromolecules 2023, 252, 126281.
https://doi.org/10.1016/j.ijbiomac.2023.126281

[29] Horvath Gy., Bencsik T, Acs K. et al.: “Sensitivity of
ESBL-Producing Gram-Negative Bacteria to Essential
Oils, Plant Extracts, and Their Isolated Compounds”
in “Antibiotic Resistance. Mechanisms and New
Antimicrobial Approaches”, (edit. Kon K., Rai M.),
Academic Press, Cambridge 2016, p. 239.

[30] Wu C., Sun ], Lu Y. et al.: International Journal of
Biological Macromolecules 2019, 132, 385.
https://doi.org/10.1016/j.ijbiomac.2019.03.133 1

[31] Hossain T.J.: European Journal of Microbiology and
Immunology 2024, 14(2), 97.
https://doi.org/10.1556/1886.2024.00035

[32] https://biologyinsights.com/broth-dilution-meth-
ods-for-accurate-antimicrobial-testing/ (access date
14.01.2025)

[33] Lopusiewicz L., Zdanowicz M., Macieja S. et al.:
Polymers 2021, 13(11), 1798.
https://doi.org/10.3390/polym13111798

[34] Alkarri S., Bin Saad H., Soliman M.: Polymers 2024,
16(6), 771.
https://doi.org/10.3390/polym16060771

[35] Yap P.S.X,, Yusoff K., Lim S.-H.E. et al.: Processes, 2021,
9(4), 595.
https://doi.org/10.3390/pr9040595

[36] Mukhtar T. A., Wright G.D.: Chemical Reviews 2005,
105(2), 529.
https://doi.org/10.1021/cr030110z

[37] Hong Y., Zeng J., Wang X., Drlica K., Zhao X.:
Proceedings of the National Academy of Sciences 2019,
116(20), 10064.
https://doi.org/10.1073/pnas.1901730116

Received 20 11 2025.
Accepted 10 111 2025.

) Polimery

Plik Edycja |\Widok Historia Zakladki Marzedzia Pomoc

S https://polimery.ichp.vot.pl/

POLIMERY

About ~

Editorial Office Scientific Council

Editorial Committee

Current Archives

JOURNAL ON CHEMISTRY,
TECHNOLOGY AND POLYMER PROCESSING

Calendar of events

CEX

(& ogin - ) (-“ English = )

tukasiewicz

IChP

Contact




