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ABSTRACT ARTICLE HISTORY
Metformin, a widely used antidiabetic drug, has gained attention Received 5 December
for its potential applications in antimicrobial surfaces, delivery sys- 2024

tems, and anticancer therapy. However, immobilizing metformin in ~ Accepted 16 June 2025
a stable, bioactive, and dose-controllable manner onto a chemi-  kgyworps

cally inert, hydrophobic surface is challenging. The objective of this Antibacterial coating;
study is to immobilize metformin at various concentration (0.5, 1, surface modification;
2, 5, 10, and 20g-L™") onto low-density polyethylene (LDPE) sur- plasma treatment;
faces by a multistep approach with the aim of creating bioactive =~ metformin; diabetes
coatings. In this approach, LDPE was first treated with a 40kHz low

pressure plasma discharge in air atmosphere, followed by

non-covalent attachment of acrylic acid via a grafting technique.

Metformin was covalently attached to the surface via
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride

(EDC) and N-Hydroxysuccinimide (NHS) activation, while its pres-

ence on the polymer surface was confirmed by Water contact

angle (WCA), Fourier transform infrared spectroscopy (FTIR) and

X-ray photoelectron spectroscopy (XPS) and scanning electron

microscopy (SEM). Sustained metformin release with a shift from

Fickian to first-order kinetics was observed at higher drug loading.

Antibacterial testing against Staphylococcus aureus and Escherichia

coli showed no antibacterial effect at the selected concentration

levels. Cytocompatibility assays with multipotent mesenchymal

cells showed good biocompatibility of modified surfaces, with only

dose-dependent cytotoxicity at higher metformin concentrations

(>5g-L7"). These results demonstrate that despite the absence of

antibacterial effects, the developed system offers a promising plat-

form for further biomedical applications requiring controlled drug

surface functionalization and retained cytocompatibility.
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1. Introduction

Drug repurposing refers to the identification of novel therapeutic applications for
existing drugs, whether already approved or under investigation, that extend beyond
their initially intended medical indications [1]. The development of drug repurposing
focuses on identifying novel therapeutic indications for approved pharmaceuticals or
bioactive agents, whether synthetic or naturally sourced, in advanced preclinical
research [2]. This strategy significantly reduces the time, costs, and risks inherent in
traditional drug discovery pipelines, as the compounds involved have already been
de-risked through prior safety and toxicity assessments, offering a streamlined path
toward clinical application [3].

One prominent candidate in drug repurposing efforts is metformin (dimethylbigu-
anide), FDA approved since 2002 [4] and widely used antihyperglycemic medication
and first-line treatment for patients with type 2 diabetes mellitus [5]. Several studies
indicate that diabetic patients on metformin have a reduced incidence of infections,
implying a potential antimicrobial effect of the drug [6-8]. A recent study found that
metformin, a non-antibiotic drug, exhibited a synergistic effect with doxycycline
against Shigella boydii, showing promise as an adjuvant to enhance antibiotic efficacy
in both in vitro and in vivo tests [9]. The combination of metformin with other con-
ventional antibiotics, such as levofloxacin, ampicillin, chloramphenicol, and rifampicin
exhibited additive effects against methicillin-resistant Staphylococcus aureus and
multidrug-resistant Pseudomonas aeruginosa [10]. The antibacterial properties of met-
formin remain a subject of ongoing research. Metformin appears to engage multiple
biological mechanisms, including modulation of the immune response to infections,
enhancement of antibiotic efficacy, and disruption of bacterial outer membranes and
efflux pumps [11-13]. Numerous clinical trials have demonstrated that metformin has
inhibitory effects on tumor growth, invasion, and metastasis [14-16]. Metformin is
also effective in treating osteoarthritis [17], inflammation [18], endometriosis [19],
vascular disease [20], musculoskeletal disorders [21], and venous thrombosis [22].

In this context, the modification of polymeric surfaces with bioactive compounds, such
as metformin represents an innovative approach to localized drug delivery, antibacterial,
and implant coatings [23-26]. Plasma-assisted surface functionalization offer a versatile
platform for the deposition of various bioactive molecules onto polymeric substrates,
thereby enabling controlled release and localized therapeutic response [27,28]. This
approach has been used to create functionalization gradients that control adsorption and
release of therapeutic agents, making it valuable for controlled drug delivery systems, such
as dermal patches, microcapsules, and bioactive coatings [29].

Plasma treatment of polymeric materials using air as a carrier gas is a highly effec-
tive method for facilitating the incorporation of oxygen-containing functional groups,
such as hydroxyl (-OH), carboxyl (-COOH), and carbonyl (-CO) groups to polymeric
surfaces [30]. Certain functional groups exhibit instability, leading to subsequent reac-
tions that generate highly reactive radicals. These metastable species can engage in fur-
ther reactions with appropriate monomers, resulting in the formation of polymeric
‘brush-like’ structures [31]. A rather comprehensive review on the surface effects of
plasma treatment of polyethylene was published [32]. It should be noted that the sur-
face hydrophilization of this polymer by a common plasma treatment is not stable but
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numerous authors reported rather fast hydrophobic recovery. Furthermore, even a brief
exposure to liquids may cause a quick loss of the hydrophilicity [33]. Acrylic acid
serves as an excellent source of carboxyl-rich (-COOH) groups, making it ideal for
grafting with a thin film of different organic materials. Such configurations are ideal for
interactions with bioactive agents through the formation of intermolecular forces,
thereby enhancing surface functionality and compatibility [34].

In recent years, diverse multistep biomolecule surface immobilization strategies
have been explored to impart antibacterial and other biofunctionalities to polymer
substrates, including plasma-induced monomer grafting [34], chemical grafting [35],
physical adsorption [36], host-guest chemistry [37], layer-by-layer assembly [38],
plasma electrolytic oxidation [39], catechol-assisted immobilization [40], and many
others. For instance, Hast et al. developed a novel surface functionalization method
based on tyrosinase-catalyzed polymerization of a catecholamine (DOPA-Tet), enabling
subsequent bio-orthogonal grafting of various bioactive molecules, such as enzymes,
peptides, and antibiotics under physiological conditions, while maintaining their
bioactivity and cytocompatibility [41]. In another approach, positively charged polymer
brushes were formed on plasma-treated LDPE surfaces via vapor-phase grafting of
allylamine-based monomers, enabling subsequent immobilization of chondroitin
sulfate for enhanced bioactivity [42]. Liu et al. reported a dual pH- and thermo-
responsive polymeric micelles based on host-guest interactions were engineered using
benzimidazole-modified graft copolymers and p-cyclodextrin-based star block
copolymers, enabling efficient drug loading and controlled release of doxorubicin
with excellent antitumor efficacy [43].

Despite extensive research on surface functionalization and drug repurposing, the
covalent bonding of metformin to polymer substrates using this multistep strategy
remains unexplored.

This study aims to investigate the feasibility of immobilizing metformin onto LDPE
surfaces as a model polymer containing only carbon and hydrogen atoms through a
multistep physico-chemical process involving plasma treatment. Apart from plasma
surface functionalization, acrylic acid was grafted onto the reactive sites of the poly-
mer surface facilitating the formation of covalent bonding between the carboxyl
groups of acrylic acid and the amine groups of metformin via carbodiimide chemis-
try. Surface hydrophilicity and surface energy analysis was carried out by measuring
the static contact angle of droplets with different surface tensions, chemical analysis
was performed by X-ray photoelectron spectroscopy and FTIR, and surface morphol-
ogy was investigated with a scanning electron microscope. Antibacterial performance
of the samples was tested against S. aureus (CCM 4516) as Gram-positive and
Escherichia coli (CCM 4517) as Gram-negative representatives. Finally, in vitro cyto-
compatibility of the samples was studied using multipotent mesenchymal cells.

2. Materials and methods
2.1. Materials and reagents

Low-density polyethylene (LDPE) films made from Borstar FB4230 pellets (Borealis AG,
Vienna, Austria) with dimensions of 50x 50 mm were used as a substrate for deposition.
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Acrylic acid (99%), sodium metabisulfite (99%), and sodium hydroxide (98%), supplied
by Sigma-Aldrich (St. Louis, MO, USA) were incorporated into the grafting process.
1,1-Dimethylbiguanide hydrochloride (metformin), N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) 98% and N-Hydroxysuccinimide (NHS) 98%
(Sigma-Aldrich, St. Louis, MO, USA) were employed in the deposition. Deionized water,
diiodomethane (99.0%, reagent plus) and formamide (99.5%, molecular biology grade)
(Sigma-Aldrich (St. Louis, MO, USA) were used for surface energy measurement.
Antibacterial tests were done with bacterial strains of S. aureus (CCM 4516) and E. coli
(CCM 4517).

2.2. Plasma hydrophilization and deposition protocol

Metformin was deposited onto a polymeric carrier from LDPE via multistep
physico-chemical process, as depicted in Figure 1. This process involved treating the
surface using a low-pressure air plasma. Plasma treatment was performed in high
frequency (40kHz) plasma reactor Diener Pico (Diener Electronic GmbH & Co. KG,
Nagold, Germany). A sample was placed into the plasma reactor, which was evacu-
ated to reach an ultimate pressure of 10Pa. Then, air was introduced into the plasma
reactor during continuous pumping, and the flow rate was set to 20sccm. The gas
pressure during plasma treatment was 50Pa. The plasma treatment conditions were
selected based on previously reported protocols that demonstrated effective surface
activation of LDPE without causing thermal or oxidative degradation [44]. The sam-
ples were exposed to plasma from both sides for 1 min at a power of 50 W. After, the
acrylic acid (AA) was grafted onto the plasma-activated surface of the polymer film.
This process was carried out in a solution of 10% acrylic acid (AA) and sodium
metabisulfite for 24h. The AA carboxylic groups then serve as centers for the adhe-
sion of the active substance, i.e. metformin. Then, the films were immersed in a 1%
NaOH solution to neutralize and terminate the polymerization process. Before

Figure 1. Schematic representation of plasma post-irradiation grafting of AA onto a PET surface
followed by immobilization of metformin.



JOURNAL OF BIOMATERIALS SCIENCE, POLYMER EDITION e 5

metformin deposition, the samples were further immersed in EDC/NHS solution for
4h to activate the acrylic acid carboxyl groups. In our case, aqueous solutions of
metformin were prepared at concentrations of 0.5, 1, 2, 5, 10, and 20gL™".
Correspondingly, the specimens are labeled as LDPE REF (untreated), LDPE PL
(plasma-treated), LDPE grafted with acrylic acid (AA), and MET 0.5 to MET 20 for
LDPE samples with increasing concentrations of deposited metformin. The amino
group of metformin forms an amide bond with the original carboxyl group of AA,
and the by-product of the reaction is released as a urea derivative. After removal
from the metformin solution, the samples were rinsed with deionized water and left
to dry under laboratory conditions. The surface characterization and biological eval-
uation of the prepared samples were then carried out.

2.3. Surface characterization of prepared films

The FTIR spectra of prepared modified surfaces were obtained via Fourier transform
infrared spectroscopy (FTIR) using Nicolet iS5 (Thermo Scientific, Grand Island, NY,
USA) equipped with iD5 attenuated total reflectance (ATR). FTIR spectra were col-
lected in the range of 600-4000cm™' with a resolution of 2cm™ and 64 scans using
a germanium crystal at an incident angle of 45°.

The water sessile drop contact angle method was performed to evaluate the wet-
tability of prepared modified surfaces using SEE system (Advex Instruments, Brno,
Czech Republic). From the measured values of the contact angles of various droplets,
the surface free energy of each sample was determined using Lewis acid-base param-
eters. Deionized water, formamide, and diiodomethane were selected as suitable lig-
uids for evaluation of the surface free energy. For each liquid, five individual
measurements were taken and averaged to provide representative contact angle values,
which were then used to calculate the surface free energy for each sample. Droplets
of 5uL of each test liquid were applied to the samples and recorded with a CCD
camera. All data points are means of a minimum of 3 independent experiments, each
of 5 replicates. The data are expressed as mean=+SD.

XPS was used to characterize the chemical composition of the prepared surfaces,
which in our case was performed on an ESCALAB 250Xi device (Thermo Fisher
Scientific, East Grinstead, United Kingdom). Using this method, we were able to
obtain information on the percentage of chemical elements on the samples. The sam-
ples were exposed to X-ray beam with power of 200W (650 microns spot size). The
survey spectra were acquired with a pass energy of 50eV and energy step of 1eV. In
order to compensate for charges on the surface, an electron flood gun was used.
Spectra calibration, processing, and fitting routines were done using the Avantage
software (v.5.9925). XPS measurements were performed on three independently pre-
pared samples per condition. For each sample, three different spots were analyzed
and averaged. The data are expressed as mean+SD.

The surface morphology of each sample was examined using a NANOSEM 450
scanning electron microscope (FEI, Thermo Fisher Scientific, Hillsboro, OR, USA)
equipped with an energy-dispersive X-ray spectroscopy (EDX) analyzer. Elemental
analysis was performed using a high-sensitivity Circular Backscatter Detector (CBS),
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operated at 15kV with a spot size of 3.5. Prior to observation, the samples were
coated with a conductive thin layer of Au/Pd. SEM images were acquired at a mag-
nification of 10.000x.

2.4. In-vitro drug release test

In vitro drug release kinetics of MET from EDC/NHS-crosslinked films were studied
in phosphate-buffered saline (PBS, pH 7.4) at 37°C to simulate physiological condi-
tions. LDPE films with a surface area of 2.5cm? were immersed in 10 mL of PBS
and placed on an oscillating shaker at 150 rpm. At predetermined time intervals,
1 mL aliquots were withdrawn and replaced with an equal volume of fresh medium.
After appropriate dilution, the concentration of released metformin was quantified
using a UV-Vis spectrophotometer (PerkinElmer Lambda 1050, PerkinElmer Inc.,
USA) by monitoring the characteristic absorbance peak at A, = 233 nm. All exper-
iments were conducted in triplicate, and the data are expressed as mean * SD.

The drug loading efficiency of the functionalized LDPE films was assessed by
quantifying the amount of metformin loaded per unit area of the films. Films with
an area of 2.5 cm? were incubated in 10 mL of PBS under oscillation for 24 h. The
absorbance of the withdrawn solution (1 mL) was measured at A, = 233 nm, and
the metformin content was calculated using the corresponding calibration curve
(y = 0.0851x + 0.0092, R* = 0.9991).

To elucidate the release mechanism of metformin hydrochloride from LDPE films,
various kinetic models—including Korsmeyer-Peppas, Higuchi, zero-order, and
first-order—were applied. The model yielding the highest coefficient of determination
(R*) was deemed the most appropriate, offering the best fit to the experimental
release data.

2.5. Evaluation of antibacterial activity of films

Before antibacterial testing, the samples prepared according to the multistep process
described above were disinfected by UV radiation, while polypropylene foils were
cleaned before the plasma treatment by rinsing with 70% denatured ethanol. Two
bacterial strains were used for the evaluation of antibacterial activity: gram-negative
E. coli CCM 4517 and gram-positive S. aureus CCM 4516. The antibacterial tests
were conducted in accordance with ISO 22196, with some modifications. Bacterial
suspensions of E. coli (3.4x10°> CFU-mL™) and S. aureus (1.2x10° CFU-mL™!) were
prepared using 1/500 Nutrient broth (HiMedia Laboratories, India). A 100 uL volume
of the bacterial suspension was applied to the sample surface (25x25mm), which was
then covered with a polypropylene foil (20x20mm). This corresponds to a
volume-to-surface area ratio of 0.25uL-mm™, ensuring even distribution of bacteria
over the test surface. The samples thus prepared were incubated at 35°C with 100%
relative humidity for 24h. After incubation, the polypropylene foils were removed,
and each sample was thoroughly neutralized by rinsing with SCDLP broth (HiMedia
Laboratories, India), which was subsequently collected. The number of viable bacte-
rial cells was determined via the pour plate culture method (PCA, HiMedia
Laboratories, India). Measurements were performed in triplicate.
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2.6. Evaluation of cytocompatibility

In vitro cytotoxicity was evaluated using the MTS assay, which measures mitochon-
drial activity in living cells by converting a tetrazolium salt into a colored formazan.
The amount of formazan produced correlates with the number of viable cells and is
detected spectrophotometrically at 490 nm. For this study, D1 cells (multipotent mes-
enchymal cells (MSCs), American Type Culture Collection, Manassas, VA, USA),
cloned from BALB/c mouse bone marrow cells, were selected as a representative MSC
model due to their well-established capacity for rapid osteogenic differentiation in
vitro [45,46]. The cells were cultured in Dulbeccos Modified Eagles Medium
(Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum and 0.1% sodium
ascorbate, maintained in a humidified atmosphere of 5% CO, at 37°C. The cells were
seeded on virgin PET and PET substrates coated with pentane and hexane plasma
polymers in 24-well plates at a density of 100,000 cells per well. After 48h, cell pro-
liferation was assessed using the MTS tetrazolium (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (CellTiter 96 Aqueous
Non-Radioactive Cell Proliferation Assay kit, Promega, Madison, WI, USA). Three
hours before the end of the incubation period, 10uL of MTS reagent was added to
each well, and cells were incubated for an additional 3h at 37°C. Absorbance was
then measured at 490nm using a microplate reader EL800 Universal Microplate
Reader (BioTek Instruments, Winooski, VT, USA). The experiment was repeated
three times, and the results were expressed as a percentage of cell viability compared
to control. The mean absorbance of cells grown without PET or PET with pentane
and hexane plasma polymers was used to calculate 100% cellular viability. Cytotoxicity
was categorized based on the percentage of cell viability: values above 75% were con-
sidered non-cytotoxic, 75-50% indicated weak cytotoxicity, 50-25% represented mod-
erate cytotoxicity, and below 25% signified strong cytotoxicity. The cytotoxicity data
are presented as mean values with standard errors of the mean from a minimum of
three independent experiments conducted in triplicate. Statistical analysis was per-
formed using Student’s t-test to assess differences between experimental groups, with
significance defined as p<0.05.

3. Results and discussion
3.1. Functional groups identification by FTIR analysis

FTIR was employed to investigate the chemical structure of the modified LDPE sur-
faces and confirm the successful deposition of metformin. The spectra were measured
for LDPE REE, LDPE PL, LDPE grafted with AA, and MET 0.5-MET 20. Additionally,
the spectrum of pure metformin (MET) was used as a reference.

In the FTIR spectrum of untreated LDPE (LDPE REF), the characteristic peaks of
LDPE are observed at wavenumbers 2917 and 2848 cm™ (Figure 2), corresponding to
the vibrations of the CH, groups. Additional peaks at 1471 and 719cm™ are also
attributed to the vibrations of the CH, groups. These peaks remain visible in all
subsequent spectra, indicating that the base polymer structure remains intact through-
out the modification process. It is important to note, however, that FTIR is not highly
surface-sensitive and predominantly detects bulk properties. The spectrum of
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Figure 2. Attenuated total reflectance (ATR)-FTIR spectrum collected from the samples: spectrum
LDPE REF stands for pure LDPE, which was used as a reference, spectrum LDPE PL is for LDPE
treated with plasma in air, spectrum AA is for LDPE with bonded AA, spectra MET 0.5-20 stands
for LDPE with deposited metformin in concentrations of 0.5-20g-L™" and spectrum MET is for pure
metformin powder.

plasma-treated LDPE (LDPE PL) shows no significant differences compared to the
untreated LDPE. This is consistent with the fact that plasma treatment primarily
induces surface oxidation without creating detectable new bulk chemical bonds. The
oxidative functional groups introduced by plasma treatment are often present in
quantities too low to be clearly identified by FTIR, especially when thin layers are
involved. For the acrylic acid-grafted sample (AA), the spectrum also remains largely
similar to the untreated LDPE, with no new discernible peaks. This can be attributed
to the relatively thin layer of AA grafted onto the surface, which may be below the
detection limit of the FTIR spectrometer.

The most significant changes in the FT-IR spectra are observed after metformin
deposition. In the sample with a metformin concentration of 1g-L! (MET 1), char-
acteristic peaks of metformin start to emerge. Notably, a peak at 3368 cm™ is attributed
to the N-H stretching vibration, and a peak at 3155cm™ corresponds to the C-H
vibration. Additionally, distinct peaks at 1622 and 1564cm™ are assigned to the
vibrations of the C=N bond, while peaks in the region of 1420-1470cm™" correspond
to the vibrations of the NH, group. These peaks confirm the successful deposition of
metformin on the polymer surface. As the concentration of metformin increases, the
intensity of these characteristic peaks also increases, indicating the presence of higher
quantities of metformin on the surface. In the sample with the highest concentration
(MET 20), the peaks associated with metformin functional groups are most pro-
nounced, particularly the N-H stretching at 3368cm™ and the C-N stretching at
1065cm™!. The peak at 939cm™!, corresponding to the N-H vibrations, is also evi-
dent, further confirming the successful immobilization of metformin. The results are
in accordance with other studies [47,48]. Interestingly, the sample with 5g-L™!



JOURNAL OF BIOMATERIALS SCIENCE, POLYMER EDITION 9

metformin (MET 5) did not exhibit strong characteristic peaks of metformin, which
may suggest heterogeneous deposition or incomplete coverage at this concentration.
This irregularity could be due to variability in the surface interactions or metformin
layer thickness, which affects the spectroscopic detection of metformin func-
tional groups.

3.2. Surface wettability and surface energy analysis

Surface wettability and energy are key parameters that help understand the success of
surface modifications, especially in biomedical applications, as they influence interac-
tions with biological environments. In this study, the wettability of the prepared
LDPE surfaces was evaluated using the water sessile drop contact angle method,
while surface free energy was determined by using two additional liquids and calcu-
lated using Lewis acid-base theory [49]. Three test liquids—deionized water, forma-
mide, and diiodomethane—were used to measure contact angles and calculate the
surface energy. The measured contact angles of the different fluids are shown in
Figure 3.

The contact angle of pure LDPE (LDPE REF) with deionized water was 82.6°
indicating a rather hydrophobic surface. This hydrophobicity, reflected in the low sur-
face energy of 38.2mJ-m™2 (Table 1), is typical of untreated polyolefins, which lack
surface reactivity and are unsuitable for subsequent chemical modifications [50].
However, plasma treatment (LDPE PL) significantly altered the surface wettability.
The water contact angle dropped to 57.0°, demonstrating a significant increase in
hydrophilicity. This change is attributed to the introduction of polar functional groups
onto the polymer surface during plasma treatment [32]. Consequently, the surface
free energy increased to 49.5mJ-m~%, making the surface more favorable for further
chemical functionalization.

Subsequent grafting with AA resulted in a slight increase in the contact angle to
62.0°, while the surface energy decreased to 42.2mJ-m™2 This is a typical value for

Figure 3. Contact angles of the liquids used on the surfaces of the prepared samples.
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Table 1. Surface free energy of the prepared samples.

Sample Ys ys v Vst Vs
LDPE REF 38.2 30.3 7.9 1.0 16.2
LDPE PL 495 439 5.6 0.4 19.2
AA 42.2 40.5 1.7 0.1 204
MET 0.5 462 426 36 0.1 320
MET 1 435 42.9 0.6 0.0 23.7
MET 2 423 416 0.7 0.0 239
MET 5 46.0 42.1 3.9 0.2 18.3
MET 10 43.2 41.9 1.3 0.0 249
MET 20 440 433 0.7 0.0 18.2

hydrophilic polymers with a large concentration of oxygen [51]. The somehow higher
water contact angle compared to the plasma-treated surface is thus explained by the
thermally non-equilibrium state of the freshly plasma-treated polyethylene as com-
pared to thermodynamically stable AA. The presence of polar functional groups (such
as carboxyl does not necessarily lead to a better adhesion of a coating [52], but the
carboxyl groups are likely to interact with amino groups from a deposited material
to form a covalent bond [35].

The deposition of metformin onto the AA-modified polyethylene surface further
modified the water contact angle. At a metformin concentration of 0.5g-L! (MET
0.5), the contact angle decreased to 54.7°, reflecting a more hydrophilic surface. This
effect is difficult to explain because increasing the concentration of deposited met-
formin caused a gradual decrease in wettability (increase in the WCA) with increas-
ing metformin concentration (Figure 3). For metformin concentrations of 1g-L™' and
higher (MET 1 to MET 20), the contact angle values ranged from 60.0 to 63.4°, with
only minor variations. The measured surface free energy values (Table 1) corroborate
this behavior, with the highest surface energy observed at lower metformin concen-
trations (46.2mJ-m™2 for MET 0.5) and a slight decrease at higher concentrations.
This trend may indicate that the metformin layer reaches an equilibrium state, where
additional deposition no longer contributes to changes in surface energy or wettabil-
ity [53].

Based on the experimental results, it can be concluded that the plasma treatment
introduced hydrophilic functional groups, while AA provided reactive carboxyl sites
for metformin attachment. Metformin deposition on polyethylene substrates may be
useful in biomedical applications where wettability and surface energy play critical
roles in biological interactions [54].

3.3. Chemical composition analysis: XPS results

XPS was used to determine the chemical composition of the prepared LDPE surfaces
at various stages of the modification process. The results are summarized in Table 2,
which shows the percentage of carbon (C), oxygen (O), and nitrogen (N). The con-
centration of trace elements including sulfur (S), silicon (Si), and chlorine (CI) was
well below 1%. These elements are critical indicators of the surface modification suc-
cess, as metformin deposition introduces nitrogen, while plasma treatment and AA
grafting alter the oxygen concentration.
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Table 2. Elemental analysis of the prepared samples.
Atomic percentage (%)

Sample C (o] N
LDPE REF 97.6 24 0.0
LDPE PL 85.8 11.7 25
AA 89.2 9.0 1.8
MET 0.5 87.6 10.1 23
MET 1 87.2 9.2 3.6
MET 2 89.0 8.9 22
MET 5 88.3 8.0 37
MET 10 88.2 73 4.5
MET 20 82.0 8.9 9.1

The XPS analysis of untreated LDPE (LDPE REF) revealed a high carbon content
(97.6%) with small amounts of oxygen (2.4%), consistent with the chemical structure
of the base polymer. The small concentration of oxygen is often observed in XPS
spectra of polyolefins and is often attributed to impurities [32]. Plasma treatment
(LDPE PL) significantly altered the surface composition, decreasing carbon levels to
85.8% and increasing oxygen to 11.7%. This increase in oxygen content is attributable
to the formation of oxidative functional groups during plasma exposure, which is
crucial for enhancing the surface reactivity for subsequent chemical modifications
[55]. Here, the final depth resolution of XPS should be mentioned. The concentration
of oxygen on the surface is probably larger, but the escape depth of photoelectrons
arising from carbon or oxygen Cls spectra is several nm, so XPS averages the con-
centration over the surface film. Nitrogen also appears in the survey spectra of
plasma-treated polyethylene because of the presence of reactive nitrogen species in
the air plasma. Following AA grafting, the oxygen content slightly decreased to 9.0%,
with a corresponding minor increase in nitrogen content (1.8%). This observation is
difficult to explain taking into account the composition of acrylic acid (40 at.% O
and 60 at.% C). One feasible explanation is the loss of plasma-induced polar groups
upon incubation in the liquid [56], and a trivial explanation is formation of a
unevenly distributed and/or very thin film of AA so that the surface composition as
probed by XPS is within the limits of the experimental error.

The metformin-modified samples showed a gradual increase in nitrogen content
with increasing metformin concentration. For instance, the sample with 0.5g-L™! of
metformin (MET 0.5) exhibited 2.3% nitrogen, which rose to 9.1% in the sample
with 20g-L™! of metformin (MET 20). This trend confirms that metformin, which
contains nitrogen in its molecular structure, was successfully deposited onto the
LDPE surface. Concurrently, the oxygen content decreased from 10.1% (MET 0.5) to
8.9% (MET 20), indicating that the surface functional groups created during plasma
treatment were gradually covered by the metformin layer as its concentration
increased. This trend is also summarized in the following graph (Figure 4), where we
can see the percentage of oxygen (O) and nitrogen (N) on the investigated samples.
Still, the oxygen persistence in all XPS spectra indicates that the metformin film is
either thinner than the escape depth of Ols photons or the film does not cover the
surface entirely. A trivial explanation will be the existence of the surface impurities
like water molecules which has not desorbed entirely when placing the samples to
the ultra-high vacuum conditions in the XPS chamber.
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Figure 4. Percentage of oxygen (O) and nitrogen (N) on prepared samples. The data represent
means+ SD.

3.4. The surface morphology analysis

The SEM micrograph of the untreated LDPE surface (Figure 5(A), top) reveals a
smooth, homogeneous morphology devoid of discernible topographical features,
indicative of an unmodified and inert polymeric surface. This observation is corrob-
orated by the accompanying EDX spectrum (Figure 5(B), top), which confirms the
material’s elemental purity, with carbon constituting 99.62 at.%. Only trace amounts
of gold and palladium were detected, likely originating from sputter coating.

A marked difference is observed in the SEM image of LDPE following metformin
deposition (Figure 5(A), bottom) demonstrating a pronounced alteration in surface
morphology. The emergence of stratified or flake-like structures, along with increased
surface roughness (as denoted by the yellow arrow), illustrates a gradual transition
from uncoated LDPE to metformin-covered regions, indicative of effective surface
immobilization through a continuous yet spatially heterogeneous deposition. This
morphological change is further supported by EDX analysis (Figure 5(B), bottom),
which indicates a reduction in carbon content to 81.65at.% and the introduction of
nitrogen and oxygen, elements consistent with the molecular structure of metformin.

While LDPE provides a chemically inert baseline, the incorporation of metformin
imparts surface heterogeneity and microstructural complexity, potentially enhancing
the specific surface area and promoting favourable biointerfacial interactions, partic-
ularly in cell adhesion. However, excessive surface loading at higher metformin con-
centrations may result in aggregation or overcoating, possibly compromising
cytocompatibility, as evidenced in Figure 6.

3.5. In vitro drug release test

The in vitro release profiles of MET in three representative concentrations from LDPE
films are presented in Figure 6. The release profiles exhibited a biphasic pattern: a
rapid initial release, followed by a plateauing sustained release. The burst release,
especially in MET 20 and MET 5, is attributable to loosely bound or physisorbed
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Figure 5. (A) SEM images of LDPE surfaces: untreated (top left) and treated with metformin (5g-L",
bottom left). (B) EDX spectra showing the chemical composition of untreated and metformin-treated
LDPE surfaces with corresponding atomic percentages of detected elements.

Figure 6. Drug loading and release profiles of metformin from LDPE films using three representa-
tive concentrations (MET 1, MET 5, and MET 20). Left: loading capacity; right: cumulative release in
PBS. Data represent mean = SD.
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metformin molecules and/or to the release of the drug near the LDPE surface which
is a routine phenomenon among polymer-based matrixes [57]. The slower phase
likely corresponds to diffusion from the polymer network or partial hydrolysis of
labile amide/ionic interactions. The release plateau observed after 300 min is consis-
tent with diffusion-limited systems, yet notably higher release efficiencies (up to 22%)
compared to unmodified LDPE systems reported in literature underscore the role of
surface functionalization in enhancing drug availability. Despite the improved release,
the total cumulative release remained moderate, likely due to the presence of immo-
bilized metformin, which was covalently or ionically bound to carboxyl-modified sur-
faces and not readily diffusible. This is supported by similar systems where EDC/
NHS activation led to strong drug immobilization, reducing free diffusion into the
medium [35]. The relatively low release from MET 1 highlights the limitation of
achieving therapeutic release levels from films with minimal loading, despite pro-
longed exposure. Drug loading (Figure 7, left) increased proportionally with the con-
centration of metformin used during incubation, with MET 20 reaching up to ~72ug
per film. This is attributed to the enhanced hydrophilicity and chemical reactivity of
the functionalized LDPE surface, which likely increased drug retention capacity.

The mechanism of drug release for different concentrations of bounded metformin
was investigated using various kinetic models, and the results were presented in
Table 3. The best fit for the highest value of the regression coefficient (R?) provides
the release model. The best fitting model to the MET 1 release was observed using
Korsmeyer-Peppas model (R* = 0.9386), with a diffusion exponent n>0.45, indicative
of Fickian diffusion, where the diffusion-controlled release rate of drug molecules

Figure 7. Cell viability of tested samples. Values above 75% were considered non-cytotoxic,
75-50% indicated weak cytotoxicity, 50-25% represented moderate cytotoxicity, and below 25%
signified strong cytotoxicity. The data represent means+SD.

Table 3. R? value of drug release from samples with different metformin concentration.

Zero order First order Higuchi Korsmeyer-Peppas
Sample R? R? R? R? n
MET 1 0.5216 0.5276 0.7546 0.9386 0.24
MET 5 0.4939 0.9654 0.727 0.8386 0.28

MET 20 0.5058 0.9501 0.7382 0.8483 0.29
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decreases as a function of time due to a reduction in the concentration gradient [58].
Drug release data were fitted well in the first-order kinetic model for MET 5 and
MET 20. First-order kinetic model can be successfully used to describe drug release
from polymeric films indicating that drug release mechanism is concentration depen-
dent. The amount of drug release decreases with decreasing concentration gradient
over time [59]. The release kinetic studies revealed that as the loading of drug in the
LDPE increased, the concentration of the drug released also increased. Similar to
previously reported systems in which metformin exhibited first-order release kinetics
due to its preferential localization near the polymer surface rather than homogeneous
distribution within the matrix [60], the present LDPE-based films likely promote
concentration-dependent release governed predominantly by surface-associated drug
diffusion. This surface enrichment of metformin, combined with partial covalent or
ionic immobilization to carboxyl-functionalized sites, violates the assumptions of the
Higuchi model, which presumes uniform drug dispersion and purely Fickian diffu-
sion from a homogenous matrix. Although kinetic modeling supports
diffusion-controlled release, the total release of only 22% over 24h suggests limited
diffusional mobility of metformin through the LDPE matrix. This restricts the sys-
tem’s suitability for systemic drug delivery but highlights its potential for localized,
surface-mediated therapeutic applications where low-dose, sustained release is
sufficient.

3.6. Evaluation of antibacterial activity of films

The antibacterial activity of the prepared films was assessed based on the ISO 22196
standard, with some modifications to suit our experimental setup. In particular, two
bacterial strains were selected for the evaluation: a Gram-negative E. coli (CCM 4517)
and Gram-positive S. aureus (CCM 4516). These strains were chosen due to their
relevance in healthcare-associated infections and the need to explore the potential of
metformin-treated surfaces for antimicrobial applications.

Table 4 summarizes the exact viable cell counts on the sample surfaces after 24h
of incubation, along with the antibacterial effectiveness (R values) based on
colony-forming units (CFU/cm?). The reproducibility of these results was rather low,
because the statistical error was up to an order of magnitude. The results indicate
that, overall, the samples did not exhibit any antibacterial activity. In both E. coli
and S. aureus assays, the number of viable bacterial cells post-incubation on
metformin-covered samples was equal to or higher than those observed on the ref-
erence LDPE surface (LDPE REF). This suggests that the surface modifications
introduced through plasma pre-treatment and metformin deposition were insuffi-
cient to confer meaningful antibacterial properties. Interestingly, there was a slight
trend of higher antibacterial effectiveness against E. coli at lower metformin concen-
trations, particularly in the MET 0.5 and MET 1 samples. However, this effect
diminished as the concentration increased, and the antibacterial activity against
E. coli was virtually absent in samples with metformin concentrations of 2gl™! and
above. Furthermore, the only statistically significant antibacterial effect against E. coli
is observed for the sample treated with plasma only. Despite these observations, the
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Table 4. Viable bacteria numbers on the surface of the prepared samples; antibacterial effect (R)
values are expressed in CFU.

Staphylococcus aureus CCM 4516 Escherichia coli CCM 4517
Sample N (CFU/cm?) R N (CFU/cm?) R
LDPE REF 25%10 U,=44 46x10° U=57
LDPE PL 5.7x10% ~0 1.0x 108 ~0
AA 20x10° ~0 1.2x108 ~0
MET 0.5 9.4x10* ~0 44x10° ~0
MET 1 1.5%x10° ~0 24x10° 0.3
MET 2 3.4x10* ~0 47%x10° ~0
MET 5 2.9x10* ~0 49%x10° ~0
MET 10 2.9x10* ~0 47%x10° ~0
MET 20 3.6x10% ~0 48x%x10° ~0

overall antibacterial efficacy (R values) remained close to zero for both bacterial
strains across all samples.

These findings confirm that metformin at concentrations achievable with our mul-
tistep process does not impart significant antibacterial activity. This result aligns with
a few prior studies suggesting that metformin may not possess inherent antimicrobial
capabilities, particularly when immobilized on polymeric substrates [9,10] (Table 4).

The apparent lack of antibacterial activity could be attributed to several factors.
The metformin layer deposited on plasma-treated polyethylene using our multistep
procedure might have been too thin or unstable to maintain prolonged contact with
bacterial cells, thus reducing its potential impact. Additionally, the interaction dynam-
ics between metformin and the bacterial cell walls may not be strong enough to
induce cell membrane disruption or metabolic interference, mechanisms typically
required for effective antibacterial action. For instance, Novita et al. demonstrated
that metformin may boost the effectiveness of anti-tuberculosis treatments by pro-
moting autophagy [11]. Furthermore, metformin has been shown to interact with the
outer membrane of Gram-negative bacteria, effectively inhibiting the growth of
Klebsiella pneumoniae [12]. In many studies, metformin exert rather adjuvant antimi-
crobial activity against Gram-positive and Gram-negative bacteria [61-63]. Other
therapeutics which could fuel an interest in repurposing have been shown to exert
some antimicrobial and anti-biofilm activities against clinically relevant bacteria
[64,65]. Among them, heparin immobilized films showed a pronounced antibacterial
effect toward the antibiotic-resistant E. coli K261 [66]. Indeed, the antibacterial effi-
cacy cannot be directly compared with established antibacterial agents, such as chlor-
hexidine, which was deposited onto the surface in the same manner as metformin
[67]. Metformin’s indirect antimicrobial effect relies possibly on modulation of the
host immune response, which is likely mediated through activation of the AMPK
signaling pathway and subsequent induction of reactive oxygen species (ROS) in
immune cells, contributing to disruption of bacterial metabolism [68,69].

Despite the limited success in achieving antibacterial activity, these results are cru-
cial in highlighting the limitations of metformin as an antibacterial agent in surface
modification applications. Future studies may explore alternative approaches to
enhance the antimicrobial properties of such films. For instance, combining met-
formin with other antimicrobial agents, increasing the concentration of
surface-immobilized metformin, or modifying the surface chemistry to improve the
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interaction between the active substance and bacterial cells could yield more promis-
ing outcomes. Furthermore, additional tests, such as long-term exposure studies or
the incorporation of metformin in multi-component polymer blends, could be con-
sidered. These modifications may help overcome the current limitations observed in
this study and provide more comprehensive insights into the viability of
metformin-functionalized surfaces for biomedical applications.

3.7. Evaluation of cytotoxicity

In vitro cytotoxicity was evaluated using the MTS assay as an indicator of mitochon-
drial succinate dehydrogenase enzyme activity. Cytotoxicity was classified based on
the percentage of cell viability: values above 75% were considered non-cytotoxic,
75-50% indicated weak cytotoxicity, 50-25% represented moderate cytotoxicity, and
values below 25% indicated strong cytotoxicity. The reference viability corresponds to
100% survival of cells in the absence of the tested substances in the culture medium.
The cytotoxicity data are presented in Figure 7.

The obtained cytocompatibility data indicate that cell viability on the initial LDPE
sample is almost 84%, which corresponds to non-cytotoxicity although the value is
slightly lower than that of the control. The sample after treatment in low-temperature
plasma has similar cytocompatibility. A somehow lower value is observed for the
sample after incubation with the acrylic acid when the relative cell viability is around
72% what indicates weak cytotoxicity. Some deposited samples containing thin films
based on metformin were non-cytotoxic, with values ranging from 99 to 97%, except
for samples with metformin deposited from solutions with concentrations of 5, 10,
and 20g-L! (p<0.05). For these samples, the relative cell viability dramatically
decreases to the value of 21% for the sample deposited from the solution with con-
centration of 20g-L™! what indicates strong cytotoxicity. Strong cytotoxicity results in
higher metformin concentrations suggest potential for anticancer treatment [70-72].

These findings are consistent with previous studies that demonstrated metformin’s
concentration-dependent effects on cellular viability and metabolic activity. Notably,
Lei et al. demonstrated that metformin concentrations ranging from 0 to 500pM
enhanced the proliferation of human umbilical cord-derived mesenchymal stem cells
(UCMSCs), whereas exposure to higher levels (1000 uM) led to an inhibitory effect
[73]. In contrast, exposure of UCMSCs to higher metformin concentrations (0.1-
50mM) for 48h led to a dose-dependent reduction in cell viability, with significant
effects observed from 3mM and maximal inhibition at 50mM [74]. To assess the
impact of exposure duration, BMSCs were treated with metformin (0.5-500 uM) for
14 days, resulting in a dose-dependent decline in cell viability, likely due to prolonged
treatment reducing synthesis of factors, such as IGF-2 [75]. Biomaterial-based deliv-
ery systems have been shown to augment metformin’s proliferative effects on MSCs.
Ahmadi et al. showed that metformin-loaded mesoporous silica nanoparticles encap-
sulated in a hyaluronic acid/gelatin matrix enabled sustained release over 15days,
enhancing BMSC proliferation and metabolic activity, as confirmed by PicoGreen and
MTT assays [76].

Therefore, while the cytotoxic response at high concentrations may restrict met-
formins use in certain biomaterial settings, it also highlights the potential of
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localized, concentration-dependent delivery systems in applications requiring con-
trolled modulation of cell proliferation. Further investigation is warranted to better
understand its mechanisms and optimize therapeutic efficacy across diverse physio-
logical and pathological conditions.

4. Conclusion

This study successfully immobilized a very thin film of metformin onto LDPE sur-
faces through plasma treatment and carbodiimide chemistry, creating bioactive coat-
ings with potential applications in biomedicine. The process involved air plasma
treatment to introduce reactive oxygen and nitrogen groups, followed by grafting AA
to provide some carboxyl groups for metformin attachment via EDC/NHS activation.
FTIR confirmed the successful deposition of metformin, with characteristic N-H and
C=N stretching peaks. Similar results were observed by XPS. The plasma treatment
significantly improved the surface wettability, reducing the water contact angle from
82.6° (untreated LDPE) to 54.7° after metformin deposition at 0.5g-L~'. The WCA
increased gradually with increasing metformin concentration. SEM/EDX analyses
revealed surface heterogeneity and increased roughness due to stratified metformin
layers, accompanied by N/O signals indicative of drug incorporation. Drug loading
increased proportionally with incubation concentration, reaching up to ~72ug per
film for MET 20. In vitro release showed a biphasic profile—an initial burst followed
by slower diffusion-limited release. Kinetic modeling revealed Korsmeyer—Peppas
behavior (Fickian diffusion) at low loading (MET 1), while higher loadings (MET 5
and MET 20) followed first-order kinetics, suggesting concentration-dependent release
from a surface-enriched matrix. The deviation from Higuchi assumptions reflects the
non-uniform distribution and partial immobilization of the drug. Despite the surface
modifications, antibacterial testing against S. aureus and E. coli showed no significant
antibacterial activity. However, cytocompatibility assays using multipotent mesenchy-
mal cells demonstrated that the metformin-coated surfaces exhibit interesting bio-
compatibility. A dose-dependent cytotoxicity was observed at higher metformin
concentrations, with samples containing <5g-L™' metformin exhibiting minimal cyto-
toxicity, while higher concentrations led to reduced cell viability. Overall, the findings
indicate that metformin-functionalized LDPE surfaces possess promising attributes for
biomedical applications, where enhanced surface properties are critical. Building on
these results, future research will aim to optimize these surfaces through combination
therapies to enhance antimicrobial efficacy, thereby making metformin-functionalized
coatings more suitable for advanced medical devices and therapeutic applications,
including antibacterial and implant coatings. The combination of controlled release
and localized cytotoxicity suggests that such systems could be tailored for site-specific
therapeutic applications, where short-term cell inhibition is desired.
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