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Full Length Article
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A B S T R A C T

Tendon and ligament injuries often necessitate surgical intervention with the use of artificial implants due to 
their complex nature and the difficulties associated with natural tissue regeneration. This study investigates a 
novel surface modification method for polyester artificial ligaments (PEAL) to enhance their antimicrobial 
properties and biocompatibility. A polyphenol-zinc layer was synthesized on PEAL using epigallocatechin gallate 
(EGCG) and zinc cations, which allowed for the adsorption of ciprofloxacin (CIPRO) to achieve prolonged 
antibacterial activity. Comprehensive analyses, including UV–Vis spectroscopy, scanning electron microscopy 
(SEM), and X-ray photoelectron spectroscopy (XPS), confirmed the successful synthesis of the layer and the drug 
adsorption. The modified PEAL exhibited significant improvements in hydrophilicity, antioxidant capacity, and a 
sustained release of CIPRO over four hours. Antimicrobial tests demonstrated enhanced effectiveness against 
Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus, with the highest inhibition rate observed for 
E. coli. Microbiological studies also demonstrated the ability of the modified PEAL to inhibit biofilm formation on 
their surface. Cytotoxicity studies indicated minimal toxicity for the modified samples, supporting their 
biocompatibility and potential for biomedical applications. Expression studies of inflammatory markers in two 
different cell lines showed no negative impact on the cellular inflammatory response. This innovative approach 
presents a promising solution for reducing infection risks and improving outcomes in the repair of the muscu
loskeletal system.

1. Introduction

Tendon and ligament damage are among the most common injuries 
to the musculoskeletal system, alongside muscle tear injuries. The 
increasing average life expectancy, combined with society’s growing 
interest in physical activity, increases the risk of these injuries. Treat
ments of tendon and ligament injuries include methods that do not 
require surgery and act through the biophysical stimulation of damaged 
tissues − physiotherapy, cryotherapy, or the use of ultrasounds [1]. 
However, most of these types of injuries require surgeries, sometimes 
with several revisions to regain full physical fitness. The surgical tech
niques used include manual repair of damaged tissues, autografts, and 

allografts [2]. In recent years, the use of functional materials for this 
type of surgery has become increasingly popular, as they are designed to 
ensure high mechanical strength of the reconstructed tendons or 
ligaments.

However, it is important to match and adapt the materials used to the 
microenvironment of the damaged tendon or ligament [3]. Non- 
degradable polymers have found considerable application in this area, 
and are used to produce artificial tendons and ligaments due to their 
biochemical stability and good mechanical strength [4]. Apart from 
proper healing and restoration of full fitness, a significant problem in the 
treatment of this type of injury is also the risk of bacterial adhesion to the 
implants and the development of biofilm, which may lead to 
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pharmacologically difficult-to-treat infections [5]. A local antibacterial 
and/or antibiofilm action by the implant surface is a key strategy to 
reduce the risk of infection of artificial tendons or ligaments and to avoid 
the discomfort and costs of revision surgery. Polymer materials intended 
for artificial tendons and ligaments have already been modified to 
improve their antibacterial properties, but the limited number of reports 
indicate that this subject is still poorly understood. A tentative was made 
by using polydopamine layers with an admixture of silver ions, or by 
applying complex polymer films of natural and synthetic origin [6,7]. 
New modifications of artificial tendons and ligaments with multifunc
tional action are needed for higher efficacy.

One promising way for surface modification of polyester artificial 
ligaments (PEAL) uses polyphenols. Polyphenols are secondary metab
olites produced by plants, playing a key role in defense mechanisms, 
highly effective in facing oxidative stress and inflammation through 
their antioxidant properties. Epigallocatechin gallate (EGCG) stands out 
among polyphenols for its significant biological properties. Due to its 
antioxidant properties, it is a component of many dietary supplements, 
and may also have an impact on the treatment of obesity-related con
ditions or cardiovascular diseases, due to the control of oxidative stress 
[8]. EGCG can also be used as an active anticancer substance because it 
inhibits topoisomerases responsible for DNA replication [9]. However, 
the poor solubility, bioavailability and stability make this compound 
poorly effective through systemic and dietary assumptions which is why 
local action through surface modification of an implant is a promising 
strategy. EGCG can form coatings through oxidative auto- 
polymerization, but partial oxidation turns into a loss of antioxidant 
properties [10]. Numerous hydroxyl groups in the chemical structure of 
EGCG enable the formation of coordination bonds with bivalent or 
trivalent metal cations (e.g., Cu2+, Ca2+, Zn2+, Al3+) [11]. This chemical 
bond can be exploited as an alternative for EGCG’s surface grafting. 
Additionally, EGCG and zinc cations can synergize their antioxidant and 
antibacterial properties [12]. EGCG does not show cytotoxicity if 
maintained in a proper concentration limit and, due to its anti-cancer 
properties, it is a preventive strategy in reducing the risk of recurrence 
at a site where cancer has been removed [13]. However, the integration 
of EGCG with a complementary antibacterial agent is necessary for 
targeting different bacterial functions and achieving effective 
prevention.

Ciprofloxacin (CIPRO) is an active substance used in the treatment of 
numerous bacterial infections. It belongs to the group of fluo
roquinolone antibiotics, and it is usually administered orally. Its 
chemical structure opens up the possibility of forming coordination 

bonds due to the presence of carbonyl and hydroxyl groups in close 
proximity. CIPRO can form complex bonds with various metal cations 
such as copper, nickel, cobalt, and zinc [14]. Moreover, the complex of 
zinc cations and this active substance revealed the highest antimicrobial 
activity.

Oral administration of CIPRO also has some drawbacks, such as fast 
elimination from the human body and several side effects on the 
digestive system [15].

Finding an appropriate way to administer this antibiotic can increase 
its effectiveness and minimize harmful and severe effects on the human 
body. The local release of this antibiotic has already been tested by 
modifying the surface of e.g. titanium implants to prevent peri- 
implantation infections [16].

Therefore, in this work, PEAL samples were covered by a layer of 
EGCG doped with zinc cations. The created layer was capable of 
attaching CIPRO molecules on its surface. This modification opened a 
way to improve the antimicrobial properties of PEAL, which is crucial to 
achieve successful treatment of tendon/ligament injuries. To the best of 
our knowledge, such a modification has never been performed before. 
The CIPRO adsorption and release profiles were investigated by UV–Vis 
spectroscopy. Coated PEAL was investigated using scanning electron 
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) tech
niques. Additionally, the breaking force of the obtained materials was 
tested to determine whether the applied modification affects the me
chanical properties of the material. The antimicrobial activity and 
cytotoxicity were also studied. The diagram and the idea of the modi
fication carried out are shown in Fig. 1.

2. Methods and materials

2.1. Materials

PEAL samples (Tricomed, Poland) made of polyester were used to 
conduct the experimental part. The reagents used to synthesize the 
polyphenol layer: EGCG (purity – 99.5 %), ammonium persulfate (purity 
– 98.0 %), and zinc acetate dihydrate (purity – 99.5 %) were purchased 
from Merck and Sigma Aldrich. The active substances tested – CIPRO 
(purity 99.5 %), 2,2-Diphenyl-1-picrylhydrazyl (DPPH) (purity – 99.0 
%), and L-ascorbic acid (purity – 99.5 %) were all purchased from Sigma 
Aldrich. The compounds used for the simulated body fluid in the release 
studies were also purchased from Sigma Aldrich. The reagents used for 
the studies were used without further purification.

Fig. 1. Scheme of conducted modification.
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2.2. Preparation of the polyphenol-zinc layer

PEAL samples were cut into smaller parts of 1 cm in length. The 
polyphenol-zinc solution was prepared by dissolving 50 mg of EGCG and 
2.39 mg of zinc acetate hydrate in TRIS-HCL buffer (10 mM, pH = 8.5). 
After all ingredients were solubilized, 24.88 mg of ammonium persulfate 
was added to the solution and stirred to complete dissolution. PEAL 
samples were immersed in the prepared solution and placed in a hy
drothermal reactor for 24 h at 70 ◦C. Samples after that stage of modi
fication were named PEAL-EGCG-Zn2+. After preparing the polyphenol- 
zinc layer on PEAL samples, they were dried for 24 h at 36.6 ◦C.

2.3. Drug adsorption – ciprofloxacin (CIPRO)

The adsorption of CIPRO was studied by placing both unmodified 
and surface-modified samples of PEAL in Eppendorf tubes and flooding 
them with a solution of this active substance. The samples were flooded 
with 1 ml of CIPRO solution (0.02 mg of CIPRO dissolved in 1 ml of 
distilled water). Eppendorf tubes were placed on an orbital shaker (150 
rpm), and drug adsorption on the surface of samples was checked after 
every 24 h using UV–VIS spectroscopy. The total adsorption time of 
CIPRO on the modified surface was 72 h. The resulting materials were 
named PEAL-EGCG-Zn2+CIPRO. The amount of retained drug was 
determined based on six repetitions.

2.4. Ciprofloxacin (CIPRO) release

The modified PEAL samples were placed in Eppendorf tubes. They 
were flooded with 1 ml of SBF solution and placed on a temperature- 
controlled orbital shaker (200 rpm), set at 37 ◦C. The tested solution 
was collected from Eppendorf tubes into cuvettes and examined using a 
UV–VIS spectrophotometer, where the amount of drug released was 
measured after each hour of the examination. The exact composition of 
the SBF solution (per 1000 ml) contained 8.035 g of NaCl; 0.355 g of 
NaHCO3; 0.225 g of KCl; 0.231 g of K2HPO4⋅3H2O; 0.072 g of Na2SO4; 
0.6112 g of TRIS and 0–5 ml of HCl [17].

2.5. Methods

2.5.1. UV–VIS spectroscopy
To study the amount of CIPRO adsorbed on both unmodified and 

modified surfaces of PEAL samples during the adsorption process, 
measurements were conducted in the range of 250–450 nm (λ max =
272 nm), with the final value calculated as the mean of six replicates. 
Determination of the amount of released active substance was also 
performed in that range, with the result expressed as the mean of three 
measurements. The examination was determined by a UV–VIS spectro
photometer UV-2600 (Shimadzu, Japan). To analyze the studied amount 
of CIPRO, a calibration curve in water and SBF solution was prepared for 
adsorption and drug release analysis.

2.5.2. Inductively coupled plasma – mass spectrometry
To determine the weight assay of zinc doped into the created poly

phenol layer, ICP-MS analysis was conducted. PEAL samples of deter
mined mass after the stage of forming a polyphenol-zinc layer were 
dissolved in a mineralizer in aqua regia (12 ml). After mineralization 
and cooling, it was quantitatively transferred to a 25 ml flask and made 
up to the mark with water. A 4-point standard curve was prepared, and 
the zinc assay in ppb was determined on its basis and then converted to 
weight %.

2.5.3. Molecular modelling
Molecular modelling was employed in order to investigate the co

ordination of zinc cations in a system which includes both EGCG and 
CIPRO molecules. The calculations were carried out using the density 
function theory (DFT) and the B3LYP/3-21G basis set using the Gaussian 

09 software. Each structure was prepared as a separate model using the 
graphical interface of the HyperChem 8.0 software. After initial 
geometrical optimization and inspection of each structure, the separate 
models were combined in order to investigate the interaction energy and 
geometrical parameters following the coordination of Zn2+ by both 
EGCG and CIPRO.

2.5.4. Scanning electron microscopy (SEM)
To determine a microscopic analysis of the modified surface of PEAL 

samples, a scanning electron microscope VEGA 3 (TESCAN) was used. 
Photos were taken after each step of the performed modification, and the 
results are shown at hundredfold and four hundredfold times 
magnification.

2.5.5. X-ray photoelectron spectroscopy (XPS)
PEAL samples were conducted to X-ray photoelectron spectroscopy. 

XPS analysis was performed using a PHI VersaProbeII Scanning XPS 
system equipped with monochromatic Al Kα (1486.6 eV) X-rays focused 
into a 100 µm spot, scanning across an area of 400 µm × 400 µm. The 
photoelectron take-off angle was 45◦, and the analyzer’s pass energy 
was set to 117.50 eV (0.5 eV step size) for survey scans and 46.95 eV 
(0.1 eV step size) for high-resolution spectra targeting the C 1s, O 1s, N 
1s, and F 1s regions. A dual-beam charge neutralization system, 
employing 7 eV Ar+ ions and 1 eV electrons, ensured stable surface 
potential regardless of sample conductivity. All spectra were calibrated 
to the unfunctionalized, saturated C–C carbon C 1s peak at 285.0 eV. The 
analytical chamber operated at pressures below 3.0 × 10-9 mbar. 
Spectral deconvolution was conducted using PHI MultiPak software 
(v.9.9.3), with the Shirley method applied for background subtraction.

2.5.6. Water contact angle (WCA)
To study the hydrophilic properties of both unmodified and modified 

PEAL samples, they were tested by measuring the water contact angle. 
The WCA was measured using a Theta Lite Optical Tensiometer. Samples 
were placed on a leveled table, and image capture was initiated using 
specialized software. A drop of distilled water was applied to each 
sample, and the process was recorded for 30 s. The first image in which 
the droplet had fully stabilized on the sample was selected for analysis. 
The contact angle was then calculated using the appropriate software 
(Attention theta). Three types of samples were evaluated, and the results 
represent the average measurements for each sample type, based on the 
mean of four samples per type.

2.5.7. Antioxidant assay by DPPH measurement
The DPPH test was used to evaluate the antioxidant capacity of the 

prepared materials. The study was conducted following protocols 
available in the literature [18]. For this purpose, a DPPH solution in 
anhydrous ethanol with a final absorbance of 0.509 was first prepared. 
Then, the prepared samples (1 cm in length) were placed in 1 mL of the 
prepared solution for 30 min in the absence of light. After this time, their 
absorbance was measured at a wavelength of 517 nm, with the results 
expressed as the mean of three replicates. A pure DPPH solution was 
used as a control. The amount of DPPH (in %) was calculated using the 
following formula: 

Antioxidant activity = (
A517c − A517s

A517c
)*100% (1) 

where: A517c represents the absorbance of the control sample at a 
wavelength of 517 nm, and A517s represents the absorbance of the 
tested sample at a wavelength of 517 nm.

To compare the antioxidant capacity of the obtained material, the 
ability to neutralize prepared DPPH by an L-ascorbic acid solution, a 
natural antioxidant, was also investigated. For this purpose, a stock 
solution of L-ascorbic acid with an initial concentration of 250 µM was 
prepared. Serial dilutions were then made to achieve concentrations 
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down to approximately 3.9 µM. To 1 mL of the DPPH solution, 0.1 mL of 
the ascorbic acid solution was added, and the mixture was kept in the 
dark for 30 min. After this time, the samples were analyzed using 
UV–VIS spectroscopy, and the antioxidant capacity was determined 
using Equation (1).

2.5.8. Breaking load
To determine the breaking load of PEAL samples before and after 

modification, a universal testing machine Instron Electropuls E1000 
(Instron) was used. The primary goal of this study was to determine if 
the proposed modifications influence the breaking force. Before tests, 
samples were conditioned at least 48 h at (20 ± 1) ◦C and (50 ± 5) % 
relative humidity. Ligament ends were looped around circular elements 
secured in the grips. The test was displacement-controlled with a 

constant machine crosshead speed of 30 mm/min. Each result is an 
average of three tests.

2.5.9. Antibacterial activity – Inhibition zone
The antibacterial activity was assessed using Staphylococcus aureus 

ATCC 25923, Escherichia coli ATCC 25922, and Pseudomonas aeruginosa 
ATCC 27853 using the disc diffusion method. A total of 100 μL of bac
terial suspension with a turbidity equivalent to 0.5 on the McFarland 
scale was evenly spread on Mueller-Hinton agar (MHA) plates. Each 
PEAL sample was cut into 0.5 cm pieces, and one piece was placed on the 
surface of the inoculated agar plate. The negative control consisted of 
Mueller-Hinton broth (MHB) alone. All samples were incubated at 37 ◦C 
for 24 h. Antibacterial activity was determined by measuring the 
diameter of the inhibition zone formed around the sample. The 

Fig. 2. CIPRO adsorption on the unmodified and modified surfaces of PEAL samples.
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inhibition zones were measured in millimeters (mm), with the PEAL 
diameter (5 mm) subtracted from the total inhibition zone.

2.5.10. Evaluation of bacterial biofilm formation on ligament surfaces
To assess the ability of the tested ligament materials to support 

bacterial biofilm formation, two complementary methods were 
employed. Biofilm was allowed to form on the surface of ligament 
fragments incubated with a bacterial suspension under controlled con
ditions. Quantification of the biofilm was performed using crystal violet 
staining, which measures total biofilm biomass, and the MTT assay, 
which evaluates the metabolic activity of the adherent bacterial cells. 
Both methods provided insight into the extent and viability of the bio
film formed on each ligament variant.

2.5.11. Quantification of biofilm biomass – Crystal violet staining
Following incubation, the bacterial suspension was carefully 

removed from each well, and the ligament samples were gently rinsed 
three times with phosphate-buffered saline (PBS) to remove non- 
adherent cells. The samples were then transferred to fresh wells and 
fixed by adding 500 µL of 0.3 % formalin, followed by a 10-minute in
cubation at room temperature. After fixation, the samples were washed 
again with PBS and stained with 500 µL of 0.1 % crystal violet for 15 
min. Excess dye was removed by thorough rinsing, and the samples were 
air-dried for 15 min. To solubilize the bound dye, 500 µL of 95 % ethanol 
was added to each well and incubated for 20 min. Subsequently, 100 µL 
of the extracted solution was transferred to a 96-well plate, and absor
bance was measured at 595 nm using a Omega Microplate Spectro
photometer (BioTek Instruments, Inc., Winooski, VT, USA).

2.5.12. Assessment of metabolic activity of biofilm – MTT assay
To evaluate the metabolic activity of biofilm formed on the ligament 

surfaces, the MTT assay was performed. After incubation, the bacterial 
suspension was removed from each well, and the ligament samples were 
gently rinsed three times with phosphate-buffered saline (PBS) to 
eliminate non-adherent cells. The samples were then transferred to fresh 
wells, and 500 µL of MTT solution (0.075 % MTT in PBS) was added to 
each well. After 2 h of incubation at 37 ◦C, the MTT solution was 
carefully removed, and the samples were gently rinsed with PBS.

Subsequently, the ligaments were transferred to new wells, and 375 
µL of dimethyl sulfoxide (DMSO) and 125 µL of glycine buffer (0.1 M, pH 
10.2) were added to solubilize the formazan crystals. After 15 min of 
incubation, 100 µL of the resulting solution was transferred to a 96-well 
plate, and absorbance was measured at 570 nm using a microplate 
reader.

2.5.13. Cell viability
The effect of PEAL samples on cell viability was assessed using the 

MTT assay. Human keratinocyte (HaCaT), adenocarcinomic human 
alveolar basal epithelial (A549), and African green monkey kidney 
(Vero) cells were suspended and seeded in 96-well plates at a density of 
5 × 103 cells per well in 200 μl of medium and incubated overnight. Cells 
were then incubated with PEAL samples for 24 h. A solution of3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma- 
Aldrich) was prepared by dissolving it in PBS at 5 mg/ml, and 100 μl 
of this solution was added to each well. An additional 100 μl of culture 
medium was added to reach a final concentration of 2.5 mg/ml, and the 
plates were incubated for one hour. Dimethyl sulfoxide (DMSO; Sigma- 
Aldrich, MA) was used to dissolve the resulting formazan crystals. The 
quantity of the colored formazan derivative was measured by recording 
the absorbance at 570 nm using an Omega Microplate Spectrophotom
eter (BioTek Instruments, Inc., Winooski, VT, USA). Cell viability was 
expressed as the percentage of viable cells relative to the untreated 
control. All experiments were performed in triplicate.

2.5.14. Gene expression analysis of inflammatory Cytokines
To evaluate the inflammatory response induced by the tested 

materials, A549 and HaCaT cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with 10 % fetal bovine serum and 
1 % penicillin–streptomycin under standard conditions (37 ◦C, 5 % 
CO2). After reaching approximately 80–90 % confluence, cells were 
exposed for 24 h to PEAL, PEAL-EGCG-Zn2+, and PEAL-EGCG-Zn2+CI
PRO. Total RNA was isolated using the MagnifiQ™ 1 Total RNA Plus 
instant kit (A&A Biotechnology, Poland) according to the manufac
turer’s instructions. The experiment was conducted in three indepen
dent replicates. Isolated RNA was reverse transcribed into 
complementary DNA (cDNA) using GoScript™ Reverse Transcriptase 
(Promega, USA). Quantitative PCR (qPCR) was performed using 
GoTaq® Probe qPCR Master Mix (Promega, USA) with specific primers 
and probes for IL-6, IL-10, IL-1β, and IFN-β. The housekeeping gene 
GAPDH served as an internal reference for normalization. All reactions 
were run in technical triplicates. Relative gene expression levels were 
calculated using the 2− ΔΔCt method. Data were analyzed using standard 
qPCR software and presented as mean ± standard deviation. Statistical 
significance between groups was evaluated using one-way ANOVA fol
lowed by appropriate post hoc tests, with p < 0.05 considered 
significant.

2.5.15. Statistical analysis
All numerical data were expressed as mean ± standard deviation 

(SD). Statistical comparisons between multiple groups were performed 
using one-way analysis of variance (ANOVA), followed by Tukey’s 
multiple comparisons test to identify statistically significant differences. 
A p-value of less than 0.05 was considered statistically significant. Each 
experimental group included at least three independent replicates. 
Graphical data were visualized as bar charts with appropriate statistical 
annotations. All analyses were performed using GraphPad Prism 
(version 10.4.2, GraphPad Software, San Diego, CA, USA).

3. Results

During the initial phase of the research, a study was undertaken to 
synthesize the polyphenol-zinc layer on the polyester material and the 
eventual adsorption of CIPRO. This analysis was performed with a 
UV–Vis spectroscope, and the results are presented in Fig. 2. The first 
graph clearly shows that unmodified PEAL is unable to adsorb CIPRO on 
its surface. A significant change in the surface properties of this material 
can be seen from the second diagram. The results show that the 
polyphenol-zinc layer on the surface of PEAL created the possibility of 
the adsorption of CIPRO. This is due to an EGCG layer with zinc cations 
in its structure [19]. It is worth emphasizing that zinc ions are attached 
to the polyphenol layer through coordination interactions with phenolic 
–OH groups. Zinc ions in the prepared layer serve as active sites for drug 
adsorption, also utilizing coordination interactions [20]. It is also worth 
adding that π-π interactions may occur between the drug and the layer, 
stabilizing the drug’s coordination on the surface. The quantity of the 
active substance adsorbed onto the surface of the modified PEAL grad
ually increases over time, as demonstrated by successive measurements. 
The adsorption process concluded after 72 h, with the modified PEAL 
sample retaining a maximum of 5.18 μg (±0.42 μg) of CIPRO, corre
sponding to 26 % of the total amount of CIPRO initially present in the 
prepared solution. The samples used in our study were 1 cm long. 
However, the artificial ligaments used during surgery are significantly 
longer. Therefore, the amount of loaded drug will be much higher, and 
the amount of 5.18 µg of ciprofloxacin adsorbed on the surface of a 1 cm 
long ligament is sufficient.

The next step of examining the obtained material was to define the 
weight assay of zinc adsorbed on the surface of the created polyphenol- 
zinc layer. The sample named PEAL-EGCG-Zn2+ contains about 5 µg of 
zinc, which corresponds to 0.076 µmol per 1 cm length. This confirms 
the presence of these ions on the surface after the first stage of PEAL 
modification. Zinc cations are the key factor that enables the adsorption 
of an active substance. This is confirmed by the amount of CIPRO 
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adsorbed on the surface of the modified PEAL, which is 5.18 µg, corre
sponding to 0.016 µmol. As can be observed, the number of moles of 
adsorbed ciprofloxacin is smaller than the number of moles of zinc ions. 
This can be explained by the fact that, for example, some zinc ions may 
be unavailable to CIPRO due to steric hindrances or due to prior strong 
coordination with the catechol groups of EGCG within the layer. 

Additionally, there is a possibility that the CIPRO molecule may interact 
with more than one Zn2+ ion due to the presence of various functional 
groups in its structure [21].

The results of molecular modelling confirmed that zinc cations are 
readily coordinated by both EGCG and CIPRO, which results in the 
stabilization of the system (as indicated by the lower energy of the 
system compared to the total energy of individual components presented 
in Table 1). The interaction of all components resulted in a notable 
decrease of energy for the studied system (by approx. 475 kcal/mol). 
Zinc cation was coordinated by two oxygen atoms originating from 
hydroxyl groups in EGCG and two oxygen atoms which formed the 
carbonyl and carboxyl group in CIPRO. The general geometry of the 
coordinated system resembled that of the hybridisation of a sp3 carbon, 
with distances between Zn2+ and the corresponding ranging from 1.84 
to 1.91 Å (Fig. 3, the oxygen atoms of CIPRO are in the same plane as the 
central Zn cation, whereas the oxygen atoms of EGCG are behind and in 
front of the plane, respectively).

Table 1 
Energy values calculated for the studied models.

Energy of individual components [Hf]
EGCG − 1667.38
CIPRO − 1142.08
Zn2+ − 1769.74
total − 4579.21
Energy of the EGCG-Zn2+CIPRO system [Hf]
​ − 4579.96
Energy of interaction [Hf]
​ − 0.75

Fig. 3. Graphical representation of the EGCG-Zn2+CIPRO coordination model.
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The next analysis focused on defining the impact of the performed 
modification on the morphology of the analyzed material. PEAL samples 
at each modification stage were taken for SEM analysis. The obtained 
results are presented in Fig. 4. There are no clear differences between the 
analyzed samples. Additionally, the performed modification did not 
cause any damage to the macrostructure of PEAL. This is crucial because 
creating a polyphenol-zinc layer on the surface of the analyzed material 
does not impact the structural properties of PEAL samples.

The obtained materials were also taken to XPS analysis to check the 
presence of the created polyphenol-zinc layer on the surface of modified 
PEAL samples.

The results are presented in Table 2 and in Figs. 5 and 6.
The C 1s spectra for all analyzed samples were fitted with four lines 

typical for polyesters: the first line at 284.6 eV indicating C=C type sp2 

aromatic rings, second line at 286.2 eV points out the existence of C–C 
sp3 type carbon and/or C-O and/or C-N bonds, next line at 288.6 eV 
comes from the O-C=O type bonds, and the last one at 291.3 eV indicate 
shake-up structure presence which is attributed to aromatic rings [22]. 
The shake-up excitation originates from the sp2 carbon and its aromatic 
forms and is an additional parameter confirming the presence of this 
type of bond. The O 1s spectra were fitted with two lines, with the first 
line centered at 531.7 eV indicating O=C type bonds and the second line 
at 533.2 eV, which indicates the presence of O-C bonds [20,21]. The F1s 
spectra were fitted with one line centered at 687.0 eV, pointing out the 

existence of fluoride in the sample [23]. Spectrum collected in N 1s 
region was fitted with two lines first centered at 399.6 eV attributed to 
C-N bonds and/or –NH– [22] and second line at 401.1 eV originating 
either from NH4+ compounds or C=N groups [24,25]. A significant in
crease in the share of single C-O bonds for the samples at each modifi
cation stage indicates the successful synthesis of the polyphenolic layer. 
One can also notice a decrease in the share of characteristic bonds that 
make up the tested polyester, i.e., C=C and O-C=O bonds. This is due to 
the fact that the synthesized polyphenol layer covers the tested material, 
and mainly the bonds building the polyphenol layer are visible. Another 
important result from the XPS analysis is that in the PEAL-EGCG- 
Zn2+CIPRO sample, bonds with nitrogen and fluorine are present. These 
elements occur only in CIPRO’s structure, proving the effectiveness of 
adsorption on the surface of the tested PEAL.

Another characterization technique was the water contact angle at 
each modification phase. These measurements, shown in Fig. 7A, reveal 
that the contact angle values for the modified samples are significantly 
lower than those of the unmodified sample surface (P value < 0.0001). 
This indicates that the modified surfaces are hydrophilic, while bare 
PEAL samples were hydrophobic. Moreover, values of contact angle 
equal to zero were recorded after 30 s of measurement for the modified 
samples, which means they are super-hydrophilic. It is an important 
feature for applying PEAL in the human body because it is well-known 
that chemical affinity between body fluids and surface implants results 
in a positive outcome. After all, the first step of tissue integration is the 
adsorption of ions and biomolecules from body fluids. Additionally, the 
hydrophilic nature of the prepared material suggests enhanced cyto
compatibility because several cells adhere only on surfaces with a sur
face energy lower than 30–40 mN/m, which means a water contact 
angle lower than 65◦ [26].

To further characterize the material, an antioxidant capacity test was 
also conducted. The results of this study are shown in Fig. 7B. The un
modified PEAL samples exhibited minimal ability to react with the 
model free radical used in this study, DPPH. After modifying PEAL with 
a polyphenol layer, this capacity increased significantly (up to 31.5 ±
3.30 %, P value < 0.0001). The primary mechanism of free radical 
neutralization by the adsorbed layer is their reaction with phenolic 
groups (–OH) present in the EGCG structure [27]. After drug adsorption, 
the ability to react with DPPH decreased slightly (to 27.96 ± 1.97 %), 
but this change is not statistically significant. This reduction may be 
attributed to steric hindrance, as CIPRO molecules were present on the 
surface of the material, which hinders the radical’s access to the surface. 
Due to the retained ability to react with DPPH after drug adsorption, it 
can be assumed that the layer will exhibit some degree of anti- 
inflammatory activity. Additionally, to facilitate the assessment of 
antioxidant capacity, we conducted comparative studies using ascorbic 
acid. The results are shown in Fig. 7C. As can be observed, a similar 
amount of DPPH neutralized by a single ligament sample was also 
neutralized by an ascorbic acid solution in the concentration range of 
31.25–62.5 µM.

More specifically, one sample of the artificial ligament was able to 
neutralize the same amount of DPPH as 0.1 mL of an L-ascorbic acid 
solution with a concentration of approximately 43 µM.

Another stage of our studies was focused on the specification of the 
release profile of CIPRO from the modified surface of PEAL. The ac
quired materials were analyzed to determine the quantity of active 
substance released and the duration over which this release occurs. 
Fig. 8 illustrates the CIPRO release profile from the surface of the 
modified samples. The desorption process took place for 4 h. A pro
longed release of CIPRO is crucial to face the risk of infection by mi
croorganisms. A full release of the active substance at the first moment 
of contact with body fluids would be inappropriate because late in
fections could occur. The PEAL sample could be alternatively modified 
by simply sprinkling the surface with antibiotic solutions, but this 
approach would not generate prolonged antibacterial protection. The 
quantity of the drug released from PEAL-EGCG-Zn2+ is 6.43 µg, equating 

Fig. 4. SEM images of the tested PEAL at each modification stage, captured at 
100x and 400x magnifications.

Table 2 
Surface concentrations of chemical bonds derived from the analysis of XPS data 
for all examined samples.

C N

Binding energy [eV] 284.6 286.2 288.6 291.3 399.6 401.1
Compounds/Bonds C=C C–C 

C-O 
C-N

O- 
C=O

shake- 
up

C-NH NH4
+

PEAL 45.4 15.4 12.0 0.7 0.0 0.0
PEAL-EGCG-Zn2+ 44.1 18.7 9.8 0.6 0.0 0.0
PEAL-EGCG-Zn2+

CIPRO
41.5 22.1 9.1 0.6 1.0 0.7

​ O F
531.7 533.2 687.0
O=C O-C F-

PEAL 11.7 14.8 0.0
PEAL-EGCG-Zn2+ 10.7 16.1 0.0
PEAL-EGCG- 

Zn2+CIPRO
10.0 14.6 0.4
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Fig. 5. High-resolution spectra of the modified surface of PEAL samples before drug adsorption.
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Fig. 6. High-resolution spectra of the modified surface of PEAL samples after drug adsorption.
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to approximately 124 % of the amount initially adsorbed onto the sur
face of the modified PEAL. As can be seen, the amount of drug released 
from PEAL exceeds the amount of drug adsorbed on the surface, as 
determined by UV–VIS spectroscopy. This may be due to the small 
number of ciprofloxacin molecules bound to the surface of PEAL through 
physical interactions.

An important aspect during modification is that the material retains 

its mechanical properties. This is because its primary function is to 
replace tissues and bear mechanical loads. For this reason, the tensile 
strength of the materials described in this work was determined. Me
chanical tests revealed that the breaking force was similar for all three 
investigated ligaments. An average breaking force (± SD) was found to 
be (395 ± 25) N for PEAL, (400 ± 34) N for PEAL-EGCG-Zn2+, and (402 
± 15) N for PEAL-EGCG-Zn2+CIPRO. The results show that the proposed 
surface modification method did not influence the ligament breaking 
force.

To examine the antibacterial activity of the unmodified sample and 
the ones after each stage of modification, they were tested against 
Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and 
Staphylococcus aureus ATCC 25923 using the disc diffusion method. 
These bacterial strains were selected because they are often associated 
with bacterial infections at postoperative sites. Additionally, they form 
biofilms on various surfaces [28,29]. Data in Table 3 are presented as the 
mean inhibition zone (mm) ± standard deviation (SD) from three in
dependent experiments performed in triplicate, where “R” indicates 
bacterial resistance, where no measurable inhibition zone was observed.

The results, summarized in Table 3, demonstrate that PEAL and 
PEAL-EGCG-Zn2+ alone exhibited no measurable inhibition zones, 
indicating resistance (R) to all tested bacterial strains. The lack of an 
inhibition zone for the sample modified with the polyphenol layer and 
zinc ions is not surprising, as the antibacterial activity of EGCG is 
difficult to detect using this test. However, the addition of CIPRO to the 
PEAL-EGCG-Zn2+ sample significantly improved antibacterial efficacy, 
as shown by inhibition zones of 39 ± 1 mm for E. coli, 15 mm for P. 
aeruginosa, and 14 mm for S. aureus. These findings confirm the strong 
antibacterial effect of CIPRO against both Gram-negative and Gram- 
positive bacteria. Moreover, the result for the E. coli strain is almost 
twice as much as the results for P. aeruginosa and S. aureus. It confirms 
that CIPRO is especially effective against E. coli strain because of the 
specific mechanism of action against this Gram-negative bacteria [30]. A 
positive finding is the ability of the materials to inhibit the growth of 
P. aeruginosa bacteria, as numerous reports indicate that this strain 
causes infections that are among the most difficult to treat [31]. The 
obtained results also confirm the broad-spectrum activity of CIPRO [32]. 
Photos of the registered inhibition zone for the PEAL-EGCG-Zn2+CIPRO 
sample are presented in Fig. 9A.

In addition to inhibition zone tests, biofilm formation inhibition as
says on the PEAL surface were also conducted. For this purpose, bacte
rial strains of Staphylococcus aureus and Pseudomonas aeruginosa were 
selected to represent Gram-positive and Gram-negative groups, respec
tively. The results are presented in Fig. 9.

As can be shown, the ability of Pseudomonas aeruginosa to form 
biofilm on PEAL, PEAL-EGCG-Zn2+, and PEAL-EGCG-Zn2+CIPRO sur
faces was firstly evaluated by crystal violet staining at 1, 4, and 7 days 
(Fig. 9B). At the 24-hour time point, biofilm biomass on PEAL was 
significantly higher than on PEAL-EGCG-Zn2+CIPRO (p < 0.05), indi
cating early inhibition of biofilm formation by the antibiotic-modified 
material. At day 4, a statistically significant reduction in biomass was 
also observed for the PEAL-EGCG-Zn2+CIPRO surface compared to both 
PEAL and PEAL-EGCG-Zn2+ (p < 0.05), suggesting a continued anti
biofilm effect. By day 7, the difference between groups narrowed, but 
PEAL-EGCG-Zn2+CIPRO still exhibited significantly lower biofilm 
accumulation than PEAL (p < 0.05). No statistically significant 

Fig. 7. (A) The water contact angle values after 1s, (B) The water contact angle 
values after 30 s, (C) The antioxidant activity values of studied ligament sam
ples, (D) The antioxidant activity values for different concentrations of L- 
ascorbic acid solutions. Results are expressed as mean ± SD (n = 4 for contact 
angle, and n = 3 for DPPH). Statistical analysis was performed using one-way 
ANOVA followed by Tukey’s multiple comparisons test, with a significance 
level set at 0.05. Statistically significant differences are indicated by: ****p <
0.0001. Comparisons with p ≥ 0.05 are not marked on the graph.

Fig. 8. Release profile of CIPRO from the modified surface of PEAL.

Table 3 
The inhibition zone of the tested PEAL samples.

PEAL(I) PEAL-EGCG 
¡ Zn2þ

(II)

PEAL-EGCG 
¡ Zn2þ CIPRO(III)

E. coli ATCC 25922 R R R R 39 ± 1
P. aeruginosa ATCC 27853 R R R R 15
S. aureus ATCC 25923 R R R R 14

J. Reczkowski et al.                                                                                                                                                                                                                            Applied Surface Science 708 (2025) 163712 

10 



differences were found between PEAL and PEAL-EGCG-Zn2+ at any time 
point, indicating that EGCG and Zn2+ were insufficient to suppress 
biomass development under these conditions. These findings support the 
role of ciprofloxacin incorporation in effectively limiting P. aeruginosa 
biofilm formation over time. In addition to the crystal violet assay, the 
MTT assay was also performed to assess the metabolic activity of the 
bacteria (Fig. 9C). The results exhibited a similar trend to those obtained 
using the crystal violet assay. A statistically significant reduction in 
metabolic activity was observed for the PEAL-EGCG-Zn2+CIPRO surface 
compared to PEAL at the 24-hour time point (p < 0.005). This inhibitory 
effect persisted over time, with the CIPRO-modified surface continuing 
to demonstrate significantly lower metabolic activity on days 4 and 7 (p 
< 0.05), indicating sustained suppression of bacterial viability. In 
contrast, no significant differences were observed between PEAL and 
PEAL-EGCG-Zn2+ at any time point, suggesting that the addition of 
EGCG and Zn2+ did not markedly affect P. aeruginosa metabolic activity 
under these conditions.

Similar tests were performed for Staphylococcus aureus strain. The 
crystal violet test (Fig. 9D) showed that after 1, 4, and 7 days, all ma
terials supported similar levels of biomass formation. Overall, no pro
nounced inhibition of S. aureus biofilm biomass was observed for any 
material. Different results were obtained using the MTT assay. After 1 
day, biofilms on PEAL exhibited the highest metabolic activity, with 
slightly lower activity observed for PEAL-EGCG-Zn2+, and the lowest for 
PEAL-EGCG-Zn2+CIPRO, indicating an early trend toward reduced 
bacterial viability on the antibiotic-modified surface. At day 4, meta
bolic activity was comparable across all groups, with minimal variation. 
By day 7, biofilms on PEAL and PEAL-EGCG-Zn2+ maintained higher 
metabolic activity than those on PEAL-EGCG-Zn2+CIPRO, although the 
differences remained moderate. Overall, the data suggest that PEAL- 
EGCG-Zn2+CIPRO may exert a mild inhibitory effect on S. aureus 
metabolic activity, particularly at the early and late stages of biofilm 
development.

Infections caused by bacteria growing as biofilms are much more 

Fig. 9. A) Inhibition zone for each examined strain of the modified PEAL sample B) Biofilm biomass of Pseudomonas aeruginosa formed on PEAL-based ligament 
materials after 24 h, 4 days, and 7 days, C) Metabolic activity of Pseudomonas aeruginosa biofilms on PEAL-based ligament materials after 1, 4, and 7 days, D) Biofilm 
biomass of Staphylococcus aureus formed on PEAL-based ligament materials after 1, 4, and 7 days E) Metabolic activity of Staphylococcus aureus biofilms on PEAL- 
based ligament materials after 1, 4, and 7 days. Results are expressed as mean ± SD (n = 3). Statistical tests were performed using PEAL as a reference. Statistical 
analysis was performed using two-way ANOVA followed by Dunnett’s multiple comparisons test, with a significance level set at 0.05. Statistically significant dif
ferences are indicated by: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Comparisons with p ≥ 0.05 are not marked on the graph.
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difficult to treat than those caused by free-floating (planktonic) bacteria. 
As demonstrated by the conducted experiments, the final PEAL-EGCG- 
Zn2+CIPRO material is capable of inhibiting biofilm formation by both 
S. aureus and P. aeruginosa. However, a pronounced antibacterial effect 
was observed only against P. aeruginosa. As previously mentioned, 
P. aeruginosa is regarded as one of the most difficult Gram-negative 
pathogens to treat, which makes the enhanced activity of the material 
against this strain particularly promising [31]. These findings are 
generally consistent with the literature. In a recent study, the authors 
demonstrated that surfaces modified with polyphenol-based coatings 
containing metal ions exhibited significantly greater antibiofilm activity 
against P. aeruginosa than against S. aureus [33]. Additionally, the lower 
activity against S. aureus may be due to the fact that ciprofloxacin has a 
stronger effect against P. aeruginosa than S. aureus. The minimum 
inhibitory concentration (MIC) values are 0.12–0.25 mg/L for 
P. aeruginosa (ATCC 28753) and 0.25–0.5 mg/L for S. aureus (ATCC 
29213), respectively [34].

At the final stage of research, the cell viability after exposure to PEAL 
samples was examined. The cytotoxicity of the investigated materials 
was evaluated using the MTT assay on HaCaT, A549, and Vero cell lines, 
and the results are presented in Fig. 10, where the bars represent the 
percentage of viable cells relative to the control group.

The results show that the modified sample before the adsorption of 
CIPRO named PEAL-EGCG-Zn2+ significantly reduced cell viability 
compared to the control group (p < 0.0001), indicating a cytotoxic effect 
on HaCat cell lines. In contrast, the control unmodified PEAL and PEAL- 
EGCG-Zn2+CIPRO exhibited minimal cytotoxicity, with cell viability 
exceeding 90 % across all cell types. It is a crucial feature of the proposed 
modification of PEAL presented in this work. Proved non-cytotoxicity 
makes the PEAL modified with a polyphenol-zinc layer safe to apply 
in the human body. Moreover, the results of this analysis claim the 
biocompatibility of the proposed way of changing the surface of the 
material used in the reconstruction of ruptured ligaments. The non- 
toxicity of the modified PEAL also ensures the possibility of long-term 
use, which is important in the case of artificial elements of the muscu
loskeletal system, which are not replaceable over time, and their im
plantation is a one-time procedure.

Additionally, to gain more insight into the effects of the obtained 
biomaterials on cells, an analysis of inflammatory marker expression 
was performed. The study was conducted on A549 and HaCaT cell lines 
and the results are shown in Fig. 11. In A549 cells, exposure to the 

synthetic ligament materials PEAL, PEAL-EGCG-Zn2+, and PEAL-EGCG- 
Zn2+CIPRO resulted in only minor changes in the expression of selected 
cytokine genes when compared to the untreated control. A modest in
crease in IL-6 (pro-inflammatory cytokine) expression was observed 
across all materials, with the highest level noted after exposure to PEAL- 
EGCG-Zn2+CIPRO. IL-1β (pro-inflammatory cytokine) expression was 

Fig. 10. Cell viability of HaCaT, A549, and Vero cell lines after exposure to PEAL samples. Results are expressed as mean ± SD (n = 3). Statistical tests were 
performed using PEAL as a reference. Statistical analysis was performed using two-way ANOVA followed by Dunnett’s multiple comparisons test, with a significance 
level set at 0.05. Statistically significant differences are indicated by: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Comparisons with p ≥ 0.05 are not 
marked on the graph.

Fig. 11. A) Relative mRNA expression levels of IL-6, IL-10, IL-1β, and IFN-β in 
A549 cells after 24-hour exposure to synthetic ligament materials, B) Relative 
mRNA expression levels of IL-6, IL-10, IL-1β, and IFN-β in HaCaT cells after 24- 
hour exposure to synthetic ligament materials. Results are expressed as mean ±
SD (n = 3). Statistical tests were performed using PEAL as a reference. Statis
tical analysis was performed using two-way ANOVA followed by Dunnett’s 
multiple comparisons test, with a significance level set at 0.05. Statistically 
significant differences are indicated by: *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. Comparisons with p ≥ 0.05 are not marked on the graph.
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slightly elevated in all experimental groups, particularly in the PEAL- 
EGCG-Zn2+ condition. IL-10 (anti-inflammatory cytokine) levels showed 
a subtle upregulation in cells treated with PEAL-EGCG-Zn2+CIPRO, 
while IFN-β (modulation of the inflammatory response) expression was 
marginally increased in the presence of both PEAL-EGCG-Zn2+ and its 
combination with CIPRO. In HaCaT keratinocytes, exposure to PEAL, 
PEAL-EGCG-Zn2+, and PEAL-EGCG-Zn2+CIPRO led to moderate in
creases in cytokine gene expression relative to the untreated control. 
Notably, IL-10 expression was elevated in all experimental groups, with 
the highest level detected in cells treated with PEAL-EGCG-Zn2+. IL-1β 
showed a marked increase in expression after exposure to PEAL-EGCG- 
Zn2+, followed closely by PEAL, while the combination with CIPRO 
resulted in slightly lower expression. As for IFN-β, a modest increase was 
observed, most prominently in the PEAL-EGCG-Zn2+CIPRO group.

In general, both cell lines in this work showed completely different 
results in the expression of inflammation markers. Both Zn2+ ions and 
Ciprofloxacin can induce the formation of reactive oxygen species (ROS) 
with a pro-inflammatory action [35,36]. In the case of A549 cells (a 
human cell line derived from an alveolar lung carcinoma), studies show 
that small amounts of Zn2+ ions can increase proliferation [37]. 
Therefore, a decrease in the expression of inflammation markers in the 
PEAL-EGCG-Zn2+ samples is expected. On the other hand, ciprofloxacin, 
besides its antibacterial action, also exhibits anticancer effects against 
the A549 cell line [38]. This causes an increase in the expression of 
inflammation markers, especially IL-1 beta and IL-6, in the PEAL-EGCG- 
Zn2+CIPRO samples. In the case of HaCaT cells, a decreased cell viability 
was previously observed after incubation with the PEAL and PEAL- 
EGCG-Zn2+ samples. For this reason, an increase in the expression of 
markers such as IL-6 and IL-10 is not surprising. Some studies also show 
that HaCaT cells are sensitive to ROS-induced stress [39]. Overall, the 
conducted studies show that surface modification of PEAL does not 
significantly negatively affect the expression of inflammation markers. 
Some of these markers have even lower levels compared to unmodified 
PEAL. For this reason, the obtained material can be considered 
cytocompatible.

4. Conclusions

In conclusion, the presented study demonstrated a novel and effec
tive method for enhancing the antimicrobial properties and biocom
patibility of polyester artificial ligaments (PEAL) by creating a 
polyphenol-zinc layer capable of adsorbing CIPRO. The modification 
successfully improved the surface properties of PEAL, including 
increased hydrophilicity, antioxidant capacity, and prolonged drug 
release, while maintaining structural integrity and non-cytotoxicity. 
Analysis of inflammatory markers showed that the obtained layer does 
not negatively affect the induction of inflammation in cells. Mechanical 
tests also showed that the modification does not affect the breaking force 
of the material. The samples with adsorbed ciprofloxacin on their sur
face exhibited strong antibacterial activity against all tested bacterial 
strains, both Gram-positive and Gram-negative, with a particularly 
strong effect against the E. coli strain. Additionally, the antibiotic- 
modified PEAL membranes were able to inhibit biofilm formation on 
their surface. These promising findings underscore the potential of the 
proposed modification in preventing post-implantation infections and 
promoting better outcomes for ligament repair. Further research and 
clinical evaluation are recommended to explore this innovative mate
rial’s long-term efficacy and safety for biomedical applications.
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