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Introduction  

Nosocomial infections are illnesses acquired either within 48 

hours of admission or up to three days following discharge.1 These 

infections can arise in different environments, such as hospitals, long-

term care facilities, and outpatient settings. Healthcare-associated 

infections also include occupational infections, which may affect 

healthcare workers.2 In past years, the incidence of infection in hospitals 

in Europe reached an infection ratio of 1/10 patients and a fatality rate 

of 5000 people per year.3 A patient with a nosocomial illness spends 2.5 

times as much time in the hospital, increasing the likelihood of 

infections; this is particularly relevant given that bacterial biofilms 

account for approximately 65% of all bacterial infections, suggesting 

they are a significant factor in the development of nosocomial 

infections.4 Apparently, microbial adhesion is the initial step in the 

formation of a biofilm.5 The attachment phase is controlled by physical 

and/or chemical interactions between the free-living cell and the 

substratum.6 Likewise, the Derjaguin–Landau–Verwey–Overbeek 

(DLVO) theory, which considers hydrophobicity/hydration effect, 

electrostatic interactions, and the thermodynamic viewpoint, is a 

measurement of bacteria-substratum adhesion.7  
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Therefore, to avoid bacterial adherence, it is necessary to clean and 

disinfect the surfaces of materials used in hospitals. Numerous 

investigations, such as that of Dong et al.8 have shown that tannic acid 

(TA) is a potent inhibitor of bacterium adhesion and colonisation in S. 

aureus, E. coli, and P. aeruginosa for biomedical applications, thus 

constituting a viable method for contamination by these bacteria. In 

turn, it has been shown that chitosan films containing gallic acid (GA) 

have substantial antibacterial activity against E. coli.9 TA acid and GA 

are the main constituents of a variety of therapeutic plants.10,11 

According to reports, TA and GA have antibacterial effects against a 

range of bacteria, including Pseudomonas aeruginosa, Staphylococcus 

aureus, Escherichia coli, Enterococcus faecalis, and Streptococcus 

pyogenes.12–14 TA has been employed as a single precursor for the 

deposition of coatings on substrate surfaces, demonstrating the 

inhibition of E. coli and S. aureus adhesion, as well as the development 

of S. aureus biofilms.15 Furthermore, GA has been identified as a 

powerful antibacterial agent against S. aureus in another investigation.16 

GA may be utilised as gallic acid-functionalised gauze, which exhibits 

antiadhesion properties against E. coli, S. aureus, and MRSA.17 

Through its capacity to open up numerous possibilities in various 

sectors, 3D printing technology emerges as a unique technology.18 It 

can create actual materials based on the sequential addition of 

constituents in a dimensional image.19 Until recently, 3D printing 

engineering has proven effective in medicinal applications.20 It helps 

lower fabrication costs by enabling significant advancements in medical 

tools and facilities, such as the customisation of devices for individual 

patients, rapid prototyping of innovative designs, and the production of 

complex geometries that traditional methods cannot achieve.21 

Additionally, the precision of 3D printers is rapidly advancing, and 

high-resolution models are now more affordable for desktop use. A 

standard extruder printer typically operates with a 200 μm gap between 

layers, and the printing process naturally results in surface roughness 

for all polymers.21 These textured surfaces can create an optimal setting 

for initial bacteria attachment, leading to the subsequent development 

of biofilms.22 The research methods employed, including contact angle 
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3D printing materials, such as polylactic acid (PLA), are widely used in the medical industry; 

however, their limited antibacterial properties make them susceptible to microbial adhesion and 
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measurements and SEM analysis, are highly relevant for understanding 

surface interactions and bacterial adhesion. These methods provide 

detailed insights into the changes in hydrophobicity, surface tension 

attributes, and electron donor and acceptor characteristics of the PLA 

surfaces. The innovation in this research is attributed to enhancing the 

antibacterial properties of PLA using natural compounds. By 

integrating TA and GA into PLA surfaces, we propose a new strategy 

for developing advanced materials for biomedical applications. This 

approach could greatly enhance the performance and safety of medical 

devices and equipment, addressing a critical need in healthcare for 

materials that resist bacterial colonisation and infection. 

This study pioneers an uncharted realm of research by investigating the 

antiadhesion properties of natural compounds, specifically tannic and 

gallic acid, on the widely employed polylactic acid (PLA) 3D printing 

material. Notably, this research represents the first of its kind, with no 

prior studies exploring the antiadhesion potential of these natural 

chemicals on PLA. Our work introduces a novel dimension to the field 

of materials science and medical technology, offering fresh 

perspectives that hold great promise for enhancing healthcare 

equipment and device performance. Therefore, the current work 

investigated the impact of antibacterial compounds TA and GA on the 

physicochemical features of 3D-printed PLA, as well as their 

antiadhesion effectiveness against P. aeruginosa and S. aureus (major 

causes of nosocomial infections,23, 24) on PLA, using SEM analysis. 

 

Materials and Methods  

Chemical standards: Tannic acid (TA) and Gallic acid (GA) were of 

analytical grade with 99.5%  purity acquired from Sigma-Aldrich. TA 

and GA were dissolved in dimethylsulfoxide (DMSO 2%) at a 

concentration of 1 mg/mL.  

Strains bacteria inoculum preparation: Staphylococcus aureus 

CIP543154 purchased from the Collection of Institut Pasteur (Paris, 

France), and Pseudomonas aeruginosa ATCC27653 obtained from the 

American Type Culture Collection (Manassas, VA, USA) were the 

microorganisms employed in this investigation.  

 

Antibacterial activity of Tannic acid and Gallic acid 

In a test tube containing saline 0.9%, the solutions of test strains were 

normalised according to the Mac Farland 0.5 range, or around 1.5 108 

Colony Forming Units (CFU/mL). The bacterial sample was diluted 

further with anaerobic broth to provide a final inoculum of 106 

CFU/mL. 

 

Minimum Inhibitory Concentration (MIC) Determination 

50 µL of TA and GA were serially diluted and added to 96-well plates 

containing 50 µL of LB broth, as described by CLSI M31-A3.25 The 

concentration ranged from 5 to 0.0097 mg/mL. Each well of the 

microdilution plate was inoculated with 50 µL (106 CFU.mL-1) of 

inoculum and incubated for 24 hours at 37°C. Once the incubation was 

complete, 15 µL of resazurin (0.015 %) was added to the wells and 

incubated for 2 hours to see the colour changes. In comparison to the 

positive control (broth and strain only), the MIC was defined as the 

lowest compound concentration at which no growth was observed.  All 

of the tests were carried out in triplicates. The average results were 

determined after each test was completed in triplicate. 

 

Surface characterization 

PLA Material preparation 

The fused deposition modelling (FDM) 3D printing method was utilised 

in this study. PLA material was produced using a 3D printer from 

Ultimaker (Utrecht, Netherlands) with the following settings: 200°C for 

the nozzle, 60°C for the bed temperature, 0.1 mm for the layer height, 

and +/- 45° for the raster angle. PLA components were created using 

the Autodesk Fusion 360 program (Autodesk, San Francisco, 

California, USA). Using the Ultimaker Cura program (Ultimaker, 

Utrecht, Netherlands), the PLA parts file was transformed from an STL 

file to a print file (GCODE file). Layers were sliced to a thickness of 

0.1 mm. A spool of PLA filament was placed into the printer. The 

filament was fed through the extrusion head and nozzle as soon as the 

nozzle heated up to 200 °C. The printer deposits the melted material in 

layers along the designated path by extruding it into thin strands. The 

material cools and solidifies after being placed. After printing, the 

material was chopped into pieces of length = 1 cm, width = 1 cm and 

thickness = 0.5 cm. The pieces were disinfected by soaking them in a 

95% ethanol solution for 10 minutes, followed by three rinses with 

distilled water, and then left to air dry. 

 

Surface roughness 

The surface roughness of the printed samples was evaluated using a 

profilometer (Surftest SJ-310, tip radius 2 µm, load 0.75 mN, Mitutoyo 

Corporation, Kawasaki, Japan). Five measurements were taken of the 

printed samples (stylus speed: 0.5 mm s-1, assessment length: 0.8 mm) 

from the midpoint at various distances and orientations. The stylus was 

regularly advanced and retracted along the same path five times for each 

evaluation. The observations were screened using a 0.8 mm cut-off (Λc) 

value (Gauss profile filter). 

 

Contact angle measurements 

The contact angle was calculated as the angle formed by the solid-liquid 

interfaces crossing at the atmosphere-liquid-solid point.26 The sessile 

drop technique is based on goniometer equipment (GBX, instruments, 

France). Three liquids are required for this procedure.27 Two polar 

liquids (Water and Formamide) and one apolar liquid (Diiodomethane) 

are described by their specific surface tensions (Table 1). According to 

the technique outlined by Sadiki et al.28 measurements were made on 

the bacterial lawn that had been deposited on filter membranes in the 

case of bacterial cells. Essentially, by filtering the suspension under 

negative pressure, the bacterial cells contained in the sterile KNO3 

solution were deposited on a cellulose acetate membrane filter (0.45 m). 

The membrane filter created a layer of cells. The filters were 

subsequently allowed to air dry for 30 minutes at room temperature. All 

probe solutions underwent three contact angle assessments on the 

substratum surface and bacterial lawns. Based on the MIC outcomes, 

the effect of TA and GA on PLA surface physicochemical properties 

was realised as follows: 0.0625 mg and 0.25 mg studied and diluted in 

dimethylsulfoxide (DMSO 2%) at the concentration of 0.0625 mg/mL 

and 0.25 mg/mL (MICs for S. aureus and P. aeroginosa, respectively) 

was applied by depositing it onto the PLA surface for 3 hours at room 

temperature (25 °C). After drying and adsorption of the product, the 

samples were immediately prepared for contact angle measurement. 

 

Table 1: Energy characteristics (mJ.m-2) of pure liquid used to 

measure contact angles 
 

Liquid γLW γ+ γ- 

Water (w) 21.8 25.5 25.5 

Formamide (F) 39.0 2.3 39.6 

Diiomethane (D) 50.5 0 0 

(γ 
LW) Lifshitz-Van Der Waals of the surface free energy, (γ+) electron 

donor, (γ-) electron acceptor. 

 

Hydrophobicity and surface free energy calculations 

 A 2 µL drop of the test liquid was placed on the surface of the filter 

containing bacteria. Contact angles were measured 15 seconds after the 

drop had stabilized. For PLA contact angle measurements, the same 

procedure was used. The physicochemical parameters of sample 

surfaces derived using Young-Van Oss's equation (1) include the 

electron donor (γ-), electron acceptor (γ+), surface free energy (∆Giwi), 

and Lifshitz-Van Der Waals component (γLW). 29 

 

(1 +  𝑐𝑜𝑠 𝜃) 𝛾𝐿  =  2 [(𝛾𝑆
𝐿𝑊 𝛾𝐿

𝐿𝑊)1/2]  +  2 [(𝛾𝑆
+ 𝛾𝐿

−)1/2]  +

 2 [(𝛾𝑆
− 𝛾𝐿

+)1/2]                                    (1) 

With (θ) contact angle, (S) Solid surface, and (L) Liquid phase. 

Wherein γS
 AB= 2(γS

 –γS
 +)1/2  is the component of acid-base free energy, 

and the surface free energy is shown as (2): 
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𝛾𝑆  =  𝛾𝑆
𝐿𝑊  + 𝛾𝑆

𝐴𝐵                                                                                                                          

(2) 

 

The hydrophobicity of PLA and bacteria cell surfaces was assessed 

using contact angle measurements and the Van Oss method.30 In this 

method, the free energy of interaction (∆Giwi) between two entities of a 

particular material (l) while submerged in water (w) is used to indicate 

how hydrophobic a substance is. The substance is referred to as 

hydrophobic (∆Giwi < 0) or hydrophilic (∆Giwi > 0) if the contact 

between the two entities is stronger than the interaction of each entity 

with water. The following formula is used to determine ∆Giwi using the 

surface tension elements of the interacting entities (3): 

 

∆𝐺𝑖𝑤𝑖 =  − 2𝛾𝑖𝑤 = −2 [((𝛾𝑖
𝐿𝑊)1/2 – (𝛾𝑤

𝐿𝑊)1/2)2 +

2 ((𝛾𝑖
+ 𝛾𝑖

−)1/2 ( 𝛾𝑤
+ 𝛾𝑤

−)1/2 (𝛾𝑖
+ 𝛾𝑤

−)1/2 (𝛾𝑤
+ 𝛾𝑖)

1/2)] (3) 

 

With (γLW) Lifshitz-Van Der Waals component of the surface free 

energy, (γ+) electron donor, (γ-) electron acceptor. 

Calculation of total free energy of interaction 

The total interaction energy between bacteria (B) and a substrate (S) 

through water (W) (separated by a distance d) is determined by the sum 

of the Lifshitz-Van der Waals (GLW), electrostatic double layer (GEL), 

and acid-base interaction energies (GAB). 

The total contact or adhesion energy between a bacterium (spherical) 

and a substrate (flat plane) surface, is given as a consequence of the 

spacing (d). it can be calculated from the following way (4): 

 

𝐺𝐷𝐿𝑉𝑂(𝑑)  = 𝐺𝐿𝑊(𝑑) + 𝐺𝐸𝐿(𝑑)                                                                                                     
(4) 

The acid-base energy (GAB) should be taken into account in addition to 

the LW and EL interaction energies, in accordance with Van Oss et al.31 

the total interaction energy (GXDLVO) may be expressed as follows (5): 

Δ𝐺𝑋𝐷𝐿𝑉𝑂(𝑑) = Δ𝐺𝐿𝑊(𝑑) + Δ𝐺𝐸𝐿(𝑑) +  Δ𝐺𝐴𝐵(𝑑)                                                                 
(5) 

With (6): 

∆𝐺𝑀𝑆𝐿
𝐿𝑊 =  ((𝛾𝑀

𝐿𝑊)
1

2  −  (𝛾𝑆
𝐿𝑊)1/2)2 – ((𝛾𝑀

𝐿𝑊)1/2  −  (𝛾𝐿
𝐿𝑊)1/2)2 −

 ((𝛾𝑆
𝐿𝑊)1/2  − (𝛾𝐿

𝐿𝑊)1/2)
2

              (6) 

And (7): 

Δ𝐺𝐴𝐵 =  2[( 𝛾𝐿
+)

1

2 ((𝛾𝑀
−)

1

2 +  ( 𝛾𝑆
−)

1

2 −  ( 𝛾𝐿
−)

1

2) + (𝛾𝐿
−)

1

2 (𝛾𝑀
+)

1

2 +

  (𝛾𝑆
+)

1

2) – (𝛾𝐿
+)

1

2) −   (𝛾𝐿
− 𝛾𝑆

+)
1

2 −  ( 𝛾𝐿
+ 𝛾𝑆

−)1/2𝑝𝑜𝑜          (7) 

                                                                                        

The electrical connections GEL were overlooked in the adhesion 

mechanism since the suspending solution (KNO3) used in this 

experiment had a high ionic strength (0.1 M).32 

Bacteria adhesion is favorable if ΔGXDLVO < 0 and unfavorable if 

ΔGXDLVO > 0. 

Experimental adhesion essay 

S. aureus and P. aeruginosa were grown on solid Luria Bertani (LB) 

substrate after being sub-cultured from glycerol. After 24 hours, the 

strains were inoculated in liquid Luria–Bertani medium (5 g yeast 

extract, 10 g peptone, 10 g NaCl, and 20 g Agar-agar per 1 litre of 

sterilised distilled water), then incubated at 37°C for 24 hours with 

stirring. Centrifugation at 5000 rpm for 15 minutes was used to collect 

bacterial cells. This step is crucial to concentrate the bacterial cells and 

remove any residual growth medium, ensuring that subsequent 

experiments are conducted with a consistent and defined bacterial 

suspension. The bacterial cells were rinsed twice with KNO3 (0.1M), 

and vortexed with KNO3 to create a bacterial suspension with an optical 

density of 0.4 to 0.5 at 600 nm (106 UFC/mL). This helps to ensure that 

the results are due to the interactions between the bacteria and the PLA 

surface rather than any residual media components. Following surface 

modification of the PLA materials with the investigated secondary 

metabolite, the adhesion of strains was done by sedimentation at 25 °C 

for 10 hours. The interfaces were dipped in 15 mL of the strain solution 

(106 cells/mL) and then retrieved and cells were washed with sterile 

distilled water to eliminate the bacteria that had not attached to the 

surface after the contact duration.33 A scanning electron microscope 

(SEM) was used to examine the materials. 

 

Scanning Electronic Microscopy (SEM) 

For the adhesion verification process, the treated and untreated PLA 

tests were performed utilising a scanning electron microscope (JEOL, 

IT500 HR, Japan). To calculate the percentage of PLA surface occupied 

by bacteria strains, the SEM images were analysed using MATLAB 

software. MATLAB calculates adhesion by analysing the proportion of 

the total surface of 3D-printed PLA to the portion covered by bacterial 

cells. 

 

Statistical analysis 

Results were reported as the mean ± standard deviation (mean ± SD). 

All data were subjected to Tukey pairwise comparisons test, using the 

software package Minitab 19 with a level of significance of 5%. 

Correlational analysis was done using the Pearson test using the 

software package XLSTAT 2022. 

 

 

Results and Discussion 

Numerous researches have examined how bacteria interact with 

surfaces of varying roughness. According to previous works,27,34,35 the 

bacterial adhesion or anti-adhesion abilities varied depending on the 

surface roughness at the nanoscale and microscale levels. The surface 

roughness Ra reported in this investigation had a value of 0.45  0.05 

µm and was centred in the submicron and micron region (0.1 to 10 µm). 

Several data points have shown that bacterial adhesion to materials with 

submicron-range roughness increased as the roughness progressed until 

it reached the critical threshold.36–39 However, Almaguer-Flores et al. 

noted that the chemical properties of the surface played a crucial role in 

the colonial expansion of E. corrodens despite variations in surface 

roughness (0.028-1.83 µm) or the culture medium employed.40 The link 

between bacterial adhesion and surface roughness remains debatable, 

especially at the nanoscale. In fact, it was discovered that S. aureus cells 

may adhere to surfaces with an average roughness (Ra) smaller than 0.5 

nm without restriction. P. aeruginosa cells, on the other hand, were 

discovered to be unable to colonise surfaces with an average roughness 

below 1 nm.41 Also, Yoda et al. mentioned that even a surface 

roughness of less than 30 nm Ra, might enhance bacterial adhesion.42 

The previously mentioned findings suggest that the roughness level 

affecting bacterial adherence varies depending on the substance utilised 

and the microorganism’s capacity to attach to different surfaces. The 

precise adhesion process is yet unknown due to a complicated 

interaction of various additional parameters relating to the bacterium 

itself, the in vivo environment, and the specific manufactured material 

used.32,43 

Similarly, the MIC was obtained using the microdilution technique and 

the colour marker resazurin. The MIC wells were those in which the 

resazurin colour stayed intact. As a result, the MIC values of TA against 

P. aeruginosa and S. aureus were MICTA/P=0.25 mg/mL and 

MICTA/S=0.625 mg/mL, respectively, whereas the MIC values of GA 

were MICGA/P=0.039 mg/mL and MICGA/S=0.156 mg/mL. Mandal et al. 

established that tannic acid has the greatest β-lactamase inhibition 

potential, primarily through in vitro screenings, and found it to be the 

most influential source with antibacterial properties, as well as abilities 

to suppress β-lactamase and biofilms against P. aeruginosa.44 Equally, 

gallic acid showed a potential inhibitory effect against tetR and tetM of 

Streptococci spp., indicating that gallic acid is a remarkable therapeutic 

option to counteract tet-pump mediated tetracycline tolerance, pending 

further in-vivo confirmation.45 The findings indicate that various 

bacterial species respond differently to the tested phenolic 

compounds.46–48 Broadly, Gram-negative bacteria, such as P. 

aeruginosa, tend to be more susceptible to these compounds in contrast 

to Gram-positive bacteria.48 Specifically, Gallic acid exhibited limited 

effectiveness against Bacillus subtilis but showed sensitivity against E. 

coli and P. aeruginosa. Similarly, Tannic acid displayed moderate 

antibacterial activity against Bacillus subtilis and robust antimicrobial 

effects against E. coli and P. aeruginosa.47,48 Additionally, Payne et al. 

discovered that tannic acid effectively prevents the formation of S. 
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aureus biofilms without harming S. aureus bacterial growth.49 This 

supports the theory that its biofilm inhibition is related to the IsaA 

transglycosylase mechanism.49 A docking study has demonstrated 

before that tannic acid binds more strongly to P. aeruginosa target 

proteins, and it may be assumed that the phytochemical is more efficient 

against this pathogen. As a result, it can be employed as an effective 

antibacterial agent against P. aeruginosa Quorum sensing.50 

  

Furthermore, the contact angle measurements and calculations using the 

Young–Van Oss technique were used to estimate the surface 

physicochemical characteristics of untreated, treated PLA and P. 

aeroginosa, S. aureus strains, including hydrophobicity, acid-base 

parameters, and surface free energy (Table 2). The water contact angles 

(θw), which may be used to determine the surface hydrophobicity of a 

substance, are listed in Table 3. Typically, if θw is more than 90° and 

∆Giwi = 0, the interface is hydrophobic, but if θw is less than 90° and 

∆Giwi > 0, the surface is hydrophilic.51 As can be shown, the untreated 

PLA surface was hydrophilic qualitatively and hydrophobic 

quantitatively, with values of θw = 62.13  0.12° and ∆Giwi = -27.40 

mJ.m-2. The findings further revealed that the electron donor 

characteristic (γ-) is more pronounced than the electron acceptor 

characteristic (γ+)  in PLA, with γ- = 14.66  0.19 mJ.m-2 and γ+ = 0.64 

 0.05 mJ.m-2, respectively. It also has a smaller acid-base component 

(γAB = 10.38 mJ.m-2) than the Lifshitz Van Der Waals parameter (γLW = 

42.03  0.09 mJ.m-2). These align with those reported by other 

researchers,52 who found that the identical substance is hydrophilic (θw 

= 67.27° and θw = 78°, respectively) and has poor acid-base 

characteristics. Furthermore, Badica et al.53 discovered that this 

substratum has a relative hydrophobicity of θw = 95   1. Moreover, 

Raouan et al.54 revealed that the same bacterial surfaces exhibited 

strong hydrophilicity and a tendency to donate electrons while weakly 

accepting them. In addition, the surface of PLA displayed hydrophobic 

properties and a preference for electron donation. The findings 

demonstrated that both P. aeroginosa and S. aureus strains are 

qualitatively and quantitatively hydrophilic, with water contact angles 

of θw = 0.00  0.00°, θw = 9.77  0.35° and ∆Giwi = 30.24 mJ.m-2 and 

∆Giwi = 29.60 mJ.m-2, respectively. The findings also revealed that the 

strain under investigation is primarily an electron donor, with high 

values of γ- = 54.93  0.01 mJ.m-2, γ- = 55.67  0.33 mJ.m-2, and has a 

minor electron acceptor character, with γ+ = 1.94  0.01 mJ.m-2, γ+ = 

3.41  0.16 mJ.m-2, respectively. It should be highlighted that both P. 

aeroginosa and S. aureus strains had a greater γLW value (γLW = 37.54 

 0.06 mJ.m-2 and γLW = 29.86  0.37 mJ.m-2, respectively) than γAB 

component (γAB = -17.27 mJ.m-2 and γAB = -15.45 mJ.m-2, respectively). 

In general, the hydrophilic property of a substance is significantly 

connected to its protein/carbohydrate ratio.33 As a result, it is clear that 

the P. aeroginosa and S. aureus strains' hydrophilic characteristics 

tended to develop a greater protein/carbohydrate percentage. The 

bacteria surface cells also showed a preponderance of the electron donor 

factor, which matches the findings of van der et al.55,56 In addition, the 

quantity of acid-base groups and their characterisation have primarily 

been used to describe cell surface charge creation and substratum-

bacterial interactions.57–59 In fact, amine groups have a negative 

correlation with electron acceptor (acid) properties, while phosphate 

groups increase electron donor (base) properties. Higher polysaccharide 

levels and low protein quantities are also associated with the electron 

acceptor feature.60 Surface properties of PLA play a crucial role in 

bacterial adhesion. The hydrophobicity of the surface, along with its 

acid-base parameters and surface free energy, significantly influences 

how bacteria adhere to it. Increased hydrophobicity and favourable 

acid-base interactions can enhance bacterial adhesion, whereas higher 

surface free energy typically leads to reduced adhesion. These findings 

are essential for understanding how modifications to the PLA surface 

can be used to control bacterial attachment, thereby meeting the broader 

research objectives of improving the antimicrobial properties of 3D-

printed materials for medical applications.61 

Data in Table 4 shows the influence of GA and TA (secondary 

metabolites) on surface free energy parameters. The treatment of the 

PLA surface with MICTA/P and MICGA/P changed and enhanced its 

hydrophilic nature. Indeed, the untreated PLA surface, which was 

hydrophilic qualitatively but hydrophobic quantitatively, became more 

hydrophilic qualitatively with contact angle values ranging from θw = 

62.13  0.12° to 9.03  0.06° and 15.80  0.00°, respectively. 

Additionally, the surface's character transformed from hydrophobic 

(∆Giwi = -27.40 mJ.m-2) to hydrophilic character with ∆Giwi-MICTA/P = 

30.72 mJ.m-2 and ∆Giwi-MICGA/P = 22.49 mJ.m-2. Similarly, treating the 

PLA surface with MICTA/S improved its hydrophilic character 

qualitatively, with contact angle data ranging from θw = 62.13  0.12° 

to 0.00  0.00°. However, MICGA/S treatment of the PLA surface 

increased its hydrophobic character from ∆Giwi = -27.40 mJ.m-2 to -

107.24 mJ.m-2 without a notable change of θw. These data are 

compatible with those observed in prior studies.62,63 The findings 

showed that as the acrylic acid treatment increased, the contact angle 

dropped, indicating that PLA became more hydrophilic and exhibited 

antimicrobial capabilities, resulting in lower contact angle values from 

θw = 94.5° to θw = 64.1°. Moreover, another study showed a decrease in 

contact angle value after ascorbic acid treatment from θw = 102.7  7.9° 

to θw = 27.5  0.3°. Wenzel's wetting theory helps explain the reduction 

in contact angles following treatment.64 Nevertheless, our results 

contradict those obtained by treating PLA surfaces with Halloysite 

Nanotubes (HNTs), which show that PLA/HNTs films become more 

hydrophobic.65 In addition to hydrophobicity, the findings showed that 

after treatment, PLA's electron donor property increased. Thus, PLA 

surfaces processed with MICTA/S, MICTA/P, and MICGA/P compounds 

became more electron-donating, with greater scores of 56.05  0.01 

mJ.m-2, 54.18  0.02 mJ.m-2, and 49.87  0.03 mJ.m-2 respectively, 

compared to PLA materials treated with MICGA/S (γ- = 6.65  0.59 mJ.m-

2) and untreated PLA. In terms of the electron acceptor parameter, it was 

discovered that it increased slightly for GA and decreased slightly for 

TA. Similar findings were observed in the work of Badica et al.53 which 

reported that after Mg treatment of PLA, the Lewis base (γ-) 

characteristic increased. By contrast to the untreated PLA (γ- = 1.9  0.6 

mJ/m2 and γ+ = 0.6  0.3 mJ/m2), electron donor components were 

found to vary from = 1.9  0.6 to 17.0  1.4 mJ/m2, with constant 

electron acceptor values (γ+ = 0.6  0.1 mJ/m2). 

 

 

Table 2: Contact angle values, surface energies, and their components of PLA, P. aeroginosa, and S. aureus 

Substrate Contact angle (°) Surface energy: components and parameters 

(mJ.m-2) 

θw θF θD γLW γ+ γ-
 γAB γTot ΔGiwi 

PLA 62.13  0.12 40.27  0.38 34.80  0.20 42.03  0.09 0.64  0.05 14.66  0.19 10.38 52.41 -27.40 

P. aeroginosa 0.00  0.00 0.00  0.00 43.87  0.12 37.54  0.06 1.94  0.01 54.93  0.01 -17.27 20.27 30.24 

S. aureus 9.77  0.35 16.43  0.50 57.67  0.65 29.86  0.37 3.41  0.16 55.67  0.33 -15.45 14.41 29.60 

(θw) Contact angle, (γ 
LW) Lifshitz-Van Der Waals of the surface free energy, (γ+) electron donor, (γ-) electron acceptor, (ΔGiwi) the surface free energy 

and (γAB) The acid-base surface tension component. 
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Table 3: Contact angle values, surface energies, and their components of untreated PLA (witness), Treated PLA with TA and GA, and S. aureus. 

Substrate Contact angle (°) Surface Energy: components and parameters 

(mJ.m-2) 

θw θF θD γLW γ+ γ-
 γAB γTot ΔGiwi 

Untreated PLA 62.13  0.12 40.27  0.38 34.80  0.20 42.03  0.09  0.64  0.05  14.66  0.19 10.38 52.41 -27.40 

Treated PLA-MICTA/S 0.00  0.00 0.00  0.00 17.20  0.35 48.45  0.09 0.30  0.01 56.05  0.01 15.39 63.84 -41.26 

Treated PLA- MICGA/S 64.83  0.74 25.73  0.06 40.20  0.00 39.43  0.00 3.75  0.11 6.65  0.59 51.00 90.43 -107.24 

Treated PLA-MICTA/P 9.03  0.06 0.00  0.00 21.67  0.38 47.18  0.12 0.45  0.01 54.18  0.02 -20.24 26.94 30.72 

Treated PLA- MICGA/P 15.80  0.00 8.80  0.10 58.27  0.15 29.51  0.09 4.44  0.04 49.87  0.03 -11.84 17.67 22.49 

 

 

Table 4: Pearson correlation matrix between physicochemical parameters (θw, γ+, γ-, γLW and ΔGiwi) 
Variables θw γ+ γ- γLW ΔGiwi 

r p-value r2 r p-value r2 r p-value r2 r p-value r2 r p-value r2 

θw 1 0 1 0.592 0.020 0.350 -0.984 0.000 0.968 -0.577 0.024 0.333 -0.627 0.012 0.394 

γ+ 0.592 0.020 0.350 1 0 1 -0.562 0.029 0.316 -0.797 0.000 0.636 -0.213 0.446 0.045 

γ- -0.984 < 0,0001 0.968 -0.562 0.029 0.316 1 0 1 0.458 0.086 0.210 0.747 0.001 0.558 

γLW -0.577 0.024 0.333 -0.797 0.000 0.636 0.458 0.086 0.210 1 0 1 -0.067 0.812 0.005 

ΔGiwi -0.627 0.012 0.394 -0.213 0.446 0.045 0.747 0.001 0.558 -0.067 0.812 0.005 1 0 1 

Values in bold are different from 0 with a significance level alpha = 0,05 

 

Table 5: Tukey pairwise comparisons of mean treatments 

Treatments Grouping Information Using the Tukey Method and 95% Confidence  
θw γ+ γ- γLW 

 
N Mean Grouping N Mean Grouping N Mean Grouping N Mean Grouping 

Untreated PLA 3 62,1333 
 

b 
   

3 2,9176 
  

c 
 

3 18,5455 
   

d 
 

3 26,125 
    

e 

Treated PLA- MICGA/S 3 64,833 a 
    

3 3,7533 
 

b 
  

3 6,647 
    

e 3 39,43 
  

c 
  

Treated PLA- MICGA/P 3 15,80 
  

c 
  

3 4,4433 a 
   

3 49,8733 
  

c 
  

3 29,5100 
   

d 
 

Treated PLA-MICTA/P 3 9,0333 
   

d 
 

3 0,44667 
   

d 3 54,1800 
 

b 
   

3 47,1767 
 

b 
   

Treated PLA-MICTA/S 3 0,000000 
    

e 3 0,30333 
   

d 3 56,0467 a 
    

3 48,4500 a 
    

Means that do not share a letter are significantly different. 
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To our knowledge, the relationship between physicochemical 

parameters (θw, γ+, γ-, γLW, and ΔGiwi) on PLA modified with natural 

products has not been previously studied. Therefore, a Pearson 

correlation test was performed between each physicochemical 

parameter and another based on untreated and treated PLA data to 

measure the strength and direction of linear correlation (Table 5). The 

results showed a very strong correlation between θw and γ- with a 

correlation coefficient value of -0.984 and a p-value < 0.0001 (Table 5, 

Figure 1 a). Additionally, the coefficient of determination (r2) for the 

same correlation was 0.968, indicating that 96.8% of the variability in 

θw is explained by the variability in γ- and vice versa. Furthermore, the 

test displayed a strong correlation firstly between γ+ and γLW, and 

secondly between γ- and ΔGiwi with a correlation coefficient value of -

0.797 and 0.747, respectively (Table 5, Figure 1 b and c). However, a 

moderate correlation was found between θw and ΔGiwi (r = -0.627). 

Aside from hydrophobicity and electron donor and acceptor 

characteristics, the total surface free energy of PLA was also marginally 

affected by treatment. Specifically, the treatments yielded greater 

values of γTot = 63.84 mJ.m-2 and γTot = 90.43 mJ.m-2 for PLA-MICTA/S 

and PLA-MICGA/S, respectively. However, the samples treated with 

PLA-MICTA/P and PLA-MICGA/P fractions yielded lower values of 26.94 

mJ.m-2 and 17.67 mJ.m-2, respectively, compared to the untreated PLA. 

Similar findings to the PLA-MICTA/S and PLA-MICGA/S treatments 

were reported in the study of Luque-Agudo et al.66 which demonstrated 

that following Mg processing of PLA, the total surface free energy (γTot) 

property increased. Specifically, their research indicated that the total 

surface free energy of PLA was observed to range from 25 ± 2 to 30 ± 

3 mJ/m2 when compared to untreated PLA, which had a total surface 

free energy of 25 ± 2 mJ/m2. Moreover, the Tukey pairwise comparisons 

test of physicochemical parameters (θw, γ+, γ- and γLW) between 

untreated PLA and all treatments performed are presented in Table 6. 

The Tukey method of grouping information revealed that the means of 

θw, γ+, γ- and γLW of all the treatments (of TA and GA chemicals) on 

PLA varied significantly from the θw, γ+, γ- and γLW of the untreated 

PLA (i.e., the untreated PLA means of θw, γ+, γ- and γLW do not share 

the same letter of all treatments performed which indicates that the 

means are significantly different). In this manner, the treatments with 

TA and GA have a substantial impact on the physicochemical properties 

of PLA surfaces, including hydrophobicity, donor/acceptor electron 

characters, and surface-free energy. Tannic acid is a phenolic acid and 

natural tannin composed of a central glucose unit with ten gallic acid 

molecules bonded to it, indicating that the two molecules (TA and GA) 

share the same chemical groups.10 The numerous hydroxyl groups in 

TA (twenty-five hydroxyl groups) and GA (three hydroxyl groups) 

interface with molecules and biomaterials including proteins, digestive 

enzymes, carbohydrates, and minerals, endowing TA and GA-based 

compositions with a variety of fascinating physical and chemical 

characteristics.67,68 Additionally, hydroxybenzoic acids (such as GA) 

with a minor degree of hydroxylation in phenol groups, strongly 

methoxylated phenol groups, or ester derivatives with long alkyl chains 

exhibit stronger antibacterial activity compared to their parent 

structures.69  In the bacterial adhesion process, both 

the physicochemical characteristics of the bacterial cell and the material 

interface play pivotal roles. Understanding these processes is essential 

for regulating and preventing adhesion. Therefore, predicting the 

adherence of S. aureus and P. aeruginosa to untreated and treated PLA 

substrates is crucial. This involves using various MICs of TA and GA 

chemicals and identifying the factors that influence adhesion on these 

PLA materials. Consequently, estimates of the total interaction-free 

energy in the adhesion process on both unmodified and modified PLA 

were made. It's important to note that in this study, the suspending 

solution (KNO₃) had a significant ionic strength, so the electrical 

interactions (ΔGEL) were not considered in the adhesion mechanism.70 

Table 7 shows the free energy of interaction between S. aureus, P. 

aeruginosa, and PLA surfaces. According to these findings, the total 

free energies of untreated PLA and both strains are positive (ΔGXDLVO 

= 9.80 mJ.m-2 > 0 for S. aureus and ΔGXDLVO = 5.85 mJ.m-2 > 0 for P. 

aeruginosa), suggesting that adhesion is unfavourable. Likewise, the 

ΔGXDLVO values of S. aureus and P. aeruginosa rose following PLA 

surface treatment. Furthermore, the findings revealed that the PLA-

MICTA/S treatment (ΔGXDLVO = 33.60 mJ.m-2) yielded the greatest value 

of ΔGXDLVO, followed by PLA-MICTA/P and PLA-MICGA/P treatments 

with total free energy interactions of 31.08 mJ.m-2 and 26.34 mJ.m-2, 

respectively. However, following PLA treatment with MICGA/S, the 

ΔGXDLVO value decreased (ΔGXDLVO = -3.35 mJ.m-2), indicating that 

adhesion is beneficial for the treated PLA- MICGA/S. Furthermore, it was 

observed that the negative value of the ΔGAB parameter was larger than 

the ΔGLW component in the situation of treated PLA- MICGA/S 

(ΔGXDLVO < 0) (Table 7). This indicates that medium to long-range 

forces, specifically acid-base interactions, may significantly influence 

the potential adhesion of S. aureus to treated PLA- MICGA/S material. 

Moreover, on all treatments, the ΔGLW component was found to be 

negative, suggesting that all wide-ranging (Van Der Waals interactions) 

and relatively short-distance would lead to S. aureus and P. aeruginosa 

PLA adhesion. 

 

 
Figure 1: Pearson correlation between physicochemical parameters (θw, γ+, γ-, γLW and ΔGiwi). (A) Pearson correlation between θw and 

γ-, (B) Pearson correlation between θw and γ+ and γLW (C) Pearson correlation between ΔGiwi and γ-. 
 

Table 6: ΔGXDLVO (mJ.m-2) interaction free energy

Substrata / Strain ΔGLW ΔGAB ΔGXDLVO 

PLA / S. aureus -2.99 12.80 9.80 

Treated PLA-MICTA/S -3.78 37.38 33.60 

Treated PLA- MICGA/S -2.66 -0.689 -3.35 

PLA / P. aeroginosa -5.43 11.28 5.85 

Treated PLA-MICTA/P -6.57 37.65 31.08 

Treated PLA- MICGA/P -2.32 28.66 26.34 
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The study also shows that S. aureus and P. aeruginosa can stick to the 

PLA material (Figure 2) with adhesion rates of 83.90% and 90.08%, 

respectively (Table 7). The SEM image analysis revealed that during 

treatment, the proportion of adhesion decreased. Similarly, P. 

aeruginosa was unable to attach to treated PLA-MICGA/P (Figure 4), but 

moderately adhered to treated PLA-MICTA/P (Figure 3) with a 

percentage of adhesion of 23.53%. S. aureus, on the other hand, only 

adhered weakly to treated PLA-MICTA/S and treated PLA-MICGA/S, with 

percentage adhesion of 8.43% and 4.27%, respectively (Figure 3 and 

Figure 4). It is widely recognised that the hydrophilic and hydrophobic 

properties of the material play a crucial influence on bacterial 

adherence. Olewnik-Kruszkowska et al. demonstrated that bacteria 

adhere more easily to hydrophobic surfaces than to hydrophilic ones.71 

Furthermore, research has indicated that hydrophobic bacterial cells 

adhere more strongly to hydrophobic surfaces than hydrophilic cells 

adhere to hydrophilic surfaces.72 Our findings corroborate these 

assertions. Similarly, with modifications that made the surface more 

hydrophilic, the adherence of S. aureus and P. aeruginosa (hydrophilic) 

on PLA material was shown to diminish. Additionally, data 

demonstrated that superhydrophilic or superhydrophobic surfaces can 

be produced by manufactured materials and surface treatments, which 

can reduce bacterial adhesion.73–78 Furthermore, hydrophilic substrates 

have weaker adhesion than hydrophobic substrates, according to 

Verhorstert et al. which is associated properly with our findings. Apart 

from hydrophobicity, by using the surface free energy factor to 

characterise the substrate, several scientists investigated the relationship 

between bacterial adherence and material physical-chemical 

parameters. Tsibouklis et al.79 found that low surface free energy 

polymer substrates inhibited bacterial attachment significantly, whereas 

some found that attachment was modest within certain surface free 

energy regions.80 These assertions are consistent with our findings, 

especially with treatments PLA-MICTA/S, PLA-MICGA/S, and PLA-

MICGA/P (∆Giwi = -41.26 mJ.m-2, ∆Giwi = -107.24 mJ.m-2 and ∆Giwi = 

22.49 mJ.m-2, respectively), which have shown notable S. aureus and 

P. aeruginosa adhesion inhibition. This study highlights the 

antiadhesive effects of tannic acid (TA) and gallic acid (GA) secondary 

metabolites on S. aureus and P. aeruginosa, which are linked to changes 

in the physicochemical properties of PLA. These changes make the 

PLA more hydrophilic and increase its electron donor characteristics 

while reducing electron acceptor traits. As a result, the interaction 

between bacteria and the material is weakened, leading to reduced 

bacterial adherence to PLA. This finding is particularly significant for 

medical and industrial applications, where decreased bacterial adhesion 

on treated PLA surfaces can enhance the performance and safety of 

medical devices and other PLA-based products. The study therefore 

provides valuable insights into how manipulating hydrophilicity, 

electron donor/acceptor characteristics, and surface free energy can 

achieve desired antimicrobial effects. By incorporating tannic acid and 

gallic acid into PLA surfaces, this research presents a promising 

approach to improving the material's antimicrobial properties, 

potentially leading to more reliable and effective applications in both 

medical and industrial contexts. 

 

 
Figure 2: SEM observation of S. aureus and P. aeruginosa adhesion on untreated 3D printed PLA (before treatment). 

 

Table 7: Percentage adhesion of S. aureus and P. aeruginosa bacteria on PLA before and after treatment 

 % Of Adhesion 

Bacterium Untreated PLA Treated PLA by TA (% of inhibition) Treated PLA by GA (% of inhibition) 

S. aureus 83.90 9.43 (90.57%) 4.27 (95.73%) 

P. aeruginosa 90.08 23.53 (76.47%) 0 (100%) 
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Figure 3: SEM observation of S. aureus and P. aeruginosa adhesion on treated 3D printed PLA with tannic acid 

 

 
Figure 4: SEM observation of S. aureus and P. aeruginosa adhesion on treated 3D printed PLA with gallic acid. 
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Conclusion 

This study evaluated the effects of gallic acid (GA) and tannic acid (TA) 

on 3D-printed polylactic acid (PLA), increasing its hydrophilicity and 

electron donor properties. Adhesion of Pseudomonas aeruginosa and 

Staphylococcus aureus was reduced, with MICGA/P treatment achieving 

100% inhibition. The results suggest PLA reinforced with plant 

metabolites as a promising antibacterial material for medical 

applications, with future research exploring encapsulation techniques to 

enhance these properties further. 
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