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A B S T R A C T

Antimicrobial surface treatment has emerged as an effective strategy to control microbial growth and mitigate 
infection spread across various materials, including plastics, metals, and textiles. These modifications enhance 
hygiene, extend material lifespan, and reduce environmental impact by lowering the need for frequent cleaning 
and disinfection. Their application spans healthcare, food production, and industry due to their ability to inhibit 
bacteria, fungi, and viruses. A variety of materials and methods are used to produce these modifications, with 
supercritical fluid technology (SFT) gaining prominence for its high efficiency and eco-friendliness. This study 
focuses on developing an antimicrobial surface by integrating poly[3‑butyl‑5-(2-methacryloyloxy)ethyl]-4- 
methylthiazol-3-ium iodide (PMTABul) with polylactide (PLA) using SFT. The resultant blend was characterized 
using spectroscopic, morphological, and thermal analysis techniques. Antimicrobial efficacy was assessed against 
bacterial strains Acinetobacter baumannii, Escherichia coli, Staphylococcus aureus, and methicillin-resistant Staph
ylococcus aureus (MRSA), demonstrating significant inhibition of biofilm formation (80–90%) and potential for 
broad-spectrum antimicrobial applications.

1. Introduction

Antimicrobial coatings or surface treatment have become increas
ingly popular in recent years as a solution for controlling microbial 
growth and the spread of infections. They are used on a wide range of 
materials, including plastics, metals, textiles, and others. Their advan
tage primarily lies in their ability to prevent microbial growth on sur
faces, which helps to prevent infections and increase hygiene. 
Additionally, they can also extend the lifespan of materials such as 
textiles and plastics, reduce the need for frequent cleaning and disin
fection, and thereby reduce costs and the burden on the environment 
[1]. According to their structure and composition, they can prevent the 
spread of bacteria, fungi, and viruses, thereby improving hygienic con
ditions in many sectors such as healthcare, food production, and in
dustry [2]. In medicine, they are used as a protection against infections, 

particularly on contact surfaces such as catheters, probes, and other 
medical devices, reducing the risk of infection transmission to patients, 
limiting the need for antiseptics, and improving the overall health of 
patients [3,4].

Antimicrobial surface modifications are typically based on inorganic 
agents (e.g., silver or other metal-based systems), organic biocides, or 
intrinsically antimicrobial polymers, most frequently cationic polymers 
bearing quaternary onium groups, which can disrupt bacterial mem
branes and suppress early biofilm development [5–8]. On polymer 
substrates, antimicrobial surface modifications are commonly prepared 
by covalent grafting or surface-initiated polymerization, layer-by-layer 
assemblies, plasma/UV activation followed by coupling, or by physical 
incorporation/impregnation of the active agent into the near-surface 
region [9,10]. Chemical treatment based on silver ions or various 
types of nanomaterials, such as zinc oxide, copper, or silver 
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nanoparticles, have been also commonly used [2,5]. They are often 
manufactured using techniques such as electrodeposition, surface 
treatment, or supercritical fluid technology, when the supercritical CO₂ 
processing represents a solvent-free route [11–16].

Supercritical fluid technology (SFT) is becoming an increasingly 
popular method for antimicrobial coatings production and surface 
treatment due to its high efficiency and broad-spectrum effectiveness. 
The basic principle of this method involves the use of supercritical fluids, 
which are in a state between liquid and gas. These fluids are maintained 
at high pressure and temperature and can easily penetrate the surface of 
materials, allowing for even and consistent distribution of modifiers, in 
our case antimicrobial agents [9].

Coatings and surface treatment prepared using SFT can provide more 
effective protection against a range of harmful microorganisms, reduce 
the risk of infection and improve patient outcomes [7,17]. SFT allows 
the incorporation of high concentrations of antimicrobial agents into 
such coatings further enhancing their effectiveness. Another benefit of 
SFT is the ability to produce coatings and surface treatment with 
controlled release properties. This means that the release of antimicro
bial agents can be regulated, allowing for sustained protection against 
harmful microorganisms over time [18]. Moreover, it is a relatively 
environmentally friendly non-toxic production method that does not 
produce hazardous waste or by-products, as no hazardous solvents are 
used [19]. Thus, the main advantage of using SFT compared to con
ventional methods is the elimination of hazardous solvents and the 
reduction of heating energy consumption in traditional processes, as 
supercritical solvents, especially CO2, can be used from 28 ◦C.

In general, a great advantage of SFT is that it can be used in several 
different modes, which allow the processing of substances of different 
polarity even using non-polar CO2, or allows the use of another super
critical fluid (e.g. water). There are many possible combinations that 
allow you to "tailor" the conditions of the SFT process and thus optimize 
the entire preparation process and obtain a product with the desired 
properties without negative effects on the environment.

Polylactide (PLA), a biodegradable and biocompatible polymer, has 
been widely used as matrix for antimicrobial composites and blends due 
to its environmentally friendly nature, its biodegradability and 
biocompatibility, which reduces the negative impact on the environ
ment compared to traditional synthetic polymers. These materials are 
able to inhibit the growth of microorganisms and also provide a po
tential solution to the problem of antimicrobial resistance since their 
mechanisms of action could not develop resistance [20].

Currently, research is underway to produce PLA-based materials that 
is coated or modified with another antimicrobial polymer, such as poly 
[3‑butyl‑5-(2-methacryloyloxy)ethyl]− 4-methylthiazol-3-ium iodide, 
abbreviated as PMTABul. PMTABul belongs to the category of hetero
cyclic polymethacrylates, which are cationic polymers with high sta
bility and antimicrobial properties. These properties make heterocyclic 
polymethacrylates potentially important materials for many applica
tions, including medical devices, food and cosmetic packaging, and 
construction materials [21–23].

PLA can be advantageously used as packaging material in hospitals. 
In such applications, amorphous PLA and semicrystalline PLA fulfil 
different roles due to their differing properties. Amorphous PLA, with its 
flexibility and optical clarity, is ideal for disposable items such as 
transparent packaging films, blister packs for medical devices, and 
short-term storage containers. Its lower processing temperatures and 
faster degradation rate make it suitable for applications requiring ease of 
handling and rapid turnover. Conversely, semicrystalline PLA, with its 
higher mechanical strength and thermal resistance, is preferred for du
rable packaging solutions that need to withstand sterilization processes 
and maintain structural integrity over time, such as reusable containers 
and protective casings for sensitive medical instruments [24]. These 
complementary applications ensure that both forms of PLA effectively 
contribute to the diverse needs of hospital biomedical packaging and can 
be made more effective by protective coatings with antimicrobial 

properties [25].
This study deals with the preparation of PMTABul polymer according 

to the literature [21] and its subsequent application on a support pre
pared from PLA. Our resulting material PLA+PMTABuI was prepared 
using supercritical fluid technology, without using any organic solvents 
or even water, and was subsequently characterized by common 
chemical-physical methods, along with antimicrobial properties, which 
were tested using bacterial gram-negative (G-) strains Acinetobacter 
baumannii and E.coli, and gram-positive (G+) strains Staphylococcus 
aureus and methicillin-resistant Staphylococcus aureus (MRSA). These 
opportunistic pathogens cause a wide range of infections and are 
responsible for the formation of biofilms that increase multidrug resis
tance and are proportionally represented in nosocomial infections that 
are associated with healthcare in healthcare facilities [26,27]. The aim 
of the work was to develop a material with potential use as a packaging 
in biomedicine, using a simple preparation method with a coating ma
terial and a polymer base on which the coating is applied.

2. Materials and methods

2.1. Materials

The following chemicals were used to prepare the polymer: 5-(2- 
hydroxyethyl)-4-methylthiazole (> 98%), methylsulfonyl chloride 
(MsCl) (> 99.7%), 4-dimethylaminopyridine (DMAP) (>99%), sodium 
bicarbonate (NaHCO3), magnesium sulphate, anhydrous (MgSO4), so
dium azide (NaN3), ethyl acetate (EtOAc), 1-iodobutane - (>99%), 2- 
methylpropenoic acid, distilled (>99%), N,N′-dicyclohex
ylcarbodiimide (DCC) (>99%), potassium hydroxide (KOH). All these 
compounds were supplied by Sigma-Aldrich, Co. The following chem
icals were also used: anhydrous dichloromethane (CH2Cl2) (>99+%), 
triethylamine (TEA) distilled over potassium hydroxide (KOH) (>99%), 
anhydrous N,N-dimethylformamide (DMFA) (>99.7%), anhydrous 
dimethylsulfoxide, (DMSO) (>99.8%), methanol (MeOH) (>99,8%), 
ethanol (EtOH) (>99,8%), hexane (>96%), acetonitrile (CH3CN) 
(>99.8%), azobisisobutyronitrile, twice recrystallized in MeOH (AIBN) 
(>98%). All these compounds were supplied by Thermo Scientific™. It 
was also used for sample preparation: carbon dioxide (CO2) (4.8) 
(SIAD). Polylactide (PLA) IngeoTM 4032D was supplied by RESINEX 
Czech Republic s.r.o. The basic properties of the PLA used: density 1.24 
g/cm3and its average molecular weight in weight (Mw) is 182,000 Da.

2.2. Microbial strains

Potentially pathogenic strains Acinetobacter baumannii (A. baumannii 
CCM7117), E.coli(E. coliCCM3988), Staphylococcus aureus (S. aureus 
CCM4223) and methicillin-resistant S. aureus (MRSA CCM7111) were 
obtained from the Czech Collection of Microorganisms (Brno, Czech 
Republic). Bacterial strains were cultured at 37 ◦C on the plates with 
tryptone soya agar (HiMedia, India).

2.3. Preparation of antimicrobial polymer PMTABul for coating

PMTABul was prepared in several intermediate steps that included 
the preparation of 2-(4-methylthiazol-5-yl)ethyl methanesulfonate 
(M1), 5-(2-azidoethyl)-4-methylthiazole (M2), 2-(4-methylthiazol-5-yl) 
ethyl methacrylate (MTA), poly[2-(4-methylthiazol-5-yl)ethyl methac
rylate] (PMTA). Briefly, 2-(4-methylthiazol-5-yl)ethyl methanesulfo
nate (M1) was prepared in a 500 mL flask under argon, 5-(2- 
hydroxyethyl)-4-methylthiazole (62.7 mL, 534 mmol) and anhydrous 
CH2Cl2 (250 mL) were stirred at 0 ◦C. TEA (78 mL, 593 mmol) was 
added, followed by MsCl (43 mL, 593 mmol) dropwise over 60 min. The 
mixture was stirred at room temperature for 4 h, diluted with NaHCO3 
solution, and extracted with CH2Cl2. The organic phase was dried over 
MgSO4, and the solvent was removed. The orange mixture (117.2 g, 99% 
yield) was designated M1. M2 was prepared as: M1 (100.0 g, 452 mmol) 
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and anhydrous DMFA (1000 mL) were mixed under argon, and NaN3 
(73.5 g, 1130 mmol) was added in portions. The mixture was stirred at 
70 ◦C for 4 h, cooled, and the solvent evaporated. The resulting mixture 
was dissolved in EtOAc/H2O (1:1), separated, washed, and dried over 
MgSO4. The remaining solvent was removed, and the orange oil was 
purified by chromatography to yield yellow oil M2. MTA was prepared 
by mixing 5-(2-hydroxyethyl)-4-methylthiazole (40.9 mL, 350 mmol), 
DMAP (4.2 g, 35.0 mmol), 2-methylpropanoic acid (38.4 mL, 454 
mmol), and anhydrous CH3CN (175 mL) with DCC (94.0 g, 454 mmol) in 
CH3CN (225 mL). The mixture was purified by chromatography, 
yielding yellow oil MTA (68.8 g, 93%). PMTA was synthesized from 
MTA (10.6 g, 50 mmol) and AIBN catalyst (410 mg, 2.5 mmol) in 50 mL 
of dry DMSO. The mixture was purified by chromatography and 
precipitated in EtOH. The precipitate was filtered, vacuum dried, 
yielding PMTA (9.9 g, 91%). PMTABuI was prepared from PMTA1 (1.0 
g, 5 mmol) and 1-iodobutane (2.1 mL, 18 mmol) in 50 mL of dry DMF. 
After precipitation in EtOH, the yellow-white precipitate was vacuum 
dried, yielding PMTABuI (1.6 g, 93%). The polymer was synthesized 
accordingly to procedure described in the literature [21]. The prepared 
PMTABuI was subsequently applied to the surface of polylactide (PLA) 
by the SFT method. Fig. 1 shows the formulas of both polymers used - a) 
polylactide, b) PMTABuI.

2.4. Preparation of antimicrobial surface modification

Firstly, PLA films were prepared using a Collin 200 × 200 press 
under the following conditions: temperature of 190 ◦C (above the 

melting temperature of PLA), pressure of 0.1 MPa for 2 min (heating and 
melting), 1 MPa for 3 min (pressing), and 1 MPa for 2 min (cooling). The 
final thickness was 0.2 mm.

Supercritical fluid process was performed using device Spe-ed™ SFE- 
4 from company Applied Separations. Conditions for supercritical sur
face treatment were selected based on previous repeated experiments 
with the solubility of PMTABuI and PLA in supercritical carbon dioxide 
(SC–CO2). All samples were prepared under the same conditions: 
temperature (60 ◦C), pressure (20 MPa), reaction time (3 h), and 
depressurization flow (1 L/min). The original films were cut into uneven 
strips with a width of 1.5 cm and length approx. 3 cm. These strips were 
then weighed (weights ranged from 200 to 350 mg) and placed into a 
reaction cartridge, where the calculated amount of PMTABuI was added. 
The prepared samples were designated as PLA+PMTABuI (x wt.%), 
where x corresponds to the calculated weight percentage of PMTABuI in 
blends with PLA, x = 0, 0.5, 2, 4, 5, 10 and 20. Changes in weights before 
and after treatment of PLA films are presented in Table 1. The significant 
difference between the loading of PMTABuI in the PLA+PMTABuI (2 wt. 
%) and PLA+PMTABuI (4 wt. %) samples is due to the significantly 
different weight of the prepared PLA strips.

2.4.1. Methods of characterization
The samples were characterized using infrared spectroscopy (FTIR, 

Nicolet iS50), measured on an attenuated total reflectance (ATR) dia
mond crystal, with 62 scans in the mid-infrared spectrum (400 - 4000 
cm− 1), and baseline corrected in the OMNIC program. Scanning electron 
microscopy (SEM) JEOL JSM-7610F Plus (JEOL, Japan) with an auto 
emission source was used to study the morphology of the samples. The 
element composition of the samples and the stability of modification and 
films were also investigated by SEM/EDAX method. The samples were 
examined at accelerating voltages of 3 and 20 keV using secondary 
electron detection. For sputtering, the Quorum Q150V ES plus was used 
with 2 nm gold coating and 30 mA current. For surface topography 
evaluation, the samples were measured using atomic force microscopy 
(AFM) on a LiteScopeTM device in contact mode, with a measurement 
area of 20 × 20 µm in the x and y directions. X-ray diffraction (XRD) 
spectra were obtained using a RIGAKU X-ray system with a Cu lamp 
(energy 8.04 keV, wavelength 0.15406 nm), operating at 40 kV and 40 
mA, with a K-β filter and a scintillation detector. Thermogravimetric 
analysis (TGA) was performed using a TGA/STA-FTIR-MS SETARAM 
system from 30–800 ◦C with a temperature ramp of 10 ◦C/min in an 
argon atmosphere. Differential scanning calorimetry (DSC) was per
formed using a DSC200 TA instrument with an intracooler, over a 
temperature range of − 20 ◦C to 200 ◦C, with a heating rate of 10 ◦C/min. 
1H NMR spectra of quaternized polymer was recorded in DMSO‑d6 with 
a Bruker AVANCE III HD-400AVIII spectrometer operating at 300 MHz. 
The distribution of molecular weights of the unquaternized polymer was 
measured by GPC using a chromatographic system Waters Division 
Millipore equipped with a refractive-index detector (Waters model 410). 
Dimethyl formamide (99.9%, Aldrich) containing 0.1% of lithium bro
mide (≥99%, Aldrich), was used as the eluent at a flow rate of 1 mL/min 
at 50 ◦C. Styragel packed columns (HR2, HR3, and HR4, Waters Division 
Millipore) and poly(methyl methacrylate) standards (Polymer Labora
tories, Ltd.) between 2.4⋅106 and 9.7⋅102 g/mol were used. Contact 
angle was evaluated by device Data Physics OCA 15 EC/B, using dem
ineralised water (Milliq, 18.2Ω), dosage 3 µl and captured on camera 
BU205M with high performance upgrade UPHSV 205.

2.5. Detection of inhibition of biofilm formation

Since the standard agar disk method did not show a difference be
tween samples and all samples showed growth inhibition only under the 
disk, the following test was used to determine antimicrobial inhibitory 
effects of PLA+PMTABuI composites on biofilm formation, which was 
assessed using the Crystal violet biofilm assay [28–30]. PLA and its 
composites (PLA+2% PMTABuI, PLA+5% PMTABuI, PLA+10% 

Fig. 1. a) Polylactide and b) PMTABuI structures.

Table 1 
Prepared samples (measured on analytical balance Sartorius Tecator 6110 Bal
ance, 0.0001 g, instrumental error ±0.00006 g).

Sample Weight of 
PMTABuI 
(mg)

Increase of 
weight 
(%)

n 
(PMTABuI) 
(µmol)

n (PMTABuI)/ 
n (PLA) 
(mol %)

PLA (0 wt.%) - - - -
PLA+PMTABuI 

(0.5 wt.%)
0.4 0.10 ±

0.06
0.25 0.02

PLA+PMTABuI (2 
wt.%)

8.1 2.70±0.02 27.07 0.49

PLA+PMTABuI (4 
wt.%)

4.5 5.10±0.05 13.913 0.93

PLA+PMTABuI (5 
wt.%)

16.1 5.35±0.02 41.24 0.98

PLA+PMTABuI 
(10 wt.%)

23.4 7.94±0.03 42.25 1.45

PLA+PMTABuI 
(20 wt.%)

45.3 3.53±0.03 16.19 0.64
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PMTABuI) were cut into 6 mm diameter discs. Bacterial strains were 
inoculated into 10 mL of tryptone soya broth (TSB, HiMedia, India) and 
cultured overnight at 37 ◦C. After overnight incubation, microbial sus
pensions were standardized with TSB to a concentration of 1 × 105 

CFU⋅mL− 1. Discs of PLA and its composites were placed in the wells of 
96-well microplates (1 disk/well). A volume of 200 µL of the prepared 
inoculum was added to each well. The plates were statically incubated at 
37 ◦C for 24 h. The culture medium was gently aspirated and each one 
was properly washed with 200 µL of deionized water. The microplates 
were dried at 60 ◦C for 15 min. Then, the biofilms were stained with 200 
µL of 0.1% crystal violet (Sigma-Aldrich, USA) at room temperature for 
20 min. Then the samples were washed three times with deionized water 
to remove an unbound dye and were dried afterwards at 60 ◦C for 15 
min. After drying, the crystal violet was solubilized in 200 µL of 96% 
ethanol while shaking (ELMI orbital shaker DOC-20 L, Latvia) at room 
temperature for 20 min. Finally, 150 µL of the crystal violet solution was 
transferred into a new 96-well microplate, and the absorbance was 
measured using a microplate spectrophotometer (Epoch, BioTek, USA) 
at a wavelength of 584 nm. The total amount of biofilm was directly 
proportional to absorbance values of the crystal violet solution. The 
results were calculated as a percentage of biofilm reduction. Also, all 
viable cells in biofilm were quantified by the MTT cell viability assay 
[31]. After treating composites with bacterial strains, the planktonic 
bacteria were discarded and 200 µL of 0.5 mg⋅ml− 1 3-(4,5-dimethylth
iazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich, USA) was 
added. The plates were incubated at 37 ◦C for 2 h. Subsequently, the 
MTT was aspirated and 200 µL of dimethyl sulfoxide (VWR 

International, Czech Republic) wad added. The result solution was used 
for an absorbance measurement at 570 nm. Each sample was tested in 
six replications. Statistical analysis was performed using one-way 
ANOVA with Tukey's multiple comparison test, p ≤ 0.05 was consid
ered significant.

2.6. Stability of modified surface

The stability of the modified surfaces of the prepared samples was 
investigated by immersing the coated films in glass vials with various 
media. These medias were the air, distilled water, NaCl solution (10 wt. 
%) and PBS buffer (pH 7.4). The samples were immersed for 72 h, then 
removed from the medium and dried. Changes in surface composition 
were observed using SEM/EDAX.

3. Results and discussion

The prepared samples and their starting materials were subjected to 
chemical and physical characterizations using FTIR, SEM, SEM/EDAX, 
AFM, XRD, TGA and DSC. Changes in crystallinity were observed by 
XRD and DSC, surface morphology by SEM and AFM and amount of 
polymer and its bonding by TGA and FTIR. The inhibitory effect of PLA 
and PLA+PMTABuI films on biofilm formation was assessed using the 
crystal violet biofilm assay on A. baumannii, E. coli, S. aureus, and 
methicillin-resistant S. aureus, which are considered important causative 
agents of nosocomial infections in healthcare facilities.

The average molecular weight (Mₙ) and polydispersity index (PDI) of 

Fig. 2. ATR-FTIR spectra of prepared PLA+PMTABuI films.
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the synthetized polymer before and after quaternization were deter
mined by GPC. The prepared PMTA reached Mn 36,000 Da and PDI was 
1.9, after quaternization an Mn (PMTABuI) of 68,800 Da was achieved. 
The average molecular weight (Mw) of commercial PLA was determined 
in our previous work to be 182,000 Da [17]. The structure of PMTABuI 
was confirmed by 1H NMR, the results of the determination are pre
sented in the appendix, see Fig. S1, where characteristic groups and the 
presence of quaternized nitrogen are evident.

All other results already compare PLA and PMTABuI polymers before 
and after SFT processing. The amounts of PMTABuI applied to the PLA 
surface are documented in Table 1, which shows the added amount of 
PMTABuI as a surface modifier to the reaction cartridge for each sample 
and then the determined amount of PMTABuI actually deposited after 
the SFT processes. .As can be seen from Table 1 (Section 1.3), no changes 
in weight were detected for pure PLA (no PMTABuI was added to the 
cartridge). With increasing PMTABuI content during the reaction, a loss 
of process efficiency can be observed due to changes in equilibrium 
conditions. The reason for these losses is probably the partial precipi
tation of PMTABuI on the walls of the reaction cartridge, which occurred 
at a higher PMTABuI content while maintaining the same pressure, 
temperature and cartridge volume in the system. Moreover, at a higher 
amount of PMTABuI, the SC–CO2 saturation endpoint was reached. 
This is manifested as less efficient impregnation at 10 wt. % and inef
fective impregnation at 20 wt. %.

ATR-FTIR spectroscopy was used to confirm the presence of PMTA
BuI on PLA films. The spectra of all films in the range of 1800 - 550 cm− 1 

are shown in Fig. 2. For PLA, the characteristic peaks include the 
carbonyl stretching vibration (C = O) at 1745–1751 cm− 1, deformation 

of the -CH3 bond at 1454 cm− 1, the -C-O–C bond at 1265–1027 cm− 1, 
and the C–C bond at 867 cm− 1 [32]. For PMTABuI, the characteristic 
absorption bands include the carbonyl stretching vibration (C = O) at 
1718 cm− 1, C = C band at 1660 cm− 1, thiazolium vibration C = N+ at 
1587 cm− 1, deformation of the -CH3 bond at 1481 cm− 1, and the 
-C-O–C- bond at 1265, 1234, 1128, and 1039 cm− 1 [33]. The presence 
of the C = N+ bond at 1587 cm− 1 indicates that PMTABuI is on the 
surface of PLA. This bond is already clearly visible in the spectrum of 
PLA+PMTABuI of 4, 10 and 20 wt. %.

To evaluate the surface morphology of the starting materials, char
acterization was performed using SEM analysis for pure PLA (before and 
after supercritical processing, see Fig. 3), prepared powdered PMTABuI 
(Fig. S3) and further prepared materials of PLA with PMTABuI after 
supercritical processing (Figs. 4 and 5). Fig. 3 shows changes in the 
surface morphology of PLA films, from non-processed PLA (Fig. 3a) with 
a smooth surface and minor defects, to processed PLA (Fig. 3b) with 
increased surface roughness due to the recrystallization process. This 
morphological change appears as flake-shaped structures on the surface. 
This observation was also confirmed by AFM, as will be discussed 
further. In Fig. S3, amorphous PMTABuI particles of various shapes and 
sizes from 1 to 500 µm are visible. Particles were created during pre
cipitation and vacuum drying in the preparation process.

Figs. 4 and 5 show particles of PMTABuI on the surface of PLA films 
created by RESS mode of SFT. Visibly, size of these particles decreased 
during the SFT process and the change of shape of the particles occurred 
in several cases. Lower amount of the PMTABuI into the process created 
more smooth shaped particles. The best results in terms of surface 
coverage were shown when 20 wt. % of PMTABuI in the composite is 

Fig. 3. SEM pictures of a) pure PLA, b) PLA after supercritical treatment (the two images were chosen from distinct areas on the sample for enhanced surface 
visualisation).
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used. However, it caused severe defects on the surface of PLA films. A 
balance between coverage of the surface and creating only minor defects 
is found in composites with 2 wt. %, 4 wt. % and 5 wt. % of PMTABuI. 
The RESS process of SFT produced two types of particles on the surface 
of PLA films. These particles are spherical, with sizes ranging from 80 
nm to 15 µm, or plate-like with fractured edges, with diameters from 1 to 
50 µm.

SEM/EDX mapping was used to confirm that the particles on the PLA 
surface are composed of PMTABuI. Iodine was used as an indicator for 
the presence of PMTABuI, since another different element in PMTABuI 
compared to PLA polymer is nitrogen, which is difficult to detect due to 
its similarity to the surrounding elements (carbon and oxygen). Iodine, 
as the counterion of PMTABuI, was detected in samples with PMTABuI 
content higher than 1 wt. % due to the detection limit of the device, see 
Fig. 6.

The surface parameters were determined using AFM. These param
eters, including Ra (average surface roughness) and Rz (distance be
tween the highest and lowest points), are presented in Table 2. The 
evaluation of surface topography was chosen to better understand small 
changes in surface roughness. Surface roughness is one of the factors 
influencing the growth of microbial biofilm on a surface. In general, 
rougher surfaces are more conducive to biofilm formation. Thus, there 
may be a combined effect between a smoother surface and an antimi
crobial coating [34,35].

The different Rz and Ra values for the individual samples in the 
Table 2 are clearly explained by Figs. 7 and 8, which show the in
homogeneities of the surfaces formed after SC–CO2 treatment. In the 

case of pure PLA (Fig. 7), a change in surface roughness is evident after 
SFT, although the Ra value is lower than that of PLA before treatment. 
The effect of SC–CO2 leads to the formation of deeper “holes” or pores 
on the PLA surface, which increase the Rz value. The surface of both 
samples is consistent with the morphology determined by SEM analysis.

In the case of PLA+PMTABuI composites, the changes in Rz were 
lower, except for PLA+PMTABuI (0.5 wt. %), probably due to the 
accumulation of PMTABuI particles in the pores formed by SC–CO2 (see 
Fig. 8). In the case of PLA+PMTABuI (0.5 wt. %), the polymer covered 
only a part of the surface (see Fig. 8a), which led to an increase in the 
surface roughness Ra and a more pronounced difference in Rz. For 
samples with increasing PMTABuI content, the surface roughness, 
expressed as Rz, decreased and ranged from 387 to 736 nm, indicating 
some surface inhomogeneity for all samples. The Ra value (as shown in 
Fig. 8 and Table 2) also decreased compared to pure PLA and the sample 
PLA+PMTABuI (0.5 wt. %). The best performing sample was the 
PLA+PMTABuI (10 wt. %) sample (Fig. 8e), which showed the lowest Ra 
value and the lowest differences in Rz on the surface, indicating the most 
homogeneous surface. A certain exception was the PLA+PMTABuI (5 
wt. %) sample, in this case probably due to the presence of larger par
ticles, see Fig. 5d1.

The changes in the observed morphologies of the samples can be 
explained by the fact that surface impregnation with SFT occurs in such 
a way that SC–CO₂ partially dissolves PLA, thereby increasing its sur
face roughness. SC–CO₂ also dissolves PMTABuI. After depressurization 
of the system, PMTABuI precipitates on the PLA surface, which can be 
observed as a decrease in surface roughness with increasing content of 

Fig. 4. SEM pictures of PLA+PMTABuI after supercritical treatment, a1) and a2) 0.5 wt. % at 500 × and 1000 ×, b1) and b2) 2 wt. % at 500 × and 1000 ×, and c1) 
and c2) 4 wt. % at 500 × and 1000 ×, respectively.
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PMTABuI. PMTABuI also precipitates on the surface of the reaction 
cartridge. The dissolution of PLA and PMTABuI by SC–CO2 was 
confirmed by analysis of extracts obtained after the supercritical pro
cess. The extracted particles were dissolved in ethanol and evaluated 
using STEM. All images can be seen in Fig. S3. The size of these particles 
ranges from 35 to 200 nm for PLA, with smaller particles agglomerating, 
and 18–80 nm for PMTABuI with similar agglomeration. In the case of 
PLA+PMTABuI, the particles form larger agglomerates of about 200 nm 
in size, which consist of particles similar to the molten particles.

Another characterization of the prepared samples was X-ray 
diffraction (XRD), which was used to study the effect of SFT on the 
crystallization of the materials (see Fig. 9). As mentioned in the Intro
duction, the amorphous or crystalline state determines the possible use 
of PLA in packaging materials. The PLA film is initially amorphous after 
pressing. However, it is seen that crystallization occurs from the 
beginning of the SFT process [32,33]. After 1 h of processing, a char
acteristic diffraction peak with high intensity at 16.9◦ and 19.1◦ corre
sponding to the (110)/(200) and (203) planes begins to appear. In 
addition, a diffraction peak with low intensity at 22.5◦ for the (015) 
plane continuously appears [28,34]. These peaks become more pro
nounced with time, but after 3 h, higher crystallinity is no longer 
noticeable, see Fig. 9a. Based on this, a time of 3 h was chosen for the 

SFT process.
The XRD patterns of the composites, PLA+PMTABuI are shown in 

Fig. 9b Based on the intensity and shape of the characteristic peaks, it is 
evident that the impregnation by PMTABuI, which is an amorphous 
polymer, reduces the crystallization capacity of PLA during the SFT 
process. At low amounts of PMTABuI, the crystallinity is practically 
unaffected, but with increasing amounts of PMTABuI, the crystallization 
of PLA is inhibited.

The thermal stability of composites was analysed by thermogravi
metric analysis under inert atmosphere and at heating rate of 10 ◦C/min. 
Fig. 10 shows the TGA curves of PLA+PMTABuI composites along with 
pure PLA and PMTABuI polymers. All composite samples behave simi
larly to pure PLA, exhibiting only one degradation peak. The stability of 
the composites is slightly increased with the impregnation of PLA with 
PMTABuI, presenting values similar to those reported in the literature 
[20], though the effect is nearly negligible.

The thermal behavior of PLA, PLA (3 h), PMTABuI, PLA+PMTABuI 
(2 wt%), PLA+PMTABuI (10 wt%), and PLA+PMTABuI (20 wt%) was 
studied by DSC (see Fig. 11). PMTABuI is an amorphous polymer with Tg 
at 118 ◦C [36]. PLA film obtained from compression moulding presents 
the typical curve of the glass transition around 60 ◦C, followed of a wide 
range cold crystallization and then, the melting transition at around 168 

Fig. 5. SEM images of PLA+PMTABuI after supercritical treatment, d1) and d2) 5 wt. % at 500 × and 1000 ×, e1) and e2) 10 wt. % at 500 × and 1000 ×, and f1) and 
f2) 20 wt. % at 500 × and 1000 ×, respectively.
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◦C. The enthalpy of cold crystallization is 1.91 J/g while the melting is 
1.99 J/g. The difference between these enthalpies gives the initial 
crystallinity of the film considering enthalpy of 100% pure PLA crystal is 
93.6 J/g. PLA is practically amorphous, as observed by XRD (see Fig. 9). 
However, after 3 h of SFT processing, PLA crystallizes, showing a wider 
cold crystallization transition followed by melting of the crystals. The 
difference in enthalpy is 40.4 J/g, corresponding to approximately 43% 
crystallinity [37]. Coating with PMTABuI results in a slight reduction in 
crystallization enthalpy, with melting enthalpy values of 45.1, 41.8, and 
36.7 J/g. In these cases, the cold crystallization process may overlap 
with the glass transition of PMTABuI, potentially leading to over- or 
underestimation of crystallinity. Nevertheless, the DSC results are in 
concordance with XRD observations, where the coating with large 

Fig. 6. EDX mapping of Iodine of PLA+PMTABuI films, a) 2 wt %, b) 5 wt %, c) 10 wt %, and d) 20 wt %.

Table 2 
Surface roughness of samples.

Sample Rz (nm) Ra (nm)

PLA 333 ± 80 333 ± 33
PLA – 3 h SFT 925 ± 272 289 ± 105
PLA+PMTABuI (0.5 wt%) 1885 ± 438 729 ± 168
PLA+PMTABuI (2 wt%) 615 ± 145 215 ± 48
PLA+PMTABuI (4 wt%) 572 ± 145 195 ± 50
PLA+PMTABuI (5 wt%) 736 ± 368 291 ± 13
PLA+PMTABuI (10 wt%) 387 ± 120 140 ± 50
PLA+PMTABuI (20 wt%) 614 ± 213 184 ± 75
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amount of antimicrobial PMTABuI diminishes PLA crystallinity.
To verify the hydrophilicity/hydrophobicity, the surface tension and 

contact angle were measured for all prepared samples. Table 3 shows the 
samples obtained by drop analysis tested with water (see Fig. S4). The 
original PLA and PLA after SFT treatment (PLA-SFT) are on the border of 
hydrophobicity/hydrophilicity. No clear trend was observed for indi
vidual samples with increasing PMTABuI content, probably due to the 
inhomogeneity of the formed coatings, but the hydrophilicity of the 

samples increases after interaction with PMTABuI. This is due to the 
presence of antibacterial cationic polymer on the PLA surface.

3.1. Antimicrobial effect of PLA+PMTABuI composites

For antimicrobial test were chosen the sample PLA+PMTABuI (2 wt. 
%), PLA+PMTABuI (5 wt. %) and PLA+PMTABuI (10 wt. %) because 
they showed best homogeneity of covering the surface with PMTABuI. In 

Fig. 7. AFM image of pure PLA film a) before and b) after supercritical fluid treatment.

Fig. 8. AFM images of PLA+PMTABuI films, a) 0.5 wt. %, b) 2 wt. %, c) 4 wt. %, d) 5 wt. %, e) 10 wt. %, and f) 20 wt. %, respectively.
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lower concentrations (<2 wt. %) the films did show uneven distribution. 
Similar effect occurred in 20 wt. % of polymer where the process was not 
efficient enough and distribution was also uneven.

The antimicrobial effect of PLA+PMTABuI was determined as an 
inhibitory effect on formation of bacterial biofilm A. baumannii, E. coli, S. 

aureus and MRSA (Fig. 12a). The specific structure of biofilms results in 
increased resistance of bacteria to antibacterial agents [38–40]. Biofilm 
formation was quantified using the Crystal violet microtiter plate assay 
[41]. Pure PLA was used as a negative control, demonstrating zero 
inhibitory effect on biofilm formation. For all evaluated PLA+PMTABuI 

Fig. 9. XRD profiles of a) the original PLA film, PLA films after SFT and b) PMTABuI and composites of PLA+PMTABuI.

Fig. 10. TGA analysis of PLA, PMTABuI, and PLA+PMTABuI composites.
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coatings (2, 5, 10 wt.%), a significant inhibitory effect on the formation 
of all four bacterial biofilms was found (p < 0.05) (Fig. 12a, Table S1). In 
the case of coating with 10 wt. % PMTABuI, the highest inhibitory ef
ficacy was found for G- strain of A. baumannii (90 ± 6%). The effect of 
inhibition A. baumannii biofilm is considerable important in the context 
of causing nosocomial and community-acquired infections, multi-drug 
resistance and ability to form biofilm in hospitals and the environment 
[42,43]. An inhibitory effect greater than 80% was also achieved for the 
G- strain of E. coli(83 ± 8%). Biofilm inhibition in G+ bacteria was 82 ±
4% for S. aureus and 77 ± 5% for MRSA. The difference in sensitivity 
between G- and G+ bacterial strains was not significant (p > 0.05) and 
may be related to variations in their surface structures and individual 
sensitivity of strains to PMTABuI. The outer membrane of G- bacteria is 
more complex because it contains lipopolysaccharides (LPS) while G+
bacteria have more simple membrane with teichoic and lipoteichoic 
acids [44,45]. The contribution of bacterial extracellular vesicles (BEVs) 
to biofilm stability is also discussed in the literature [46–48].

Surface characteristics of materials, such as roughness, hardness, 
hydrophobicity/hydrophilicity, porosity, can also have a substantial 
influence for the formation of biofilms of individual strains [48,49]. 
Pure PLA as a negative control had a relatively smooth surface. Samples 
with 2, 5 and 10 wt. % PMTABuI showed some surface roughness 
(Table 2) and surface ionic bonding. The inhibitory effect of the material 
on the biofilm is then combined. It depends not only on the nature of 
bacterial adhesion to the material, but especially on the positive charge 
of nitrogen (N+) in PMTABuI. It is likely that N+ binds to the negatively 
charged bacterial membrane and thereby reduces bacterial viability 

[21]. The amount of living bacterial cells in biofilms was detected by 
monitoring their metabolic activities using MTT assay [49,50]. In our 
study, the PLA+PMTABuI composites effectively decreased viability of 
all bacteria (Fig. 12b, Table S2, S3). The highest inhibition of metabolic 
activity was found in the case of PLA+PMTABuI 10 wt.% for 
A. baumannii strain (92 ± 5%). For other bacterial strains, the strong 
reduction of viability was also detected (E. coli88 ± 5% > S. aureus 85 ±
4% > MRSA 82 ± 4%).

Developing novel antimicrobial compounds and composite polymers 
primarily targets strategies for controlling biofilm-associated infections. 
Attention to bacterial biofilms is also relevant in other fields, such as 
wastewater treatment and food processing equipment [51,52]. In this 
study, PLA coatings with PMTABuI demonstrated excellent anti-biofilm 
activity, making them suitable for the prevention and elimination of 
bacterial biofilms.

3.2. Stability of films

Finally, the prepared PLA+PMTABuI films were evaluated for their 
stability in several conditions: in the air, in distilled water, 10 wt. % 
NaCl solution and in PBS buffer for 72 h. The results were subsequently 
evaluated using SEM with EDAX mapping focusing on the presence of 
iodine in individual samples. The results are shown in Fig. S5-S7. As can 
be seen, the samples are stable in the air, but when using water or other 
solutions, PMTABuI is washed out from the PLA surface (disappearance 
of iodine can be seen). Given the intended purpose of this material in 
medical packaging for hospitals, the stability of the films is satisfactory 
for single-use. When personnel wear gloves, such packaging is safe to 
use.

4. Conclusion

PMTABuI particles as antimicrobial surface modifiers were deposited 
on the surface of PLA films using RESS mode SFT with SC–CO2 to 
prepare a material with antimicrobial properties using an environmen
tally friendly process. Purity of synthesized PMTABuI was confirmed by 
1H NMR and GPC methods. The results of TGA and DSC analyses show 
that PMTABuI does not change depending on the process temperature in 
SFT process. The presence of PMTABuI in the materials was confirmed 
by FTIR analysis without the formation of new bonds, indicating phys
ical adsorption onto the PLA surface. SEM and AFM confirmed that su
percritical processes change the surface morphology of PLA and that 
PMTABuI particles are present on the surface. EDX analysis and 
elemental mapping demonstrated that these particles are composed of 
PMTABuI, which was confirmed by the presence of iodine. XRD showed 
that the crystallization of PLA during the SFT process was reduced by the 
SFT process and PMTABuI coating. This reduction was further confirmed 
by DSC measurements. Antimicrobial tests demonstrated the inhibitory 
activity of the material against biofilm formation, with the effectiveness 
increasing with the amount of PMTABuI. However, it was found that the 
PMTABuI deposit on the PLA surface, which were prepared by the SFT 
process, are stable in air but leachable in solutions. The solubility in 
aqueous solutions is connected with higher hydrophilicity of all 
PLA+PMTABuI samples. The biggest drawback of this material is the 
inhomogeneous surface coverage with the antimicrobial component and 
only physical form of bond on surface, and thus the slightly variable 
properties of the materials. Therefore, further research will be focused 
on optimizing and homogenizing this process. In this study, there is an 
obvious limitation to the applicability of the material. Better applica
bility would be achieved by chemically attaching PMTABuI to the PLA 
surface, which would be more efficient in terms of utilization. However, 
this approach would require the use of additional chemicals in the SFT 
process, which may be less associated with “green chemistry” and would 
require a more complex manufacturing process. The aim of this article 
was to present a simple procedure for the preparation of an antimicro
bial material. The advantage of the material prepared in this way is its 

Fig. 11. DSC curves of PLA, PMTABuI, PLA after 3 h of SFT and PLA+PMTABuI 
(2, 10 and 20 wt. %).

Table 3 
The contact angle values of all prepared samples.

Sample Contact angle (◦)

PLA 87.4 ± 0.1
PLA (3 h SFT) 79.5 ± 0.1
PLA+PMTABuI (2 wt. %) 62.1 ± 0.6
PLA+PMTABuI (4 wt. %) 44.9 ± 0.4
PLA+PMTABuI (5 wt. %) 68.3 ± 0.6
PLA+PMTABuI (10 wt. %) 56.4 ± 0.1
PLA+PMTABuI (20 wt. %) 74.0 ± 4.0
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easier recyclability due to the subsequent easy separation of PMTABuI 
and PLA for further processing.

The semi-crystalline antimicrobial materials prepared in this work, 
intentionally derived from amorphous PLA, was intentionally designed 
for use in hospital packaging. The transformation from the amorphous 
state to the semi-crystalline form during impregnation with antimicro
bial PMTABuI by SFT underlines its suitability for more rigid packaging 
requirements. The antimicrobial properties of this material can signifi
cantly contribute to prolonging the sterilization efficiency of devices 
placed in these containers. Variations in the amount of PMTABuI and 
optimization of the SFT process can lead to a material with a more 
amorphous form that could be equally suitable for use in hospital 
packaging. This flexibility allows the material properties to be tailored 
to specific packaging needs, whether the rigidity of semi-crystalline PLA 
or the flexibility and optical clarity of amorphous PLA are required. 
Thus, by adjusting these parameters, the material can be tailored to 
enhance its performance.
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editing. Zuzana Rybková: Writing – original draft, Methodology, 
Investigation, Data curation, Formal analysis. Kateřina Škrlová: Vali
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