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Abstract 

Drug-loaded polymers are desirable for the controlled administration of bioactive molecules to biological 

media because polymer viscoelasticity can be translated into benefits of tissue-contacting materials. Here, we 

report on plasma-assisted deposition of polyester thin films performed via thermal evaporation of polylactic acid 

(PLA). The films can be produced with the chemical composition and polymer topology precisely tuned by the 

discharge power. At low power, weakly cross-linked films are produced with the chemical motif resembling that 

of PLA, the molar mass distribution peaking at 350 g×mol
-1

  and skewing to larger species. At high power, 

highly cross-linked films are produced with a worse resemblance to PLA. The films swell and dissolve in water, 

releasing oligomers with the dissolution kinetics spanning over a broad time scale of 10
-1

 – 10
4
 seconds. The 

released oligomers undergo hydrolysis at the time scale of days and with the final product of lactic acid, meeting 

the biocompatibility demands. When dissolving, the films expose micrometre-sized pores or buckling 

instabilities, depending on the discharge power. The phenomenon can be used for controlled release of nisin, an 

antibacterial peptide so that an hour-delayed release is achieved via the pore-mediated diffusion, whereas a 

minute-delayed release is achieved through the buckling. Nisin-loaded polyester plasma polymer films are 

effective against Micrococcus luteus, the bactericidal activity correlating with the drug release kinetics. Hence, 

the film design holds promise for developing advanced wound dressing materials and other tissue-contacting 

devices with tunable therapeutic effect. 

Keywords 

plasma polymerization, plasma-assisted vapour thermal deposition, polylactic acid, biodegradability, 

controlled drug release 

ToC / Highlights 

 

 Thin films of plasma polymers resembling classical polylactic 

acid were prepared. 

 The timescale of dissolution can be tuned within several orders 

of magnitude. 

 Two different mechanisms of degradation were observed. 

 Control of kinetics of release of nisin from minutes to days was 

demonstrated. 
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1. Introduction 

The development of efficient polymer-based drug delivery systems with controllable release kinetics has been 

intensively studied in recent years [1–5]. Several factors affecting the drug release have to be considered, such 

as polymer carrier character, polymer degradation rate, diffusion coefficient, or molecular weight of the 

incorporated drug [3]. Regarding suitable polymer matrix, biodegradable polyester-based materials, such as 

polylactic acid or poly(lactic-co-glycolic acid), have attracted many researchers [6–11]. Polylactic acid (PLA), 

belonging among the most extensively investigated renewable materials,  can be applied in the biomedical field 

due to high biocompatibility, low level of toxicity, and suitable processing properties; for example, for the 

fabrication of absorbable sutures, medical implants, scaffolds, or drug delivery systems [12–16]. Understanding 

the mechanism of degradation is crucial to obtain an efficient platform for active molecules that should be 

released into a specific medium under given conditions [17].  

The degradability of PLA is strongly affected by factors such as crystallinity, molecular weight, surface 

properties (wettability), temperature, pH, enzymatic activity, and the environment [18–20]. Different poly(L-

lactide) degradation profiles were revealed in buffer solution versus 100 % relative humidity environment [17].  

Belonging to polyesters, PLA exhibits poor hydrophilicity and low functionalization capability, which limits the 

practical applications. Various physical or chemical modifications have been studied to overcome some of these 

limitations and increase the hydrophilicity, adhesion and degradation profile [21]. Plasma treatment can ensure 

functionalization, leading to the change in surface roughness and morphological properties so that wettability 

and hydrophilicity are enhanced. Moreover, functional groups may serve as anchors for specific binding of the 

bioactive molecules with their subsequent release in a controllable manner [1,2,22–26]. 

Since standard chemical vapour deposition methods proceed at high temperatures, they are not suitable for 

thin films applied in biomedicine. On the other hand, plasma-enhanced chemical vapour deposition (PECVD) 

can be utilized to manufacture thin films and nanoparticles at lower temperatures [3,27–34]. However, this 

technique suffers from the fact that only low molecular weight substances can be used, restricting the potential 

scale of resultant plasma polymers, though the retention of the monomer properties can be increased e.g. using 

pulsed plasma [35–38]. Plasma-assisted vapour (vacuum) thermal deposition (decomposition/degradation) 

(PAVTD) overcomes this limitation using polymer heating at reduced pressure and under an inert atmosphere. 

Compared to the PECVD technique, the PAVTD offers an attractive way to supply both low- and high-

molecular-weight species to the gas phase. Such polydisperse species are then plasma-activated with the bond 

cleavage and radical formation, and undergo re-polymerization processes when deposited onto substrates [39–

48]. An advantage of this method is that the structural properties can be easily controlled via the applied 

discharge power. As was shown for poly(ethylene oxide)-like PAVTD films, the release kinetics of bioactive 

nisin molecule was slowed down at higher plasma power, and undesirable burst effect was avoided [47]. 

Structurally, these films have been shown to cover the typical gap between classical and plasma polymers [48]. 

This paper aims to prepare PLA-based plasma polymer thin films with controllable hydrolysis, permeation, and 

adhesion, serving as platforms for the tunable release of bioactive molecules. 
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2. Materials and methods 

Polylactic acid (PLA) of Mw = 10000–20000 g×mol
-1

 prepared by the procedure described in [17] was used as 

a source polymer for the PAVTD. Nisin standard from Lactococcus lactis was supplied by Sigma-Aldrich, 

USA. The substrates for the films were one side polished Si wafers, glass slides and wafers pre‐coated with a 

gold layer. 

2.1 PAVTD deposition 

  

Figure 1 Scheme of the experimental PAVTD setup used to prepare plasma polymerized PLA thin films.  

The setup for PAVTD [48] is schematically shown in Figure 1. The deposition system consisted of a 

stainless-steel vacuum chamber pumped down to base pressure 10
-3

 Pa by diffusion and rotary pumps. A tank 

with Ar was connected to the chamber (30 l volume, 300 mm diameter) via an automatic flow controller (MK1, 

MKS Instruments) to maintain a constant flow rate of 7 cm
3

STP/min and pressure of 5 Pa (measured by Type 626 

Baratron, 266 Pa range, MKS). The chamber was rigged with a stainless-steel ring-shaped electrode 70 mm in 

diameter powered by a radio frequency (RF) power supply (Dressler Caesar, 13.56 MHz, Advanced Energy) via 

a matching unit. The power supply was operated in a continuous wave mode. An electrically heated (via 

molybdenum strips) copper crucible (height 33 mm, inner diameter 22 mm, outer diameter 28 mm) bearing PLA 

granules (2 grams per batch) was placed at a distance of 40 mm below the electrode. Quartz crystal 

microbalance sensor (QCM) monitored the deposition rate 100 mm above the electrode. The load-lock system 

was mounted to the chamber port transversally to maintain a 150 mm interspace gap between the sample holder 

and the crucible apex. The discharge was ignited, and the crucible with PLA load was heated up to the working 

temperature (~ 220°C) to produce the flux of PLA oligomers. Once the deposition rate was adjusted to the value 

of 5 nm/min, the substrates residing in the load-lock were introduced into the deposition chamber for 20 min. 

Finally, the substrates were retracted from the deposition chamber to the load-lock after the PLA thin films were 

deposited. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



2.2 SEM 

A Jeol JSM-7200F Scanning Electron microscope with a secondary electron detector was used with the 

acceleration voltage set at 2 KeV. No additional metallization was applied to the samples. 

2.3 In-situ and ex-situ ellipsometry 

The measurements were undertaken using a Woollam M-2000DI spectroscopic ellipsometer to obtain the 

thickness of the PLA plasma polymers. The measurements were performed on films deposited on polished 

silicon substrates. The ex-situ measurements were done at three angles ranging from 50° to 70° and in the 

wavelength range of 192 nm–1690 nm. The ellipsometry data were fitted using CompleteEASE software (J.A. 

Woollam) according to a Cauchy model for silicon substrate with 1.5 nm of native oxide. 

The in-situ measurements were done in water using a liquid cell. The angle of measurements was fixed at 

70°. The data were fitted by a Bruggeman effective medium approximation model, where the medium was 

water, and the polymer fraction was the layer described by the Cauchy model. 

2.4 Infrared spectra (FTIR) 

The FTIR measurements were performed in the reflection-absorption configuration using a Bruker Equinox 

55 spectrometer. The samples were deposited onto silicon substrates pre-coated by a gold-mirror film. The 

resolution was set at 4 cm
-1

. 

2.5 Thermal stability of the films 

Thermal stability of the films was assessed by establishing the thickness ratio (measured by ellipsometry) 

before and after heating the samples under vacuum. The batch of samples was fixed on a heater plate and placed 

into a vacuum chamber with pressure below 2×10
-3

 Pa. The films were heated at a steady rate of 3.75 °C/min to 

the target temperature of 60 °C, 80 °C, 120 °C, 160 °C, 200 °C, and 230 °C, the latter corresponding to the PLA 

evaporation temperature. After reaching the target temperature, the samples were let cool down to 50 °C before 

venting the chamber. As a reference, the samples were heated to 30 °C and kept at this temperature under 

vacuum for 1 hour.  

2.6 PLA hydrolysis 

A hydrolysis test was carried out in demi water (enriched with 0.2 %wt. sodium azide) on the square-shaped 

glass samples (2.5x2.5 cm) that were previously subject to the PAVTD. The specimens were immersed into 

hydrolysis medium (at the temperature of 37 °C), placed into 20 ml weighing bottles, and agitated. At defined 

time intervals, an aliquot of 1 ml was withdrawn for LC-MS analysis performed on an Infinity LC System 

(Agilent Technologies, USA). Chromatographic separation was performed on an Extend column C18 

(2.1x50 mm, 1 m) at the flow rate of 0.5 ml×min
-1

. The mobile phase consisted of 0.1 % formic acid (A) and 

acetonitrile (B); the sample injection volume equalled to 1 µl. Standard of lactic acid (LA) was measured as a 

[M-H]- molecule ion, fragmentation of the precursor ion was carried out at 20 V. 
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2.7 Gel Permeation Chromatography 

The distribution of the molar masses of the soluble fraction of the films was studied by the gel permeation 

chromatography (GPC) using an Agilent 1260 Infinity GPC/SEC system equipped with a differential 

refractometric detector. The samples were diluted as ca 3 % (w/v) solutions in tetrahydrofuran with a flow rate 

of 0.8 ml×min
−1

 at temperature 30 °C. The separation system with 0.2 m Teflon membrane filter used a 7.5 x 

600 mm Polymer Laboratories gel column of porosity 1000 Å calibrated with polystyrene standards. 

2.8 Release of active molecules 

Release experiment was carried out with nisin Mw ~3354 g×mol
-1

. Active molecule-containing layers were 

prepared via spin-coating (3000 rpm) of the 450 ml total volume of polyvinyl alcohol (2 %wt.) solution with 

nisin (1 %wt.) on silicon wafers (2.5x2.5 cm). Subsequently, a PLA plasma polymer layer (thickness ~70 nm) 

was deposited over the active drug layer.  

The samples containing nisin and PLA plasma polymers were immersed into demi water (at the temperature 

of 37 °C) in 20 ml weighing bottles and agitated. At defined time intervals, an aliquot of 1 ml was withdrawn 

for further analyses.  

Detection of nisin was performed on an HPLC Shimadzu Prominence LC20A Series equipped with a 

thermostatted column compartment and a dual-wavelength UV-VIS detector (Shimadzu, Japan). The 

measurement was performed on an Aeris Widepore column XB-C8 (4.6x150 mm; 3.6 m; Phenomenex, USA) 

at 40 °C. The mobile phase constituted a gradient composed of 0.1 % (v/v) HCOOH in HPLC grade water 

(solvent A) and HPLC grade acetonitrile (solvent B). Gradient elution was as follows: 0–13.5 min from 5.0 % 

eluent B to 40.0 % eluent B; 13.5–14.0 min from 40.0 % eluent B to 95.0 % eluent B; 14.0–18.5 min 95.0 % 

eluent B; 18.5–19.0 min from 95.0 % eluent B to 5 % eluent B; total run 25 min. Injection volume equalled to 

40 μL, and the flow rate was set to 1.0 ml/min. Measurement was performed at the wavelengths of 200 and 

220 nm; the nisin concentration was calculated from the 200 nm test results.  Quantification of nisin was 

performed by an external calibration method, and the equation of the calibration curve was the following: y = 

137970c + 159.26 (R
2
 = 0.9992), where y represents the peak area and c is the concentration of nisin. All the 

experiments were carried out at room temperature. 

2.9 Antibacterial tests 

The samples were immersed in 15 ml of demineralized water at laboratory temperature. At defined time 

intervals, the aliquots of 1 ml were withdrawn and analyzed by an agar diffusion method using the bacterial 

suspension of Micrococcus luteus, CCM 732. One millilitre of bacterial suspension (the concentration from10
6
 

to 10
7
 CFU×ml

-1
) was transferred onto sterile Petri dishes with a Mueller Hinton agar. An eluate (100 µL) was 

placed into the bored wells of 8 mm in diameter and incubated at 30 °C. After the incubation period, the 

diameters of inhibition zones around the samples were recorded. 
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3. Results and discussion 

3.1 Chemical composition and structure of the films 

The PLA plasma polymers were deposited with different discharge powers, and their chemical composition 

was analyzed by FTIR (Figure 2). The spectra bear the characteristic features of PLA, including stretching 

vibrations of hydrocarbons at 2800–3000 cm
-1

, carbonyls at 1730–1765 cm
-1

, and other species at lower 

wavelengths [49,50]. If the spectra are normalized to carbonyl’s absorbance, it becomes evident that the 

intensity of the hydrocarbon moieties increases with the plasma power, whereas the oxygen-bearing species 

subside. The phenomenon is further accompanied by a shift of the C=O peak from 1765 cm
-1

 to 1730 cm
-1

, 

which is caused by changes in the local surroundings of the carbonyl groups. The shift to the lower wavenumber 

points to deoxidation of the local carbonyl environment with the replacement of oxygen atoms by carbonaceous 

species. The evolvement of a broad shoulder at 1650 cm
-1

 indicates that the C=C bonds may belong to these 

species, appearing as a result of the plasma-enhanced molecular fragmentation. These results are consistent with 

the earlier reports on the plasma-assisted deposition of poly(ethylene oxide)-like plasma polymers [40–

42,47,48]. They also provide further evidence to a common idea of the enhancement of disorder in plasma 

polymers and overall loss of the original polymer’s motif at higher discharge power. 
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Figure 2 The FTIR spectra of PAVTD plasma polymerized thin films of PLA. The colour gradient distinguishes the discharge power 

during film preparation. The FTIR spectra are normalized to C=O vibration at ~ 1740 cm-1. Tabulated FTIR-ATR spectrum of bulk PLA 

[51] is shown for comparison.  

The alteration in the PLA chemical motif is further accompanied by changes in the macromolecular structure, 

manifested in the GPC measurements (Figure 3). Here, the red curve corresponds to the original PLA, showing 

the negatively skewed molar mass distribution that averages 4×10
3
 g×mol

-1
. The curves of the plasma deposited 

films are shifted to the lower masses and have positive skewness. The phenomenon is closely related to the 

physical and chemical processes occurring during the deposition. Thermal decomposition of original PLA 
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macromolecules proceeds with a release of lower molar mass oligomers to the gas phase, with their subsequent 

deposition onto substrates. Such oligomers contribute to the molar mass distribution maximum 350 g×mol
-1

  

(~5 monomeric units). The activation by plasma leads to an additional bond cleavage with the formation of 

radicals that participate in recombination reactions during the diffusion over the substrate surface. The 

recombination processes are responsible for forming larger molar mass species, most probably branched, at the 

expense of the oligomers. Thus, the 350 g×mol
-1 

maximum decreases with the discharge power, whereas a 

broad, positively skewed shoulder develops. 
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Figure 3 GPC molar mass distribution of the sol fraction of plasma polymerized PLA in dependence on the discharge power, scaled to 

the distribution maximum. 

Another confirmation of the above findings can be found in the analysis of thermal stability tests, which 

showed a gradual loss of material with temperature, with the loss being slower for the high-power films (Figure 

4). For example, the film prepared without plasma (0 W) showed about 20 % escape of material at 30 °C, 

whereas for the 100 W film, the same loss was observed at 160 °C. As was shown by GPC, plasma polymerized 

films contain a fraction of short uncross-linked chains. Their escape is driven by diffusion to the film surface, 

which can be hindered by entanglements with the cross-linked gel network. The slower material loss provides 

another indication of increased cross-linking in high-power films. Thus, the sol/gel fraction in plasma 

polymerized PLA thin films can be tuned by the discharge power, providing the basis for their use as 

controllable drug release platforms. 
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Figure 4 Thermal stability of plasma polymerized PLA in dependence on the plasma power during the film preparation. Relative 

remaining thickness corresponds to the ratio of thickness after and before the incubation. Black dots indicate the actual points of the 

measurement. 

3.2 Stability in water – ex-situ ellipsometry 

The GPC and thermal stability results are further supported by the ex-situ ellipsometry measurements of the 

film thickness performed before and after their incubation in water (Figure 5a). The inverse ratio of these 

thicknesses gives the gel volume fraction parameter, that is, the volume occupied by the gel with respect to the 

volume of all constituents (sol + gel) in the film. A complete dataset is summarized in a colour diagram, in 

which the colour palette codes the values of the gel fraction for specific combinations of the discharge power 

and the incubation time. The initial film thickness was 100 nm for all the powers investigated. 

The films prepared with 0 W – 30 W power completely dissolve in water, although with different dissolution 

kinetics, which becomes delayed at higher power. The slower kinetics testifies that the films become enriched 

with larger macromolecules with an increase of the power, while the complete dissolution suggests that the 

infinite gel network has not been formed. The general trend agrees with the GPC and thermal stability 

measurements.   

The point of gelation is reached above 30 W; here, the number of radical-bearing oligomers becomes 

sufficiently large to link themselves into a single macroscopic network. The dissolution kinetics of the soluble 

fraction follow the trend of slowing down with increased power; however, the complete dissolution is no longer 

reached. At 100 W, the films are highly cross-linked and do not dissolve in water, at least over the time range of 

one week.   
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Figure 5 Effects of immersion of the films in water. a) The gel volume fraction in plasma polymerized PLA in dependence on the 

discharge power and the incubation time; the colour gradient determines the ratio of thickness after and before the incubation; black dots 

indicate the actual points of measurement. The outlined white points show where SEM images were obtained. b) SEM images of plasma 

polymerized PLA obtained after 15-second incubation in H2O. 

Figure 5b demonstrates the SEM images of the PLA thin films after being incubated in water for 15 seconds 

and dried afterwards. The 2 W film is the most unstable, showing a significant disintegration level and exposing 

the substrate between the interconnected islands of the film remnants. The film integrity is retained better at 

higher power, although clear signs of surface degradation are yet to be seen. The film prepared at 25 W is much 

more stable.  

The thickness decay was analyzed quantitatively by fitting the experimental data to a multi-exponential 

polynomial: 

 (    )  ∑     
    ⁄  (1) 

 

Here,  (    ) is the dry thickness of the film prepared at Pi discharge power at the time τ after the immersion, 

where       is the sol fraction of this film, which is dissolved with a characteristic time of ti. It was necessary to 

use at least four terms in the polynomial to fit the data with acceptable accuracy, so the final expression is: 

 (    )        
    ⁄        

    ⁄        
    ⁄        (2) 

 

The first term corresponds to the thickness decay in the first moments after the immersion to cover any 

changes at the timescale below the first measured data point (the shortest 1 s immersion time was possible). The 

second and third terms correspond to the delayed dissolution kinetics. The last term is responsible for the gel 

fraction that remains undissolved after the immersion. The characteristic time t4 was set to ; therefore, the 
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fourth term is just a constant. As the model is applied to the relative thicknesses, the equation has to fulfil the 

normalization condition: 

 (      )                              (3) 

  

The experimental data with fitting curves corresponding to the discharge power of 6 W and 30 W are shown 

in Figure 6a, b, whereas the entire sets of ai are given in Figure 6c. Table 1 summarizes the characteristic times 

obtained as a result of the fitting. 
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Figure 6 Thickness decay of the PLA plasma polymers after their immersion in water: a), b) film thickness in dependence on the 

immersion time for 6 and 30 W discharge power; open symbols are experimental data points; dashed lines are fits to Eq. 2; different 

colours guide the eye to distinguish regions with four dissolution kinetics: yellow – a1, t1 (fastest), green - a2, t2, magenta - a3, t3, blue - 

a4, t4 =  (insoluble gel); c) ai in dependence on the discharge power. 

Table 1 Characteristic times ti obtained by fitting the experimental data to Eq. 2. 

Characteristic time, s 

t1 t2 t3 t4 

0.6 168 10100  
 

   
 

The low-power films are rich with smaller oligomers (a1 is close to 1.0 for 1 W), which dissolve quickly 

upon immersion. The characteristic time t1 is less than 1 s, so the experimental data are missing in this region. 

With increasing power, the a1 fraction gradually decreases, whereas the a2 and, to a lesser extent, the a3 and a4 

fractions increase, confirming the enhancement of the re-polymerization processes and the formation of larger 

macromolecules. For the most part, such macromolecules are not part of the infinite gel network, and they still 

dissolve, although with longer characteristic times of t2 ~ 10
2
 s and t3 ~ 10

4
 s. All the soluble fractions 

eventually disappear at about 30 W, while the insoluble gel fraction a4 becomes dominating. Thus, the model 

supports the above findings of the onset of gelation at about 30 W. It also provides additional insight into the 

dissolution kinetics at low power, pointing to the existence of three characteristic times that span over a broad 

time scale of 10
-1

 - 10
4
 s. 
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3.3 Stability in water – in-situ ellipsometry 

The more demanding ellipsometry measurements were performed in-situ using the liquid cell to analyze both 

the dissolution and swelling of the PLA plasma polymers when in contact with water (Figure 7). The relative 

thickness was calculated as the ratio of the film thickness at a given incubation time to the initial dry thickness. 

Different colours code the volume fraction of water absorbed in the film and the polymer fraction as detected by 

the fitting of the ellipsometry data. 

For the low-power films, the interaction with water starts with an abrupt thickness decrease immediately after 

the immersion. Note that the first data point is acquired after the fast dissolution of the light oligomer fraction 

has already occurred, as shown above. The initial thickness decrease is followed by a gradual increase until a 

maximal value is reached. At the final stage, the thickness decreases again and approaches the equilibrium level. 

With increasing power, the maximal thickness is observed at longer incubation time. The high-power films are 

much more stable, showing a minor initial thickness decrease, little swelling, and a modest final thickness 

decrease (or none of the above for the 100 W film).   

Such a non-trivial thickness evolution of plasma polymerized PLA is a consequence of two concurring 

processes: the release of the sol fraction, which contributes to a decrease in the film thickness, and swelling of 

the gel fraction, which leads to an increase of the film thickness. The free volume in the swollen films becomes 

occupied by absorbed water molecules. The dissolution kinetics depends on the average molar mass of the 

released species and the average molar mass of chains between cross-links. The kinetics of swelling is 

determined by the finite extensibility of network chains and by adhesion constraints [42,52,53]. All these 

parameters are simultaneously influenced by the discharge power, which determines the overall thickness 

evolution. With the increasing power, the average molar mass of the sol increases while chain length between 

cross-links decreases, thus providing a macromolecular sieve of finer scale. Therefore, the dissolution is 

retarded and extended in time. At the same time, shorter chains between cross-links have limited extensibility, 

thus reducing the swelling effects, and the remaining swollen network is characterized by a smaller free volume. 
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Figure 7 Relative thickness of plasma polymerized PLA in dependence on the discharge power and the incubation time as measured by 

in-situ liquid-cell ellipsometry; red and blue colours designate the polymer and absorbed water fractions.  

3.4 Stability in water – Hydrolysis 

Hydrolysis of conventional PLA is known to comprise the backbone scission and the release of monomeric 

lactic acid (LA) [54,55] as demonstrated in Scheme 1. Therefore, LC-MS was engaged to study the LA release 

kinetics from plasma polymerized PLA during their hydrolysis. Figure 8 shows the results in dependence on the 

discharge power. The films deposited at low power are the most vulnerable to hydrolysis, demonstrating an 

almost immediate release of LA and yielding the maximal LA concentration after four incubation days. As the 

discharge power increases, the LA concentration is reduced, which coincides with reducing the sol fraction. 

However, as was shown by ellipsometry, the polymer dissolution kinetics is faster, with the highest 

characteristic time being ~ 10
4
 s (about 2.5 hours). Thus, the hydrolysis can be attributed mainly to the 

degradation of soluble PLA macromolecules when they are already in the liquid phase. The gel network 

hydrolysis is of secondary importance because the molecular chains between the cross-links are less accessible 

and better withstand attacks from water molecules. At the power >50 W, the LA concentration decreases below 

the LC-MS detection limit, reflecting a highly-crosslinked character of these plasma polymers.  
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Scheme 1 Reaction scheme of PLA hydrolysis. 
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Figure 8 LC-MS concentration of lactic acid released due to hydrolysis of plasma polymerized PLA in dependence on the discharge 

power and H2O incubation time. Black dots indicate the actual points of the measurement.  

3.5 Biomolecule release 

Since molecule ability to diffuse within a polymer matrix strongly depends on the available free volume, 

plasma polymerized PLA can be tailored to the specific needs of controllable drug release. The feature was 

demonstrated using nisin, an antibacterial peptide of about 3300 g×mol
-1 

molar mass. Layers of nisin/PVA 

mixtures with 45 nm thickness were overcoated by 70 nm thick plasma polymerized PLA coatings and then 

subjected to incubation in water. The concentration of nisin in the solution above the sample surface was 

determined at different time intervals by HPLC/UV, and the resultant kinetics is shown in Figure 9 in 

dependence on the discharge power. 

It is noteworthy that the nisin release shows two maxima belonging to low- and high-power films, both 

maxima propagating in the direction from smaller power/shorter time toward their higher values. For the low-

power films, the release maximum is readily explained within the above paradigm of polymer-free volume and 

film dissolution. In this case, the polymer topology implies the existence of free volume at different length 

scales. Inherent to all polymers, the free space exists at the molecular length scale and is associated with voids 

between the macromolecular segments. On the other hand, the soluble phase dissolution leaves pores with a 

dynamically changing size that reaches the micron length scale (Figure 5). 
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Figure 9 Release of nisin form the films. a) Kinetics of the cumulative nisin permeation through thin films of plasma polymerized PLA in 

dependence on the discharge power and the incubation time. The black dots indicate the actual points of the measurement. The outlined 

white points correspond to SEM images shown in b) and c).  

It takes nisin macromolecules time to diffuse through the film, which simultaneously undergoes dissolution, 

and the first signs of nisin manifest themselves in solution after about 10 min of incubation. Considering the 

relatively large nisin molecular size of several nanometers [56,57], it can be suggested that the diffusion 

proceeds with less probability via the molecular scale-sized free volume but rather via micron-sized porous 

channels created as a result of the polymer dissolution. With increasing power, the film’s pores become less 

abundant, and their size decreases, so the onset of the nisin release can be observed at longer incubation times. 

At the point of gelation, at which an infinite polymer network is formed, the film remains continuous, and the 

micron-sized pores are no longer available for diffusion, preventing the nisin permeation and keeping its 

concentration in the solution below the detection limit. A similar effect of cross-linking and the plasma 

pretreatment was confirmed earlier for PVA matrices used as carriers for nisin [58]. 

Markedly, a further increase of the discharge power results in the films becoming permeable to nisin again. 

However, unlike the low-power films, the permeation kinetics is fast, and nisin is detected immediately after the 

immersion into water. Since the cross-link density is very high and the free volume is low, fast nisin release 

should be associated with macroscopic scale phenomena and attributed to morphological instabilities occurring 

in these films.  

SEM images were acquired to demonstrate these effects on the PLA thin films deposited at different 

discharge power over the nisin/PVA coatings. The 10 W sample shows strong signs of degradation, propagating 

from sub-micron-sized pores for shorter incubation (Figure 5) to micron-sized holes for the 7-day incubation 

(Figure 9b). In contrast to the holes, the film deposited at 100 W exhibits micron-sized folds, which point to 

buckling instabilities being accompanied by delamination (Figure 9c). Buckling belongs to well-known 

morphological instabilities of soft matter, polymers in particular, and is associated with the accumulation of 

compressive stress in the film [59,60]. Polymer films adhering to rigid substrate withstand the build-up of stress 
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until a critical point is reached, at which the stress overcomes the adhesion and the film relaxes, increasing its 

volume by buckling.   Plasma polymer films, including those studied here, are deposited far from equilibrium 

conditions, and the accumulation of compressive stress in them is typical. At high power, the stress is high and 

can be relaxed by a subtle perturbation. In the case of plasma polymerized PLA, we attribute the perturbation 

effects qualitatively to water molecules that penetrate the hydrophilic polymer matrix and exert an osmotic force 

on the network chains, forcing them to extend. The timescale of this process shall be at least comparable to the 

dynamics of the stability of the films in water, as described earlier, or faster [61]. Since the films adhere to 

substrates, swelling stress develops, which contributes to the compressive stress. The adhesion still prevails for 

the low-power films, and the films expand only in the direction normal to the substrate (swelling) but without 

delamination. In the high-power films, the compressive stress is high so that the addition of the swelling stress 

exceeds the instability threshold, and the film collapses by buckling and delamination. 

Generally, the buckling effect can be considered unwanted because it violates the film/substrate system 

integrity. However, in the drug release agenda, buckling can be regarded as an asset rather than a drawback, 

opening the way to switching the kinetics to a fast release. Indeed, nisin escape starts and finishes faster for the 

high-power films, which we attribute to nisin diffusion through the macroscopic buckling channels created in 

these films. Interestingly, no buckling was observed for the same films deposited onto glass substrate without a 

nisin coating, which evidences stronger adhesion forces between the plasma polymer and glass than between 

physically adsorbed nisin/PVA coating and glass. 

3.6 Antibacterial effect 

The observed peculiarities of the nisin release are pronounced in the bactericidal activity of the prepared 

samples. Differently cross-linked nisin-loaded PLA samples were incubated in water for several days. After 

defined periods, the solution’s aliquots were taken and placed onto agar disks seeded with bacteria. The 

diameters of inhibition zones (including the diameter of the well) were recorded (Table 2). 

Table 2 Inhibition zones of the nisin/PLA samples obtained against M. luteus after several day incubation in water.  

Sample Inhibition zone diameter [mm] 

 1-day incubation 2-day incubation 10-day incubation 

PLA 0W 9 11 9 

PLA 5W 9 10 12 

PLA 20W 12 10 8 

 

Although the results do not agree precisely with the nisin permeation tests of Figure 9 obtained for different 

series of the samples, they follow the general trend. The uncross-linked PLA film (0 W) exhibits a local 

bactericidal maximum after 2 days of incubation, and then the bactericidal activity diminishes. The inhibition 

zones ultimately observed for the solutions from all the samples are similar, making this way also a rough 

control of the retention of nisin activity after exposure to plasma, similarly to [47]. For the weakly cross-linked 

film (5 W), a gradual increase of the antibacterial effect is observed, attributed to the delayed nisin release and 

evidencing that the maximal release has yet not been achieved even after the 10-day incubation. By contrast, for 
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the stronger cross-linked film (20 W), the highest bactericidal activity is observed after the first day of 

incubation, and then it subsides to zero inhibition zone, being consistent with the fast nisin release from this 

type of coatings. 
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4. Conclusions 

Thin films of cross-linked polyesters can be prepared by Plasma-Assisted Vapor Thermal Deposition of 

PLA with the chemical composition and cross-link density tuned by the discharge power. The plasma activates 

the oligomers released due to the thermal evaporation of PLA and assists in forming radical-bearing species.   

Plasma-activated oligomers deposit on substrates and participate in recombination reactions, thereby providing 

cross-links. The low power results in weakly cross-linked films, closely matching the chemical motif of PLA. 

The molar mass distribution shows a maximum at 350 g×mol
-1 

and skews to larger species. The skewness 

enhances with the power, reflecting the intensification of the re-polymerization processes and the formation of 

large, branched macromolecules. At about 30 W power, the gel point is reached, at which an infinite 

macromolecular network appears. Further increase of the discharge power leads to highly cross-linked films 

with the impaired retention of the PLA character. 

The films interact with water by swelling and dissolution, with the sol/gel ratio also controlled by the 

discharge power. The dissolution obeys a multi-exponential decay, and the characteristic time spans over a 

broad scale of 10
-1

 – 10
4
 seconds. The soluble phase hydrolyzes when in solution, with the characteristic 

hydrolysis time reaching days. Lactic acid was found to be a product of such hydrolysis, evidencing the film’s 

biodegradability. During the dissolution, the low-power films (prepared below the gel point) disintegrate, 

exposing micrometre-sized pores. The high-power films retain their integrity yet showing buckling instabilities 

and delamination due to the enhanced compressive stress. Thus, the PLA plasma polymers can be used as 

sacrificial layers for controlled drug release. The idea was implemented by depositing plasma polymerized PLA 

over layers of nisin, an antibacterial peptide. The low-power PLA films ensured the nisin permeation through 

micron-sized pores, resulting in a delayed drug release at a time scale of hours or days. The high-power PLA 

films demonstrated the nisin release via the buckling instabilities, which provided more efficient channels for 

the drug escape at a time scale of minutes. The PLA plasma polymers with nisin underlayers demonstrated 

bactericidal activity against Micrococcus luteus, and the efficiency correlated with the morphological topology 

of the plasma polymers. Thus, the developed films are very perspective as platforms for tissue-contacting 

devices with tunable drug release and therapeutic effect. 
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