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Abstract: The product of ozonolysis, glycero-(9,10-trioxolane)-trioleate (ozonide of oleic acid triglyceride, 
[OTOA]), was incorporated into polylactic acid/polycaprolactone (PLA/PCL) blend films in the amount of 1, 5, 
10, 20, 30 and 40% w/w. The morphological, mechanical, thermal and antibacterial properties of the 
biodegradable PLA/PCL films after the OTOA addition were studied. According to DSC and XRD data, the 
crystallinity degree of PLA/PCL+OTOA films showed the general trend to decrease with increase in OTOA 
content. Thus, significant decrease from 34.0% for the reference PLA/PCL film to 15.7% for PLA/PCL+40% OTOA 
film was established by DSC. Observed results could be explained by the plasticizing effect of OTOA. On the 
other hand, PLA/PCL film with 20% OTOA doesn't follow this trend, showing increase in crystallinity both by 
DSC (20.3%) and XRD (34.6%). OTOA molecules, acting as plasticizer, reduce the entropic barrier for nuclei 
formation, leading to large number of PLA spherulites in plasticized PLA/PCL matrix. In addition, OTOA 
molecules could decrease the local melt viscosity at the vicinity of the growing lamellae, leading to faster crystal 
growth. Morphological analysis showed that the structure of the films with the OTOA concentration above 20% 
drastically changed. Specifically, the interface between the PLA/PCL matrix and OTOA was formed, thereby 
forming a capsule with the embedded antibacterial agent. The moisture permeability of the resulting 
PLA/PCL+OTOA films decreased due to the formation of uniformly distributed hydrophobic amorphous zones 
that prevents water penetration. This architecture affects the tensile characteristics of the films: strength 
decreases to 5.6 MPa, elastic modulus E by 40%. The behavior of film elasticity is associated with the 
redistribution of amorphous regions in the matrix. Additionally, PLA/PCL+OTOA films with 20, 30 and 40% of 
OTOA showed good antibacterial properties on Pseudomonas aeruginosa, Raoultella terrigena (Klebsiella 
terrigena) and Agrobacterium tumefaciens, making the developed films potentially promising materials for 
wound dressing applications. 

Keywords: polylactic acid; polycaprolactone; PLA/PCL blend films; ozonide; antibacterial activity 
 

1. Introduction 
Biodegradable polymers are of great technological interest as a replacement for hydrocarbon 

polymers for packaging and biomedical applications such as tissue engineering, drug delivery, 
powder coating, and in agriculture [1–3]. Recently, there has been an increasing proportion of 
research focusing on aliphatic polyesters, including polylactides (PLA) and poly-ε-caprolactones 
(PCL), as the most important biodegradable materials [4]. Polylactic acid (PLA) is one of the most 
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promising polymers for biomedical applications due to its high strength characteristics, ideal 
biocompatibility and complete biodegradability. It is actively used for bone tissue therapy and tissue 
engineering [5,6]. PLA is a biocompatible polymer obtained from the fermentation of carbohydrates, 
allowing its large-scale production with lower economic costs and low greenhouse gas emissions [7]. 

However, the use of pure PLA is limited by its briĴleness. An effective method for increasing 
the toughness of briĴle polymers is to blend them with elastomers [8]. Various studies have shown 
that PLA can be modified using various synthetic, semi-synthetic or natural polymers to improve its 
properties due to a synergistic effect. One possible blending agent for PLA is the biocompatible 
polyester PCL [9]. 

Poly(ε-caprolactone) (PCL) is a hydrophobic semicrystalline aliphatic polyester that is 
synthesized by ring-opening polymerization from a caprolactone monomer initiated by divalent 
alcohols and tin (II) or tin salts [10]. PCL has high mobility chain segments with low intermolecular 
interactions, resulting in very low melting point (+60 °C) and glass transition temperature (-60 °C). 
The structure of PCL is a combination of ordered crystalline and disordered domains, which 
improves elasticity. Due to its high flexibility, PCL exhibits high elongation at break and low tensile 
strength. PCL is commonly used for drug delivery systems, microporous foams and long-term 
implants. PCLs with lower molecular weight are used as plasticizers or compatibilizers and adhesives 
for other biopolymers [11]. PLA/PCL binary mixtures generally have improved physicochemical 
properties and biodegradability. Amorphous PLA has a high degradation rate and provides tensile 
strength, while PCL improves toughness but has a much lower degradation rate [12,13]. A decrease 
in vapor permeability has been shown when adding PLA to PCL. According to the results of 
numerous studies, the best mixing and synergistic properties in PCL and PLA blends are provided 
with an 80/20 PLA/PCL ratio [14]. The use of PLA/PCL mixtures is relevant as promising materials 
for tissue engineering and bone anchorage devices, as well as for controlled drug release and 
biodegradable packaging.  

Currently, more and more modern, high-tech wound dressings are being offered, which are 
gradually replacing gauze dressings in medicine [15,16]. Biopolymer films already available on the 
market provide an effective barrier to external contamination and bacteria, whereas the water vapor 
transport properties are not usually taken into account. State-of-the art polymer materials suitable for 
wound dressing should provide good vapor permeability, but on the other hand, it should not be 
high enough in order to balance a moist environment on the surface of the wound by reducing the 
loss of water vapor from open tissues. Under these conditions, the formation of a scab in shallow 
wounds is prevented and accelerated regeneration of the epidermis occurs. Sometimes these films 
contain an antibacterial component, such as the widely used chlorhexidine. 

In this work, we consider the introduction of a strong antibacterial agent, OTOA, into a PLA/PCL 
blend film. OTOA is non-toxic, biocompatible, has good biodegradability and antimicrobial activity. 
In recent works [17,18] it has been already shown that the introduction of OTOA into PLA fibers and 
films led to improvement in the physicochemical properties of the material. We have now obtained 
novel film materials based on PLA/PCL blend with the addition of various amounts of OTOA (0–40 
wt %) as a modifier. PLA/PCL films with different OTOA contents were studied by DSC, XRD and 
FT-IR spectroscopy. The morphological, physicochemical and mechanical properties, vapor 
permeability and water absorption of developed films were studied. The influence of the amount of 
introduced OTOA on the physicochemical and functional properties of the blended film materials 
has been established, which gives some insight into the peculiarities of the interaction of PLA/PCL 
with OTOA. The antibacterial activity of PLA/PCL+OTOA films on bacteria that are highly resistant 
to antibiotics, such as Pseudomonas aeruginosa, Raoultella terrigena (Klebsiella terrigena) and 
Agrobacterium tumefaciens, was also investigated. 

2. Materials and Methods 
2.1. Materials.  

To obtain film materials, NatureWorks® Ingeo™ 3801X Injection Grade PLA (SONGHAN 
Plastics Technology Co., Ltd., Shanghai City, China) with a viscosity-average molecular weight of 1.9 
× 105 g/mol was used; PCL was used (SONGHAN Plastics Technology Co., Ltd., Shanghai City, China) 
with a molecular weight of 90,000 (Figure 1). Solutions were prepared using ≥99.5% dry purified 
chloroform (Sigma-Aldrich Inc. (St. Louis, MO, USA)); Glycero-(9,10-trioxolane)-trioleate (oleic acid 
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triglyceride ozonide (OTOA)) was provided by Medozon (Moscow, Russia), and its chemical 
structure was described previously [17,18]. All reagents were used as received. 

(a)  (b) 

(c) 

Figure 1. Chemical structure of PLA (a), PCL (b) and OTOA (c). 

2.2. Preparation of films. 
All film materials used in this work were prepared by solvent evaporation from the 

corresponding chloroform solutions. For the reference film, PLA/PCL blend (80/20 w/w%, 1 g total) 
was dissolved in 50 ml of chloroform. For the PLA/PCL+OTOA films, the corresponding amounts of 
OTOA (1, 3, 5, 10, 20, 30, 40 wt %) were added to the PLA/PCL 80/20 w/w% blend, so that the total 
amount of solutes was 1 g, which was followed by dissolution in 50 ml of chloroform. Obtained 
solutions were continuously stirred for 12 hours, poured into the Petri dishes (10 cm diameter) and 
dried to constant weight at room temperature. All films were obtained in the same ambient conditions 
(T = 22 °С) in order to ensure the equal rate of chloroform evaporation. Films of pure PLA and PCL 
were obtained in the same way as described above. 

2.2. IR spectroscopy. 
FTIR spectra of PLA/PCL blend films were recorded with a NETZSCH TG 209 F1 Libra 

thermoanalytical balance (NETZSCH-Gerätebau GmbH, Selb, Germany) and a Bruker 
Tensor 27 IR Fourier spectrometer (Billerica, MA, USA) combined with a PIKE MIRacle™ 

accessory (PIKE Technologies, Madison, WI, USA). This aĴachment is equipped with a Teflon cell 
with Ge crystal and ATR plates, which allows the measurements of solid samples. The samples were 
tightly clamped to the surface of the Ge crystal to ensure optical contact. IR spectra were recorded in 
the range of 4000–400 cm-1 with a resolution of 4 cm-1 and averaged over 16 consecutive scans. 

2.3. DSC. 
The thermophysical characteristics of the PLA/PCL+OTOA compositions were measured on a 

DSC 204 F1 Phoenix® (Neĵsch, Germany) differential scanning calorimeter with a heating rate of 10 
K/min in an inert Ar atmosphere in the temperature range of 25-200 °С. The DSC experiments 
included only one stage of heating due to the high degree of exothermic decomposition of glycero-
(9,10-trioxolane)-trioleate (OTOA) and subsequent volatilization of its decomposition products. On 
the other hand, we wanted to characterize the morphology of the originally obtained compositions, 
rather than “erasing their thermal memory” or thermodynamically “balancing” their primary 
structure. The degree of crystallinity (χ) of PLA in PLA/PCL (80:20) + OTOA composites was 
calculated according to the equation 
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where ΔHm – the experimental enthalpy of melting, ΔHm100 - the theoretical melting enthalpy value of 
the 100%-crystalline poly(L-lactide), which is 93.2 J/g [19], γ - mass fraction of glycero-(9,10-
trioxolane)-trioleate ozonide (OTOA) additive and β - mass fraction of PCL. Table 1 presents the 
percent concentrations and the mass fraction values of studied PLA/PCL+OTOA compositions. 

Table 1. Percent concentrations and the mass fraction values of PLA/PCL+OTOA compositions. 

Sample 
Mass percent concentration (%)/mass fraction (α, β, γ) 
(α + β + γ = 1)  

PLA α PCL β OTOA γ 

PLA/PCL ref 80 0.8 20 0.2 - - 

PLA/PCL+1%  79.2 0.792 19.8 0.198 1 0.01 

PLA/PCL+5%  76 0.76 19 0.19 5 0.05 

PLA/PCL+10%  72 0.72 18 0.18 10 0.1 

PLA/PCL+20%  64 0.64 16 0.16 20 0.2 

PLA/PCL+30%  56 0.56 14 0.14 30 0.3 

PLA/PCL+40%  48 0.48 12 0.12 40 0.4 

Deconvolution of complex DSC peaks was performed using NETZSCH Peak Separation 2006.01 
program employing the Fraser-Suzuki algorithm for asymmetric DSC curves [17,20,21].  

2.4. X-ray diffraction analysis. 
XRD paĴerns of the PLA/PCL blend films were obtained using DRON-3M X-ray diffractometer 

(Bourevestnik, St. Petersburg, Russia) as described previously [17]. Relative crystallinity was 
estimated as 

χ = IC/(IC + IA),   (2) 
where IC and IA are the integral intensities corresponding to the respective crystalline and amorphous 
phases [22,23]. 

2.5. Morphology. 
2.5.1. Optical Microscopy. 

Surface morphology of PLA/PCL films with different OTOA contents was studied using an 
Olympus CX21 microscope (Olympus Corp., Tokyo, Japan) equiped with a digital camera. Image 
capture and processing was performed using MICAM 3.02 software. 

2.5.2. Sorption capacity. 
To determine water sorption, PLA/PCL film samples were cut into strips of 4 x 4 cm and kept 

for 24 hours under standard atmospheric conditions (44 ± 2% relative humidity and 20 ± 2°C). After 
exposure, the mass of the samples (m1) was measured, and then they were immersed in distilled 
water for 24 hours [24]. The removed wet samples were hung in the open air for 30 minutes to remove 
excess water from the surface of the samples. The mass (m2) of the wet samples was then measured. 
Water sorption was calculated using the formula: 

%Q= (m2-m1)/m1*100% (3) 
where m1 and m2 are the mass of the sample before and after immersion in water. By measuring the 
contact angle in a semi-angle modification [25] for a drop of water placed on the surface, the degree 
of hydrophilicity of PLA/PCL blended films was determined. Drops sizes were determined using an 
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OLIMPUS CX21 optical microscope (Olympus Corp., Tokyo, Japan) and then processed using 
MICAM 3.02 software. 

2.5.3. Moisture permeability of films by moisture permeable cup method. 
Vapor permeability measurements were carried out using the standard ASTM E96 method [26–

28]. A sample of the film covers the neck of the cup, inside of which there is distilled water, which 
creates water vapor pressure inside the cup. The installation is placed in a desiccator with silica gel 
at a constant temperature. Weight loss is recorded as a function of time. The slope is evaluated by 
linear regression (R2 > 0.99). The water vapor transmission rate (WVTR), water vapor permeance, and 
water vapor permeability (WVP) are calculated according to equations 4, 5 and 6 [29–31]:   ܹܸܴܶ ቀ ௚ௗ∙௠మቁ = ∆ఠ∆௧∙஺                                                                                                                             (4)  ݁ܿ݊ܽ݁݉ݎ݁݌ ቀ ௚ௗ∙௠మ ௉௔ቁ = ௐ௏்ோ∆௉                                                                                                                 (5)  ܹܸܲ ቀ ௚ௗ∙௠∙௉௔ቁ = ∙ ݁ܿ݊ܽ݁݉ݎ݁݌  (6)                                                                                                      ݏݏℎ݅ܿ݇݊݁ݐ

where Δω/Δt (g/d) is the weight loss of the water in the cup per unit of time, A (m2) is the actual area 
of the cup neck and ΔP (Pa) is the water vapor pressure differential calculated as 3.5670 kPa at 30 °C, 
assuming full water vapor saturation of the cup headspace and dried environment provided by the 
silica gel. Each test was performed in triplicate. 

2.6. Mechanical properties.  
Mechanical properties of the samples were studied on a Zwick Z010 instrument (ZwickRoell 

GmbH & Co., Ulm, Germany) at room temperature. The shape of testing samples cut from polymer-
blended PLA/PCL films were given in [17]. The loading speed was 1 mm/min during measurements. 
Sample loading diagrams were obtained (load F versus deformation ԑ). From the loading diagrams, 
the elastic modulus E, tensile strength σ, and relative elongation at break (rupture) were determined. 
Five samples of each PLA/PCL+OTOA film were taken for mechanical tests. Results are presented as 
mean ± standard deviation at a significance level of p < 0.05. 

2.7. Measurement of antibacterial activity. 
Bacteria strains: 
For experiments Pseudomonas aeruginosa (Korea Type Culture Collection), Raoultella terrigena 

(Klebsiella terrigena) and Agrobacterium tumefaciens strains from the Korean Cell Line Bank were 
used. After adding them to TSA (Tryptic Soy Agar) medium, the culture was enriched for 18–24 hours 
at a temperature of 35–37°C. 

Measurement of antibacterial activity using the paper disk method: 
The antibacterial effectiveness of PLA/PCL+OTOA film samples was measured by the Murray 

paper disk method [32,33]. The strain in the main culture was determined by increasing the activity 
of Trypticase Soy Broth (TSB) under optimal conditions for approximately 6 hours. Then, 100 µl of 
the culture medium of each strain was evenly spread on TSA (tryptic soy agar). PLA/PCL films with 
10%, 20%, 30% and 40% OTOA concentrations were used for antibacterial activity tests. 

The inoculum was prepared from an 18 – 20 hour agar culture in meat-peptone broth, adjusting 
the turbidity to 0.5 McFarland standard. The resulting broth culture was diluted 10 times with a sterile 
isotonic sodium chloride solution, which corresponded to a final concentration of 1-2 × 107 CFU/ml. 
Sterile coĴon swabs were used to apply the inoculum to Petri dishes with a dense nutrient medium. 
The swab was immersed in a suspension of microorganisms. Excess moisture was removed by 
squeezing the swab against the wall of the tube. Inoculation onto the surface of the agar medium was 
carried out using streak movements, periodically rotating the Petri dish by 60°. 

Disks made of PLA/PCL+OTOA films with a diameter of 6.0 ± 0.1 mm were applied to the seeded 
surface using sterile tweezers. The concentration of the active fraction per disk fluctuated depending 
on the experiment from 20 to 40%. Discs of the reference PLA/PCL film and 100% OTOA film were 
used as comparison objects. After applying the disks, the dishes were placed in a thermostat and 
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incubated for 18–20 hours at 37 °C. At the end of incubation, the growth zone retention was calculated. 
When measuring the zones, we were guided by complete inhibition of visible growth [34,35]. The 
antibacterial activity was measured and the experiment was triplicated. 

3. Results and Discussion 

3.1. FTIR spectroscopy 

To clarify the features of the chemical interaction between PLA, PCL and OTOA, FTIR spectra of 
PLA/PCL (Figure 2) and PLA/PCL+OTOA films were obtained (Figure 3). 

(a) 

(b) 

Figure 2. FTIR spectra of pristine PLA, PCL and PLA/PCL films (a), close-up view of FTIR spectra at 1650-1850 
cm-1 interval (b). 

Figure 2a shows the Fourier transform infrared (FTIR) spectra of the PLA, PCL and PLA/PCL 
film samples. PLA film spectrum shows characteristic bands at 1362 cm-1, 1455 cm-1 and 1754 cm-1, 
resulting from -CH3 bending and C=O stretching vibrations, respectively. In addition, strong C-O 
stretching bands were observed in the 1000-1200 cm-1 range, as well as small peak at 2995 cm-1 
aĴributed to the asymmetric stretching of the –CH group [36]. FTIR spectrum for pristine PCL film 
shows characteristic bands at 1295 cm-1 (C-C stretching in crystalline phase), 1242 cm-1 and 1170 cm-1 
(asymmetric and symmetric C-O-C stretching) [37]. Characteristic peak at 1725 cm-1 corresponds to 
carbonyl group stretching, while 2856 and 2940 cm-1 bands could be related to symmetric and 
asymmetric -CH2 stretching [17]. FTIR spectrum for PLA/PCL film showed that the typical PCL bands 
at 1170 – 1190 cm-1 and 1294 cm-1 disappeared, overlapping with stronger PLA characteristic bands, 
while small shoulder peaks existed at 1242 and 1294 cm-1. In addition, a shoulder at 1725 cm-1 is visible 
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in the FTIR- spectrum for the PLA/PCL film, which is related to the stretching of the C=O groups in 
PCL (Figure 2b). Therefore, FTIR spectrum of PLA/PCL film represents the mixture of CH3, C=O and 
C–O bands being characteristic of PLA, with the presence of small C=O and CH2 peaks reflecting the 
20% PCL content in the PLA/PCL film. Moreover, the absence of characteristic band at 1294 cm-1 
evidences that the most of PCL in the composite PLA/PCL film is amorphous. 

The addition of OTOA reduced the intensity of the C-O, C=O and CH3 bands in the FTIR spectra 
of PLA/PCL blends compared to pure PLA/PCL and PLA/PCL+1%OTOA (Figure 3b). This decrease 
correlates with the increase in the additive concentration. This occurs because the C=O group in PLA 
interacts through hydrogen bonding with the –OH group of PCL and OTOA, which was described 
previously [17]. 

(a)

(b) 

Figure 3. FTIR spectra of pristine PLA/PCL film, PLA/PCL+OTOA films and pure OTOA: (a) Close-up view of 
FTIR spectra at 2700-3200 cm-1 interval, (b) FTIR spectra at 1675-1825 cm-1 wavenumber region. 

The absorption bands at 2944 and 2995 cm-1 are aĴributed to the asymmetric stretching 
vibrations of the –CH group of PLA (Figure 3a). As could be seen, the absorption bands of PLA/PCL 
and OTOA partially overlap. In the spectra of PLA/PCL+OTOA films there are two bands at 2927 cm-

1 and 2856 cm-1, which are aĴributed to asymmetric and symmetric stretching vibrations of -CH2 
groups [38,39]. The spectra clearly show that the intensity of these peaks is increased upon increase 
in the OTOA content in the films. Since PLA does not contain -CH2 groups in its chemical structure, 
and the -CH2 group is present in abundance in PCL and OTOA, the observed intensity increase of 
2927 cm-1 and 2856 cm-1 characteristic bands in FTIR spectra of PLA/PCL+OTOA films is clear 
evidence of the inclusion of OTOA in the supramolecular structure of the PLA/PCL films. 
Additionally, the band at 2927 cm-1 showed a slight shift to higher wavenumber values (up to 2932 
cm-1) for PLA/PCL+OTOA samples with OTOA content higher than 10%, which could indicate on the 
interaction of OTOA molecules (mainly through the ozonide rings) with the PLA/PCL matrix [17]. 
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Based on the FTIR spectra analysis, it can be assumed that the observed interactions between the 
polar groups in PLA/PCL and the ozonide rings in OTOA promote conformational changes 
associated with the reorientation of polar groups in PLA, which contributes to an increase in the 
segmental mobility of the PLA/PCL polymer chains [40]. Thus, low molecular weight OTOA could 
act as a plasticizer, affecting the mechanical and physicochemical properties of PLA film materials.  

3.2. Differential Scanning Calorimetry 
Figure 4a shows the DSC curves of the first heating for the pristine PLA/PCL and PCL films, 

while DSC curves for PLA/PCL+OTOA film samples are shown in Figure 4b. 

(a)

(b) 

Figure 4. (a) DSC heat flow curves of PLA and PLA/PCL films; (b) DSC thermograms for the samples of pristine 
PLA/PCL (1), PLA/PCL + 1% (2), + 5% (3), + 10% (4), + 20% (5), + 30% (6), + 40% OTOA (7) respectively. 

The DSC thermogram of reference PLA/PCL film (Figure 4a) shows an endothermic peak at 
168.4 °C, which is the typical melting point of PLA [17,40], and a double peak at 51.1 °C and 58.6 °C, 
which corresponds to devitrification of PLA and melting of PCL. Neat PCL film exhibits an 
endothermic melting peak at 63.2°C, which is also typical for the melting of PCL [37,41]. 

In the DSC thermograms of the first heating of PLA/PCL+OTOA films, the endothermic peak in 
the range of 150 - 180 °C corresponds to the melting of PLA (Tm). The low-temperature transition in 
the interval of 40–60 °C could be aĴributed to the devitrification of PLA (Tg) and melting of PCL, and 
the corresponding transition temperatures Tg and Tm are given in Table 2. When OTOA is added to 
the matrix and its mass fraction in the film increases, the temperatures of those two transitions shift 
to higher temperatures up to 55.1 °C and 62.5 °C, respectively, which indicates the participation of 
OTOA in the melting process of PCL. To test this, DSC curves for the PCL and PCL+35% OTOA films 
were compared (Figure 5) and the PCL melting peak was shown to shift from 63.2°C to 59.5°C with 
simultaneous narrowing of the endothermic peak. This indicates that OTOA could act as a plasticizer 
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for PCL and to some extent promote crystallization of PCL. This assumption was supported by the 
DSC data for PLA/PCL+OTOA films, for which the melting transition for PCL could be reliably 
differentiated only for films with 30% and 40% OTOA. For PLA/PCL film with 40% OTOA double 
PCL melting peak could be observed around 60 °C in the DSC curve. It could be concluded that PCL 
in the PLA/PCL+OTOA films with less than 30% OTOA is generally in the amorphous state, as was 
previously proposed based on FTIR data. Increase in OTOA content above 30% promotes additional 
PCL crystallization, which manifests in corresponding DSC curves and will be addressed further by 
XRD. Additionally, small cold crystallization exothermic peaks of PLA were observed in DSC 
thermograms for PLA/PCL+OTOA films with OTOA content higher than 5%. The corresponding 
values for the temperature (Tcc) and enthalpy (ΔHcc) of PLA cold crystallization are given in Table 2. 

 
Figure 5. DSC heat flow curves of PCL and PCL+OTOA 35% films. 

Table 2. Thermodynamic and structural characteristics of PLA/PCL+OTOA films (0-40% OTOA) obtained using 
the DSC method. 

Sample 

Tg 

PLA 

(°C) 

Tm 

PCL 

(°C) 

Tm 

PLA 

(°C) 

Tcc 

PLA 

(°C) 

Td 

OTOA 

(°C) 

ΔHcc 

PLA 

(J/g) 

ΔHm 

PLA 

(J/g) 

ΔHd 

OTOA 

(J/g) 

χ(DSC) 

PLA 

(%) 
PLA/PCL 51.0 58.9 168.4 n/a n/a n/a 31.37 n/a 34.0 
PLA/PCL

+1% 
50.6 59.1 167.9 n/a n/a n/a 28.37 n/a 30.4 

PLA/PCL
+5% 

49.4 58.7 166.8 86.7 n/a 2.05 25.18 n/a 24.8 

PLA/PCL
+10% 

48.8 57.8 164.2* 86.6 157.0* 2.08 16.77* 334.0* 16.4 

PLA/PCL
+20% 

48.0 57.4 162.0* 87.9 156.4* 3.47 22.43* 464.0* 20.3 

PLA/PCL
+30% 

47.0 57.4 161.1* 85.7 155.6* 9.79 26.07* 488.0* 20.2 

PLA/PCL
+40% 

40.5 
62.5 

(56.7) 
157.4* 95.8 155.6* 14.08 28.75* 518.0* 15.7 

* Tm, Td, ΔHm and ΔHd values were obtained as a result of deconvolution of overlapping calorimetric peaks (see 
below); Tg values were obtained from the DSC thermograms of the cooling for the PLA/PCL films after the first 
DSC scan. The ΔHm, ΔHcc and ΔHd values are provided taking into account the mass fraction of the PLA and 
OTOA in the composition. 

In the DSC curves of PLA/PCL+OTOA films with more than 5% OTOA, a complex transition 
consisting of overlapping exo- and endothermic calorimetric peaks is observed in the temperature 
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range of 140-180 °C (Figure 4b). The appearance of such a peak is associated with the introduction of 
OTOA into the PLA/PCL film. PLA melting corresponds to the endothermic peak, whereas the 
exothermic peak could be ascribed to the complex irreversible reaction of OTOA thermal destruction 
with the formation of C-OH groups [42]. Analysis of such complex calorimetric peaks is possible by 
deconvolution of corresponding DSC curves using the well-established approaches [17,20], which 
made it possible to determine the PLA melting temperature (Tm), temperature of OTOA thermal 
degradation (Td), estimate the melting enthalpy (ΔHm) and the degree of crystallinity for 
PLA/PCL+OTOA films with 10 – 40% OTOA content (Figure 6, Table 2). The degree of crystallinity 
(χ) values for studied PLA/PCL films were obtained using equation (1), taking into account the cold 
crystallization upon heating, and the corresponding values are given in Table 2. 

 
10% 

 
20% 

 
30% 

 
40% 

Figure 6. Deconvolution of the overlapping exo- and endothermic peaks in the DSC thermograms for PLA/PCL 
+ OTOA films with 10-40% OTOA content. 

The reference PLA/PCL film was characterized by degree of crystallinity of 34.0%, as estimated 
by DSC, which is quite high for isothermally crystallized PLA films and is comparable with the χ 
value obtained previously for pure PLA film [17]. This could be explained by high mobility of PLA 
chains in the solution providing the thermodynamic driving force required for the growth of PLA 
spherulites. In addition, cold crystallization exothermic peaks were not observed in DSC thermogram 
for the reference PLA/PCL film and PLA+OTOA film samples with low OTOA content (1 and 5% 
OTOA), being in agreement with the previously obtained results for PLA+OTOA films [17,18]. The 
absence of cold crystallization peaks for PLA+OTOA samples with low OTOA content could be 
aĴributed for the slower crystallization kinetics and decreased nucleation density due to the addition 
of small amounts of OTOA [43]. 
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Table 2 shows that OTOA introduction into PLA/PCL films led to the plasticizing effect, which 
is manifested in the decrease in the PLA melting temperature and decrease in the glass transition 
temperature (from 51.0 to 40.5 °C). The efficiency of the plasticizer in decreasing the Tg of PLA 
generally increases with OTOA content in the PLA/PCL film, being in accordance with the previously 
obtained results [17]. As could be seen from Table 2, both the melting temperature and the degree of 
crystallinity for the PLA/PCL films show downward trend with the increase in the OTOA content. 
Decrease in Tm could be aĴributed to the plasticizing action of OTOA, which was observed previously 
[17,18].  

At the same time, decrease in the degree of crystallinity for PLA/PCL films upon OTOA addition 
has more complex character. Thus, after significant decrease from 34.0% for the reference PLA/PCL 
film to 16.8% for PLA/PCL+10% OTOA film, crystallinity shows some increase for the PLA/PCL films 
with 20 and 30% of OTOA. The first part of observed trend could be aĴributed to the intermolecular 
interaction between the PLA terminal –OH groups and OTOA molecules observed by FTIR, leading 
to the decrease in the mobility of PLA polymer chains. This could hinder PLA crystallization and 
leads to decreased crystallinity of PLA/PCL films upon increase in OTOA content. The observed 
increase in PLA/PCL film crystallinity upon further increase in OTOA content could be accounted for 
the dilution mechanism proposed previously [44]. When PLA and OTOA are mixed together in melt, 
OTOA molecules reduce the entropic barrier for nuclei formation, leading to large number of 
spherulites forming in plasticized PLA. After nucleation, the crystal growth is dependent on the 
diffusion of PLA chains through the melt into the forming lamellae. OTOA molecules could decrease 
the local melt viscosity at the vicinity of the growing lamellae and additionally provide the increase 
in the lamellae lateral surface energy, leading to faster crystal growth. In order to efficiently enhance 
crystallinity, the optimum OTOA concentration has to be reached to trigger the dilution effect [44]. 
In our case, such concentration is 20% OTOA content in the PLA/PCL film. 

3.3. X-ray diffraction analysis. 
Figure 7 shows the X-ray diffraction paĴerns of pure PLA, PCL, PLA/PCL and PLA/PCL films 

loaded with different amounts of OTOA. The X-ray diffraction (XRD) paĴern of the PLA/PCL blend 
film was compared with the paĴerns of pure PCL and PLA films to localize the characteristic 
diffraction peaks (Figure 7a). Three distinct diffraction peaks characteristic of the PLA crystalline α 
phase are visible in the XRD paĴern of pure PLA film at 2θ angles of 16.8°, 19.2° and 22.6° [45,46]. 
XRD paĴern for the PCL film shows strong diffraction peaks at 21.4° and 23.7° 2θ, which is consistent 
with the literature [47–49]. PLA/PCL film shows the main diffraction peaks corresponding to the PLA 
crystalline α phase at 16.8° and 19.2° 2θ and no visible diffraction peaks related to crystalline PCL 
(Figure 7a). This supports previously made assumption that PCL in the PLA/PCL film is amorphous. 
As could be seen from Figure 7b, reference PLA/PCL film and PLA/PCL+OTOA films with OTOA 
content up to 20% generally possess the same crystalline structure. Increase in the mass fraction of 
OTOA does not lead to a significant change in the position of the diffraction peaks corresponding to 
the crystalline phase of PLA. Moreover, PLA/PCL film with 20% OTOA shows more intense XRD 
diffractions as compared to the reference PLA/PCL film. Similar behavior was observed for this film 
as the judged from the DSC data. This shows that change in the degree of crystallinity for PLA/PCL 
films upon OTOA addition has more complex character. 
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(a)

(b) 

Figure 7. XRD paĴerns of PLA, PCL and PLA/PCL films (a); XRD paĴerns of PLA/PCL+OTOA film samples 
with 0-40% OTOA (b). 

Further increase in the OTOA content above 30% leads to increase the intensity of the peaks 
aĴributed to the PCL crystalline phase, whereas crystallinity of the PLA phase is decreased. On the 
other hand, there is an increase in the contribution of the amorphous phase (amorphous halo), 
corresponding to the OTOA phase and/or amorphous regions of the semi-crystalline PLA/PCL matrix. 
The degree of crystallinity of PLA/PCL films was estimated from the XRD paĴerns using equation (2) 
given above (see Materials and methods), and the corresponding values are given in Table 3. 

Table 3. Crystallinity of PLA/PCL+OTOA films (0-40%) obtained using the XRD method. 

Sample PLA/PCL PLA/PCL 
+1% 

PLA/PCL 
+5% 

PLA/PCL 
 + 10% 

PLA/PCL 
+20% 

PLA/PCL 
+30% 

PLA/PCL 
+40% 

χ (XRD) 
(%) 

34.9* 28.8 24.7 25.2 34.6 21.2 18.1** 

*PCL peaks prevail in the XRD paĴern. 

As the mass fraction of OTOA increases, a noticeable decrease in the crystallinity from 34.9% for 
the reference PLA/PCL film up to 18.1% for the PLA/PCL film with 40% OTOA is observed. There is 
also a noticeable increase in the crystallinity of the PLA/PCL film with 20% OTOA concentration. 
Such behavior of the system could be apparently associated the dilution mechanism described above 
[44], with the 20% OTOA content in the PLA/PCL film representing the optimum additive 
concentration to trigger this effect. For a film containing 40% OTOA, the crystallinity of the system 
drops to 18.1%. In the PLA/PCL+OTOA 40% mixture, the intensity of PCL characteristic crystalline 
peaks increases and the intensity of PLA crystalline peaks is significantly reduced, which indicates 
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PLA amorphization. XRD data supports DSC results that OTOA appears to promote crystallization 
of PCL in the PLA/PCL mixture. 

The values of the degree of crystallinity for PLA/PCL+OTOA films (excluding films with 10 and 
20% OTOA concentrations) estimated by XRD correlate quite well with the corresponding values 
obtained from DSC data. The nature of observed discrepancies could be explained by the presence of 
liquid degradation products of OTOA in PLA/PCL compositions containing more than 10% OTOA 
at temperatures about 160°C during the DSC scan. Heat capacity of OTOA degradation products 
differs from the heat capacity of high-molecular weight PLA, which affects the heat transfer processes 
in the melt and, ultimately, the magnitude of the endothermic effect of PLA melting. As a result, in 
the DSC measurements of PLA/PCL compositions with high OTOA concentrations, underestimated 
values of the PLA degree of crystallinity could be obtained as compared to the XRD data (Tables 2, 
3). 

3.4. Morphology of PLA/PCL+OTOA films. 
The introduction of OTOA significantly changed the appearance and morphology of PLA/PCL 

films, their structure and surface properties (Figure 8). The thickness of films with different OTOA 
concentrations did not change significantly and had the average values of 116 ± 50 µm. 

  
PLA(a) 

  
PCL(b) 

 
PLA/PCL(c) 

  
10%(d) 

 
20%(e) 

 
30%(f) 
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40%(g) 
Figure 8. Microphotographs of the pristine PLA, PCL, PLA/PCL and PLA/PCL+OTOA film samples (10-40% 
OTOA), obtained with an optical microscope (a-g). 

Like most polymer pairs, PLA and PCL are thermodynamically immiscible [50–52]. This result 
in separation of macrophases during solvent evaporation and reduction of the interfacial area 
between PLA and PCL in the film volume, leading to the formation of separate PCL domains inside 
the PLA matrix. This behavior and phase localization of PCL in the PLA matrix could influence the 
structure and morphology of PLA/PCL films upon OTOA addition, due to possible difference in 
affinity between the additive (OTOA) and the two matrix components. In this case, the additive 
prefers to be dispersed in the component with higher affinity during mixing. With a reduced 
difference in the volumetric characteristics of polymer pairs, the filler will be located at the interface 
with a reduced interphase energy level. In the original PLA/PCL film, where the polymer ratio is 
80/20, PCL is distributed in the PLA matrix in the form of spheres, which is consistent with previous 
reports [42,53]. However, when changing the mass fractions of the polymers due to introduction of 
OTOA (see Table 1), a change in the distribution of polymer phases in the matrix is observed. In 
PLA/PCL+40% OTOA film, the phase content is 48/12/40 and OTOA fraction is greater than PCL. 
Therefore, phase inversion of PCL and OTOA is observed and OTOA pushes PCL to the interface 
with PLA. Thus, it can be seen that PCL interferes with the distribution of OTOA in the PLA matrix, 
which was established in the previous work [17]. By being located at the phase boundary, PCL 
prevents the fusion of discrete PLA domains, which in turn could decrease the PLA crystallinity. 
Moreover, formation of such an interface PCL could enhance PCL-OTOA interactions und thus 
promote PCL crystallization, as was shown by XRD and DSC. 

Morphological analysis showed that the structure of the films with the OTOA concentration 
above 20% is drastically changed. Specifically, the interface between the PLA/PCL matrix and OTOA 
was formed, thereby forming a capsule with the embedded OTOA. Observed morphology of 
PLA/PCL films with high OTOA content could be suitable for the potential applications of developed 
materials as antibacterial agents. 

3.5. Mechanical properties of the films. 
As the concentration of OTOA in the PLA/PCL film increases, the plastic deformation also 

increases [54]. The introduction of other components into the PLA matrix is usually associated with 
the desire to reduce the fragility of PLA materials and improve the elasticity of the resulting materials. 
Research data shows that the introduction of PCL into the matrix changes the mechanical properties 
of the material, reducing its strength and improving elasticity (Figure 9). When OTOA is introduced 
into the PLA/PCL mixture, the strength of the matrix decreases slightly to an OTOA concentration of 
20%. However, already at 30% of the additive it reaches 8 mPa and then at 40% OTOA the strength 
decreases to 5.6 mPa. For elastic modulus E, the decrease is not so significant - about 40%. This effect 
is probably associated with the reorganization of short side chains of macromolecules inside a 
multicomponent film. 
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Figure 9. Elastic modulus (blue), tensile strength (black), and relative elongation at break (green) for reference 
PLA/PCL and PLA/PCL + OTOA (0-40%) film samples. 

The elasticity of the PLA/PCL film increases up to an OTOA concentration of 5%, then the 
behavior changes, which is apparently due to the inversion of PCL and its displacement to the 
interface between the PLA and OTOA phases. In the PLA/PCL+20% OTOA film, the phase ratio is 
64/16/20 (see Table 1), i.e. almost comparable amounts of PCL and OTOA, which, being redistributed 
in the PLA matrix, reduce its elasticity. The noticeably increased proportion of OTOA 30% and 40% 
in PLA/PCL mixtures and the already occurring phase inversion of OTOA and PCL increase the 
elasticity of the mixture to 4.5%. Amorphization of the material is observed. Our previous work [17,18] 
on the introduction of OTOA into a PLA matrix showed an increase in the size of spherulites with 
increasing amount of additive. However, the introduction of an additional component of the PCL 
matrix, which itself is an excellent plasticizer, led to the absence of spherulites in the PLA/PCL blend 
films. The strength characteristics of the obtained films indicate a decrease in the strength and elastic 
modulus of the films. 

3.6. Water contact angle, water sorption and water vapor permeability of the films.  
To determine the hydrophilic-hydrophobic properties of the film surface, the water contact angle 

was measured for PLA/PCL films with varying OTOA content (Figure 10a). For the reference 
PLA/PCL film, good water weĴing of the film surface was observed with a contact angle of 35.5° (the 
contact angle is noticeably less than 90°) [55]. When OTOA was added in an amount between 20% 
and 40%, the contact angle gradually increased to 52°, which indicates additional hydrophobization 
of the film surface.  
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(a) 

(b) 

(c) 

Figure 10. (a) Water contact angle for PLA/PCL films with variable OTOA content; (b) Sorption capacity (Q) of 
PLA/PCL films with variable OTOA content; (c) Weight loss versus time data from a water vapor permeability 
experiment. 

With increasing amount of OTOA in the PLA/PCL matrix, a significant increase in the surface 
hydrophobicity of PLA/PCL+OTOA films was observed. The most pronounced hydrophobic 
properties were observed for the PLA/PCL film with 40% OTOA content.  The study of film sorption 
characteristics showed that reference PLA/PCL film already shows good hydrophobicity due to the 
presence of hydrophobic PCL in the film (Figure 10b) [56]. Sorption characteristics at room 
temperature do not appear for this film. The study was carried out at a temperature of 35 °C, since 
the intended possible applications of developed mixed PLA/PCL films assume their use in direct 
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contact with human skin [57,58]. The structure of the OTOA molecule consists mainly of hydrophobic 
fragments and includes, along with low-polar ester groups, specific ozonide rings [59]. Only for 
PLA/PCL film with 40% OTOA observed sorption characteristics were similar to those of PCL films. 
All other PLA/PCL+OTOA films exhibit sorption – desorption of moisture. Apparently, this is due to 
the distribution of fragments of OTOA molecules in the PLA/PLC matrix and low crystallinity of 
films.  

The mechanism for the penetration of water molecules through the developed films can be 
understood by the measurements of the vapor permeability (Figure 10c). The most widely used 
method for measuring vapor permeability of polymer films is the ASTM Standard Test Method E96, 
also known as the cup method. This method is based on calculating the WVP of a sample using 
gravimetry (see equations 4 – 6 in Materials and methods). In this method, a selected film sample 
covers the neck of the cup with the distilled water inside it, which creates a certain water vapor 
pressure depending on the temperature. The sealed cup is placed in a sealed chamber or desiccator 
with silica gel and stored at a constant temperature. The partial pressure gradient between both sides 
of the film due to different relative humidities creates a driving force that promotes the flow of water 
through the film. Since the cup contains distilled water, the flow of water vapor through the film 
causes the weight of the cup to decrease. Under dynamic equilibrium conditions, the weight loss of 
the cup will be constant, and the permeability of the film at a given temperature will be calculated 
from it. To calculate the permeability parameters, it is necessary to take into account the average film 
thickness of 8.7 * 10-5 (m) for PLA/PCL+40% OTOA sample and 12.8 * 10-5 (m) for the reference 
PLA/PCL film, ΔP inside and outside the cup at 25 °C (3169 Pa) and the neck area of 1.766 * 10-4 (m2), 
which is equal to the area of the film through which water molecules penetrate. Absolute slope values 
are used since we are only interested in the change in weight over time. WVTR is calculated by 
dividing the slope value by the neck area. From the WVTR value, the water vapor permeance for each 
sample is calculated by dividing the WVTR by ΔP. Finally, WVP is calculated by multiplying the 
permeance by the thickness of the measured sample (see Table 4). 

Table 4. Moisture permeability of different PLA/PCL films determined by moisture permeable cup method. 

Sample WVTR [g/d*m2] Permeance [g/d*m2*Pa] WVP [g/d*m*Pa] 
PLA/PCL 84.08 0.0265 3.39*10-6 

PLA/PCL+20%ОТОА 60.8 0.019 2.5*10-6 
PLA/PCL+30%ОТОА 67.46 0.0212 2.3*10-6 
PLA/PCL+40%ОТОА 58.43 0.0184 1.6*10-6 

The effect of crystallinity of PLA/PCL films on water vapor permeability remains controversial 
at this time. In the conventional concept of a semicrystalline polymer material, an increase in 
crystallinity usually results in a decrease in water vapor sorption, since there is less material available 
to absorb water [51,60]. However, it is generally accepted that the water vapor sorption of PLA 
increases with crystallization. This is due to the decompression of the amorphous phase during 
crystallization, which is associated with the formation of RAF (hard amorphous fraction of PLA), 
where there is excess free volume for gas absorption [61,62]. In our case, the films have bulk 
hydrophobic, uniformly distributed PCL/OTOA phases that prevent the penetration of water vapor. 
Most biopolymer and biocompatible polymer films are highly hydrophilic due to the presence of a 
large number of hydrogen bonds, which causes poor barriers to water vapor [23]. The presence of 
OTOA in PLA/PCL blend films, which is a strong hydrophobic agent, reduces the WVP value by 47% 
as compared to reference PLA/PCL films (Table 4). 

Obtained results reveal good vapor permeability of the developed PLA/PCL film materials, 
which at the same time are able to create a moist environment on the surface of the wound by 
reducing the loss of water vapor from open tissues, for example in shallow wounds. The films do not 
absorb water and, as can be seen from the contact angle measurements, begin to repel it. A study of 
the antibacterial activity of the resulting materials can determine how effective these mixed films are 
as a barrier against external pollution and bacteria.  

3.7. Antibacterial Activity of the developped PLA/PCL+OTOA films. 
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To measure the antimicrobial activity of OTOA, we used the paper disc method with several 
bacterial strains such as Pseudomonas aeruginosa, Raoultella terrigena (Klebsiella terrigena) and 
Agrobacterium tumefaciens. The choice of bacteria is determined by their antibacterial resistance [63–
66]. Raoultella terrigena (Klebsiella terrigena) is an opportunistic pathogen. R. terrigena infection can 
damage different organs such as lungs, wounds and promote general septic infection, especially in 
patients with chronic diseases. The mortality of this infection is about 44% and in 38.6% of cases R. 
terrigena has multidrug resistance antibiotic sensitivity profile [67].  

More strains of pathogens have become resistant to antibiotics and some have become resistant 
to multiple antibiotics and chemotherapy drugs—the phenomenon of multidrug resistance (MRD) 
[67]. Some of the strains have become resistant to almost all commonly available antimicrobial agents. 
In that sense, studies on the possible use of OTOA in application therapy (wound dressings) is of 
great importance, since OTOA has proven to be a powerful antibacterial agent [42,68,69]. 

In Figure 11 one can see the results of antibacterial activity tests for PLA/PCL films on 
Pseudomonas aeruginosa. In Figure 11a one can see the clear zone resulting from the application of 
pure 100% OTOA (the width of the clear zone is shown in the table below). Figure 11 also shows 
antibacterial activity on Pseudomonas aeruginosa for PLA/PCL + OTOA blend films with OTOA 
content from 20 to 40%. As could be seen, clear zones were observed for all PLA/PCL+OTOA samples, 
whereas the absence of antibacterial activity is visible for the reference PLA/PCL film. Similarly, 
antibacterial activity was shown using the paper disk method for other bacterial strains - Raoultella 
terrigena (Klebsiella terrigena) and Agrobacterium tumefaciens. Reference PLA/PCL films also did 
not show any activity against these bacteria strains. The observed point in Figure 11a at Ref. part is 
the result of an accidental drop of OTOA on the Petri dish, in Figure 11c the small clear zone is the 
result of a mechanical shift of the disk. 

(a) (b) 

(c) (d) 

Figure 11. Comparison of antibacterial activities of ref PLA/PCL film with the PLA/PCL+OTOA (20, 30 and 40% 
OTOA) on Pseudomonas aeruginosa. 

As could be seen from Table 5, the lysis zone generally increases with an increase in the OTOA 
content in the PLA/PCL films and for the film with 40% OTOA the effect is comparable with the 
antibacterial effect of pure OTOA. The antibacterial effect persists for a long time, since the 
quantitative content of OTOA in the film is high, and the lysis zones remain free from bacterial 
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growth. Obtained results show that PLA/PCL films loaded with OTOA could be promising materials 
with high antibacterial activity for various bacteria strains. 

Table 5. Antibacterial activities of pure OTOA, reference PLA/PCL film and PLA/PCL films with the 20, 30 and 
40% OTOA on Pseudomonas aeruginosa, Raoultella terrigena (Klebsiella terrigena) and Agrobacterium 
tumefaciens. 

Sample Size of clear zone (mm) 
Bacterial 

strain 
Pseudomonas aeruginosa Raoultella terrigena  

(Klebsiella terrigena) 
Agrobacterium tumefaciens 

PLA/PCL Ref 
OTOA 0% 

0.0±0.0 0.0±0.0 0.0±0.0 

OTOA 100% 26.2±0.1 25.5±0.1 25.0±0.1 
PLA/PCL+20% 21.1±0.2 20.0±0.1 20.0±0.2 
PLA/PCL+ 30% 20.1±0.2 23.0±0.1 21.0±0.1 
PLA/PCL+ 40% 28.1±0.2 24.5±0.1 22.7±0.3 

The results obtained in this study indicate that it is possible to control a number of properties of 
blended PLA/PCL+OTOA films by changing the concentration of OTOA. These properties include 
thermodynamic and mechanical properties of the films, morphology and vapor permeability, as well 
as antibacterial activity of the films. Thus, a PLA/PCL film containing 40% OTOA is characterized by 
a combination of high antibacterial activity comparable to pure OTOA, reduced water permeability 
and additionally increased film hydrophobicity. In addition, PLA/PCL+40% OTOA film showed 
significant loss of tensile strength, which was accompanied with increased elasticity (relative 
elongation up to 4.5%). For PLA/PCL films, increasing elasticity while maintaining strength is 
important, because it expands the range of potential applications of the films. FT-IR spectroscopy 
revealed the interaction between the polar groups of the blended PLA/PCL matrix and the ozonide 
rings of OTOA, which supports the plasticizing rope of OTOA in the PLA/PCL compositions. DSC, 
XRD and mechanical tests showed that OTOA introduction led to complex changes in the thermal, 
structural and mechanical properties of the PLA/PCL+OTOA films depending on the OTOA content. 
Developed PLA/PCL films with various OTOA concentrations show strong antibacterial effect on 
different bacterial strains with multidrug resistance behavior and could be regarded as promising 
materials for various biomedical applications. 

5. Conclusions 
In this paper, the physicochemical, thermal, mechanical, as well as antibacterial and 

morphological properties of PLA/PCL films were investigated after the addition of different 
concentrations of glycero-(9,10-trioxolane)-trioleate. 

FTIR spectroscopy revealed interactions between the ozonide groups of OTOA and the 
PLA/PCL matrix. DSC and XRD data indicate a decrease in the degree of crystallinity of 
PLA/PCL+OTOA films relative to an increase in the OTOA content in the film. The change in the 
thermodynamic and mechanical properties of the blended films indicates an increase in the segmental 
mobility of the PLA/PCL+OTOA mixture and the influence of OTOA as a plasticizer on the system. 

Also, the addition of OTOA gradually increases the contact angle to 52°, which indicates 
additional significant hydrophobization of the surface of the PLA/PCL+OTOA film. 

Morphological analysis showed that the structure of the films with the OTOA content above 20% 
drastically changed, namely, PCL formed the interface between the matrix and OTOA, thereby 
forming a capsule with an antibacterial agent inside. The moisture permeability of the resulting 
PLA/PCL+OTOA films decreased due to the formation of uniformly distributed hydrophobic 
amorphous zones that prevent moisture penetration. These zones also affect the strength 
characteristics of the films: strength decreases to 5.6 MPa, elastic modulus E by 40%. The behavior of 
film elasticity is associated with the redistribution of amorphous regions in the matrix. Additionally, 
PLA/PCL+OTOA films with 20, 30 and 40% of OTOA showed good antibacterial properties on 
Pseudomonas aeruginosa, Raoultella terrigena (Klebsiella terrigena) and Agrobacterium tumefaciens. 
Developed PLA/PCL+OTOA films could be used as packaging materials and wound dressings. By 
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changing the concentration of introduced OTOA, it is possible to tune the necessary physico-chemical 
and antibacterial properties of developed films for various applications. The presence of OTOA, as a 
strong hydrophobic agent in PLA/PCL blend films, reduces the WVP value by 47% compared to 
PLA/PCL films. 

Good vapor permeability of the resulting materials makes it possible to create a moist 
environment on the surface of the wound by reducing the loss of water vapor from open tissues, for 
example in shallow wounds. Developed PLA/PCL+OTOA films materials could be used in various 
packaging and biomedical applications, with the possibility to tune physico-chemical properties of 
the films based on the requirements important for the specific applications. 
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