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The structural features, thermophysical and thermomechanical properties, and antimicrobial
activity of polymer composites based on a mixture of polylactide-polycaprolactone polymers and
Ag, Zn, or Ag/Zn nanoparticles were investigated. The formation of Ag, Zn, or Ag/Zn particles on
the surface of the PLA-PCL polymer matrix was confirmed by X-ray diffraction analysis. It was
established that the deposition of metal particles on the surface of the PLA-PCL polymer leads
to a decrease in the temperature of the onset of thermal destruction: for silver by 6.5 °C, for zinc
by 10.5 °C, and for Ag/Zn by 13.3 °C. According to DSC data, it was established that in PLA-PCL
mixtures the influence of the PCL polymer component is manifested in the effect on the crystalli-
zation and melting of polylactide. It was found that when spraying Ag, Zn or Ag/Zn particles onto
the surface of the PLA-PCL polymer matrix, the degree of crystallinity and melting temperature
of the polymer matrix increase. PLA-PCL biopolymer film materials treated with Ag or Ag/ZnO
nanoparticles by spraying for 3 and 5 minutes, demonstrated antimicrobial effect against S.
aureus and E. coli and were inactive against B. subtilis and P. aeruginosa.

Keywords: polylactide, polycaprolactone, structure, thermophysical properties, thermome-
chanical properties, antimicrobial activity

Crpykrypa, Ttemaogisuuni, TepMoMexaHiuYHi TAa AaHTUMIKPOOHI BJIACTUBOCTI
JIIBKOBUX MAaTepiajiiB Ha ocHOBI moainakruny. B. /emuenro, A. Mapunin, M. Opowcerico,
P. Ceammnenxo, H. Pu6banvuenro, I. Koponvrkos, B. oneoweti, B. Oscankina, D.Zengi
JlocomimxeHo CTPYKTYPHI 0COOJIHMBOCTI,, TeIIOQI3WYHI TA TEePMOMEXAHIYHI BJIACTUBOCTI, a Ta-
KOK aHTUMIKPOOHY aKTHBHICTH HOJIMEPHHUX KOMIIO3UTIB Ha OCHOBI CyMIIIl IIOJIIMEpIB IIOJILJIaK-
TH/I-TIOJIIKATIPOJIAKTOH Ta HaHOYacTHHOK Ag, Zn abo Ag/Zn. YrTBopeHHs dacTuHOK Ag, Zn abo
Ag/Zn ua noepxHi mosimeprol maTpuiii PLA-PCL Gyso miaTBepeHO PeHTreHOCTPYKTYPHUM
amaJsizoM. BeraHoBiieHo, 110 oca/ykeHHsA MeTaJIeBUX YACTUHOK Ha moBepxHi mosimepy PLA-PCL
IPU3BOIUTE JI0 SHUKEHHS TeMIIePaTy Py I0YaTKy TePMIYHOTO pyUHYBaHHS: 111 cpibia Ha 6,5 °C,
s uaky Ha 10,5 °C ta gs Ag/Zn wa 13,3 °C. 3a maunuvu JICK BeraHoBI€HO, 1110 B cyMminIax
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PLA-PCL nonivepruit kommorernT PCL BIuinBae Ha KpHCTAII3allio Ta IJIABJIEHHS MOJIIJIaKTH-
ny. Bysio BusiBsieno, 1o mpu HanuiaeHHI YacTUHOK Ag, Zn abo Ag/Zn Ha MOBEPXHIO MOJIMEPHOI
marpuil PLA-PCL crymup KpucTamidHOCTI Ta TemIleparypa ILUIABJIEHHS IIOJIMEPHOI MAaTPUII
301pInyoThesa. [LmiBrosi Glomosimepni martepianu PLA-PCL, o6po6ieni mHamouacTuHRamMu Ag
a60 Ag/ZnO 1muIsixoM PO3MUJIEHHS IIPOTATOM 3 Ta 5 XBUJIMH, IIPOJIEMOHCTPYBAJINA aHTUMIKPOOHY
mito mporu S. aureus ta E. coli Ta 6yniu meakruBHuMEy mportu B. subtilis Ta P. aeruginosa.

1. Introduction

In recent years, there has been a marked
increase in interest in studying polymer com-
posites, which include nanoparticles of vari-
ous metals or their oxides, due to their unique
physicochemical, mechanical and biological
properties [1-3]. The creation of polymer com-
posites is a relevant area of scientific research,
which is due to a wide range of possible practi-
cal applications [4-9].

Recently, polylactide (PLA) has been active-
ly studied as a basis for the creation of polymer-
ic functional materials. PLA is a biodegradable
polymer with high mechanical and thermal sta-
bility, and is known for its biocompatibility and
lack of immunological reaction [10]. Due to this,
PLA is widely used in medicine: for implants,
absorbable sutures, wound closure, as well as
in tissue engineering [11] and the food industry
[12-16]. The biodegradable polymer polylactide,
which is produced by the polymerization of lac-
tic acid obtained from plant starch, is a good
material to replace modern petroleum-based
polymers such as polystyrene or polypropylene
for creating food packaging [17].

Polymer composites incorporating silver
nanoparticles are attracting increasing atten-
tion [3]. Silver is known for its negative effect
on harmful microorganisms [18]. Due to the
unique physical and chemical characteristics of
silver nanoparticles, they find wide application
in medicine and the food industry.

The authors of [19] presented a classification
of methods for the synthesis of silver nanopar-
ticles, including chemical, biological, and physi-
cal approaches. Physical methods are character-
ized by a homogeneous distribution of particles,
high reproducibility of their sizes, and surface
cleanliness, since there is no contamination
with chemical reagents. Such methods include,
in particular, vapor phase condensation and
laser ablation [19]. In the vapor phase conden-
sation process, the material is first evaporated
and then condensed in a furnace at atmospher-
ic pressure, forming nanoparticles with a size
of 3 to 50 nm. Another physical method for the
synthesis of silver nanoparticles is laser abla-
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tion of silver in a liquid medium, which allows
obtaining particles with a size of about 10-30
nm [20]. As noted in [21], this method produces
spherical nanoparticles, and their average size
increases in proportion to the power of the laser
pulse. For example, when the laser power was
increased from 40 to 70 mdJ/im, the average size
of the nanoparticles increased from 7.9 to 12.8
nm. Another common physical method for ob-
taining metal coatings on substrates is magne-
tron sputtering with the participation of inert
gases [22-26]. It is based on bombardment of
the cathode with inert gas ions in the DC mode,
which leads to the evaporation of target atoms
and their deposition on the substrate.

In [27], the synthesis of silver nanoparticles
directly in a 3D-printed PLA matrix by an in
situ method was proposed, where silver ions
(Ag+) are reduced under the influence of UV
rays. The particle size depends on the duration
of exposure: from 20 nm after 1 hour to 50 nm
after 3 hours. In the study [28], a thin layer
of Ag particles was deposited on a surgical re-
tractor printed from commercial PLA filament
using sonochemical thin-film deposition; the
average particle size was 31 nm. PLA-Ag fila-
ment was also produced by in situ melt reactive
mixing method [29].

Thus, from the analysis of the literature
it 1s clear that various methods of obtaining
PLA-Ag composites are available. Despite sig-
nificant progress in the development of biode-
gradable polymer materials based on polylac-
tide, the problem of providing such materials
with stable antimicrobial properties without
significant deterioration of their thermophysi-
cal and thermomechanical characteristics re-
mains relevant. Most of the known approaches
are based on the introduction of nanoparticles
into the volume of the polymer matrix, which
often leads to aggregation of the filler and a
decrease in the homogeneity of the materi-
al. In this regard, a promising approach is to
modify the surface of biopolymer films with
metal nanoparticles, which allows combining
high biological activity with the preservation of
the basic properties of the material.
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The aim of this work is to study the features
of the structure, thermophysical, thermome-
chanical and antimicrobial properties of poly-
mer composites based on the polylactide-poly-
caprolactone polymer, sprayed with Ag, Zn or
Ag/Zn nanoparticles.

2. Experimental

The samples were prepared using the fol-
lowing materials: PLA filament (manufac-
turer MonoFilament, Ukraine, Mw = 274,000
g/mol), PCL granules (manufacturer China, M
= 60,000-80,000), chloroform (manufacturer
China, M = 119.38), silver and zinc foil 0.1 mm
thick, 99.9% metal content (manufacturer Sig-
ma-Aldrich).

The film materials were obtained by sepa-
rately dissolving PLA and PCL in chloroform
with their subsequent mixing in a mass ratio
of 80:20 (% wt.). The mass ratio of PLA:PCL =
80:20 was chosen taking into account the need
for plasticization of polylactide. The obtained
films were vacuumed to remove the solvent.

The composites were obtained by sputtering
Ag, Zn and Ag/Zn particles for different times
(1 min, 3 min, 5 min) onto the surface of the
PLA-PCL film using an FC-1100 ion sputter-
ing device (JEOL, Japan). The sputtering time
of metal particles was varied to determine the
critical surface concentrations of nanoparticles
at which the antimicrobial effect is manifested.
The deposition was carried out at the tempera-
ture of 7=20+ 2 °C in a vacuum of 1.3-10~! Pa
at a current of 5 mA and an anode voltage of 1.2
kV. The thickness of the particle layer on the
film surface is proportional to the deposition
time. The thickness of the films was 100 pm.

The structure of the samples was studied by
wide-angle X-ray diffraction on an XRD-7000
diffractometer (Shimadzu, Japan) in an X-ray
qptical scheme using CuK, radiation A = 1.54
A) and a graphite monochromator at a temper-
ature of T = 20+2 °C [30].

Thermal decomposition of the samples was
carried out using a TGA Q50 device (TA In-
struments, USA) in the air atmosphere in the
temperature range from 20 °C to 500 °C at a
heating rate of 20 °C/min. To study the stabil-
ity of the samples, thermogravimetric analysis
(TGA) curves (mass loss) and differential ther-
mogravimetric analysis (DTGA) curves (mass
loss rate) were analyzed.

The thermophysical behavior of the studied
films was analyzed by differential scanning cal-
orimetry (DSC) in air flow using the DSC Q2000
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Fig. 1. Wide-angle X-ray diffraction patterns of
PLA (1), PCL (2), PLA-PCL (3) film materials

device (TA Instruments, USA) in the tempera-
ture range of 20—200 °C with a heating rate of
20 °C/min. The DSC study used two heating
cycles of the sample: the first heating removed
its thermal history, after which the sample was
cooled at the same rate. The data obtained dur-
ing the second cycle were analyzed.

Thermomechanical analysis of the samples
was carried out in the penetration mode using
special computerized original equipment. The
indenter-penetrator was 3 mm in diameter
with a flat end. The indenter load created a
pressure of 1 MPa on the sample, the sample
heating rate was 3 °C/min. The accuracy of the
deformation measurement was 0.5 pm.

The antimicrobial activity of biopolymer
composite films was studied by the agar dif-
fusion method on a solid Mueller-Hinton me-
dium against reference strains of opportunistic
microorganisms: gram-positive Staphylococcus
aureus ATCC 25923, Bacillus subtilis ATCC
6633, gram-negative — Escherichia coli ATCC
25922, Pseudomonas aeruginosa ATCC 27853
[31, 32].

3. Results and discussion

Wide-angle X-ray diffraction spectra of the
initial polymer films based on polylactide and
polycaprolactone showed that they had a semi-
crystalline structure (Fig. 1, curves 1, 2).

The X-ray diffraction pattern of the sample
of the PLA and PCL polymer blend sample
(weight ratio 80:20) indicates its semi-crystal-
line structure. (Fig. 1, curve 3). It should be
noted that the curve of the PLA-PCL sample

Functional Materials, 33, 2, 2026
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Fig. 3. TGA and DTGA curves of PLA (1), PCL
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Fig. 2. Wide-angle X-ray diffraction patterns of

PLA-PCL film materials coated with Ag (1), Zn
(2), Ag/Zn (3) nanoparticles for 5 min

contains diffraction maxima characteristic
of the crystalline structure of PLA due to the
higher content of this polymer in the mixture
(curve 3 and curves 1, 2). Using wide-angle
X-ray diffraction, the presence of metallic par-
ticles of Ag, Zn and Ag/Zn on the surface of
the PLA-PCL samples was confirmed (Fig. 2,
curves 1-3). In particular, the diffraction max-
ima at 20, ~38.0° and 44.0° are characterizstic
of the Ag structure (curve 1). The formation
of Zn particles is confirmed by the maximum
at 20, ~44.0° corresponding to the (101) plane
(curve 2) [33]. The spectrum of the PLA-PCL-
Ag/Zn sample contains a diffraction maximum

at 20 ~44.0°, which is a superposition of the
diffraction peaks of both Ag and Zn (curve 3).
Fig. 3 presents the TGA and DTGA curves
of polylactide, polycaprolactone and PLA-PCL
mixture samples. These curves indicate a
mass loss of 6.5% for PLA and 10.5% for the
PLA-PCL blend in the temperature range of
70-130 °C, while no mass loss is observed for
the original PCL in this temperature range.
Also, on the DTGA curves for PLA and PLA-
PCL films, there are maxima at temperatures
of 84.4 °C and 117.5 °C, associated with the
removal of residual solvent (chloroform) from
the films. The temperature of the onset of ther-
mal degradation for PLA is 332.6 °C, while for
the PLA-PCL blend this value 1s 329.4 °C (3
°C lower), probably due to the less dense mo-
lecular packing of the PLA-PCL blend. The
temperature of the maximum thermal degra-
dation rate on the DTGA curves is the same for

Table 1. TGA data for polylactide and polycaprolactone-based samples

Mass loss at a | Thermal deg- Temperature of | Coke residue at
Sample temperature of | radation onset | oranu™ ther- 500 °C,

70-130 °C, % | temperature, °C mal des“"c}l ction 9%

rate, °C 0
PLA 6.5 332.6 373.4 0.00
PCL — 368.1 400.0 0.00
PLA - PCL 10.5 329.4 371.1 0.90
PLA - PCL -Ag (1 min) 6.4 322.9 371.3 0.077
PLA - PCL -Ag (3 min) 6.4 322.9 371.3 0.96
PLA - PCL -Ag (5 xB) 6.4 322.9 371.3 2.10
PLA - PCL -Zn (1 min) 7.9 318.9 371.3 0.10
PLA - PCL -Zn (3 min) 7.2 318.9 371/3 2.24
PLA - PCL -Zn (5 min) 5.1 318.9 371.3 0.50
PLA - PCL -Ag/Zn (1 min) 8.0 316.1 369.0 0.77
PLA - PCL -Ag/Zn (3 min) 7.1 316.1 369.0 1.18
PLA - PCL -Ag/Zn (5 min) 3.0 316.1 369.0 3.56

Functional Materials, 33, 2, 2026
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Fig. 4. TGA and DTGA curves for samples of film
materials PLA-PCL (1), PLA-PCL-Zn (1 min),
PLA-PCL-Zn (3 min), PLA-PCL-Zn (5 min)

PLA and PLA-PCL films and is 371 °C. Analy-
sis of the coke residue (i.e. the polymer residue
that did not burn at high temperature) showed
that its content was approximately 1% for PLA-
PCL and PCL samples and close to zero for pure
PLA. TGA parameters for the studied samples
are presented in Table 1.

The studied samples are characterized by
different values of thermal stability param-
eters. The thermal degradation onset tempera-
tures (Ty) for PLA, PCL and PLA-PCL samples
are: 332.6 °C, 368.1 °C and 329.6 °C, respec-
tively (Fig. 3, Table 1).

The PCL film has the highest thermal sta-
bility, while the thermal stability of PLA and
PLA-PCL mixtures have almost the same
values, which are ~38 °C lower than for PCL.
Similar results are shown by DTGA data: the
temperature maxima corresponding to the
maximum rate of thermal destruction 7, co-
incide for PLA and PLA-PCL, while T 4 for PCL
is approximately 29 °C higher. That is, when
PCL is mixed with PLA without forming an in-
dependent phase (according to DSC data), this
does not affect the thermal characteristics of
the mixture, which are determined by the PLA
phase.

Previously in [34] we established that in
the temperature range of 70-130 °C, the mass
loss of PLA-PCL-Ag samples with different
amounts of silver (i.e. with different sputtering
times) is the same and is 6.4%, while the mass
loss of the PLA-PCL mixture is 10.5%. The
onset temperature of thermal destruction for
PLA-PCL-Ag samples is on average 322.9 °C.
Obviously, the deposited metallic silver layer
facilitates better heat transfer from the device
chamber to the polymer surface of the sample,
and also reduces the onset temperature of ther-
mal destruction. At the same time, the DTGA
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Fig. 5. TGA and DTGA curves for samples of film
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temperature maximum corresponding to the
highest rate of thermal destruction, is the same
for all PLA-PCL-Ag composites and is equal to
371.3 °C. The amount of coke residue is in-
significant and varies within the range of
0.077-2.1% [34].

Fig. 4 presents the TGA and DTGA curves
for PLA-PCL samples with a zinc layer of
different thickness determined by spraying
times of 1, 3 and 5 minutes. For these compos-
ites, the mass loss in the range of 70-130 °C
depends on the spraying time. For the thickest
zinc layer (spraying time 5 min.), the mass loss
is the smallest (5.1%). The onset temperature
of thermal destruction of PLA-PCL-Zn samples
is lower compared to the silver-containing sam-
ples, and averages 318.9 °C, which is 10.5 °C
lower than for the original PLA-PCL sample.
The maximum thermal destruction rate for
zinc-coated samples 1s the same as for PLA-
PCL-Ag and is 371.3 °C. The value of the coke
residue varies within the range of 0.10 - 2.24%
(Table 1).

Fig. 5 shows the TGA and DTGA curves
for PLA-PCL samples coated with Ag/Zn. For
these samples, the mass loss in the range of
70-130 °C varies from 8% (sputtering time
1 min) to 3% (sputtering time 5 min). The aver-
age temperature of the onset of thermal destruc-
tion for PLA-PCL-Ag/Zn composites is 316.1 °C,
which is 13.3 °C less than for the original PLA-
PCL sample. Thus, the deposition of Ag/Zn par-
ticles had the greatest influence on the onset of
thermal destruction of the composites.

At the next stage, the samples were stud-
ied using differential scanning calorimetry. In
Fig. 6a, the DSC curve of PLA film shows three
temperature transitions, namely, glass transi-
tion in the temperature range of 58-62 °C, cold

Functional Materials, 33, 2, 2026
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Table 2. Parameters of DSC thermograms of samples based on polylactide and polycaprolactone

Sample T,°C | T,,°C AH_ ., J/g T ,°C | AH ,J/g %, %
PLA 61.6 135.3 16.56 169.5 26.44 28.4
PLA - PCL 60.7 118.3 24.25 167.7 26.06 35.0
PLA - PCL -Ag (1 min) 60.5 119.2 21.88 169.0 22.95 30.8
PLA - PCL -Ag (3 min) 60.6 118.8 26.76 169.0 29.12 39.1
PLA - PCL -Ag (5 xB) 60.9 120.6 23.10 170.5 28.94 38.9
PLA - PCL -Zn (1 min) 61.3 120.7 25.25 169.0 29.00 39.0
PLA - PCL -Zn (3 min) 60.7 118.4 26.95 169.3 28.47 38.3
PLA - PCL -Zn (5 min) 61.0 123.7 21.44 169.8 26.64 35.8
PLA - PCL -Ag/Zn (1 min) 60.6 123.3 21.89 167.6 28.70 38.6
PLA - PCL -Ag/Zn (3 min) 60.5 119.8 26.53 169.0 29.62 39.8
PLA - PCL -Ag/Zn (5 min) 61.1 124.4 24.33 172.0 28.09 37.8
crystallization at 100-150 °C and melting in 0
the range of 155-180 °C [34]. The glass tran- 13526°C
sition and melting are endothermic processes odsoragec )
(heat enters the polymer), crystallization is = Bl 2aads
an exothermic process (heat is released from E
the polymer to the outside). The parameters £ ~1000 1
of these temperature transitions are given in b=
Table 2. The presence of a large cold crystal- z A5
lization peak indicates that during the heating
of the sample after passing the glass transition S
temperature, part of the amorphous phase of -2000 3 o H %
the polymer is ordered and transformed into T, °C
a crystalline phase. Upon further heating, the .
crystalline phase (formed during cold crystal-
lization) melts and gives an endothermic peak - 830°C
on the DSC curve [34]. 58.00°C
The degree of crystallinity of the samples y 0] s —
was determined by the formula: § i
g 61.66°C 105.67°C
1(%) =AH_/AHY x 100% o Rt
& 1000
where AH_ is the heat of fusion of the compos- E
ite, AHOm is the heat of fusion of a composite =
having 100% crystallinity. -1500 -
Figure 6b shows the DSC thermogram for 1or7e

the PLA-PCL sample. It should be noted that
the DSC curve does not show the inherent exo-
and endothermic peaks of PCL. In particular,
the melting point of PCL is 60 °C, but the cor-
responding endothermic peak for the PLA-PCL
mixture is absent.

In our opinion, this may be due to the low
concentration of PCL, which 1s insufficient for
the formation of a continuous crystalline phase,
as well as the partial thermodynamic compat-
ibility of PLA and PCL, which leads to molecu-
lar dispersion of PCL macrochains in the PLA
polymer matrix. Under such conditions, the
segmental mobility of PCL macromolecules is
significantly limited, which kinetically inhibits
the processes of its crystallization. In addition,
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Fig. 6. DSC curve for PLA film (a) PLA-PCL (b)

20 40 60 80

the thermal effects associated with possible
phase transitions of PCL can be overlapped by
intense transitions characteristic of polylac-
tide, in particular, cold crystallization transi-
tions and melting.

It can be assumed that the influence of PCL
in the mixture is manifested only in the effect
on the crystallization and melting of polylac-
tide. Indeed, the heat of crystallization in PLA-
PCL mixtures (24.25 J/g) increases sharply,
compared with PLA (16.56 J/g), and the crys-
tallization temperature decreases significantly:
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Fig. 7. DSC curves of PLA-PCL samples (a), PLA-PCL-Zn (1 min) (b), PLA-PCL-Zn (3 min) (c¢), PLA-PCL-

Zm (5 min) (d)

from 135.3 °C (for PLA) to 118.3 °C (for PLA-
PCL). This indicates that the second compo-
nent of the mixture contributes to the intensive
course of cold crystallization. At the same time,
the degree of crystallinity of PLA-PCL mix-
tures (35.0 %) is significantly higher than that
of PLA (28.4 %).

The values of the heats of crystallization
and melting in PLA-PCL mixtures are close
in magnitude, i.e. melting occurred mainly
due to the crystalline phase formed during
cold crystallization. Therefore, it is obvious
that the intrinsic degree of crystallinity in the
initial samples of PLA-PCL mixtures was in-
significant. Similarly to the PLA sample, the
calculation of the degree of crystallinity for
the initial PLA-PCL sample showed y = 2.4%.
The melting temperature in PLA-PCL samples
is ~2 °C lower than that of pure PLA. At the
same time at high temperatures, an additional
shoulder appears on the endothermic melting
peak of PLA-PCL, which indicates the complex
structure of the crystalline phase formed dur-
ing cold crystallization. As for the glass transi-
tion temperature, it decreases by ~1 °C in PLA-
PCL mixtures compared to the original PLA.

Previously, in [34], we noted an increase
in both the degree of crystallinity y from
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35% to 39% for samples coated with silver
nanoparticles (with the exception of PLA-PCL-
Ag (1 min)) and the melting temperature T,
from 168 °C to 169-170 °C. This indicates the
influence of silver particles penetrating into the
polymer film to a certain depth and exerting a
nucleating effect during the polymer crystalli-
zation process, acting as heterogeneous centers
that reduce the energy barrier for the crystal-
lization of polylactide. At the same time, no ef-
fect of the silver metal layer on the amorphous
phase is observed, since the glass transition
temperature T, does not change compared to
the original PLA-PCL sample (Table 2).

Fig. 7 and Fig. 8 show DSC thermograms for
PLA-PCL films with zinc and silver-zinc mix-
ture deposition for different times. In general,
the effect of zinc and Ag/Zn mixture on the ther-
mophysical characteristics of PLA-PCL is simi-
lar to the effect of silver, but there are some dif-
ferences. The general trend for PLA-PCL films
coated with zinc and silver-zinc mixtures, com-
pared to samples obtained by magnetron sput-
tering of silver, is a slight increase in the crys-
tallization temperature. The average T, value
for zinc-coated samples is 1.5 °C higher, and for
Ag/Zn-coated samples is 3 °C higher compared
to silver- coated samples. That is, in the pres-
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Fig. 8. DSC curves of PLA-PCL samples (a), PLA-PCL-Ag/Zn (1 min) (b), PLA-PCL-Ag/Zn (3 min) (c), PLA-

PCL-Ag/Zn (5 min) (d)

ence of silver particles, polymer crystallization
is somewhat facilitated and begins at a lower
temperature compared to the polymer with
zinc particles or a silver-zinc mixture.

Another feature is the change in the shape
of the thermogram at the melting peak of the
PLA-PCL-Zn and PLA-PCL-Ag/Zn samples.
When forming PLA-PCL films, a shoulder ap-
pears on the thermogram at the melting peak
at high temperatures due to the formation of
a more complex crystalline phase compared to
PLA; this shoulder also persists in the case of
sputtering with silver particles. Since, as indi-
cated above, the difference between the action
of Ag or Zn particles and Ag/Zn lies in their in-
fluence on the crystallization of the PLA-PCL
polymer matrix, this is also manifested in the
smoothing of this shoulder on the endothermic
melting peak for PLA-PCL-Zn and PLA-PCL-
Ag/Zn composites.

Analysis of the thermomechanical behavior
of the studied samples showed that the initial
PLA-PCL sample has a glass transition tem-
perature of 55 °C and a melting temperature
of 163 °C (Fig. 9). Silver spraying of the PLA-
PCL sample for 1 minute leads to a decrease in
its glass transition temperature to 46 °C, while
the melting temperature increases and remains
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Fig. 9. Thermomechanical curves of samples
based on polylactide and polycaprolactone,
sprayed with silver

stable at 177 °C regardless of the spraying du-
ration - 1, 3 or 5 minutes. For PLA-PCL materi-
als sprayed with silver for 3 and 5 minutes, the
glass transition temperature is the same and is
60 °C (Fig. 9).

After one minute of zinc spraying on the
PLA-PCL sample, its glass transition tempera-
ture increases from 55 to 67 °C, and its melting
temperature also increases from 163 to 183 °C.
For PLA-PCL-Zn samples, with a zinc spraying
time of 3 and 5 min, the melting point increases
to 174 °C. The glass transition temperature of
the PLA-PCL-Zn sample sprayed for 3 min, co-
incides with the glass transition temperature
of the original PLA-PCL material and is 55 °C,
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Table 3. Antimicrobial activity of film materials based on polylactide and polycaprolactone obtained at

different times of spraying with nanoparticles

Sample Diameters of growth retardation zones, mm
S. aureus B. subtilis E. coli P. aeru-ginosa
PLA 0 0 0 0
PLA - PCL 0 0 0 0
PLA - PCL -Ag (1 min) 0 0 0 0
PLA - PCL -Zn (1 min) 0 0 0 0
PLA - PCL -Ag/Zn (1 min) 0 0 0 0
PLA - PCL -Ag (3 min) 13.80+0.5 0 11.02+0.4 0
PLA - PCL -Zn (3 min) 0 0 0 0
PLA - PCL -Ag/Zn (3 min) 0 0 0 0
PLA - PCL -Ag (5 min) 14.82+0.6 0 16.44+0.7 0
PLA - PCL -Zn (5 min) 0 0 0 0
PLA - PCL - Ag/Zn (5 min) 0 0 12.20+0.6 0
100% 100% —— PLA-PCL 80-20 ——AgZn 1 min AgZn5 min

— PLA-PCL 80-20

—— Zn1min Zn 3 min —— Zn5min
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70%
60%

> 50%
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556

Fig. 10. Thermomechanical curves of the origi-
nal PLA-PCL sample and PLA-PCL samples
sprayed with Zn for different times

while when the sample is sprayed for 5 min, Tg
increases to 57 °C (Fig. 10).

With a one-minute spraying of the PLA-PCL
sample with silver and zinc, its glass transition
temperature increases to 61 °C and its melting
point to 177 °C compared to the original ma-
terial. Spraying of PLA-PCL samples with sil-
ver and zinc for 5 minutes practically does not
change the glass transition and melting tem-
peratures of the polymer matrix (Fig. 11).

At the next stage, the bactericidal proper-
ties of film materials based on polylactide were
studied. It was shown that the formed biopoly-
mer film materials PLA-PCL, sprayed with
Ag, Zn and Ag/Zn nanoparticles for 1 min, do
not exhibit antimicrobial activity against any
of the studied test cultures of microorganisms.
Intensive growth of test cultures was observed
around the studied samples (Table 3). The
studied PLA-PCL films sprayed for 3 and 5 min
with Ag nanoparticles demonstrated an antimi-
crobial effect against the test culture S. aureus.
Thus, after 24 h of incubation at 37 °C, a clear
zone was observed around the disks of the stud-
ied PLA-PCL-Ag samples with spraying times

228

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

£ %

30 40 5 60 70 8 90 100 110 120 130 140 150 160 170 180 190 200
T, °C

Fig. 11. Thermomechanical curves of the origi-
nal PLA-PCL sample and PLA-PCL samples
sprayed with Ag/Zn for different times

of 3 and 5 min, which indicates inhibition of the
growth of microorganisms. The diameters of
the growth inhibition zones for S. aureus were
13.80 mm in the sample where silver sputtering
was performed for 3 min and 14.82 mm where
silver sputtering was performed for 5 min.

Antimicrobial activity against the test cul-
ture of E. coli was observed for PLA-PCL-Ag
samples with a spraying time of 3 and 5 min.
The diameter of the growth inhibition zone for
E. coli was 11.02 and 16.44 mm.

The studied PLA-PCL-Ag samples with a
spraying time of 3 and 5 min did not show anti-
microbial activity against the test cultures of B.
subtilis and P. aeruginosa. Intensive growth of
test cultures was observed around the studied
samples.

It was shown that biopolymer film materi-
als PLA-PCL with Zn nanoparticles, the spray-
ing of which was carried out for 1, 3 and 5 min,
did not show antimicrobial activity against any
strain of test cultures of microorganisms S.
aureus, E. coli, B. subtilis and P. aeruginosa.
At the same time, the PLA-PCL-Ag/Zn sample
with a spraying time of 5 min showed activity

Functional Materials, 33, 2, 2026
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against gram-negative bacteria E. coli. The
diameter of the zone of growth inhibition for
E. coli was 12.20 mm (Table 3). In the control
samples of PLA-PCL without Ag, Zn and Ag/
Zn nanoparticles, active growth of test micro-
organisms and the absence of zones of growth
inhibition were observed.

4. Conclusions

To study the structure, thermophysical,
thermomechanical and antimicrobial prop-
erties of polymer composites based on a mix-
ture of thermoplastic polymers polylactide and
polycaprolactone coated with Ag, Zn or Ag/Zn
particles, the methods of wide-angle X-ray dif-
fraction, thermogravimetric analysis, differen-
tial scanning calorimetry, thermomechanical
analysis, and antimicrobial testing were used.
The presence of Ag, Zn or Ag/Zn particles on
the surface of the PLA-PCL polymer matrix
was confirmed by the method of X-ray structur-
al analysis. It was found that the spraying of
metal particles on the PLA-PCL sample leads
to a decrease in the temperature of the onset
of thermal destruction, which is the lowest
when spraying with silver (by 6.5 °C), higher
when spraying with zinc (by 10.5 °C) and the
highest when spraying with Ag/Zn (by 13.3 °C).
This may be due due to improved heat trans-
fer of the metal to the polymer surface, as well
as the influence of the deposited metal on the
crystallization conditions of the PLA-PCL mix-
ture, which leads to an increase in the degree
of crystallinity of the composites. It was found
that when Ag, Zn or Ag/Zn particles are depos-
ited on the surface of the PLA-PCL polymer
matrix, the degree of crystallinity y and the
melting point of the polymer matrix increase.
Studies of the thermomechanical behavior
of the samples showed that when 20 wt. % of
PCLis added to the PLA composition, the glass
transition temperature does not change and is
55 °C. When metal nanoparticles are deposited
on the surface of PLA-PCL biopolymer films,
their glass transition temperature increases.
PLA-PCL film materials with Ag and Ag/ZnO
nanoparticles deposited for 3 and 5 min, exhibit
a bactericidal effect on microorganisms S.
aureus and E. coli and were inactive against B.
subtilis and P. aeruginosa.
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