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Biodegradable composites of thermoplastic starch (TPS), titanium dioxide particles (TiO2;

average size 0.2µm), and/or antibiotic (ATB; vancomycin) were prepared. Light and

electron microscopy demonstrated that our recently developed, two-step preparation

procedure yielded highly homogeneous TPS matrix with well-dispersed TiO2 particles

even for high filler concentrations (up to 20%). Oscillatory shear rheometry showed an

increase in viscosity of TPS after addition of TiO2 and ATB (from ca 2 × 105 Pa·s to

ca 1 × 106 Pa·s at 1 rad/s and 120◦C). However, the high viscosity of TPS/TiO2/ATB

composites did not prevent reproducible preparation of the composites by melt-mixing.

Dynamic mechanical analysis proved a significant increase in shear moduli (storage,

loss and complex modulus) of TPS after addition of TiO2 and ATB (storage modulus

increased from ca 25 MPa to more than 600 MPa at 1.33 rad/s at room temperature).

Both rheological and mechanical properties indicated strong interactions among TPS

matrix, filler, and antibiotics. The final TPS composites were soft enough to be cut with a

sharp blade at room temperature, the TPS matrix was fully biodegradable, the TiO2 filler

was biocompatible, and the ATB could be released locally during the matrix degradation.

Selected samples were tested for bacterial susceptibility using standard tube dilution

test and disk diffusion test. The results proved that the ATB retained its bacteriostatic

properties after the thermal processing of the composites. Therefore, the prepared

TPS/TiO2/ATB composites represent a promising material for biomedical applications

related to the local release of antibiotics.

Keywords: thermoplastic starch, morphology, thermomechanical properties, local release of antibiotics,

antibacterial activity
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INTRODUCTION

Starch-based materials are attractive due to their biodegradability
and wide range of applications, such as packaging, coating,
agriculture, medicine, pharmacy, or even optoelectronics (Sarka
et al., 2011, 2012; Saiah et al., 2012; Xie et al., 2013; Ghavimi
et al., 2015; Oleyaei et al., 2016a; Campos-Requena et al.,
2017; Dufresne and Castano, 2017; Javanbakht and Namazi,
2017; Kuswandi, 2017; Liu G. et al., 2017; Liu S. et al., 2017;
Sarka and Dvoracek, 2017, Ilyas et al., 2018, Ilyas et al.,
2019). However, the melting temperature of native starch is
higher than its degradation temperature. Consequently, for
most applications, it is necessary to transform the granular
starch into an amorphous and homogenous thermoplastic matrix
(Biliaderis, 2009; Bertolini, 2010; Visakh et al., 2012; Abral et al.,
2019). Starch plasticization has been intensively investigated by
many authors (Aichholzer and Fritz, 1998; Huang et al., 2005; Dai
et al., 2008; Li et al., 2008; Pushpadass et al., 2008; Xie et al., 2012;
Ostafinska et al., 2017). The results of these investigations showed
that the preparation of thermoplastic starch (TPS) depended on
many factors, such as the starch source (e.g., wheat, corn, and
potato; Ao and Jane, 2007; Bertolini, 2010), plasticizer type (Dai
et al., 2008; Pushpadass et al., 2008), and processing method
(Altskar et al., 2008). The majority of starch-based composites
have been prepared by single-step solution casting (SC; Campos
et al., 2017; Dufresne and Castano, 2017; Guz et al., 2017;
Javanbakht and Namazi, 2017; Liu S. et al., 2017; Pelissari et al.,
2017; Ali et al., 2018; Abral et al., 2019) or single-step melt
mixing (MM; Campos-Requena et al., 2017; Olivato et al., 2017).
The TPS materials prepared by the above-mentioned single-step
procedures were found to be homogeneous at the macroscopic
level but showed various inhomogeneities, such as non-fully
plasticized starch granules, at the microscopic level. Nevertheless,
our recent work (Ostafinska et al., 2017) has demonstrated that
a two-step procedure based on solution casting and subsequent
melt mixing resulted in a highly homogeneous TPS matrix with
very homogeneous dispersion of TiO2 particles.

Significant attention has been devoted in the recent literature
to the TPS-based composites with different kinds of fillers (Xie
et al., 2013). This work is focused on TPS composites with
titanium dioxide, with high content of filler (>10 wt.%), which
have not been studied so far according to available literature, as
summarized below. Common fillers employed in TPS composites
comprise clays (Carvahlo et al., 2001; Dai et al., 2012; Kelnar
et al., 2013; Oleyaei et al., 2016a; Campos-Requena et al., 2017;
Olivato et al., 2017), graphene (Javanbakht and Namazi, 2017),
carbon nanotubes (CNT) (Liu S. et al., 2017), natural fibers
(Svagan et al., 2009; Campos et al., 2017; Kargarzadeh et al., 2017;
Pelissari et al., 2017; Ilyas et al., 2018, 2019), polysaccharide-
based crystals (Dufresne and Castano, 2017; Ali et al., 2018),
and metal oxides and chalcogenides (Oleyaei et al., 2016b; Guz
et al., 2017; Liu et al., 2018). Titanium dioxide (TiO2) represents
attractive filler in materials for biomedical applications due to
its biocompatibility with bone cells and tissues (Webster et al.,
1999, 2000; Sengottuvelan et al., 2017). This material has been
widely studied in biodegradable composites, such as PLA/TiO2

(Boccaccini et al., 2005), PLA/TiO2-Bioglass (Boccaccini and

Blaker, 2006), PLA/PCL/TiO2 (Mofokeng and Luyt, 2015a,b;
Ostafinska et al., 2015), and PCL/TiO2 (Tamjid et al., 2011;
Gupta et al., 2012; Vackova et al., 2017). Nevertheless, just
little information is currently available regarding the effects
of TiO2 on the properties of thermoplastic starch. Yun et al.
(2012) investigated starch/polyvinyl alcohol/TiO2 (5–15 wt.%)
nanocomposites that show photocatalytic activity under UV and
visible light irradiation. Fei et al. (2013) studied the influence
of TiO2 (0–8 wt.%) on the structure of TPS/polycaprolactone
(PCL) blends. Razali et al. (2016) prepared TPS/TiO2 (1 wt.%)
composites reinforced with Donax grandis hypodermal fiber
(DGHF) by solution casting followed by compression molding.
These researchers reported that the addition of DGHF to TPS
led to structural changes and increased the crystallinity of
the composites. Furthermore, the addition of TiO2 enhanced
the crystallinity and resulted in a coarse fiber surface. Oleyaei
et al. (2016a,b) studied TPS-based nanocomposites (prepared
by solution casting) with the addition of TiO2 (0.5–2 wt.%),
and the same composites with the addition of both TiO2 and
sodium montmorillonite (MMT). They found that maximum
improvement in mechanical properties for the TPS/TiO2

composite was achieved for 1% of the filler, whereas for
TPS/TiO2/MMT the best results were obtained for 2 wt.% of TiO2

and 3 wt.% of MMT. Furthermore, our recent study (Ostafinska
et al., 2017) reported on the addition of low amounts of TiO2

(0–3 wt.%) to TPS. It was demonstrated that the TiO2 particles
changed the crystallinity and rheological properties slightly due
to the partial degradation of the TPS matrix during melt mixing.

In this work, we focused our attention on TPS/TiO2

composites with higher filler content (up to 20%) that have not
been reported in the literature to date. We wanted to verify
that the previously described two-step preparation protocol of
TPS composites, which yielded highly homogeneous TPS/TiO2

systems for up to 3% of the filler (Ostafinska et al., 2017) will
also be effective for the preparation of highly loaded TPS/TiO2

composites. Moreover, we investigated whether the combination
of a high-viscosity TPS matrix and a high filler concentration
will result in a material with good thermomechanical properties
that can be prepared using standard solution casting and
melt mixing procedures. Finally, we prepared TPS/ATB and
TPS/TiO2/ATB composites in order to verify that thermally
resistant antibiotics, such as vancomycin, can survive our two-
step plasticization process and filler addition without losing their
antibacterial activity.

EXPERIMENTAL

Materials
Wheat A-starch (S) was supplied by Amylon a.s., Czech Republic
(type Soltex NP1; amylose content ∼25%; particle size 5–25µm;
total solids: 88.5%—CSN EN ISO 1666; SEM micrograph of
the source starch shown in Figure S1). Anhydrous glycerol
(G; min. 99%), hydrochloric acid (HCl; 35%) and sodium
bromide (reagent grade; min. 99%) were obtained from Lach-
Ner, Czech Republic. Commercial titanium dioxide (TiO2;
anatase, particles size 50–200 nm) was provided by Sigma-
Aldrich, USA. The commercially available vancomycin antibiotic
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TABLE 1 | List of the prepared TPS-based composites.

Sample S (wt.%) G (wt.%) TiX (wt.%) ATB (wt.%)

TPS 70 30 – –

TPS/TiO2 (10%) 63.2 26.8 10 –

TPS/TiO2 (20%) 56.2 23.8 20 –

TPS/ATB 63.2 26.8 – 10

TPS/TiO2/ATB 56.2 23.8 10 10

All samples contain residual water after processing by solution casting and melt

mixing (∼5%).

(ATB; Vancomycin Mylan, obtained from Biologici Italia, Italy)
was used in ATB-loaded composites.

Preparation of TPS/TiO2/ATB Composites
All of the samples (Table 1) were prepared by the two-step
method consisting of solution casting (SC) followed by melt
mixing (MM) as described in more detail in our previous report
(Ostafinska et al., 2017). All of the chemicals used for the sample
preparation (see previous section) were stored in a refrigerator in
order to minimize their possible degradation (which might be a
problem especially for the biodegradable starch powder). Briefly,
the samples were made by SC using a starch/glycerol ratio of
70/30 (wt.%) and starch/water ratio of 1/6. At first, starch powder,
TiO2 and/or ATB were dispersed in water using an ultrasonic
bath for 1min, and then the glycerol was added for 2min.
The prepared water suspension (starch with glycerol and all
additives, which was premixed for 30min at room temperature)
wasmixed at an elevated temperature until the viscosity increased
significantly (at least 10min at a temperature above 65◦C), and
the mixture became visually homogeneous. Then the solution
was cast onto thin foils and dried at the ambient temperature
for 2–3 days followed by storage for 4 days in a desiccator
with a supersaturated NaBr solution (relative humidity = RH
= 57%). The dried SC samples were melt mixed (5min, 110◦C,
100 rpm) in a microextruder (µ-processing DSM, Netherlands)
and compression molded (SC + MM samples) at 110◦C (4 min
at 50 kN + 2 min at 150 kN) in a special frame by a hydraulic
press (Fontijne Grotnes, Netherlands). Since the properties of the
TPS samples are very sensitive to humidity, all of the samples
were stored in a desiccator with a supersaturated NaBr solution
immediately after the preparation and between all experiments.
The aging of samples was performed at the same conditions, i.e.,
the samples were kept 6 months at ambient temperature, closed
in a desiccator with supersaturated NaBr solution.

Characterization of TPS/TiO2/ATB
Composites
Light Microscopy
The overall homogeneity of the filler dispersion at lower
magnifications was checked using a light microscope (Nikon
Eclipse 80i; Nikon, Japan). Thin sections (∼40µm) were cut
with a rotary microtome (RM 2155; Leica, Germany), placed in
oil between the support and cover glasses and observed with
transmitted light using bright field imaging.

Scanning Electron Microscopy
Morphology of the TPS matrix and composites at higher
magnifications was visualized with a high resolution field-
emission gun scanning electron microscope (SEM) (Quanta
200 FEG; FEI, Czech Republic) using secondary electron
imaging (SEM/SE) and backscattered electron imaging
(SEM/BSE) at 5–30 kV. The samples were broken in liquid
nitrogen (below the glass transition temperature of TPS),
fixed on a metallic support using silver paste (Leitsilber
G302, Christine Groepl, Austria), and the fracture surfaces
were covered with a thin Pt layer (∼8 nm; vacuum sputter
coater, SCD 050, Balzers, Liechtenstein). The SEM/SE and
SEM/BSE micrographs showed mostly topographic and material
contrast, respectively.

Attenuated Total Reflectance Infrared Spectroscopy
Infrared spectra of TiO2, TPS, and composites (after preparation
and after 6 months) were acquired with a Golden Gate single
reflection attenuated total reflectance cell (ATR; Specac,
Ltd., Orpington, Kent, UK) using a Fourier transform
infrared spectrometer (FTIR; Thermo Nicolet Nexus 870;
Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA)
purged with dry air. The spectrometer was equipped with a
liquid nitrogen cooled mercury cadmium telluride (MCT)
detector, and the ATR cell employed a diamond internal
reflection element. The ATR FTIR spectra were recorded
with a resolution of 4 cm−1, and 256 scans were averaged
per spectrum. After subtraction of the spectrum of the
atmosphere, the baselines were corrected (linear baseline
correction) and an advanced ATR correction was applied (the
correction is defined and recommended within the control FTIR
software OMNIC).

Wide-Angle X-Ray Scattering (WAXS)
Diffraction patterns were obtained using an Explorer high-
resolution diffractometer (GNR Analytical Instruments, Italy).
This instrument was equipped with a one-dimensional silicon
strip detector Mythen 1K (Dectris, Switzerland). Samples were
measured in a reflection mode. CuKα radiation (wavelength λ

= 1.54 Å) monochromatized with a Ni foil (β filter) was used
for diffraction experiments. The measurements were performed
in the 2θ range of 3 to 50◦ with a step of 0.1◦. The exposure
time at each step was 10 s. The peak deconvolution procedure
was carried out using the Fityk software (Wojdyr, 2010).
The peak positions were employed to obtain the periodicities
according to Bragg’s law, d = λ/2sinθ, where λ was the X-
ray wavelength and θ was the scattering angle. Crystallinities
were estimated using the integral intensities of the diffraction
signals of the crystalline (Ic) and amorphous (Ia) phases CR =

Ic/(I c + I a).

Rheometry
Rheological properties were studied in oscillatory shear flow
using a Physica MCR 501 rheometer (Anton Paar GmbH,
Austria). Special anti-slipping parallel-plate geometry of
25mm diameter plates was used. The sample thickness
was ∼1mm. The experiments were performed at 120◦C
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in the linear viscoelastic range (LVE range), confirmed
by a strain sweep test at the frequency of 1Hz. Dynamic
frequency sweeps tests were carried out for the frequency
range of 10−1–102 rad/s at a strain of 0.05%. Each
sample was measured at least three times and the results
were averaged.

Dynamic Mechanical Analysis
Mechanical properties were evaluated by dynamic-mechanical
analysis (DMA). The linear viscoelastic characteristics—the
absolute value of complex modulus |G∗|, storageG′, loss modulus
G′′ and loss factor tan(δ)—were measured in the rectangular
torsion mode using a Physica MCR 501 rheometer (Anton Paar
GmbH, Austria). First, the strain amplitude sweep tests were
conducted at the frequency 1Hz in order to determine the linear
viscoelastic range of the TPS matrix and all of the TPS/TiO2/ATB
composites. Then, two types of experiments were performed:
frequency sweeps and temperature sweeps. The frequency sweep
measurements were carried out at room temperature (23◦C) in
the frequency range of 10−1 to 102 rad/s, the strain was set
to 0.1%, and the results of at least two specimens with the
dimensions of 20× 10× 1.5mmwere averaged. The temperature
sweep measurements were carried out in the temperature range
of −90 to 100◦C (with a heating rate of 5◦C/min), at a
strain of 0.05%, and angular frequency of 6.28 rad/s. Each
sample was measured at least three times and the results
were averaged.

Antimicrobial Susceptibility Testing of
TPS/TiO2/ATB Composites
The classical microbiological tube dilution test and disk diffusion
test were used to evaluate the antimicrobial susceptibility
(activity) as described elsewhere (Jorgensen and Ferraro, 2009).
Both TPS/ATB and TPS/TiO2/ATB composites were used for
these experiments. In the tube dilution test, the samples
were dispersed into tubes containing 5ml of Mueller Hinton
broth (Oxoid; Czech Republic). The resulting concentration
of vancomycin in the polymer was 32 mg/L. The injectable
vancomycin was diluted in the same medium to achieve the
concentration of 32 mg/L as well. All of the tested tubes including
the control sample without the antibiotics were inoculated
with a standardized bacterial suspension of the CCM 4223
Staphylococcus aureus reference strain (density according to
McFarland = 1). In disk diffusion method, the samples were
slightly pushed into Mueller Hinton (Oxoid; Czech Republic)
agar surface inoculated with suspension of the reference strain
CCM 4223 Staphylococcus aureus in saline (density according to
McFarland= 0.5) and the inhibitory zone was observed. Each test
was performed two times in order to verify the reproducibility.

RESULTS AND DISCUSSION

Morphology of TPS Composites
TPS/TiO2 and TPS/TiO2/ATB composites after solution casting
(SC) and melt mixing (SC + MM) (Table 1) were observed by

FIGURE 1 | LM micrographs showing the structure of the TPS/TiO2 composites with (A,C) 10% and (B,D) 20% of the filler: (A,B) after solution casting and (C,D)

after solution casting and melt mixing.
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FIGURE 2 | SEM/SE micrographs showing TPS/TiO2 composites with (A,C) 10% and (B,D) 20% of the filler: (A,B) after solution casting and (C,D) after solution

casting and melt mixing.

LM (Figure 1) and SEM (Figure 2). The lower magnification LM
micrographs proved that the large agglomerates of TiO2 particles,
which were formed after SC (Figures 1A,B) were destroyed
after SC + MM (Figures 1C,D). The higher magnification SEM
micrographs showed that the TiO2 particles tended to envelop
the plasticized but not-fully merged starch granules after SC
(Figures 2A,B), while the subsequent MM step resulted in the
complete merging of starch granules and a highly homogeneous
distribution of the TiO2 nanoparticles (Figures 2C,D).

Both LM and SEM micrographs confirmed that the two-step
preparation (SC+MM) was necessary to obtain fully plasticized
starch with a homogeneously dispersed filler (up to 20 wt.%).
SC led to non-fully merged starch granules, while MM alone
resulted in non-plasticized granules and/or their agglomerates in
the TPS matrix (Figure S2). This finding was in agreement with
the results of our previous work (Ostafinska et al., 2017) on the
TPS/TiO2 composites with lower filler amounts (up to 3%). The
morphological study also proved that the addition of ATB (up
to 10 wt.%) had no effect on the morphology of the TPS matrix
and on the dispersion of TiO2 particles (Figure S3). Further
morphological results suggested that even higher concentrations
of TiO2 (up to 25%) could be dispersed in the TPS matrix
using our two-step SC + MM method (Figure S4) but the
particles began to agglomerate and the viscosity of the composites
increased too much, preventing their reproducible preparation
and reliable rheological characterization.

IR and WAXS Characterization of TPS
Composites
The changes in the structure between the native starch and the
thermoplastic starch (after SC and after SC+MM) were studied
in detail in our previous work (Ostafinska et al., 2017). In the
present work, we characterized the structure of the TPS/TiO2

composites prepared by SC+MMand their changes during aging.
Figure 3 shows ATR FTIR spectra of the composites together
with the spectrum of the starch powder. The figure displays
the bands in the 1,100–900 cm−1 region (C–O, C–C stretching,
and C–O–H bending), which were shown to be sensitive to
the changes in the crystalline structure of the starch (Capron
et al., 2007): the intensity of the band at 1,022 cm−1 appeared
to increase in more amorphous samples, while the bands at
1,000 and 1,047 cm−1 became more defined in more crystalline
samples. In a recent study (Warren et al., 2016), it was shown
that the relationship between the infrared spectra of the starches
with different degrees of order is more complex than it had
been previously appreciated; nevertheless, it was also confirmed
that the main difference between the starches with high and low
degrees of order is a shift of the band at 1,020 cm−1 to higher
wavenumbers (Warren et al., 2016). As presented in Figure 3,
our results showed that compared to the starch powder with the
band at 1,020 cm−1, the FTIR spectra of the composites exhibited
a shift of that band to 1,027 cm−1, while the relative intensities
of the bands at 1,047 and 998 cm−1 decreased. This is explained
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FIGURE 3 | IR spectra of TPS and TPS/TiO2 composites after preparation

and after 6 months of aging; the peaks at 998, 1020, and 1047 cm−1 are

connected with the changes of crystalline structure of the TPS matrix.

by the decrease in the crystallinity (short range ordering) of the
starch in the composites, in agreement with our previous report
(Ostafinska et al., 2017). Upon aging of the composites, small
changes of the TPS crystalline structure could be observed: The
central band in the FTIR spectra was shifted back in the direction
of lower wavenumbers to 1,025 cm−1 and the intensities of the
bands at 1,047 and 998 cm−1 increased, indicating an increase
in ordering and recrystallization. Furthermore, the IR/ATR data
suggested that the addition of TiO2 and ATB did not influence
the TPS matrix structure (Figure S5).

WAXS patterns are summarized in Figure 4. The
diffractograms were normalized approximately to the same
noise and then to the intensity of characteristic triplet of
diffraction of TiO2 anatase form (the three diffractions around
2θ = 38◦). The diffraction peak positions of neat TPS were in
reasonable agreement with the results of previous studies (Soest
et al., 1996; Ostafinska et al., 2017). All TPS/TiO2 composites
showed sharp peaks corresponding TiO2. The TPS crystalline
structure did not change with time significantly as evidenced
by the fact that most of the TPS diffraction peaks retained their
positions and intensities. The moderate changes of crystalline
structure were in agreement with FTIR results (Figure 3).
One notable change was associated with the neat TPS sample,
where the peak at 2θ = 16.9◦ became much more pronounced
after 6 months of aging. This corresponded to the starch
crystallization into VH type crystals (retrogradation; Zobel et al.,
1967; Rappenecker and Zugenmaier, 1981; Soest et al., 1996; Ilyas
et al., 2018). Interestingly, this change was not observed in the
TPS/TiO2 composites, suggesting that the higher concentration
of TiO2 particles prevented standard TPS retrogradation and
resulted in the formation of different crystalline structures that
were not stable with time, as discussed below. A few lower-
intensity TPS diffractions (mostly at 2θ > 25◦) were observed

FIGURE 4 | X-ray diffraction patterns of TPS and TPS/TiO2 composites after

preparation and after 6 months of aging. The diffraction pattern at the bottom

is theoretically calculated diffractogram of anatase modification of titanium

dioxide. The peaks of TPS are marked with their 2θ values.

for TPS/TiO2 composites in comparison with neat TPS, which
confirmed that TiO2 nanoparticles somewhat influenced the
crystalline structure of TPS matrix. The overall TPS crystallinity
increased with the addition of TiO2 and then it slightly decreased
after 6 months of aging. After the preparation, the neat TPS
exhibited the crystallinity of 6.5%, whereas TPS/TiO2 (10%)
and TPS/TiO2 (20%) showed the crystallinity of 9.8 and 24.8%,
respectively. After 6 months of aging, the crystallinity of the
neat TPS increased slightly (although the change from 6.5 to
6.8% was within experimental and/or fitting procedure error),
while the crystallinities of the TPS/TiO2 (10%) and TPS/TiO2

(20%) composites somewhat decreased to 7.7 and 18.9%,
respectively. Our tentative explanation consists in that TiO2

particles promoted the ordering and crystallization of the starch
during the plasticization process, but the TiO2-induced crystalline
structures were metastable and during the aging process were
slowly destroyed by the plasticizer molecules. The concentration
of plasticizer in TPS was almost constant as demonstrated by
an independent TGA analysis (Figure S6). This explanation
is supported by the fact that the observed changes (i.e., both
TiO2-induced increase in crystallization and the subsequent
decrease in the crystallization during aging) were more intense
for higher TiO2 particle concentrations. In TPS composites with
lower filler concentrations (and in the neat TPS observed in this
work), the crystallinity tends to increase with time (Mina et al.,
2012; Wang et al., 2015). However, in the TPS/TiO2 composites
with higher filler concentrations the crystallinity showed a
reversed trend, as unambiguously proved by WAXS.

For neat TPS, both ATR FTIR and WAXS methods were
in agreement that crystallinity slightly increased with aging
due to retrogradation. For TPS/TiO2 composites the situation
was different: ATR FTIR results indicated a slight increase in
the crystallinity and ordering with time, while WAXS results
proved a measurable decrease in the TiO2-induced crystallinity
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FIGURE 5 | Frequency sweep from oscillatory shear rheometry: absolute

values of complex viscosities of the TPS/TiO2/ATB composites at 120◦C and

strain of 0.05%, including comparison of the experimental points and their

fitting with a power-law model (description of model in Ostafinska et al., 2017).

with time. This could be explained by the core-shell structure
of the prepared samples. ATR FTIR collects signal from the
thin shell, i.e., from the very surface layer at the top of the
sample, where the concentration of the plasticizers during aging
decreases. Consequently, the above-proposed destruction of
metastable crystalline structure due to plasticizers was limited
and the dominating effect was a crystallinity increase due to
retrogradation. WAXS collects signal from the bulk, because the
X-rays penetrate inside the specimen, where concentration of
the plasticizers is high. According our tentative explanation from
the previous paragraph, the high concentration of plasticizers
destroys the proposed metastable, TiO2-induced TPS crystalline
structures. Therefore, the dominating effect was the small
crystallinity decrease. The formation of metastable crystalline
structures due to high concentration of filler was rather
surprising and not observed for lower concentration of fillers in
previous studies, but we should note that TPS matrices with such
high filler concentration have not been characterized by WAXS
in the literature so far.

Rheological Properties
The rheological properties of TPS/TiO2/ATB composites
measured in the oscillatory shear at 120◦C are shown in
Figures 5, 6. The logarithmic dependence of the TPS complex
viscosity (|η∗|) on the angular frequency (ω) showed a linear
decrease almost in the entire 0.1–100 rad/s range. A slight
curvature down appeared only for the lowest frequencies. The
storage modulus (G′) was larger than the loss modulus (G

′′

) in
the entire range of ω. G′ grew linearly with frequency for ω

above 0.4 rad/s in the logarithmic plot and curved down faintly
with decreasing frequency for ω below 0.4 rad/s. This behavior
corresponded to the slightly crosslinked polymers, physical gels
or uncrosslinked polymers with high molecular weights, for
which the Newtonian plateau in the viscosity and the crossing
point of G′ and G′′ are shifted to a low ω (Mezger, 2014).

The complex viscosity (|η∗|) values of TPS/TiO2 composites
were very high in the entire range of frequencies (Figure 5), in
agreement with previous studies (Della Valle et al., 1998; Deme
et al., 2014; Ostafinska et al., 2017). The complex viscosities of
TPS/TiO2 exceeded the complex viscosity value for the pure
TPS matrix. The storage and loss moduli of TPS/TiO2 were
higher than those of neat TPS in the entire frequency range.
The enhancement of the rheological properties of TPS/TiO2 with
respect to neat TPS increased with the amount of TiO2 in the
composite. The shapes of the dependences of |η∗|, G′ and G′′ on
ω for TPS/TiO2 were essentially the same as those for neat TPS.
There was no indication that TiO2 formed a continuous physical
network in TPS.

The previously studied composites with TiO2 concentrations
of up to 3% (Ostafinska et al., 2017) had the values of storage,
loss, and complex modulus slightly lower than the corresponding
values for pure TPS, which was attributed to the chain scissions
of the TPS molecules at elevated temperatures. In this work,
the moduli of the TPS/TiO2 (10%) composites were already
higher than those for TPS. This indicated that for a higher
filler content, the reinforcing properties of the filler were already
more dominant than the chain scissions of the TPS molecules at
elevated temperature, resulting in the significantly higher moduli
of the TPS/TiO2 composites in comparison with the pure TPS
matrix (Figures 6A,B).

The effect of the ATB addition on the rheological properties of
TPS was more complex. Higher values of |η∗|, G′ and G′′ were
found at ω above 1 rad/s for TPS/ATB (90/10) in comparison
with TPS/TiO2 (90/10); the same trend applied to TPS/TiO2/ATB
(80/10/10) in comparison with TPS/TiO2 (80/20). In contrast to
the TPS/TiO2 composites, the shapes of the logarithmic plots of
the rheological properties vs. ω for composites containing ATB
differed remarkably from those for neat TPS. The decrease of
|η∗| with ω in the linear region of the logarithmic plot (above ω

= 1 rad/s) was slower and the related increase in G′ was steeper
for the composites containing ATB than for neat TPS or for the
TPS/TiO2 composites. A decrease in the values of |η∗| and G′

for low frequencies with respect to the related values obtained
by extrapolation from the linear regions of the logarithmic
plots started at higher ω and was substantially higher for the
composites with ATB than for neat TPS and TPS/TiO2. This
indicated that ATB enhanced the contribution of the elements
with short relaxation times and suppressed the contribution of
the elements with long relaxation times to the viscosity and
elasticity of the composites. This was apparently a consequence
of the complex, hydrogen-bond based interactions among starch,
glycerol, and ATB.

Mechanical Properties
The dynamic moduli of TPS/TiO2/ATB composites at room
temperature (ω = 1.33 rad/s, deformation = 0.1%) are
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FIGURE 6 | Frequency sweeps from oscillatory shear rheometry: (A) Storage modulus G′ and (B) loss modulus G
′′

(B) of the TPS/TiO2/ATB composites at 120◦C

and strain of 0.05%.

summarized in Figure 7. The storage moduli (G′) and
complex moduli (|G∗|) of all composites were higher than
the corresponding moduli of the pure TPS matrix. With the
addition of TiO2 the storage moduli increased by 1.3 and 3
times for 10 and 20% of the filler, respectively. The modulus
of the TPS/ATB samples was 20 times higher than that of TPS,
confirming the strong interaction between ATB and TPS matrix.
A further increase in the modulus of 1.4 times with respect to
TPS/ATB (90/10) was obtained for the TPS/TiO2/ATB (80/10/10)
samples. This suggested that the influence of the filler content on
the elastic modulus was approximately the same for both TPS
(1.3× increase) and TPS/ATB (1.4× increase). Somewhat higher
estimated standard deviations for the TPS/TiO2 composites in
comparison with the pure (and homogenous) matrix can be
attributed to the fact that the mechanical properties are very
sensitive to the homogeneity of material and also to the fact that
TPS materials are sensitive to moisture content and aging (Della
Valle et al., 1998).

Dynamic mechanical thermal analysis (DMTA) of the
TPS/TiO2/ATB composites was carried out in order to
supplement room temperaturemeasurements and to characterize
the influence of TiO2 and ATB on the phase changes in the TPS
systems (Figure 8). Neat TPS systems after two-step preparation
by SC + MM contained 30% of glycerol and 5% of residual
water as evidenced by TGA (Figure S6). Their G′-curves
(Figure 8A) showed behavior typical of gels with a low degree
of crosslinking: above Tg, the elastic modulus curve clearly
goes down, and G′ is higher than G′′ in the entire temperature
range (Figures 8A,B) (Mezger, 2014, p. 195). These gel-like
DMTA results can be attributed to the high-molecular weight
branched amylopectin molecules. The loss modulus (G′′) and the
damping factor (tan(δ)) curves (Figures 8B,C) showed two local
maxima corresponding to the two glass transition temperatures
(Tg) typical of TPS with higher concentration of plasticizers
(Mezger, 2014, p. 192). Generally, the addition of plasticizers to a
polymer system decreases the Tg. A higher content of plasticizers
may result in two glass transitions, indicating the presence of
two separate phases with different plasticizer concentrations
(Mezger, 2014, p. 196). In the specific case of TPS plasticized

FIGURE 7 | Shear moduli (storage modulus G′, loss modulus G
′′

, and

complex modulus |G*|) from DMTA analysis of the TPS/TiO2/ATB composites,

determined at room temperature, angular frequency 1.33 rad/s and strain of

0.1%; error bars represent standard deviations.

with glycerol in combination with water, the two observed
maxima were assigned to the “glycerol-rich phase” (below 0◦C)
and the “starch-rich phase” (also “amylopectin-rich phase” or
“glycerol-poor phase”; above 0◦C); their exact location and
intensity depends on the preparation protocol (Viguie et al.,
2007; Bertolini, 2010; Saiah et al., 2012; Balakrishnan et al., 2017;
Sessini et al., 2018). It is worth noting that DMTA analysis turned
out to be a more sensitive tool for Tg detection than the DSC
method, which was used in our previous work (Ostafinska et al.,
2017) on analogous systems, where DSC was able to detect the
“glycerol-rich phase” glass transition but not the “starch-rich
phase” glass transition.

The influence of the additives on the DMTA properties of
the TPS/TiO2/ATB systems illustrated in Figure 8 corresponded
quite well to the expected trends. The addition of the filler
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FIGURE 8 | Dynamic mechanical thermal analysis of the TPS/TiO2/ATB composites at the angular frequency of 6.28 rad/s and strain of 0.05%: (A) Storage modulus

G′, (B) loss modulus G
′′

, and (C) damping factor tan(δ).

can strongly influence the overall stiffness of the composite
(related to G′) and the glass transition temperature of the matrix
[related to the peaks of G′′ and tan(δ)]. Typically, increasing filler
concentration results in the shift of the G′-curve to higher values
that is accompanied by the decreasing intensity and broadening
of the G′′ and tan(δ) peaks.

The stiffness of TPS (represented by absolute values of
G′ in the entire temperature range) increased both after the
addition of the TiO2 particles and ATB (Figure 8A). The only
small exception were the lowest temperatures (at approximately
−90◦C), where the storage moduli of TPS and TPS/TiO2

composites were approximately the same, while the ATB-
containing systems exhibited higher G′ at all temperatures. The
increase in G′ due to high-modulus inorganic TiO2 particles was
logical while the further G′ increase after addition of organic
ATB molecules appeared to arise from complex, and not-entirely
understood interactions among thematrix, the TiO2 particles and
ATB, as discussed in the previous section dealing with rheology.
Both the neat TPS matrix and all of the composites had storage
moduli values higher than those of the loss moduli (G′

> G
′′

)
in the entire temperature range (cf. Figures 8A,B), confirming
the gel-like structure and physical stability of all systems (Ross-
Murphy, 1995).

The two glass transition temperatures of the TPS composites
(related to theG′′ and tan(δ)curve peaks) showed similar changes
(Figures 8B,C). The peaks corresponding to Tg of the “glycerol-
rich phase” of all composites were slightly shifted toward higher
temperatures (from −63◦C for TPS to −55◦C for the ATB
composites and to −52◦C for the TiO2 composites; Figure 8C).
Additionally, the peaks corresponding to the Tg values of the
“starch-rich phase” were shifted toward higher temperatures for
all of the composites (from 5◦C for TPS to 35◦C for the ATB
composites and to 39◦C for the TiO2 composites) and the filler
effect was even stronger. Therefore, the addition of both TiO2

and ATB slightly hindered the mobility of the glycerol-rich phase
(TiO2 more than ATB) and strongly decreased the mobility of
the “starch-rich phase” (both additives showed approximately the
same effect). This effect was described in similar systems (Viguie
et al., 2007; Sessini et al., 2018) and it was attributed to attractive
interactions, such as hydrogen bonding between the additives

and the TPS matrix, in the cases where all of the components (in
our case: starch, glycerol, ATB vancomycin, and surfaces of the
TiO2 particles) contain –OH groups. Moreover, it was suggested
that the Tg shift of the “starch-rich phase” was due to the lower
molecular mobility of amylopectin chains in TPS (Viguie et al.,
2007; Sessini et al., 2018).

Antibacterial Activity
TPS composites, such as TPS/ATB and TPS/TiO2/ATB represent
promising materials for the treatment of strong local infections.
TPS is fully biocompatible and biodegradable and can be blended
with other suitable biodegradable polymers (typically PCL) in
order to adjust biodegradability rate and/or ATB release rate
for given application. Inorganic particles, such as TiO2 can
be used to fine-tune the thermo-mechanical performance, as
demonstrated in the previous sections above. However, it still
must be determined whether the selected ATB (in our case:
vancomycin) can survive the two-step sample preparation and
retain its role as the active antimicrobial agent. In order to answer
this question, two standard and well-established antimicrobial
susceptibility tests were performed: tube dilution test and disk
diffusion test (Jorgensen and Ferraro, 2009).

The tube test results are shown in Figures 9A,B. The test
tubes were filled with water and loaded with a small piece of
the TPS/ATB and TPS/TiO2/ATB samples from which 32 mg/L
of ATB was expected to be released within 24 h (Slouf et al.,
2017). The concentration of 32 mg/L was selected as the maximal
acceptable limit for most biomedical applications. The ATB-
containing tubes were inoculated with a standardized bacterial
suspension of Staphylococcus aureus. Following overnight
incubation (ca. 18 h), the tubes were examined for visible
bacterial growth as evidenced by turbidity. The bacterial broth
culture remained clear in both tubes containing the systems
with antibiotics (TPS/ATB and TPS/TiO2/ATB; Figure 9A),
proving that the released ATB could inhibit the bacterial growth.
The control sample (pure TPS; Figure 9B) exhibited turbidity,
evidencing the microbial growth.

The modified disk diffusion test (Figures 9C–E) confirmed
the results obtained in the tube dilution test. The same fresh
samples (similar to those used in the tube dilution tests)
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FIGURE 9 | Photographs showing the main results of antibacterial activity tests: (A,B) tube tests and (C–E) disk diffusion tests. Pictures of tubes (A,B) were made

after 18 h of incubation: (A) shows translucent solutions of TPS/ATB (right) and TPS/TiO2/ATB (left), while (B) shows turbid solution of control neat TPS sample.

Pictures of disks (C–E) display clear inhibitory zones around small white rectangular samples of TPS/ATB (C) and TPS/ATB/TiO2 (D), while the control neat TPS

sample exhibits no inhibitory zone (E).

were pushed slightly into the agar plates inoculated with the
Staphylococcus aureus reference strain (0.5 McFarland in saline).
The plates were incubated for 18 h prior to the evaluation of
the results. For TPS/ATB and TPS/TiO2/ATB, typical inhibitory
zones formed in the vicinity of the carrier indicated the release
of the active ATB onto the agar medium (Figures 9C,D). This
means that the antibiotics must have survived our SC +

MM sample preparation and kept is antibacterial activity. Both
inhibitory zones were similar, indicating that TiO2 particles did
not influence the ATB release. The control sample (pure TPS,
Figure 9E) showed no inhibitory zone.

Both the tube test and the disk diffusion test demonstrated
that a suitable ATB (such as vancomycin) that is resistant to
elevated temperatures during solution casting (up to ca +80◦C)
and melt mixing (up to ca +120◦C) can survive in the TPS in its
active form. Moreover, the tests provided additional information
regarding the different release rates of the TiO2 particles and
ATB molecules from TPS. The TiO2 particles were not released
from TPS to the solution and/or agar, as can be deduced from
the fact that both solutions did not show visible white turbidity
(Figures 9A,B). The particles must have been bonded well to the
starch molecules by hydrogen bonds, because both components
have an abundance of –OH groups. On the other hand, the
ATB molecules can be released from the TPS structure even
though ATB also contains –OH groups and interacts with TPS,
as clearly evidenced by the rheological and thermomechanical
measurements (Figures 5–8). However, for ATB, the osmotic
pressure was evidently stronger than the effect of the hydrogen
bonds that keep the ATB inside the thermoplastic starch.

Limitations of Current Study
TPS composites prepared in this work were characterized
thoroughly regarding their morphology, rheology, and
thermomechanical properties. The reproducibility of the
preparation, the ideal homogeneity, and the full biodegradability
make the prepared TPS composites suitable for biomedical
applications for fast release of antibiotics during strong local
infections. In potential applications, a temporary biodegradable
TPS implant would release the ATB and then it would be safely
degraded. However, the present work was focused on material

characterization, whereas the antimicrobial susceptibility
testing was somewhat simplified. In future work, two issues
should be taken into consideration: the real biocompatibility of
TiO2 particles and the bactericidal effect of ATB (not only the
bacteriostatic effect like in this work).

For the biocompatibility of the TiO2 particles, the situation
is not entirely clear. Numerous authors have reported that
TiO2 micro- and/or nanoparticles are a fully biocompatible
material (Webster et al., 1999, 2000; Sengottuvelan et al., 2017),
which is also broadly used as a food additive (Dudefoi et al.,
2017). However, quite recently other researchers started to raise
concerns about the potential toxicity of TiO2 micro- and/or
nanoparticles, particularly at the higher particle concentrations.
On the one hand, Dudefoi et al. concluded that food grade TiO2

particles did not significantly alter the human gut microbiota
(Dudefoi et al., 2017) and Cervantes et al. found that TiO2 thin
films did not affect the mitochondrial function and proliferation
of CHO-K1 cells (Cervantes et al., 2016). On the other hand,
Fu et al. (2014) studied the generation of the reactive oxygen
species (ROS) by various nanomaterials, which is an important
nanotoxicity mechanism. They pointed out that the toxicity of
the nanomaterials (related to generation of ROS) depends on
many factors, such as the size, shape, particle surface, surface
positive charges, surface-containing groups, particle dissolution,
metal ion release from nanometals and nanometal oxides, UV
light activation, aggregation, mode of interaction with the cells,
inflammation, and the pH of the medium (Fu et al., 2014).
Furthermore, Yu et al. (2017) studied the toxicity of nano-
TiO2 (both anatase and rutile with similar particle sizes) for
mammalian cells. They found that the anatase nano-TiO2 had a
high affinity to proteins, whereas the rutile nano-TiO2 had a high
affinity to phospholipids. They proved that crystal phase-related
surface affinity plays an important role for the nanotoxicity of
different biomolecules (Yu et al., 2017). Therefore, the TPS/ATB
composites are expected to be fully biocompatible, while the
TPS/TiO2/ATB composites should be further tested for the
potential toxicity of the contained particles that would be released
into the organism during the biodegradation.

For the antimicrobial activity, the current study
unambiguously proved the bacteriostatic effect of the TPS/ATB
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and TPS/TiO2/ATB composites, but we did not attempt
to determine the minimal inhibitory concentration (MIC)
and the final bactericidal effect of the released ATB. More
detailed tests, such as those described elsewhere (Schwalbe
et al., 2007; Sedlarik, 2013), were beyond the scope of
the present work. These tests will be carried out in our
future study, in which we will employ the experience from
this contribution and prepare TPS samples with various
ATB concentrations.

CONCLUSIONS

In this work, we have demonstrated that our two-step
preparation of thermoplastic starch (TPS; Ostafinska et al.,
2017), which consists of solution casting followed by melt
mixing, is suitable for reproducible preparation of TPS/TiO2

composites with homogeneous dispersion of the filler, even
at high filler concentrations (up to 20 wt.%). Moreover, the
preparation procedure is suitable also for the preparation of
TPS systems containing homogeneously dispersed antibiotics
(ATB; here: vancomycin at 10 wt.%). The addition of both TiO2

and ATB increased the viscosity of the TPS matrix ∼5×, as
evidenced by rheological measurements. The interactions among
TPS, TiO2 particles, and ATB molecules resulted in the shifts
of the glass transition temperatures to higher values and in the
overall stiffening of the material (ca 25× increase in storage
modulus of TPS/TiO2/ATB with respect to neat TPS). Finally,
standard antimicrobial susceptibility tests proved that neither
thermal processing nor addition of TiO2 influence the ATB,
which remains active in both TPS/ATB and TPS/TiO2/ATB
composites. Therefore, we conclude that the prepared
fully biodegradable TPS composites are a very promising
material for biomedical applications involving local release
of antibiotics.
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