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A B S T R A C T   

This study evaluated the ability of tea tree essential oil (TT) incorporated into polymer-clay bionanocomposites 
to in vitro eliminate resistant microorganisms towards applications in antibacterial wound healing. Antimicrobial 
bionanocomposites were prepared in two steps, namely sonication and melt intercalation, and montmorillonite 
clay and poly(acid lactic) (PLA) were chosen because they constitute a polymer-clay bionanocomposite to be 
applied in wound dressing. X-ray diffraction (XRD) results indicated good incorporation of the organic com
pounds, TT oil, and glycerol (G) (the latter used as a plasticizer) into the clay galleries. Dynamic-mechanical 
analysis (DMA) results showed a 2–30 % increase in storage modulus and up to 10 ◦C decrease in glass transi
tion temperature, proving the influence of both TT oil and G on the stress transfer of the reinforcement clay 
phase. Thermogravitmetric analyses (TGA) revealed TT oil and G addition worsened the thermal stability of the 
bionanocomposites, which show a mass loss onset decrease up to 90 ◦C and a clay content between 1.5 and 3 wt 
%. In vitro antimicrobial activity tests revealed only the combinations of TT oil and G reduced Escherichia coli and 
Staphylococcus aureus satisfactorily and showed the antimicrobial activity of the bionanocomposites.   

1. Introduction 

Biopolymers are materials obtained from natural sources such as 
corn, sugarcane, maize, potate, and others, and, therefore, can poten
tially replace polymers derived from fossil sources, being attractive for 
sustainable production [1]. They can be used as vehicles of incorpo
rating additives, such as antioxidants, antimicrobial, and antifungal 
agents [2]. Their important properties include biodegradability and 
biocompatibility. All such features have enabled their use in drug de
livery systems for health care and tissue engineering applications [3]. 
Poly(acid lactic) (PLA) is one of the most used synthetic polymers for the 
production of wound dressing [1,4] and also bio-based active packaging 
[5], since it is a biocompatible and biodegradable material with good 
mechanical durability and elasticity. Besides, PLA is US Food and Drug 
Administration approved for a wide range of biomedical applications 
such as wound dressing. The production of PLA has multiple advantages, 
including the lactide monomer produced from lactic acid, which is ob
tained from the fermentation of renewable resources like sugarcane, and 

corn, it reduces the wastes disposed of in landfills and it saves energy, in 
addition PLA has good physical properties and, its modifications can 
optimize its properties to a certain extent [5]. 

The direct incorporation of antimicrobial agents into polymers cau
ses a rapid depletion of the active compound, implying a short antimi
crobial effect [6]. An alternative is to produce bionanocomposites based 
on biopolymers matrices and reinforcement nanoparticles [7]. Mont
morillonite is a nanoclay commonly used in biopolymers. Melt interca
lation is the most applied method for bionanocomposite production 
because it is simple and enables continuous and large-scale production 
[8]. It consists of heating the polymer and clay mixture at a temperature 
above the polymer’s melting point and keeping it under shear for the 
intercalation or exfoliation of the nanoparticles [2]. Some studies have 
shown that adding glycerol during the mixing process can improve the 
polymer matrix’s exfoliation results and the clay dispersion level [9]. 
The main advantage of montmorillonite for applications in drug delivery 
systems is related to the lamellar structure of the clay, which, combined 
with polymers, improves the barrier properties of the 
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bionanocomposite, promoting a controlled release of bioactive mole
cules [6,10]. 

Different types of drugs (e.g., chemotherapeutic agents, antivirals, 
antimicrobials, anti-inflammatories), hormones, and antigens can be 
applied in controlled release systems. Herbal medicines can also be used 
due to their antimicrobial and antifungal properties [11]. Tea tree 
essential oil (TT), for example, has antibacterial, antiviral, and 
anti-inflammatory properties and is efficient against gram-positive and 
gram-negative bacteria. Therefore, it can be used in the treatment of 
infectious diseases, food preservation, and as potential sources of new 
antimicrobial compounds [12–15]. 

The essential oil can be introduced to nanoparticles through nano
emulsion systems. Due to the limitations of essential oils in commercial 
applications, i.e., low water solubility, emulsifiers, such as Tween 80, 
have been used to overcome this problem of solubility [7,16,17]. 

The combination of nanoclay and essential oil into biopolymers has 
resulted in materials of improved mechanical and thermal properties 
and excellent antibacterial and antioxidant activities [7,18]. Therefore, 
it was chose PLA, montmorillonite clay, tea tree (TT) essential oil, and 
glycerol for constituting bionanocomposites for in vitro evaluation for 
possible application in antibacterial wound dressing. The studied system 
has multiple benefits, including the lamellar structure of the clay, that 
combined with the biopolymer, improves barrier properties and pro
mots controlled release of antibacterial, antiviral, and 
anti-inflammatory molecules of TT essential oil of the wound dressing; 
another benefit is related to the PLA similarity to macromolecules 
recognized by the human body. 

The paper show how it was incorporated TT essential oil into 
montmorillonite, obtained the bionanocomposites, evaluated the effec
tive incorporation of montmorillonite into the clay lamellas, the extent 
of clay intercalation/exfoliation, the bionanocomposite morphology, 
thermo-mechanical and thermal properties of the bionanocomposites. 
Finally, the bionanocomposites in vitro analyzed against gram-positive 
and gram-negative bacteria and accessed the influence of TT oil and 
glycerol on clay exfoliation and mechanical, thermal, and morphologic 
behaviors. 

2. Experimental details 

2.1. Materials 

An extrusion grade of PLA, Ingeo™ Biopolymer 2003D, from Nature 
Works, USA, of 210 ◦C melting temperature, 24 g cm− 3 density, and 6 g 
10 min− 1 (210 ◦C and 2.16 kg) melt flow index was chosen as the bio
nanocomposite matrix. Nanoclay (Clay) was an organically modified 
montmorillonite, Cloisite® 20A, from Southern Clay Products Inc., USA, 
and tea tree (TT) essential oil was purchased from Amazon, Brazil. 
Glycerol (G), used as a plasticizer, and Tween 80, used as a non-ionic 
emulsifier, were purchased from Sigma-Aldrich, Brazil. 

2.2. Incorporation of tea tree oil into montmorillonite clay 

Samples with different compositions were prepared by mixing a 
constant ratio of montmorillonite clay and G and different rations (0.1 
and 0.2) of TT essential oil. Tween 80 was added in the 0.25g/1g pro
portion to TT essential oil. First, each mixture was dispersed in 50 mL of 
deionized water and stirred for 1 min by an Ultra-Turrax T25 (IKA 
Labortechnik) at 19,000 rpm in a closed bottle and ice bath. The sus
pension sonication was performed by a 400W power Hielscher UP400S 
tip ultrasonicator, at 20 KHz frequency for 30 min, while the suspension 
was in a bottle in an ice bath, and covered by a lid, which had a hole in 
the middle. Finally, the samples were dried in a vacuum oven for 24 h. 
These samples are named ultrasonicated samples and are abbreviated as 
Clay/G, Clay/10TT, Clay/10 TT/G, Clay/20TT, and Clay/20 TT/G 
(Table 1). 

2.3. Preparation of bionanocomposites 

Bionanocomposite of PLA with 3 wt% of clay was prepared, and 
bionanocomposites of PLA with each ultrasonicated sample were pre
pared, all with a final composition of 3 wt% of clay. All bio
nanocomposites were melt compounded by a single screw (D = 16 mm 
and L/D = 26) AX Plastics extruder of 30 rpm screw speed and tem
perature profiles of 185, 190, and 190 ◦C, to feed, compression, and 
dosing zones, respectively. The extruder die output time was optimized 
to collect the first portion of material, since the material is not homo
geneous from the beginning. The resulting pellets were thermo-pressed 
at 180 ◦C, under 150 bar, and cooled at room temperature for obtaining 
the bionanocomposite films of approximately 1.2 ± 0.1 mm thickness. 
These samples are named bionanocomposites samples and are abbrevi
ated as PLA/Clay/G, PLA/Clay/10TT, PLA/Clay/10 TT/G, PLA/Clay/ 
20TT, and PLA/Clay/20 TT/G (Table 1). 

2.4. X-ray diffraction (XRD) analyses 

XRD analyses were conducted on a Rigaku Ultima IV diffractometer 
using a sealed Cu tube (λCu – kα = 1.5405 Å) of 1◦ min− 1 scanning speed 
in a 1.5–40◦ 2θ range at 0.02◦ s− 1 steps and 40 kV and 40 A. The 
interlamellar distance of (001) peak was calculated by Bragg’s Law, 
Equation (1) [19]. 

n λ= 2 d(001) sin θ (1)  

where n is diffraction number 1, λ is the radiation wavelength, d(001) is 
the interlamellar distance in nm, and θ is the diffraction angle measured. 

2.5. Dynamic-mechanical analyses (DMA) 

A dynamic-mechanical analyses conducted in PerkinElmer DMA 
8000 equipment evaluated the effect of clay on the thermo-mechanical 
properties of the bionanocomposite. Tests were performed in a traction 
module with samples of 50 x 10 × 1 mm, under uncontrolled atmo
sphere, at 3 ◦C min− 1 heating rate,1 Hz frequency, and 25–150 ◦C 
temperature range. 

2.6. Thermogravimetric analyses (TGA) 

Thermogravimetric analyses were performed on PerkinElmer Pyris 1 
TGA equipment under an inert atmosphere of nitrogen gas (20 mL 
min− 1), heating the samples from 25 ◦C to 300 ◦C for TT oil and 600 ◦C 
for the other samples, at 20 ◦C min− 1 heating rate. 

2.7. Evaluation of antimicrobial activity of the plastic surface with 
bionanocomposites 

Bionanocomposite films were produced for accessing their 

Table 1 
2θ angle values of nanoclay’s main diffraction peak and interlamellar distance, 
d(001), of pure clay and ultrasonicated and extruded bionanocomposites samples.  

Sample 2θ (◦) d(001) (nm) Sample 2θ (◦) d(001) (nm) 

Clay 3.50 2.55 ±
0.05 

PLA/Clay 2.50 3.53 ±
0.05 

Clay/G 2.80 3.15 ±
0.05 

PLA/Clay/G 2.36 3.74 ±
0.05 

Clay/10TT 2.50 3.53 ±
0.05 

PLA/Clay/10TT 2.26 3.91 ±
0.05 

Clay/10 TT/ 
G 

2.10 4.20 ±
0.05 

PLA/Clay/10 TT/ 
G 

2.34 3.77 ±
0.05 

Clay/20TT 2.20 4.01 ±
0.05 

PLA/Clay/20TT 2.24 3.94 ±
0.05 

Clay/20 TT/ 
G 

2.10 4.20 ±
0.05 

PLA/Clay/20 TT/ 
G 

2.26 3.91 ±
0.05  
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antimicrobial activity against Staphylococcus aureus ATCC 25923 and 
Escherichia coli ATCC25922, based on the ISO221961 standard method 
with slight modifications. For this study, it used 40 mm square and 1 mm 
thick test specimens, 32 mm square and 1 mm thick polypropylene cover 
films, and 256 μl bacterial inoculum at 6 × 105 CFU mL− 1. It was tested 
specimens containing PLA, PLA/Clay, PLA/Clay/10TT, PLA/Clay/10 
TT/G, PLA/Clay/20TT, and PLA/Clay/20 TT/G, using neat PLA as the 
control group. 

Both cover films were cleaned, and test specimens with 70 % alcohol 
solution before inoculating the bacteria. The Petri dishes, containing the 
inoculated test specimens covered with polypropylene cover film at 35 
± 1 ◦C for 24h, were incubated. The bacteria were recovered of a 
replicate of the specimen test prepared as described immediately after 
the inoculation to calculate the average of the common logarithm of the 
number of viable bacteria, in CFU cm− 2 (U0). It was calculated the 
number of viable cells on each bionanocomposite specimen after mixing 
10 mL of soybean casein lecithin polysorbate 80 (SCDLP) media, serially 
diluting it on phosphate-buffered physiological saline, and cultivating 
900 μL on count agar at 35 ± 1 ◦C for 48h. 

It was accessed conditions for a valid test, according to ISO 221961, 
and observed 1) the difference in the logarithmic value of the maximum 
and minimum numbers of viable bacteria divided by the mean value of 
viable bacteria recovered immediately after inoculation from the un
treated test specimens (L) should be ≤ 0.2; 2) the average number of 
viable bacteria recovered immediately after inoculation from the un
treated test specimens (N) should range between 6.2 × 103 CFU cm− 2 

and 2.5 × 104 CFU cm− 2; and 3) the number of viable bacteria recovered 
from each untreated test specimen after incubation for 24 h (N24) 
should not be lower than 6.2 × 101 CFU cm− 2. 

It was calculated antimicrobial activity (R) as Ut – At, where Ut is the 
average of the common logarithm of the number of viable bacteria in 
CFU/cm2 recovered from the untreated test specimens after 24 h, and At 
is the average of the common logarithm of the number of viable bacteria 
in CFU cm− 2 recovered from the treated test specimens after 24 h. It was 
assessed whether there was a significant difference in CFU cm− 2 among 
the untreated and treated specimens by ANOVA test. 

3. Results and discussions 

3.1. X-ray diffraction (XRD) analyses of ultrasonicated samples 

It was evaluated the TT oil and glycerol incorporation into clay la
mellas by XRD. Fig. 1 displays the X-ray diffractograms of the ultra
sonicated samples, and Table 1 shows the 2θ angle values of nanoclay’s 
main diffraction peak and the value of the interlamellar distance, d(001), 
calculated by Equation (1), of the samples subjected to ultrasound. Pure 
clay displayed the main diffraction peak at 2θ = 3.50◦, which corre
sponds to an interlamellar distance, d(001), of 2.55 nm due to the orga
nophilization process, in which Na+ ions are replaced with long 
quaternary ammonium chains. Such values are consistent with those 
reported by Southern Clay Products Inc. and other authors [20,21]. 
Several studies [7,9,18] have shown that clays are capable to receive 
organic molecules between their lamellae and can be evaluated by their 
increased interlayer distance. When the organic compounds (TT oil and 
G) were mixed with clay, it was observed a substantial displacement of 
2θ angle of nanoclay’s main diffraction peak to lower value, indicating 
an increase in the interlamellar distances caused by the incorporation of 
TT oil and G into the clay galleries. 

Ultrasonicated samples with only TT oil in different amounts, i.e., 
Clay/10TT and Clay/20TT samples, provided better intercalation results 
than samples with only G (Clay/G) - the higher the TT oil proportion, the 
higher the intercalation. The mixtures with both organic compounds (TT 
oil and G) resulted in a higher intercalation degree, as displayed in the 
Clay/10 TT/G and Clay/20 TT/G samples, which showed no difference 
in the degree of intercalation, despite the different amounts of TT oil, 
suggesting the maximum degree of intercalation was achieved for the 

studied compositions. However, the literature lacks studies of essential 
oil saturation between the nanoclay layers. Visually, the ultrasonicated 
samples were not necessarily homogeneous, than the DRX measure
ments were qualitatively and not quantitatively analized. According to 
the XRD results, the combination of TT oil and G, and the sonication 
method seem interesting for better clay/oil interaction results. 

3.2. X-ray diffraction (XRD) analyses of the bionanocomposites 

After extrusion and thermo-pressing steps, the bionanocomposites 
were analyzed by XRD regarding the clay intercalation/exfoliation in 
the polymer matrix. Fig. 2 depicts the X-ray diffractograms of the 
extruded bionanocomposites, and Table 1 shows values of 2θ angle of 
nanoclay’s main diffraction peak and the calculated value of the inter
lamellar distance, d(001). 

PLA/Clay sample diffractogram revealed a shift of the clay d(001) 
peak from 2θ = 3.50◦ to 2θ = 2.50◦ (Table 1), hence, an increase in the 
basal spacing of the clay from 2.55 nm to 3.53 nm, indicating the 
penetration of PLA chains into clay interlamellar space. This result 
suggests that the processing steps promoted the formation of an inter
calated structure of the PLA/Clay bionanocomposite. Regarding the 
composition of bionanocomposites, the PLA/Clay/G diffractogram 
shows G promoted a further shift of the clay peak to a lower value of 2θ 
= 2.36◦, associated with a 3.74 nm interlamellar distance, thus indi
cating its action as a plastisizer favoring the formation of an even more 
intercalated structure when compared to the sample with no G. Visentini 
et al. [22] also observed that G addition decreases agglomeration and 
increases the intercalation of clay into the polymer matrix during the 
mixing process. 

A synergistic effect occurs when TT oil is added to the mixture 
because the interplanar distance of (001) diffraction peak are further 
increased, as shown by the diffractograms of PLA/Clay/10TT, PLA/ 

Fig. 1. X-ray diffractograms of pure clay, Clay/G, Clay/10TT, Clay/10 TT/G, 
Clay/20TT, and Clay/20 TT/G ultrasonicated samples. 
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Clay/20TT, PLA/Clay/10 TT/G, and PLA/Clay/20 TT/G bio
nanocomposites (Fig. 2). Most probably, the effective interaction be
tween clay lamellae and the oil promotes the swelling of the nanofiller 
stacks, increasing the clay dispersion within the polymer matrix. As 
described by Zhu et al. [9] and Visentini et al. [22], essential oils can act 
as plasticizers, increasing chain mobility by weakening the intermolec
ular interactions and promoting the penetration of polymer chains into 
clay interlamellar space. 

PLA/Clay/20TT and PLA/Clay/20 TT/G bionanocomposites (Fig. 2) 
showed a d(001) of 3.94 and 3.91 nm, respectively, suggesting no sig
nificant difference between the interactions of the samples without and 
with glycerol. However, the diffractogram of PLA/Clay/10 TT/G shows 
a slight widening and decrease of the d(001) peak intensity, indicating a 
partially exfoliated morphology of the bionanocomposite [23,24], 
probably favored by the presence of glycerol in the samples. Beauvalet 
et al. [25] observed an improvement in the clay dispersion when adding 
G to PLA montmorillonite clay nanocomposites. The XRD results show 
the nanoclay is in a mainly intercalated configuration in the bio
nanocomposites, which is in line with the literature a polymer nano
composite usually exhibits an intercalated or intercalated/exfoliated 
nanostructure. 

The XRD results can corroborate the transmission electron micro
scopy images, previously published [15], because such bio
nanocomposites can exhibit combined morphologies (e.g., 
intercalated-tactoid and intercalated-exfoliated). Furthermore, due to 
the impermeability of the clay layers, the exfoliated morphology in
creases the effect of tortuosity, promoting a controlled release of TT 
essential oil diffusion, which is extremely interesting in wound dressing 
application [18]. 

3.3. Dynamic-mechanical analyses (DMA) 

DMA analyses were used to measure the glass transition temperature 
(Tg) and to evaluate the storage modulus (E′) of neat PLA and bio
nanocomposite films. Fig. 3 (a)-(b) displays the storage modulus (E′) and 
tan δ curves as a function of temperature, respectively, of neat PLA and 
bionanocomposite films. Table 2 shows the storage modulus of the 
samples at 25 ◦C with the percentage of gain and loss of E’ in comparison 
to neat PLA, and the glass transition temperature, given by the first 
maximum of the tan δ peak in Fig. 3(b), of neat PLA and 

bionanocomposites. 
The E′ curves, shown in Fig. 3 (a), revealed that when adding clay to 

PLA (PLA/Clay sample), the modulus increased 2 % (Table 2) in com
parison to the neat PLA, proving the influence of clay on the rein
forcement in the viscoelastic state of the polymer. The other 
bionanocomposites also showed an increase in E′, between 8 and 30 %, 
except PLA/Clay/10TT, which showed a - 5 % decrease in the storage 
modulus, probably due to poor clay dispersion. 

According to Fig. 3 (b), all samples showed 63–73 ◦C glass transition 

Fig. 2. X-ray diffractograms of PLA/Clay, PLA/Clay/G, PLA/Clay/10TT, PLA/ 
Clay/10 TT/G, PLA/Clay/20TT, and PLA/Clay/20 TT/G extruded 
bionanocomposites. 

Fig. 3. (a) Storage modulus (E′) and (b) tan δ of neat PLA, PLA/Clay, PLA/ 
Clay/G, PLA/Clay/10TT, PLA/Clay/10 TT/G, PLA/Clay/20TT, and PLA/Clay/ 
20 TT/G extruded bionanocomposite films. 

Table 2 
Storage modulus (E′) and tan δ of PLA and bionanocomposites. The results in the 
brackets indicate an increase (+) or decrease (− ) of E’ in comparison to the neat 
PLA.  

Sample E’ (GPa) at 25oC tan δ (oC) 

PLA 2.1 72.77 
PLA/Clay 2.2 (+2 %) 72.69 
PLA/Clay/G 2.3 (+8 %) 67.72 
PLA/Clay/10TT 2.0 (-5 %) 70.24 
PLA/Clay/10 TT/G 2.8 (+30 %) 67.24 
PLA/Clay/20TT 2.6 (+22 %) 67.21 
PLA/Clay/20 TT/G 2.4 (+13 %) 62.70  
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temperature (Tg) given by the tan δ peak maximum. The comparison 
between PLA/Clay bionanocomposite and neat PLA revealed that the 
clay presence did not change the Tg of the sample and did not interfere 
with the relaxation of the PLA amorphous phase. On the other hand, in 
samples with both TT oil and G, the relaxation tan δ peaks shifted to 
lower temperatures. The reduction in Tg was found to be of the order of 
10 ◦C for the PLA/Clay/20 TT/G nanocomposite. This reduction in Tg 
was expected because TT and G components act as plasticizers in the 
bionanocomposites, increasing the mobility of the polymer chains. 

However, the E′ and tan δ curves showed no signicant differences in 
the viscoelastic state properties, indicating that the observed discrep
ancies in glassy state are primarily attributed to sample preparation and 
measurement errors. 

3.4. Thermogravimetric analyses (TGA) 

It was evaluated the thermal stability of the produced bio
nanocomposites by thermogravimetric analyses. Fig. 4(a)-(b) shows the 
TG and DTG curves, respectively, of TT essential oil, PLA, and the bio
nanocomposites. The clay (Cloisite® 20A) TGA analysis was previously 
published [21]. Table 3 shows the temperature of mass loss onset (Ton

set), the maximum mass loss rate temperature (Tmax), and the residual 
mass at 550 ◦C of TT essential oil, PLA, and the bionanocomposites 
studied. 

The TT essential oil curve shows it is highly volatile even at lower 
temperatures, according to the literature observed [12–14]. Mass loss 
occurs in the 35–120 ◦C temperature range; the DTG curve (Fig. 4(b)) 
shows two maximum stages of mass loss - one at 77.20 ◦C and another at 

Fig. 4. (a) TG and (b) DTG curves of TT essential oil, PLA, PLA/Clay, PLA/Clay/G, PLA/Clay/10TT, PLA/Clay/10 TT/G, PLA/Clay/20TT, and PLA/Clay/20 TT/G 
extruded bionanocomposites. 

L.B. Proença et al.                                                                                                                                                                                                                              



Hybrid Advances 6 (2024) 100201

6

105.79 ◦C, both related to the volatility of the oil components. PLA 
sample show a maximum stage mass loss at 370 ◦C, referring to the PLA 
thermal degradation. PLA/Clay sample showed a single maximum stage 
mass loss at 370 ◦C, indicating that the clay addition did not cause any 
alteration in the thermal stability of the PLA/Clay bionanocomposite. 
The pure clay shows a main mass loss between 232 and 450 ◦C, atri
butted mainly to organic surfactant degradation [21]. Although the 
literature reports that clay incorporation improves the thermal stability 
of the nanocomposite, some studies have provided different results. 
Molinaro et al. [23] explained that the thermal degradation of nano
composite might decrease at higher temperatures due to the lower sta
bility of the clay organic modifier, and Paul et al. [28] claimed the low 
percentage of clay in the polymer matrix favors the intercalation/exfo
liation. However, it is not enough to improve the thermal stability of the 
nanocomposite. PLA/Clay/G TGA result shows that the G addition re
duces the thermal stability of the bionanocomposite by ~50 ◦C. 

Nanocomposite samples with only TT essential oil, i.e., PLA/Clay/ 
10TT and PLA/Clay/20TT, showed that the oil decreases the thermal 
stability of bionanocomposites. The mass loss onset temperatures 
decreased ~34 ◦C and 31 ◦C in PLA/Clay/10TT and PLA/Clay/20TT, 
respectively. The bionanocomposites with G, i.e., PLA/Clay/G, PLA/ 
Clay/10 TT/G, and PLA/Clay/20 TT/G showed a stage of weight loss at 
~133 ◦C, referring to the beginning of G and emulsifier evaporation, and 
another stage at ~304 ◦C, which is related to G and PLA thermal 
decomposition [28]. PLA/Clay/10 TT/G bionanocomposite showed an 
approximately 3 % mass reduction below 100 ◦C, probably related 
mostly to the volatilization of excess TT oil not necessarily incorporated 
in clay. Despite the high volatility of the essential oil, according to 
Giannakas et al. [29] the clay used as a carrier of active compounds can 
protect volatile molecules during processing steps. Additionally, as 
discussed above, the G addition reduces the thermal stability of the 
bionanocomposite by ~50 ◦C, consequently the samples with G addition 
show significant weight loss around processing temperature. 

Finally, the thermograms also enabled analyses of the clay content 
and of the essential oil retained in the bionanocomposites after all 
processing steps. The residual mass of most bionanocomposites was 
close to or greater than 2 wt% (Table 3), mainly related to the presence 
of clay in the material. Based on TGA of the clay [21], the clay content in 
the bionanocomposites was calculated to be between 1.5 and 3 wt% at 
500 ◦C. Because clay acts as a thermal barrier for the volatile products 
generated during the decomposition, the mass loss tends to be hindered 
and increases the amount of residue of the samples [26]. Moreover, the 
residue content was lower in bionanocomposites with G, i.e., PLA/
Clay/G, PLA/Clay/10 TT/G, and PLA/Clay/20 TT/G, which may be 
related to the G improving the dispersion of clay into them and reducing 
the confinement of organic compounds in montmorillonite galleries. 
Consequently, such compounds start to interact better with the PLA 
matrix, reducing the thermal decomposition temperature. This result 
corroborates the study of Shemesh et al. [27], who evaluated 
low-density polyethylene bionanocomposites and montmorillonite clay 
incorporated with carvacrol essential oil and compatibilizer. The latter 
compound improved the dispersion of the clay-oil hybrid in the polymer 
matrix, thus reducing the oil content incorporated after processing. 

However, the antimicrobial activity of the produced films was not 
compromised immediately; it began to be affected only one month after 
the preparation of the films. 

3.5. Antimicrobial activity on a plastic surface 

All experiments met the criteria to be considered valid. First, it was 
evaluated the ISO221961 requirements for a valid test: L, N, and N24 
values. L values were 0.04 and 0.15 for S. aureus ATCC 25923 and E. coli 
ATCC25922, respectively. N values were 7.2 × 103 CFU cm− 2 for 
S. aureus ATCC 25923 and 1.1 × 104 CFU cm− 2 for E. coli ATCC25922. 
Finally, N24 value of each S. aureus replicate was 4.7 × 104, 2.1 × 104, 
and 2.1 × 104 CFU cm− 2, and N24 value of each E. coli replicate was 4.1 
× 105, 6.3 × 105, and 3.1 × 105 CFU cm− 2. All experiments met the ISO 
221961 criteria, therefore, were considered valid. 

The bionanocomposites’ antimicrobial activity was measured based 
on the ISO221961standard. Table 4 shows the calculated antimicrobial 
activity (R) obtained for each assay. The data show the essential role of 
glycerol in film activity, both in gram-positive and gram-negative bac
teria. Fig. 5 (a)-(b) shows the results for the bionanocomposites inocu
lated with S. aureus ATCC 25923 and E.coli ATCC 25922, respectively, 
using neat PLA as the control group. 

Unexpectedly, a comparison between PLA/Clay bio
nanocompositeand neat PLA (Fig. 5(a) and (b)) revealed that the pres
ence of clay does not reduce the number of viable cells. According to the 
literature, clay shows antimicrobial activity even in a low mass per
centage [30,31]. This explanation may be related to the hydrophobic 
character of clay and the polymer matrix that keeps the bacteria 
adsorbed onto the material surface, reducing the antimicrobial activity 
of the samples [30]. Hong and Rhim [31] also reported a higher effi
ciency of clay against gram-positive bacteria, which may be related to 
the different cellular structures of the microorganisms. According to the 
authors, gram-positive bacteria show thick cell walls with no outer 
membrane, whereas gram-negative bacteria have a thin cell wall and an 
outer membrane. Because the antimicrobial property of clay is related to 
the organic clay modifier, each type of bacteria reacts differently to the 
compound. Cloisite® 20A exerts a bacteriostatic effect against 
gram-positivebacteria, hindering the proliferation of the microorgan
isms, which justifies the similar number of viable cells in PLA/Clay 
bionanocomposite and neat PLA. 

Among the samples, only PLA/Clay/10 TT/G and PLA/Clay/20 TT/G 
presented antimicrobial activity against S. aureus and E. coli, i.e., it was 
observed antimicrobial activity only in samples with the presence of G. 
The samples without G (PLA/Clay/10TT and PLA/Clay/20TT) showed 
no statistically significant reduction compared to the control (pure PLA) 
and the comparison between these samples without G also has no sta
tistical difference. 

The greater clay intercalation/exfoliation observed in the samples 
with G provided a better diffusion of TT essential oil into the material. 
On the other hand, regarding PLA/Clay/10TT and PLA/Clay/20TT 
samples, the poor dispersion of clay into the polymer matrix may have 
hindered the migration of the oil incorporated into the clay galleries to 
the material’s surface. These results corroborate the transmission elec
tron microscopy images, previously published [15]. 

Table 3 
Temperature of mass loss onset (Tonset), temperature of maximum mass loss rate 
(Tmax), and the residual mass percentage of TT oil, PLA, and bionanocomposites.  

Sample Tonset(oC) Tmax (oC) Residue (%) 

TT oil 35.00/55.94 77.20/105.79 0.72 (at 300 ◦C) 
PLA 369.96 401.03 0.86 
PLA/Clay 369.70 400.16 2.29 
PLA/Clay/G 320.54 358.12 2.38 
PLA/Clay/10TT 335.29 356.51 3.04 
PLA/Clay/10 TT/G 35.00/133.00 50.00/304.35 1.87 
PLA/Clay/20TT 338.80 376.76 3.90 
PLA/Clay/20 TT/G 133.00 322.34 1.89  

Table 4 
Antimicrobial activity (R) of the samples against S. aureus and E. coli.  

Sample Antimicrobial activity (R) (CFU cm− 2) 

S. aureus ATCC 25923a E. coli ATCC 25922** 

PLA/Clay 0.2 − 0.1 
PLA/Clay/10TT − 0.9 − 0.2 
PLA/Clay/10 TT/G 3.4 4.6 
PLA/Clay/20TT 0.8 0.2 
PLA/Clay/20 TT/G 3.4 4.6  

a Ut of 4.6 CFU cm− 2 **:Ut of 5.6 CFU cm− 2 
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The mixture of TT essential oil and G in PLA/Clay/10 TT/G and PLA/ 
Clay/20 TT/G decreased the bacteria population of S. aureus and E.coli 
to values below the detection limit of the assay. Again, the presence of G 
proved interesting for application in antimicrobial wound dressing 
because it favors the random dispersion of clay lamellas and promotes 
better permeability of essential oilin the polymeric material. Therefore, 
the combination of TT essential oil and G is likely to exert a synergistic 
effect, satisfactorily eliminating gram-positive and gram-negative bac
teria and improving the antimicrobial activity of the 
bionanocomposites. 

4. Conclusions 

The sonication method used promoted the incorporation of active 
substances into montmorillonite clay lamellas. Both TT essential oil and 
glycerol were successfully incorporated into the clay structure as evi
denciated by the increase in the interlamellar distance of clay’s char
acteristic d(001) peak. The presence of clay in the bionanocomposites 
prevents the evaporation of the antimicrobial TT essential oil since it 
enters the clay galleries due to the interaction with organomodified 
montmorillonite, as detected by XRD experiments. XRD analyses of the 

bionanocomposites indicated clay layers were intercalated and exfoli
ated in the PLA polymer matrix, thus showing the coexistence of both 
structures. The preparation method efficiently generated a partially 
exfoliated morphology, contributed by TT essential oil and glycerol, 
leading to an increase in storage modulus and an up to 10 ◦C decrease in 
Tg. However, the TGA results revealed that the bionanocomposites with 
glycerol addition showed substantial weight loss around the processing 
temperature, which adversely affects the processing of these materials 
by melt extrusion. The in vitro measurement of antimicrobial activity of 
the bionanocomposites also revealed that the combination of TT 
essential oil and glycerol drastically decreased E.coli and S.aureus viable 
cells. Although the bionanocomposites studied can be used for anti
bacterial wound dressing applications, further studies are necessary to 
evaluate the controlled release of TT oil from the bionanocomposites. 
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