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Abstract 

Ternary polymeric films based on poly (lactic acid), obtained dispersing cellulose 

nanocrystals (CNC) and lignin nanoparticles (LNP) at two different amounts (1 and 3% wt.), 

respectively in neat PLA and glycidyl methacrylate (GMA) grafted PLA (g-PLA), were 

produced by melt extrusion. Thermal, optical and mechanical properties, as well as the 

morphologies of CNC and LNP reinforced PLA nanocomposites, were investigated. Results 

from UV-Vis characterization have confirmed a synergic effect of LNP and CNC based 

nanostructures in terms of transparency and UV light blocking capability. In addition, the 

combination of the two lignocellulosic nanofillers proved to be effective also in nucleation 

and crystal growth, with increased cristallinity values for ternary systems in comparison with 

binary nanocomposites. Furthermore, the ternary nanocomposites showed both higher 

strength and moduli values than those of neat PLA and PLA binary systems. Lignin 

nanoparticles and cellulose nanocrystals, when combined with neat or grafted poly (lactic 

acid), have shown antibacterial activity with reduction in multiplication of the bacterial 

pathogen Pseudomonas syringae pv. tomato (Pst). In particular, results from PLA 

nanocomposite films containing lignin nanoparticles pointed out how this green functionality 
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allows to develop innovative strategies, towards harmful pathogens, helpful in the food 

packaging sector. 
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1. Introduction 

Biodegradable plastics offer a promising alternative to petroleum-based plastics. While 

petroleum-based products use oil in their manufacturing and take up space in landfills, 

biodegradable plastics can be synthesized in bacteria or plants and have the potential to be 

disposed of in a way that is less damaging to the environment. Among them, poly (lactic acid) 

(PLA) is a very promising material, due to its excellent mechanical properties, transparency 

and commercial availability. However, it has many drawbacks, such as slow degradation rate, 

brittleness, that make it not suitable for applications demanding mechanical performance, 

unless suitably modified. Another limitation of PLA towards its wider industrial application is 

its limited gas barrier property, which prevents its complete access to industrial sectors such 

as packaging; many research studies have focused on overcoming these limitations [1-3]. In 

this context, it has been demonstrated that the addition of renewable nanoreinforcements as 

cellulose nanocrystals (CNC) contributes to increase the barrier to gases due to the different 

synergic effects of tortuosity, crystal nucleation and chain immobilization [3-11]. Some 

previous research works have highlighted the significant advantages of using CNC with PLA, 

including water vapour and oxygen barrier effects, migration level below packaging 

normative requirements [12] and antimicrobial properties when combined with silver 

nanoparticles [4, 13] or essential oil [14], demonstrating the antimicrobial potential of 

PLA/CNC films as promising bioactive packaging for the preservation of fresh food products 

against food borne pathogens. 

Lignin, as the second most abundant renewable and biodegradable natural resource next 

to cellulose [6,8], contains many functional groups in different proportion in its structure, 

providing scope for chemical modification and adjustment of polarity to produce 

compatibility with appropriate polymeric matrices [15,16], specific antioxidant properties 

[17,18] and UV stabilization effect [19-21]. It has been demonstrated that the radical 

scavenging activity of this renewable filler depends on particle size and it is improved when 

the filler is used at the nanoscale [22], moreover enhanced thermal and mechanical properties 

of different polymer matrices, like phenolic foams [23], poly (vinyl alcohol) [24], natural 

rubber [25] and PLA based materials [26] have been confirmed when lignin nanoparticles 
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(LNP) were incorporated. Another relevant property of lignin is its antibacterial activity: it 

can be considered as a promising green principle useful against dangerous microorganisms, 

its inherent biocidal activity allows to reduce the environmental problems related to the use of 

silver nanoparticles and improves the release of active principles in agriculture [27, 28]. This 

effect has been also studied by Domenek et al. [18], which investigated, in the field of 

material applications, the antioxidant activity of micro-scaled lignin as a natural substitute of 

synthetic antioxidants for the protection of the food, opening the access to the realization of 

active packaging materials compounded with natural antioxidant substances. 

In the context of frame of food preservation, few studies have been reported on the use of 

organic active principles (vegetal) against bacteria/fungi plant pathogens [29-31], while a 

wide literature is available on how these active agents can be incorporated in biobased 

polymeric matrices, such as PLA [2]. It has to be reminded how damages and economic losses 

of agriculture productions caused by plant pathogens, like Pseudomonas syringae pv. tomato 

on tomato plant/fruits, represent a serious worldwide problem that needs innovative and green 

strategies able to preserve important fresh productions during their transport and storage. 

Recently, the possibility to obtain various functionalities by using the combination of 

different nanofillers, including antimicrobial activity, was also considered. Fortunati et al. [12, 

13, 32, 33] investigated the combination of CNC with silver nanoparticles in PLA based 

nanocomposites and they studied how to improve the important industrial problem of slow 

crystallization of PLA by using CNC as biobased nucleating agents and low antibacterial 

performance of the neat matrix introducing silver nanoparticles. Looking at the results from 

recent studies related to the use of cellulose and lignin in ternary formulations, Ago et al. [34] 

produced defect-free electrospun fibres from aqueous dispersions of lignin, poly (vinyl 

alcohol) (PVA), and CNC. The results showed that phase separated domains were observed in 

lignin-rich/PVA solvent casted films. Interestingly, the size of the phase separated domains 

was reduced by the addition of CNC, but no surface effects were observed with the addition 

of CNC in PVA-rich fibres. In another study [35], the thermo mechanical performance of 

lignin-based electrospun fibres and spin-coated thin films was improved when they were 

embedded with CNC, as revealed from the results of dynamic mechanical analysis (DMA) 



5  

and nanoindentation tests (the elastic modulus increased substantially while adding 15 %wt. 

of CNC into lignin/PVA (75:25) films). 

However, no examples are reported in the literature on the combination of cellulose 

nanocrystals and nanoscaled lignin on PLA films and how their synergic combination could 

affect the final performance even in terms of antimicrobial activity. In this study, CNC and 

LNP were premixed in different masterbatches based on PLA or modified PLA matrix 

(glycidyl methacrylate melt grafted PLA), with the aim to produce and characterize high 

performance PLA based nanocomposites for active food packaging applications. Indeed, both 

the use of a masterbatch approach (in the case of CNC) and reactive grafting (in the case of 

LNP), have been confirmed as effective solutions to improve the dispersion of these 

nanofillers in PLA and enhance the performance of resulted nanocomposites, as reported in 

our previous studies [26, 36]. With the aim of evaluating their possible synergic effects, 

binary and ternary PLA based nanocomposites containing both CNC and LNP were prepared 

by combining the two processing procedure (masterbatch and reactive melt grafting). 

Thermal, optical, and mechanical properties, such as antibacterial activity of the selected films 

towards a plant/fruit pathogen were tested and here reported. 

 

2. Materials and Methods 

2.1 Materials: Poly (lactic acid) (PLA 3251D), with a specific gravity of 1.24 g/cm
3
, a 

relative viscosity of ca. 2.5, and a melt flow index (MFI) of 35 g/10 min (190 °C, 2.16 kg) 

was supplied by NatureWorks LLC, USA. Glycidyl methacrylate (GMA), with a density of 

1.042 g/mL at 25 °C, and dicumyl peroxide (DCP), with a density of 1.56 g/mL at 25 °C, 

were supplied by Sigma-Aldrich
®
. Pristine lignin, obtained as bio-residue of conversion of 

Arundo donax L. biomass to bioethanol in a steam explosion pre-treatment, followed by 

enzymatic reactions and filtration, was supplied by CRB (Centro Ricerca Biomasse, 

University of Perugia) (Cotana et al. 2014,). Microcrystalline cellulose (MCC, dimensions of 

10-15 µm) was supplied by Sigma-Aldrich 

 

2.2 Lignin nanoparticles (LNP) and cellulose nanocrystals (CNC) synthesis: LNP suspension 
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was prepared from pristine lignin by hydrochloric acidolysis presented in our previous study 

[37]. CNC suspension was prepared from MCC by sulphuric acid hydrolysis [12]. Details 

were also introduced in our previous study [36]. 

 

2.3 Preparation of masterbatches (MBs): GMA grafting was performed in a twin-screw 

microextruder (DSM Explorer 5&15 CC Micro Compounder) in the presence of DCP as 

initiator. Screw speed of 100 rpm, mixing time of 8 min and a temperature profile of 

165-175-180 °C were selected to realize the grafting reaction [36]. The content of PLA 

grafted with GMA (g-PLA), to be used as a compatibilizer in the resulted nanocomposites, 

was fixed at 15 % wt. [38]. Different masterbatches were then obtained by mixing various 

amounts of LNP and CNC, respectively with g-PLA and PLA. Compositions and colour 

variation of different masterbatches are reported in Table 1 and Figure 1. 

 

2.4 PLA nanocomposite processing: Binary and ternary nanocomposite films were 

manufactured by using a twin-screw microextruder as well. Conditions of 100 rpm screw 

speed, 2 min of dwell time and a kneading temperature of 180-195-210 °C were employed to 

optimize material final properties, after which, a film forming process with a head force of 

180 N and a die temperature of 200 °C was used, in order to obtain PLA and PLA 

nanocomposite films with mean values of thickness (t) ranging from 20 up to 80 m. The 

materials, designed as PLA/3CNC (t = 48 m) and PLA-3LNP (t = 40 m) with direct 

incorporation of 3 %wt. of CNC and LNP (mixing time 2 minutes) after 8 minutes of PLA 

heating, were produced as control, while the ternary PLA nanocomposite films having the 

code PLA-1LNP/1CNC (t = 56 m) consisted of 85% wt. MB1 and 15% wt. MB3, 

respectively. The system containing 85% wt. of MB2 and 15% wt. of MB3 was denoted as 

PLA-1LNP/3CNC (t = 20 m), while PLA-3LNP/1CNC (t = 64 m) represented the material 

composed of 85% wt. of MB1 and 15% wt. of MB4. Finally, PLA-3LNP/3CNC (t = 76 m) 

was indicated as the material obtained through the mixture of 85% wt. MB2 and 15% wt. 

MB4. The final compositions of all the different formulations are also reported in Table 1. 
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2.5 Optical properties: Light transmittance of the nanocomposites was measured using a 

Varian (Cary 4000, USA) ultraviolet-visible (UV-Vis) spectrophotometer. The scan was 

carried out from 250 nm to 1100 nm with a scan speed of 240 nm/min and the transmittance 

signal was normalized to the actual thickness value of the different films. 

 

2.6 Differential scanning calorimeter (DSC): DSC (TA Instrument, Q200) measurements 

were performed in the temperature range from-25 to 210°C at 10 °C/min under nitrogen flow. 

PLA and PLA nanocomposite samples (6–8 mg) were heated from -25 to 210 °C at a rate of 

10°C/min and held at 210°C for 2 min to erase the thermal history (1
st
 scan), then they were 

cooled to -25 at 10°C/min and reheated under the same conditions (2
nd

 scan). Glass transition, 

cold crystallization and melting temperatures (Tg, Tcc and Tm) were determined from the first 

and second heating scans. The cristallinity degree () was calculated from the second scan as: 

  
Hm 

Hm0 (1  mf  ) 
100 

 

(1) 

 

Where Hm0 is enthalpy of melting for a 100% crystalline PLA sample, taken as 93 J/g [39] 

and (1-mf) is the weight fraction of PLA in the sample. 

 

2.7 Thermogravimetric analysis (TGA): TGA was carried out using a thermo gravimetric 

analyzer (TGA, Seiko Exstar 6300). The samples, approximately 8 mg, were heated from 30 

to 700 °C at a heating rate of 10°C/min under nitrogen atmosphere. The weight-loss rate was 

obtained from derivative thermogravimetric (DTG) data. The onset degradation temperature 

(Tonset) was defined as the 1% weight loss drawn from the TG curves after 200 °C at which 

the samples begin to degrade. Maximum thermal degradation temperature (Tmax) was also 

collected from DTG peaks maxima. 

 

2.8 Mechanical behavior: The mechanical performance of neat PLA and PLA nanocomposite 

systems was evaluated by means of tensile tests, performed on rectangular probes (100 

mmx10 mm) on the basis of UNI ISO 527 standard with a crosshead speed of 5 mm/min, a 

load cell of 500 N and an initial gauge length of 25 mm. Average tensile strength (), 
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Young’s modulus (E) and elongation at break (b) were calculated from the resulting 

stress-strain curves. The measurements were done at room temperature and at least five 

samples were tested for each material. 

 

2.9 Morphological behavior. The microstructure of PLA and PLA nanocomposite films was 

investigated by FESEM, by checking the surface morphology of samples fractured in liquid 

nitrogen and gold sputtered. 

 

2.10 Antibacterial activity: Biocidal activity of neat PLA film and PLA nanocomposites 

containing lignin nanoparticles and/or cellulose nanocrystals was evaluated against the 

bacterial plant pathogen Pseudomonas syringae pv. tomato (Pst), the causal agent of tomato 

(Lycopersicon esculentum Mill.) bacterial speck. This bacterium affects worldwide tomatoes 

grown/production causing serious damages on all organs, including fruits that result 

unmarketable [30]. In particular, the antibacterial activity of the binary and ternary 

nanocomposites produced with the highest content of LNP nanoparticles (PLA/3LNP and 

PLA-3LNP/1CNC) was evaluated and tested respect to a known (CFBP 1323) Pst strain, 

utilized at a concentration of 1 x 10
6
 CFU/mL; PLA neat film was also tested and used as 

control thesis. Pst strain subculture was obtained by growing bacterium for 48-72 h at 25 ± 2 

°C using a solid Nutrient Agar (NA) supplemented by Sucrose 5% (NAS). The experiments 

were carried out using Nutrient Broth (NB) 4% by the liquid medium test (Schaad et al., 

2001). The thesis (PLA as control, PLA/3LNP and PLA-3LNP/1CNC) were constituted by 3 

replicates each; 5 sterile glass tubes per thesis, each containing 5 mL of liquid broth (NB) 

with 1 x 10
6
 CFU/mL of Pst and 1 sample (3.24 cm

2
) per nanocomposite films, were 

arranged. All tubes were placed on a reciprocal shaker for 48 h at 25 ± 2 °C at 150 rpm. 

Samplings from all tubes/thesis were carried out at 0 (h after bacterial inoculation), 3, 12, 24 h 

and serial dilution were carried out and plated on NAS. After 48 h at 25 ± 2 °C the number of 

Pst bacterial colonies was counted. All data were statistically elaborated using GraphPad 

Prism 4 software by analysis of variance (ANOVA) and significance of treatments was 

determined using Tukey’s HSD test (p≤0.05) [40]. 
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3. Results and Discussion 

3.1 Optical properties: Barrier to UV light is an important property to be considered in 

the case of polymeric films that have to be used as packaging materials, especially when 

protection of light-sensitive products during storage is required [41]; even if PLA is widely 

used as a packaging material, it has poor UV barrier properties that need to be improved in 

order to expand the application sector. Results from UV-Vis characterization and related 

visual aspect of PLA, PLA binary and ternary nanocomposites are reported in Figure 2a-b 

and Table 2. Neat PLA showed the highest transmission in the visible region of the spectra 

(400–700 nm) and UV light region (250-400 nm). No significant changes were observed with 

CNC incorporation (even at the higher concentration, PLA/3CNC, the films resulted highly 

transparent). The good transparency of PLA/3CNC films has been related with the good 

dispersion of CNC into PLA matrix [42]. The colour distribution in the film suggests that 

CNC nanocrystals were uniformly distributed confirming the good dispersion obtained during 

the processing of the PLA nanocomposites. On the other hand, LNP showed a good blocking 

effect in the UV light region in the case of PLA-1LNP/1CNC and PLA-3LNP, as already 

observed in our previous studies [37]. When the CNC dose increased up to 3 %wt. 

(PLA-1LNP/3CNC), a further decrease of the UV light transmission was observed. This 

behavior may be attributed to a synergistic effect between LNP and CNC fillers: whereas 

LNP served as blocking agents of UV light irradiation, CNC seems to behave like mirrors, 

transmitting part of the UV light source and reflecting it at the same time, and further 

blocking it when LNP fillers are found [43]. It has been demonstrated that mixing CNC with 

lignin at an appropriate ratio (even without the use of a polymeric substrate) enabled the 

formation of optically transparent nanocomposite films that simultaneously displayed high 

transmittance in the visible spectrum and zero transmittance in the UV spectrum [44]. We 

have supposed that the same behaviour can be considered in the case of polymeric films 

containing LNP and CNC, confirming that, even in presence of a polymeric matrix, the 

aromatic lignin polymer could dislocate the π–π aromatic aggregates on the surface of the 

cellulosic nanoparticles, increasing the extinction coefficient and decreasing the transmittance 

in the UV region. The schematic diagram was presented in Figure 3. This behavior was more 
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evident in the case of PLA/3LNP and PLA-3LNP/1CNC, while the lowest UV light 

transmission was obtained in PLA-3LNP/3CNC film. Results showed that all the ternary 

nanocomposite films showed a blocking effect in the UV light spectra region, while 

maintaining the high transparency in the visible spectra region. 

3.2 Thermal properties: DSC analysis was used to investigate the thermal behavior of PLA 

and PLA nanocomposites containing LNP and CNC (glass transition (Tg), cold crystallization 

(Tcc) and melting temperatures (Tm) were measured); moreover the final cristallinity values of 

the selected systems were evaluated. The curves of first heating (Figure 4a), cooling (Figure 

4b) and second heating scan (Figure 4c) were reported, while all the calorimetric parameters 

were evaluated and summarized in Table 3. The measured Tg and Tm temperatures do not 

differ significantly from that of neat PLA (61.1± 0.1 and 169.1±0.8°C), and a similar 

tendency was also observed in the second heating scan. It was also observed that the 

recrystallization capability increased for PLA nanocomposites, with a reduction in Tcc in 

comparison with neat PLA (104.0±0.5°C). The presence of GMA grafted on PLA matrix, 

combined with the use of a masterbatch approach, promoted the dispersion of LNP and CNC, 

representing an important factor on the different crystallization behavior of the resulted 

nanocomposites [36,45]. In the cooling scan shown in Figure 4b, exothermic peaks with low 

intensity were observed for the pure PLA, indicating a rather low crystallization capability. In 

the other cases of PLA samples filled with LNP or CNC, especially PLA-3LNP/3CNC, the 

crystallization peaks had relatively higher intensity and started from higher temperature as a 

result of enhanced tendency to crystallize. The nucleation effect was remarkably enhanced 

when homogeneous nanostructure dispersion in PLA and good interaction with the matrix are 

achieved [46]. During the second heating scan, different levels of decreased Tcc of binary and 

ternary PLA nanocomposites were detected, with respect to neat PLA: specifically 

PLA-3LNP/3CNC presented the lowest Tcc valued (96.3±0.1°C) (Table 3). The cristallinity 

degree (), calculated from the second scan, was also reported. It has been previously 

discussed that the incorporation of LNP or CNC would enhance the PLA crystallization 

ability [12, 36, 46]. Slight higher cristallinity values were observed in PLA-1LNP/1CNC 

(23.1±0.3 %) in comparison with PLA/3CNC (22.4±2.3%) and PLA/3LNP (20.6±2.6%), 
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confirming that the combination of g-PLA with masterbatch procedures could favour the 

nucleation effect and the crystal growth. It can be supposed that the LNP and CNC have a 

synergistic effect also on nucleation and crystal growth, since ternary nanocomposite 

(PLA-1LNP/1CNC), even at the lower nanofiller content, showed higher cristallinity degree 

(23.1 ± 0.3) than binary nanocomposites (PLA/3CNC and PLA/3LNP), while a substantial 

improvement was detected in PLA-3LNP/3CNC (32.2 ± 0.1 %). 

3.3 Thermogravimetric analysis: TG and DTG curves of neat PLA and PLA based binary and 

ternary nanocomposites are shown in Figure 4d. Thermal parameters including Tonset, and 

Tmax were summarized in Table 2. Tonset of neat PLA was 266.1°C, while was 255.5°Cfor 

PLA/3CNC, indicating that the addition of 3 % wt. CNC did not improve the heat resistance 

of resulted nanocomposite films, due to the inferior interfacial adhesion between CNC and 

PLA matrix, and easiness of aggregation for pristine cellulose nanocrystals [12,13,46]. 

However, interestingly, the incorporation of 3 %wt. LNP into PLA showed an opposite result, 

since a Tonset of 272.3 °C was observed. This behavior could be probably attributed to the 

homogeneous dispersion of lignin nanoparticles and enhanced interactions between PLA 

matrix and LNP. The different thermal behavior should be ascribed to the difference in 

chemical structures of CNC and LNP. When using the masterbatch procedures and GMA as 

compatibilizer, a remarkable increase of Tonset was obtained with respect to neat PLA or 

binary system nanocomposites, as the Tonset of PLA-1LNP/1CNC was measured as 283.3 °C. 

Multiple effects (masterbatch effect, compatibilization effect and probable synergistic effect 

of CNC and LNP) could prominently improve the thermal properties of nanocomposites. A 

further increase of temperature for onset degradation was detected when increasing the CNC 

loading up to 3 %wt. (Tonset of PLA-1LNP/3CNC was 286.1 °C). In the meanwhile, the Tonset 

of PLA-3LNP/1CNC (274.3 °C) was also slightly improved when compared with PLA/3LNP. 

However, when the content of nanofillers rise up to 6 %wt. (PLA-3LNP/3CNC), a detrimental 

effect occur (Tonset = 262.1 °C), even lower than that of neat PLA. This result could be due to 

the possible presence of agglomerations at such high loading of LNP and CNC. For the Tmax, 

a similar tendency as Tonset could be seen. It should be noted that the introduction of LNP or 

CNC does not increase the Tmax, and this may due to the same range of degradation 
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temperature of LNP or CNC with respect to PLA, as reported in our previous study [37]. 

Overall, the film PLA-1LNP/3CNC exhibited the optimal heat resistance behavior in the 

studied bionanocomposites. 

3.4 Mechanical properties: Figure 5 (a,b, and c) showed the results of tensile test in terms of 

strength (σ), modulus (E), and elongation at break (b), while the typical stress-strain curves 

for all the studied formulations are reported in Figure 5d. Values of PLA/3LNP binary 

nanocomposite are also reported for comparison. All studied nanocomposites showed higher 

tensile strength and Young’s modulus mean values than neat PLA except PLA/3LNP, with 

higher values detected for the ternary PLA-1LNP/3CNC nanocomposite. In the case of 

PLA/3LNP, the observed reduction of σ and E, along with the increase of b, may be justified 

considering the formation of crazes in the deformation process, that could initiate between 

LNP and PLA and further developing into mature crazes to absorb more energy. LNP did not 

only served as nucleation agents, but also acted as toughening agents to increase the ductility 

of PLA matrix, as already observed in our previous study [26]. Consequently, the PLA/3LNP 

nanocomposites exhibited remarkable improvements in toughness compared with neat PLA. 

Similar behaviours were also detected by some other authors [47, 48]. In the ternary systems, 

we have observed that the same total amount of different nanofillers (4% wt.) showed 

different behaviours: PLA-1LNP/3CNC system exhibited higher values of modulus and 

tensile strength than those of PLA-3LNP/1CNC, showing a more obvious enhancement effect 

for cellulose nanocrystals than lignin nanoparticles. The different effects of LNP and CNC in 

PLA matrix may be attributed to the different interactions due to different chemical structures 

between them, since more functional groups (carbonyl, phenolic or aliphatic hydroxyls, 

carboxyl, etc.) can be found in different proportions of lignin with respect to the single 

polysaccharide structure of CNC. When the content of nanofillers increased to 6 %wt. 

(PLA-3LNP/3CNC), a limited reinforcement effect was observed, due to the formation of 

aggregates. Furthermore, the ternary system nanocomposites also showed higher strength and 

modulus than those of neat PLA and binary system nanocomposites. These results highlight 

the different effects of reinforcement exerted by CNC and LNP, and the efficiency of the 

selected compatibilizer in the structure of studied nanocomposite systems. The different 
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mechanical behaviours of binary and ternary nanocomposites will expand the application 

range in the packaging industry sector. 

 

3.5 Morphological behavior: FESEM micrographs of neat PLA and PLA nanocomposite 

fractured surfaces are presented in Figure 6. A smooth fractured surface could be seen in neat 

PLA and PLA/3LNP, suggesting a good interface adhesion between LNP and PLA matrix. 

No micro-domains can be observed, the surface resulted homogeneous due to a good 

dispersion of LNP nanofillers in PLA matrix during the process, confirming the observed 

mechanical performance of the nanocomposites containing lignin nanoparticles at the selected 

weight amount (3% wt.). Furthermore, the nanocomposite film loaded with CNC 

(PLA/3CNC) showed a rougher fractured surface in comparison with neat PLA, evidencing a 

more brittle tendency of this formulation. When CNC and LNP are combined at the different 

weight content, it is clearly visible how higher amount of lignin (PLA-3LNP/1CNC and 

PLA-3LNP/3CNC)  maintained  the  surface  homogeneity  in  comparison  with 

PLA-1LNP/1CNC and PLA-1LNP/3CNC samples. The morphological results are consistent 

with tensile tests (Figure 5). 

 

3.6 Antibacterial activity: Results of antibacterial tests for PLA and PLA nanocomposites 

films are reported in Figure 7. We have observed that neat PLA film reveals its inability to 

contrast the bacterial cell multiplication over the time, since it seems to support a Pst growth 

with bacterial values that increased from 1 x 10
6
 to 8.4 x 10

7
 CFU/mL in 24 h. On the other 

hand, an antibacterial activity of PLA matrix against Pst was monitored in presence of lignin 

nanoparticles and cellulose nanocrystals. In the case of PLA-3LNP/1CNC based 

nanocomposite, the antibacterial activity was much more evident respect to PLA control just 

after few hours (0-3 h) of Pst inoculation. Moreover, the highest antibacterial activity, 

prolonged over the time, was detected for PLA/3LNP binary formulation. The results from 

antibacterial test showed the effectiveness of the used lignocellulosic natural sources in the 

reduction of Pst population multiplication when embedded in a biodegradable polymer 

matrix, even inoculating the bacteria at a high concentration (1 x 10
6
 CFU/mL). Moreover, the 
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results underlined the more evident antimicrobial effect exerted by lignin nanoparticles: the 

antibacterial activity of lignin is usually related to its origin, and specifically due to the 

presence of phenolic compounds and different functional groups containing oxygen (-OH, 

-CO, -COOH) in its structure. Furthermore, it is known that its biocidal activity is expressed 

on bacterial cell membrane causing severe damages and lysis of bacterial cells with 

consequent release of cell content [49, 50]. In our case, the effect of LNP is particularly 

evident for the PLA/3LNP system, while this effect was mitigated by the presence of CNC. 

As already observed in DSC characterization, increased cristallinity values of PLA films 

observed when 1% wt. (PLA-3LNP/1CNC, 23.2%) and 3% wt (PLA-3LNP/3CNC, 32%) of 

CNC are incorporated in PLA/3LNP can reduce the diffusion mechanisms and, consequently, 

the antimicrobial response of the PLA-3LNP/1CNC ternary nanocomposite respect to the 

LNP based binary film. 

 

4. Conclusions 

Melt extruded PLA nanocomposite films, obtained by dispersing cellulose nanocrystals 

(CNC) and lignin nanoparticles (LNP) at two different amounts (1 and 3 %wt.), respectively 

in neat PLA and glycidyl methacrylate (GMA) grafted PLA (g-PLA), were successfully 

produced and then characterized. The optical characterization of the films confirmed a 

synergic effect of LNP and CNC nanoparticles in terms of transparency and UV light 

blocking capability, moreover the combination of the two lignocellulosic nanofillers at the 

two selected weight content proved to be effective also in enhancing nucleation and crystal 

growth with respect of binary reference systems (PLA/3LNP and PLA/3CNC). Furthermore, 

the best mechanical performance, both in terms of tensile strength and elastic modulus, was 

revealed for the ternary system containing 1 %wt. LNP and 3 %wt. CNC, confirming the 

role of cellulose nanostructures in reinforcing PLA based nanocomposites and the real 

possibility to improve this property adding nanoscaled lignin in a synergic manner. Thermal 

results, as well as the different obtained morphologies for CNC and LNP reinforced PLA 

nanocomposites, confirmed that good dispersion of the nanostructures, due to the 

masterbatch/grafting combination, was achieved. Lastly, the biocidal activity of PLA films 
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(containing lignin nanoparticles and cellulose nanocrystals) against a tomato bacterial plant 

pathogen was tested and the results confirmed how damages and losses caused by plant 

pathogens on fresh food in the packaging industry can be monitored by using new and green 

research lines related to unexplored functionalities of lignin and cellulose structures at the 

nanoscale. 
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Figures and Tables captions 

Figure 1: Definition of masterbatches (visual appearance, material content) and preparation of 

PLA nanocomposite films containing cellulose nanocrystals and lignin particles in binary and 

ternary systems. 

Figure 2: UV-Vis spectra of PLA and PLA nanocomposite films containing CNC and LNP 

nanoparticles in binary and ternary systems (a), visual appearance of the films (b). 

Figure 3: Synergic effect of LNP and CNC nanoparticles in terms of transparency and UV 

light blocking capability 

Figure 4. DSC thermograms related to the (a) first heating scan, (b) cooling scan and (c) second 

heating scan; residual mass curves and derivative curves vs temperature (d) of PLA and PLA 

nanocomposite films containing cellulose nanocrystals and lignin particles in binary and 

ternary systems; 

Figure 5. Values for tensile strength (a), Young’s modulus (b), elongation at break (c) and 

stress-strain curves of PLA and PLA nanocomposite films containing cellulose nanocrystals 

and lignin particles in binary and ternary systems; 

Figure 6. FESEM images of fractured cross sections for PLA and PLA nanocomposite films 

containing cellulose nanocrystals and lignin particles in binary and ternary systems. 

Figure 7. Antibacterial activity of different films based on neat PLA, PLA film with 3% wt. 

of lignin nanoparticles (PLA-3LNP), PLA ternary system containing both cellulose 

nanocrystals (1% wt.) and lignin nanoparticles (3% wt.) (PLA-3LNP/1CNC), on the 

multiplication of tomato plant pathogenic bacteria Pseudomonas syringae pv. tomato (Pst) 

(CFBP 1323) 1 x 10
6
 CFU/mL. The vertical bars represent the standard error of the mean 

log-transformed Pst populations sizes at given sampling time. Data submitted to the analysis 

of variance (ANOVA) resulted significant (p≤0.05). 

 
Table 1: Nanocomposite formulations. 

Table 2: UV-Vis and TGA results for different films based on PLA containing CNC and 

LNP. 

Table 3: Thermal parameters (Tg, Tcc, Tm) of PLA and PLA/CNC/LNP nanocomposites (1
st
 

and 2
nd

 heating scan). 
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Table 1: Nanocomposite formulations. 

 
Formulations PLA 

(%) 

g-PLA 

(% wt.) 

LNP 

(% wt.) 

CNC 

(% wt.) 

PLA 100 - - - 

PLA-1LNP/1CNC 83 15 1 1 

PLA/3CNC 82 15  3 

PLA-1LNP/3CNC 81 15 1 3 

PLA/3LNP 82 15 3 - 

PLA-3LNP/1CNC 81 15 3 1 

PLA-3LNP/3CNC 79 15 3 3 



 

Table 2 
 
 

 

Table 2: UV-Vis and TGA results for different films based on PLA containing CNC and LNP. 
 

 

 
 

Formulations Transmittance (%) 

at λ = 320 nm 

Tonset (1%) (°C) Tmax (°C) 

PLA 91.4 266.1 360.3 

PLA-1LNP/1CNC 83.1 283.3 359.8 

PLA/3CNC 91.5 255.5 345.5 

PLA-1LNP/3CNC 79.1 286.1 360.7 

PLA/3LNP 57.8 272.3 341.4 

PLA-3LNP/1CNC 51.9 274.3 351.9 

PLA-3LNP/3CNC 46.2 262.1 347.1 



 

Table 3 
 
 

 

Table 3: Thermal parameters (Tg, Tcc, Tm) of PLA and PLA/CNC/LNP nanocomposites (1
st
 and 2

nd
 heating scan). 

 

 
First heating scan Second heating scan 

 

Formulations Tg (°C) Tcc ( °C) Tm (°C) Tg (°C) Tcc ( °C) Tm (°C) Xc (%) 

PLA 60.1± 0.1 104.0±0.5 169.1±0.8 59.1±0.7 100.6±0.6 167.8±0.6 18.0 ± 1.3 

PLA-1LNP/1CNC 60.1± 0.1 98.6±0.1 168.2±0.3 58.5±0.6 98.9±0.2 167.4±0.1 23.1 ± 0.3 

PLA/3CNC 60.8±0.1 103.0±0.1 169.0±0.1 59.6±0.7 97.8±0.7 167.8±0.3 22.4 ± 2.3 

PLA-1LNP/3CNC 59.7±0.1 94.1±0.1 167.9±0.1 58.3±0.1 97.8±0.3 167.6±0.1 23.6 ± 0.6 

PLA/3LNP 60.3±0.03 96.1±0.7 169.3±0.2 59.8±0.5 99.7±0.2 168.8±0.4 20.6 ± 2.6 
PLA-3LNP/1CNC 61.1±0.01 99.4±0.4 168.9±0.1 59.1±0.7 97.9±0.1 167.8±0.1 23.2 ± 0.9 

PLA-3LNP/3CNC 60.6±0.01 95.3±0.3 168.0±0.1 59.0±0.2 96.3±0.1 167.3±0.1 32.2 ± 0.1 



 

Figure 1 

Click here to download high resolution image 
 

http://ees.elsevier.com/europol/download.aspx?id=574886&guid=f2fe2277-066a-4371-86a7-03fbcb3eb99c&scheme=1


 

Figure 2 

Click here to download high resolution image 
 
 
 
 
 
 

http://ees.elsevier.com/europol/download.aspx?id=574887&guid=cb453fa2-c046-4957-879a-825ea42ccc44&scheme=1


 

Figure 3 

Click here to download high resolution image 
 
 
 
 

 

http://ees.elsevier.com/europol/download.aspx?id=574888&guid=4755aef9-e69d-4e7e-a7be-bf92ce243e70&scheme=1


 

Figure 4 

Click here to download high resolution image 
 

http://ees.elsevier.com/europol/download.aspx?id=574889&guid=627b3665-6dc6-49b8-91d3-c07a2a640443&scheme=1


 

Figure 5 

Click here to download high resolution image 

 

http://ees.elsevier.com/europol/download.aspx?id=574890&guid=aeedc870-ba78-4f30-b7b9-d3df13ba75e4&scheme=1


 

Figure 6 

Click here to download high resolution image 
 
 
 
 
 

 

http://ees.elsevier.com/europol/download.aspx?id=574891&guid=9d18aba7-5715-4e00-a9c5-8810da1a1e29&scheme=1


 

Figure 7 

Click here to download high resolution image 
 
 
 
 

http://ees.elsevier.com/europol/download.aspx?id=574892&guid=a7053595-523d-45f2-8cf3-269ef1b3f35a&scheme=1

