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1 Å: Armstrongs 
CAS no: Chemical abstracts service number 
dm2: square decimeter 
DMEM: Dulbecco’s Modified Eagle’s Medium 
GPa: gigapascals 
HaCaT: immortal human keratinocyte cell line 
HDTA: Hexadecyl Trimethyl ammonium bromide  
ISO: International Organization for Standardization 
MEM minimal essential medium 
OECD TG: Organisation for Economic Co-operation and Development Test Guideline 
PLA: polylactide 
TOM: Total overall migration 
TMSA: octadecyl trimethyl ammonium chloride 
wt/wt: weight per weight 
XRD: X-ray diffraction 
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Abstract 

The exploitation of polylactide (PLA) nanocomposites (which integrate organically modified clays 

(organoclays) into polymers) in packaging for the cosmetics industry could provide a biodegradable 

alternative to the use of conventional plastics. In this study nanocomposites with a PLA polymer 

matrix and clay fillers organically modified with the quaternary ammonium salts, hexadecyl trimethyl 

ammonium bromide (HDTA) or octadecyl trimethyl ammonium chloride (TMSA), were produced and 

tested for their safe use in cosmetic packaging. To address concerns over the potential release of 

constituents from such nanocomposites, levels of total overall migration in a range of simulants (e.g. 

vegetable oil, aqueous media, and cosmetic formulations) was assessed 10 days post incubation at 

40 ˚C following EU-Plastics Regulation 10/2011 concerning materials and articles in contact with 

foodstuffs. Total overall migration levels calculated for all PLA nanocomposites tested (maximum of 

0.88 ±0.44 mg/dm2) were well below the total established legislative migration limit (10 mg/dm2). 

Toxicity of the nanocomposite migration extracts to the skin was assessed in vitro. Exposure of skin 

cells (HaCaT immortalized human keratinocytes) and a full thickness epidermal skin model 

(EpiDermTM) to migration extracts did not result in any significant loss in cell viability or skin irritation 

(OECD TG 439). The results therefore indicate that the levels of migration from the nanocomposite 

measured was low, and that the nanocomposite migration extracts stimulated minimal toxicity to 

the skin. Up until now, the hazard of migration extracts from polymer-organoclay nanocomposites 

following dermal exposure has not been investigated and thus our study addresses a gap in 

knowledge. These findings can inform the safe design of bio-based biodegradable nanocomposite 

packaging (used by the cosmetics, and other industries) in the future to promote a more sustainable 

and greener economy for the plastics industry.  

 

Keywords: PLA nanocomposites; organoclays; migration; packaging; dermal exposure; skin irritation 

 



1. Introduction 

Clays composed of nanoscale layered aluminosilicate particles (1 nm thick, 200-300 nm long) are 

being increasingly used as fillers within polymers to produce next generation high performance 

materials  known as nanocomposites [1] (Paul and Roberson 2008). Packaging represents nearly half 

(39.9 %) of the total plastic demand in Europe [2] (Plastics Europe 2017) and replacing petroleum-

based plastics with such bio-based nanocomposites represents a giant leap towards a more 

sustainable and greener economy. For example, bio-based polymer-clay nanocomposites are being 

investigated as alternative, more environmentally-friendly, materials to petroleum-based plastics [3, 

4] Reedy et al. 2013, Ray et al. 2006). One of the most promising and widely used bio-based 

polymers, that has already been commercialised, is polylactide (PLA). PLA is made from the 

polymerisation of lactic acid monomers that are produced through the fermentation of sugars which 

have been extracted from a biomass source (e.g. corn starch, tapioca, sugar cane, or sugar 

beet)[5](John et al. 2007). PLA is not only bio-based but compostable and biodegradable through 

hydrolysis by micro-organisms [6](Ghorpade et al., 2001). It is a thermoplastic polymer with high 

processability, its production capabilities are currently at an industrial scale (150,000 (metric) tonnes 

per annum (NatureWorks ® LLC. USA)) and it has a forecasted market annual growth rate of 17.2% 

from 2018 to 2023 [7](Reports Database 2018). Yet currently it represents only ~1% of the total 

plastics produced globally [8](European Bioplasics, 2017).  Slowing down its widespread use up until 

now is cost competitiveness with conventional polymers, aswell as its brittleness and poor gas 

barrier properties. To address one of these limitations nanoscale structured layered clay particles 

can be incorporated into PLA conferring strength, increasing its gas barrier properties [9,10,11](Ray 

et al. 2002; Prakalathan et al. 2012; Darie et al. 2014), and ultimately allowing the nanocomposite to 

compete with conventional plastics in a wide range of applications [12](Murariu and Dubois 2016). 

Indeed, an improvement in mechanical and barrier properties of PLA-organoclay nanocomposites 

compared to PLA polymers alone has already been demonstrated previously [13,14](Jorda-Beneyto 

et al. 2014, Chang et al. 2003).   



Packaging performance has often been reported to be influenced by the dispersion state and 

structure of the clays in the nanocomposite [15,16](Rhim et al. 2009, Sengul et al. 2004). For this 

reason, clays are often organically modified by replacing the interlayer cations of the clay sheets 

with quaternary ammonium or phosphonium cations to make them less hydrophilic and more 

compatible with the polymer matrix [17,18](Maiti et al. 2002, Ray et al. 2003). Depending on the 

degree of dispersion of the nanostructured clay in the polymer nanocomposite a phase separated 

(clay platelets in large stacks), intercalated (increased inter-layer spacing of clay platelets) or 

exfoliated (individual platelets distributed throughout the PLA matrix) nanocomposite will result 

[19,2](Alexandre and Dubois, 2000, Dennis et al. 2001). Improved performance with exfoliated 

polymer organoclay nanocomposites has been shown [21](LeBaron et al. 1999). Over 70% of all PLA 

produced is used in the packaging industry [22](Siracusa et al. 2008) and organoclays are the most 

utilised nanofillers [23](Marquis et al. 2011).  

Existing research has focused primarily on the development of bio-packaging for the food industry 

[24,25,26](Youssef 2013; Rhim et al. 2013; de Azeredo 2009) and applications for short shelf-life 

fresh products. However, there also exists a market within the cosmetic packaging industry which 

relies heavily on plastic for packaging producing over 76.8 billion plastic packaging units each year 

(Euromonitor, 2017). The development of a bio-based and biodegradable packaging alternative, 

particularily for organic or eco-friendly lines would offer complete product differentiation and a 

solution to the global plastic waste problem. 

However, ensuring the safe use of bio-based nanocomposites in the packaging industry must not be 

overlooked. Already in conventional polymer plastics, such as polyvinyl chloride (PVC) and 

polyethylene terephthalate (PET), the release of substances such as bisphenol A (BPA) and certain 

phthalates has raised concerns surrounding the safety of packaging [27,28,29](Boˇsnir et al 2007, 

Bach et al. 2012, Fasano et al. 2012). These chemicals may have endocrine disrupting properties, and 

they can be absorbed through the skin [30](Zalko et al. 2011) and so, at present, restrictions and 



specific migration limits on BPA use in food contact materials have been set to protect consumers 

[31](EU 2018). On a regulatory level, clays (including bentonite) are approved as additives in bulk 

form for use in cosmetic and personal care products. However, when used in polymer 

nanocomposites clays may be present in an exfoliated, deagglomerated state and thus any hazard 

associated with exposure through potential migration of individual clay sheets from nanocomposite 

packaging into cosmetic formulation needs to be assessed to ensure their safe use. Individual 

alumino-silicate sheets are truly nanoparticulate (~1nm in thickness), with a high aspect ratio 

(ranging from 200–500:1) [32](Uddin 2018). Safety concerns surrounding nanomaterial sheets (e.g 

graphene nanosheets)[33](Xu et al., 2015) and high aspect ratio fibres have been raised previously 

[34,35](Donaldson et al. 2010, Xia et al. 2016). Studies on dermal exposure route are lacking.  

Furthermore, the use of organically modified clays in nanocomposites may be of concern due to the 

potential for the chemical modifier to enhance the toxicity of the clays [36,37,38,39](Janer et al. 

2014, Lordan et al. 2011, Wagner et al. 2017, Connolly et al. 2019) or migrate from the packaging 

material into the product [40](Xia et al. 2014). Commonly used chemical modifiers belong to a group 

of quaternary ammonium compounds that are used as cationic disinfectants and biocidal agents to 

prevent the growth of microorganisms [41](Gerba et al. 2015). They are approved for use in 

cosmetics and personal care products as preserving agents and detergents, albeit with specific 

concentration limits due to their inherent skin irritating properties [42](Lin and Hemming 1996). 

They also have shown cytotoxic and genotoxic effects towards several human cells in vitro, including 

HaCaT skin cells, C3A hepatocytes and J774.1 macrophage-like cells [43,44,39](Nagamune et al. 

2000, Ferk et al. 2007, Connolly et al. 2019). 

At present information is lacking on the potential of clays/organoclays to migrate from polymer 

nanocomposites [45](Jokar et al. 2017). The extent to which these materials will cause adverse 

effects if released from packaging is also not clear. A limited number of migration studies have been 

performed, mainly focusing on nanocomposites used in food contact materials in the food packaging 



industry [46,40,47](Echegoyen et al. 2016, Xia et al. 2014, Huang et al. 2015), where oral exposure 

will result from release/migration. This study seeks to investigate the safety of PLA polymer-

organoclay nanocomposites used in the cosmetic packaging industry, where migration will result in 

dermal exposure. To the best of our knowledge, the hazard of polymer organoclay nanocomposite 

migration constituents, following dermal exposure, has not been studied previously or reported on. 

Within the cosmetic industry there are no specific guidelines concerning packaging/content 

interaction studies. Yet, according to the EU Cosmetic Regulation 1223/2009 there is a requirement 

to report on the characteristics of packaging materials, such as stability, impurities, and traces, 

within a product’s safety assessment. The exposure of skin to non-intended substances stemming 

from migration from packaging must be at a level that is safe for human health (Annex I, Regulation 

(EC) No 1223/2009)[48](EC 2009). Further challenges in the safety assessment of such packaging 

material arise for the need to assess hazard using alternatives to animals, due to the ban on animal 

testing imposed on the cosmetic industry for products and ingredients marketed in the EU [48](EC 

2009). Other specific considerations include the use of solvents and other ingredients in cosmetic 

formulations (e.g. paraffin, glycerine, propylene glycol, and ethyl alcohol) that may promote the 

degradation of the polymer and increase the migration potential of (hazardous) packaging 

components into the product [49](Rydz et al. 2013). For example, PLA is readily degradable through 

hydrolysis and may be susceptible to breakdown in strong acidic or basic pH environments or solvent 

induced crystallisation [50](Iñiguez-Franco et al. 2016). 

 
Within this study bio-based and biodegradable PLA polymer-organoclay nanocomposites were 

produced and tested for their safe use in cosmetic packaging. The biocompatibility of the PLA 

polymer-organoclay nanocomposites, the levels of migration of components from the 

nanocomposite, and potential for migration extracts to cause adverse effects was investigated. 

Migration studies were performed according to guidelines for food contact materials [51](EC 2011) 

using vegetable oil, and using cosmetic formulations as simulants to mimic real use scenario 



conditions. Human HaCaT keratinocyte skin cells were used to test adverse effects from exposure of 

the skin in vitro to migration extracts via assessment of cytotoxicity. In addition, a reconstructed 3D 

human skin model (EpiDermTM) was used to assess the skin irritation potential of migration extracts, 

according to OECD TG 439. Four types of PLA based nanocomposites were produced, using different 

grades of PLA and processing techniques (injection moulding and extrusion) and incorporating two 

different organoclays modified with hexadecyl trimethyl ammonium bromide (HDTA) or octadecyl 

trimethyl ammonium chloride (TMSA). 

 

2. Materials and Methods 

2.1 Production of PLA polymer-organoclay nanocomposites 

Nanocomposites were produced using two different grades of PLA: Ingeo™ Biopolymer 2003D 

(PLA1) and Ingeo™ Biopolymer 3052D (PLA2) from NatureWorks LLC. The PLA305D was selected due 

to its applicability for injection moulding, while PLA2003D is suitable for processing on conventional 

extrusion equipment. Sodium activated bentonite clays (Nanofil®116, BYK Additives and 

Instruments, USA) (CAS no: 1302-78-9)) were organically modified in house as described by [13]Jorda 

Beneyto et al. (2014) and [39] Connolly et al. (2019) with the quaternary ammonium compounds 

hexadecyl trimethyl ammonium bromide (HDTA) (CAS no. 57-09-0) (27.3 g/100 g clay) or octadecyl 

trimethyl ammonium chloride (TMSA) (CAS no. 112-03-8) (29.5 g/100 g clay) (CymitQuimica S.L., 

Spain). Nanocomposites were prepared using organoclay loading of 4 % (wt/wt). A  plasticiser was 

also added (20 % wt/wt) to PLA1 to enhance flexibility and improve processing.  

Nanocomposite samples were prepared by different techniques at laboratory scale, depending on 

the PLA grade. For PLA1 nanocomposites, extruded sheets with a thickness of 400 µm were obtained 

in a twin-screw extrusion line with a die head for film, while for PLA2 nanocomposites, circular 

specimens with a thickness of 800 µm were obtained by micro-compounding with an injection 

system. Processing conditions were followed according to the technical datasheets from polymer 



suppliers (NatureWorks LLC, USA).Discs (13 mm in diameter) were cut from sheets of each 

nanocomposite using an Epilog Mini 40W Laser Cutter at 60% Power, 100% Speed and 5kHz 

Frequency (see supplementary figureS1 for photographs of polymer nanocomposites and discs). 

These discs were sterilised in a laminar flow cabinet using UV light (40 min), soaking in an antibiotic 

solution overnight (1% Penicillin/Streptomycin mixture prepared in sterile water), followed by 

dipping in 80% ethanol and a rinse in sterile water. These nanocomposite samples were named 

according to the PLA grade and the organic modifier used; i.e. PLA1_HDTA, PLA1_TMSA, PLA2_HDTA 

and PLA2_TMSA. 

2.2 Characterisation of PLA-organoclay nanocomposites 

Wide-angle X-ray diffraction (XRD) (D8 Advance A25 (Bruker)) was used to investigate the structure 

of the clays within the PLA nanocomposites as a measure of dispersion state. Crystalline phases 

present in the PLA nanocomposites with unmodified parent clays (N116) and organoclays were 

analysed. The influence of different organic modifier levels (e.g. 2, 4, 6 and 8 times the theoretical 

amount of modifier required to exchange all the available cations from the clay) on organoclays 

dispersion state within nanocomposites was also investigated.  

The interlayer d-spacing (the distance between the basal layers of the clay) was calculated from the 

XRD spectrum according to the 2ϴ angles corresponding to the diffraction peaks of the organoclays 

by the Bragg’s Law, whose formula is:  

nλ= 2d sinθ  

Where, n is the order of diffraction, λ is the wave length, θ is the angle of diffraction and d- inter 

planar distance. According to Bragg’s law; the d-spacing is inversely proportional to the scattering 

angle. Therefore the shift of the peaks to lower scattering angles corresponds to larger d-spacing 

and hence larger distances between the silicate layers will be found. Samples were also viewed 

under light microscopy (40 X magnification).  



Mechanical properties (Young´s modulus and elongation at break) of the two pure PLA grades as 

well as PLA nanocomposites were evaluated using a universal testing machine (model M350-20CT), 

following standard ISO-527. 

 

2.3 In vitro biocompatibility studies 

A direct contact test method was used to evaluate the acute adverse biological effects of migration 

extracts from the PLA polymer-organoclay nanocomposites (adapted from ISO 10993-5: 2009 for 

testing medical devices) [52](ISO 2009). According to this method cells are grown in direct contact 

with the test article in an in vitro test system and any effect on cell growth, proliferation, or a 

reduction in viability following direct contact with the test material is measured.  

Sterile nanocomposite discs (13 mm diameter, either 400 µm (PLA1) or 800 µm thick (PLA2)) were 

placed in the bottom of 24-well microplates (Coaster Corning Flintshire, UK). PLA1 and PLA2 discs 

without organoclays but with the same respective thickness served as controls. Cell culture polyester 

coverslips (13 mm diameter, 200 µm thick) (Coaster Corning, Flintshire, UK) were used as a reference 

to compare cell attachment and proliferation with the nanocomposite discs.  

Epidermal human keratinocytes (HaCaT cells) (CLS cell lines service, Eppelheim, Germany) were  

seeded (2.5 x105 cells/mL, 500µl/ well) directly onto the sterilised discs and coverslips or in well and 

incubated for 24 or 48h at 37 ˚C/5% CO2 in DMEM culture medium with a high glucose content (4.5 

g/L) (Thermo Fisher Scientific, Cramlington, UK) and supplemented with 10% heat-inactivated foetal 

bovine serum (FBS) (Thermo Fisher Scientific, Cramlington, UK), 100 U/ml Penicillin and 100 μg/ml 

Streptomycin (Gibco, USA) and 2mM L-glutamine (Gibco® ThermoFischer Scientific, UK)) (termed 

complete MEM). 

After 24 h or 48 h cells were observed (optical microscopy) for visible signs of adverse effects (such 

as a change in the size or appearance of cells or a disruption in their growth pattern) in response to 



the test and control materials. Neutral red dye (Sigma Aldrich, UK) staining (0.03 µg/mL) was used to 

aid in visualising the cells. Levels of viability were assessed using the alamarBlue® assay which 

assesses viability based on the metabolic activity of cells. The conversion of alamarBlue® 

(ThermoFisher Scientific, UK) (1.25% (v/v)) following 1h incubation (37°C/5 % CO2) to the fluorescent 

product resorufin was measured at excitation/emission wavelengths of 560 nm and 590 nm to 

assess the level of viability of cells. Data are expressed as a percentage of the levels of viability 

measured in control cells grown directly in culture plate.   

2.4 Migration studies  

Migration tests for total overall migration were performed using test methods that have been 

standardized according to British adopted European standard BS EN 1186-1:2002 [53](BS EN 2002), 

and guidelines set out in the EU-Plastics Regulation 10/2011 concerning materials and articles in 

contact with foodstuffs [51]EC 2011). PLA and nanocomposite discs were weighed and placed into 

sterile 7 mL glass bijou vials (Samco, SLS, UK) which acted as migration cells. Two different cosmetic 

formulations (Cosmetic A and B) were used as simulants to mimic specific use conditions in the 

cosmetic packaging industry. Cosmetic A was supplied by Alan Coar, Spain and represented a simple 

oil in water emulsion. Cosmetic B was supplied by Alissi Bronte, Spain and represented a highly 

lipophilic emulsion. Vegetable oil (Simulant D) was selected for use as it used as a reference simulant 

for fatty foods according to Plastic regulation (EU) 10/2011 [51](EC 2011) and most closely 

resembles the cosmetic formulations being used. Samples were also tested in contact with aqueous 

based biological culture medium (minimal essential medium) (MEM) (Fisher Scientific, UK) according 

to MEM elution assay guidelines for cytotoxicity testing (ISO 10993-5) to generate samples that 

could be used to assess the response of HaCaT cells to potential migrants. Samples were tested in 

each simulant in quadruplicate. Cell culture polyester coverslips (13 mm in diameter and 200 µm 

thick) served as control samples, and blanks (simulants only) were also included. Discs were placed 

flat at the bottom of the migration cell and simulants (0.472 mL) were added directly on top creating 



a single surface testing setup. The contact surface area was 132.65 mm2 (or 1.3265 dm2). This 

contact surface area to simulant volume ratio mimicked conditions of intended use of the 

nanocomposites as a cosmetic packaging material (see supplementary figure S2). Migration cells 

were kept at 40 ˚C for 10 days in reduced light according to test migration conditions outlined for 

long term storage ((EU) Regulation No 10/2011).  

At the end of the test period, discs were removed, washed with sterile deionised water to remove 

any cosmetic/simulant remaining on the surface, and allowed to dry overnight at room temperature. 

The weight of each disc was then recorded and compared to weights measured before the test 

began to calculate total overall migration. Total overall migration (M) was calculated using the 

formula below and expressed as milligrams (mg) per decimetre (dm) of the surface of the sample.  

 
Overall migration: M (mg/dm2) = (W2-W1) (mg) 
 

                                S (dm2) 
 
where: 

 

W1 is the weight of the disc prior to testing, in milligrams. 

W2 is the weight of the disc after the contact period, in milligrams. 

S is the surface area of the test specimen intended to come into contact with simulant, in square 

decimetres. 

 

2.5 Hazard assessment of migration extracts 

2.5.1 MEM elution assay  

The cytotoxicity of migration extracts towards skin cells was assessed using the MEM elution test 

which was developed as part of the ISO standard series of tests for in vitro cytotoxicity for biological 

evaluation of medical devices (ISO-10993-5) [52](IS0 2009).At present, there is no specific test 



guideline or procedural document for testing the hazard of migration extracts to the skin. Therefore 

the above standardised test procedure was selected and adapted for use with HaCaT skin cells.  

Minimal essential medium (MEM) simulants that were in contact with PLA and PLA nanocomposites 

were collected from migration cells and tested for cytotoxicity in vitro using HaCaT skin cells. Cells 

were seeded at a density 2.5 x105 cells/mL (100µl) in 96 well microplates and incubated for 24h at 37 

˚C/5% CO2 atmosphere. HaCaT cells were then exposed to the MEM simulants (100µl) that were held 

in contact with the PLA polymers and nanocomposites and tested in triplicate. MEM simulants 

collected from migration cells with plastic coverslip and blanks served as controls. Following 24 h 

exposure, cells were washed with phosphate buffered saline and then incubated with a 1.25% (v/v) 

alamarBlue® solution prepared in complete MEM for 1 h (37 °C/5% CO2). Fluorescence was then 

measured at excitation/emission wavelengths of 560 /590 nm. Data are expressed as a percentage 

of the levels of viability measured in control cells (cells in exposed to complete MEM). 

2.5.2 Skin irritation testing  

Skin irritation tests were performed using the reconstructed human epidermal tissue model, 

EpiDermTM SIT (EPI-200) (MatTek, Slovakia) (Lot no: 23324, Kit C and Lot no: 23325, Kit C), according 

to the validated test guideline for in vitro skin irritation, OECD TG 439 [54](OECD 2015). This model is 

comprised of non-transformed human-derived epidermal keratinocytes, which have been cultured 

to form a multi-layered, highly differentiated model of the human epidermis. It consists of organized 

basal, spinous and granular layers, and a multi-layered stratum corneum containing intercellular 

lamellar lipid layers representing the main lipid classes analogous to those found in vivo.  

Samples of Cosmetic B simulants from migration cells were applied topically to the EpiDermTM   with 

the use of a nylon mesh as a spreading aid for a 60 min exposure duration at 37°C. Pre-incubation 

and post-incubation washing steps were adhered to as optimized for the EpiDermTM SIT (EPI-200) 

skin model. Samples of Cosmetic B simulant only were used as negative controls and a 5% sodium 

dodecyl sulfate (SDS) acted as a positive control (PC). Following exposure, inserts were thoroughly 



washed according to the manufacturer’s instructions (15 washes per insert followed by full 

immersion in Dulbecco's phosphate buffered saline (DPBS)) to remove all of the test material. The 3-

(4,5-dimethylthiazol-2-yl) 2,5-diphenyl tetrazolium bromide (MTT) assay was used to quantify 

viability based on the dehydrogenase activity of the mitochondria, and the conversion of MTT into 

blue formazan by the viable cells was measured at absorbance 570 nm according to test guidelines. 

Data are presented as percentage of viability measured in tissues exposed to Cosmetic B only. 

Cosmetic B simulants were chosen for testing as the highest levels of total overall migration was 

calculated in these simulants for PLA polymers and nanocomposite. 

Supernatants of exposed tissues were analysed for levels of IL-8 and IL-1α as biomarkers of skin 

irritation using a bio-plex MAGPIX multiplex system (Luminex XmAP technology, Bio-Rad 

Laboratories) according to the recommended protocol from the manufacturer. Samples were 

measured in triplicate, and blank values were subtracted from all readings. Cytokine concentrations 

were interpolated from curves generated from reference standards and data are expressed as 

picograms per millilitre.  

 

 

3. Results  

3.1 Characterisation of PLA-organoclay nanocomposites 

Wide angle X-ray diffraction (XRD) measurements were used to investigate the organoclay 

dispersion and exfoliation state (i.e. interlayer spacing of the clays and polymer intercalation) within 

the PLA polymer-organoclay nanocomposites. XRD diffractogram patterns comparing PLA2_HDTA, 

PLA2_TMSA organoclay nanocomposites and unmodified clay nanocomposite are presented in 

Figure 1. A single diffraction peak measured for the unmodified clay nanocomposite 

(PLA2_Unmodified) indicates a poor degree of clay dispersion in the PLA matrix, characteristic of 

phase separated large clay particles. In contrast, multiple diffraction peaks were measured for 



nanocomposites with organoclays (PLA2_HDTA and PLA2_TMSA (Figure 1)) which indicates the 

presence of multiple clay particles with different crystalline phases intercalated within the polymer 

(PLA) matrix. 

The interlayer d-spacing (the distance between the basal layers of the clay) was calculated from the 

XRD patterns and took into consideration Bragg’s law (Table 1). A single diffraction peak at 7.68 2θ 

corresponds to a basal d-spacing of 11.5 Å for the N116 parent clays in the nanocomposites. This is 

similar to the interlayer spacing of N116 clays when in powder form and indicates a poor degree of 

polymer chain interaction between clay layers. The interlayer spacing calculated for the multiple 

diffraction peaks measured for the organoclay in composites ranged from 11.09-30.29 Å and 8.63-

30.13 Å for HDTA and TMSA organoclays, respectively. The presence of larger interlayer spacing in 

organoclays within composites compared to organoclays in powder form indicate that the polymer 

has entered into the clay gallery within the composite, expanding the layers further with some 

degree of intercalation. The concentration of organic modifier used to organically modify the 

organoclays (1, 2, 4, 6, 8 times the excess of theoretical amount of modifier to exchange all the 

available cations from the clay) did not influence the dispersion state of the organoclays within the 

composite as a similar XRD diffraction pattern was observed (data not shown).   

 

 



Figure 1. XRD pattern of PLA nanocomposites with unmodified clay (PLA2_Unmodified) and 

organoclays with HDTA and TMSA. 4 % (w/w) clay incorporation level was used in all cases.  

 

Table 1. Characterisation of the structure of clays in powder form and within nanocomposites. Data 

expressed as average interlayer distance (Å), as measured using XRD (n=3). 

 

 

 

 

 

 

Light microscope images taken of polymers only and nanocomposites discs showed the continuous 

polymer matrix phase of extruded (PLA1) and injection moulded (PLA2) samples (Figures 2 (a) and 

(d), respectively) and the dispersion state of the respective organoclays after incorporation. A clear 

difference in dispersion state of the organoclays can be evidenced according to the processing 

technique used. Images of the PLA1 nanocomposites processed using extrusion are presented in 

Figures 2 (b) and (c). HDTA and TMSA organoclays can be seen evenly dispersed throughout the 

polymer matrix phase.  In contrast a heterogenous distribution of different sized organoclays can be 

seen for PLA2 injection moulded nanocomposites (Figures 2 (e) and (f)). Large clay tactoids ≥45 µm 

in size can be viewed both for HDTA and TMSA organoclays. These tactoids are composed of 

individual nanoscale sheets agglomerated in stacks. 

Sample  Interlayer distance  
d001(Å) 
 

 In powder 
form  

Within PLA nanocomposite 

N116 10.39  11.50 
N116_HDTA 18.78  11.09/ 16.23/30.29 
N116_TMSA 21.53 8.63/11.38/16.85/30.13 



 

Figure 2. Diagrammatic representation and light microscopy images of the PLA polymers and PLA-

clay nanocomposites incorporating HDTA and TMSA modified organoclays (4 % wt/wt respectively). 

Grey lines: polymer chain phase, Yellow blocks: reinforcing clay phase with HDTA (red tail and head 

group), or TMSA (blue tail and red head group) organic modification.  

The mechanical properties of the PLA and PLA nanocomposites were investigated via assessment of 

the Young’s Modulus. It was observed that the Young’s Modulus was increased for PLA 

nanocomposites (PLA1_TMSA=2.924 GPa; PLA1_HDTA=3.118 GPa; PLA2_TMSA=3.542 GPa; 

PLA2_HDTA=3.707 GPa) compared to the pure PLA polymers (PLA1=2.691 GPa; PLA2=3.175 GPa). In 

the case of PLA2 nanocomposites, an increase in the elongation at break was also observed 

(PLA2_TMSA=2.041 mm; PLA2_HDTA=4.752 mm) with respect to the pure PLA2 polymer (1.677 

mm). In the case of PLA1 nanocomposite, the elongation at break was also increased with respect to 



the pure PLA1 polymer, but only when organoclays modified with TMSA were incorporated 

(PLA1=64.213 mm v´s PLA1_TMSA= 74.902 mm). In the PLA1 nanocomposites with organoclays 

modified with HDTA, the elongation at break was reduced by half to 31.838 mm.  

 

3.2 In vitro biocompatibility studies 

Using a direct contact method (IS0 10993-5) HaCaT skin cells were grown directly on PLA polymer 

and PLA polymer-organoclay nanocomposite discs and cell viability was assessed after 24 and 48 h 

using the alamarBlue® assay (Figure 3). There were no significant differences in the level of cell 

viability between cells grown on PLA polymers or nanocomposite discs when compared to control 

cells grown directly on the culture plate or on plastic coverslips (C) (Figure 3). Cell viability remained 

high (≥80 %) even after 48h incubation. Visual observation of cells using light microscopy and neutral 

red staining at 24h post exposure showed that both PLA polymers and nanocomposites supported 

cell attachment and monolayer growth with no visible indications of cytotoxicity after 24 h (Figure 

4). Organoclays can be visualised on the surface of polymer nanocomposites. 

 

 

 



Figure 3. Viability of HaCaT skin cells in direct contact with PLA1 and nanocomposites (a) and PLA2 

and nanocomposites (c) for a 24 and 48 h hour incubation period. C represents cells grown on plastic 

coverslips routinely used for cell culture. Data expressed as mean percentage viability levels 

compared to control cells grown directly on the culture plate ± SEM (n=3). 

 

 

 

Figure 4. Light microscope images of HaCaT skin cells grown on PLA polymers (PLA1, PLA2) (a, and d 

respectively) and PLA nanocomposites; PLA1_HDTA (b), PLA2_HDTA (e), PLA1_TMSA (c), PLA2_TMSA 

(f) (24h post incubation). Black arrows point to some clearly visible organoclays seen on surface of 

nanocomposites.  

 

3.3 Migration 

Total overall migration levels were calculated for PLA polymer and PLA polymer-organoclay 

nanocomposite discs according to measured differences in weights prior to and after being in 

contact with a range of simulants for 10 days at 40°C. Following 10 days in contact with the 



cosmetics at 40°C, all polymer and polymer organoclay nanocomposite samples remained intact, 

with no visible signs of degradation. There was also no obvious change in the appearance of the 

simulants. In Figure 5a the migration levels for PLA1 and nanocomposites in two different cosmetic 

formulations, vegetable oil (simulant D) and MEM aqueous based elution culture medium are 

presented and compared.  

Migration from the PLA1 polymer ranged from 0.27±0.14 to 0.66±0.33 mg/dm2 according to the 

simulant used (Figure 5). Migration from PLA1 polymer-organoclay nanocomposites (PLA1_HDTA 

and PLA1_TMSA) was 0.47±0.34 to 0.88±0.44 mg/dm2 respectively. No appreciable levels of 

migratoin were measured in simulant D for any of the test substances. The highest levels of 

migration was measured for the PLA1_TMSA nanocomposite in Cosmetic B and MEM elution 

medium (0.86±0.43 and 0.88±0.44 mg/dm2 , respectively).  

In contrast, there was no appreciable migration from PLA2 polymer samples measured in Cosmetic B 

or simulant D (Figure 5b) and low migration levels in Cosmetic A and MEM elution medium 

(0.17±0.09 mg/dm2 and 0.32±0.16 mg/dm2, respectively). Similar levels of migration were measured 

for PLA2 and PLA2_HDTA nanocomposites in MEM elution medium, but again the highest level of 

migration was measured for PLA1_TMSA nanocomposites (0.85 ±0.43 mg/dm2).  

It is important to note that all migration levels are well below the overall migration limit of 10 

mg/dm2 set by the EU-Plastics Regulation 10/2011 [51](EU 2011). Negative migration levels were 

also calculated for samples which increased in weight following contact with simulants (Figure 5). 

 

 



 

Figure 5. Total overall migration levels measured for PLA1 polymers and nanocomposites (a) and 

PLA2 polymers and nanocomposites (b) in a range of simulants following contact for 10 days and 

incubation at 40 °C. Data are expressed as mean ± SEM (n= 4). The absence of bars for specific 

samples indicate that there was no change in sample weight prior to and after being in contact with 

simulant. Negative values were calculated for samples that increased in weight in migration tests.   

 



3.4 In vitro hazard assessment of migration extracts 

The cytotoxicity of MEM simulant migration extracts from the PLA polymers and PLA polymer-

organoclay nanocomposites towards HaCaT skin cells was tested in vitro. As a control, cells were 

exposed to the MEM elution simulant that had been in contact with sterile plastic coverslips. Cell 

viability 24 h post exposure to MEM migration extracts from PLA1 polymers and PLA1 polymer-

organoclay nanocomposites ranged from 83±16% to 96±13%, compared to control cells grown in the 

MEM elution blank (simulant only). (Figure 6).  Viability of cells grown in contact with PLA2 and PLA2 

polymer-organoclay nanocomposites migration extracts were between 98±8%-113±13% of control 

levels. There were no significant differences in cell viability for the migration extracts of any of the 

test substances (i.e. PLA1, PLA1_HDTA, PLA1_TMSA, PLA2, PLA2_HDTA, PLA2_TMSA), compared to 

the control.  

 

 

Figure 6. Cytotoxicity assessment of migration extracts in MEM elution simulants in contact with 

PLA1 and PLA1 polymer-organoclay nanocomposites (a) and PLA2 and PLA2 polymer-organoclay 

nanocomposites (b) using HaCaT skin cells. Cell viability was assessed using the alamarBlue® assay. 

Data are expressed as mean percentage viability compared to control cells exposed to MEM elution 

medium ± SD (n= 4). C represents cells exposed to MEM elution simulants in contact with sterile 

plastic coverslips.  



 

Assessment of the toxicity of the migration extracts of the PLA polymers, and PLA polymer-

organoclay nanocomposites in Cosmetic B was prioritised as a higher level of migration was 

observed in the simulant compared to Cosmetic A. The migration extract from the PLA polymers, 

and PLA polymer-organoclay nanocomposites in Cosmetic B was tested for skin irritation properties 

using an in vitro reconstructed human skin epidermal model, EpiDermTM. The cosmetic formulation 

was applied topically to the models for 60 min and viability of the epidermal keratinocytes within the 

model was assessed using the MTT assay, according to test guidelines. There was no significant 

reduction in cell viability in skin tissue models exposed to Cosmetic B migration extracts from PLA1 

or PLA2 polymers or nanocomposites (Figure 7a). Levels of viability remained between 78±6 to 92±4 

% of measured levels for untreated control cells. Migration extracts can be considered non-irritating 

according to the threshold value of ≤ 50%, set for UN GHS Category 2 classification as a skin irritant. 

Viability of tissues exposed to SDS (5%) which acted as a positive control were reduced to levels ≤ 

20%.  

 



 

 

Figure 7. Analysis of skin irritation potential of migration extracts in cosmetic B (simulant) using the 

EpiDermTM skin model and assessing viability (a) and cytokine release; IL-α (b) and IL-8 (c). Data are 

expressed in mean ± SD (n= 3). PC; positive control (5% SDS), C; cosmetic B exposure.  

The analysis of pro-inflammatory cytokines, IL-1α and IL-8, as biomarkers of potential irritation or 

sensitising reactions within a hazard assessment has been proposed [55](Coquette et al. 2003) and 

in this study was used in conjunction with OECD TG 439. Levels of IL-1α were only significantly 

increased, compared to control cells, in tissues exposed to the positive control (5% SDS), but no 

change in cytokine production was observed for the other test substances (Figure 7b). No change in 

IL-8 production was observed for any treatment, compared to the control (Figure 7c).  

 

4. Discussion 



The use of bio-based and biodegradable PLA polymer nanocomposites as alternatives to petroleum-

based plastics has the potential to revolutionise the packaging industry. There are concerns however 

surrounding safety, and the potential for components (e.g. clays) to migrate from such packaging 

must be addressed. This study was performed to assess the safe use of novel PLA polymer-

organoclay nanocomposites as packaging materials in the cosmetic industry via an investigation into 

the potential migration of constituents (clays, organic modifiers, lactide, lactic acid and oligomers) 

and the potential hazard following dermal exposure. It is distinct from most reported studies to date 

which have focused on polymer nanocomposites use as food packaging and that have assessed risks 

from the oral route of exposure. Up until now, the hazard of migration extracts from polymer-

organoclay nanocomposites following dermal exposure has not been investigated and thus our study 

addresses a gap in knowledge. The polymer-organoclay nanocomposites under investigation in this 

study have been produced from commercially available PLA polymers reinforced with organically 

modified bentonite clays (which were incorporated to improve gas barrier properties and strength). 

In total four nanocomposites were produced (PLA1_HDTA, PLA1_TMSA, PLA2_HDTA, and 

PLA2_TMSA) and tested for their biocompatibility, migration potential and the ability of migration 

extracts to elicit adverse effects to HaCaT skin cells (in vitro) and irritation potential using 3D in vitro 

skin models.  Different grades of polymers (PLA1 and PLA2), different processing technique 

(extrusion and injection moulding) and two different organoclay nanofillers (HDTA and TMSA 

modified) were used.  

4.1 Nanocomposite structure: influence of properties on safety and migration potential  

Many factors are likely to have a direct influence on polymer nanocomposite stability and the 

migration potential of components including polymer type, the processing mechanism used, the 

thickness of the final nanocomposite, the concentration and dispersion state of the clay 

incorporated into the polymer matrix, as well as the type of simulant in contact with the material.    

The PLA polymers used in this study have been commercialised (Ingeo™ Biopolymer 3052D, 2003D) 

and specifically designed for use within the food industry for applications in food packaging and 



plastic tableware. Two different semi-crystalline polymer grades were selected according to their 

processing capabilities for injection moulding and extrusion, respectively.  The PLA grades had the 

same density (1.25 g/cm-3 vs and 1.24 g/cm-3) and in general similar characteristics according to 

manufacturer’s datasheets. However, there is a difference in thickness of the finished PLA 

nanocomposite samples produced in this study due to the specimen format for each PLA grade 

obtained by different techniques (extruded sheets and injected discs) (0.4 and 0.8 mm, for PLA1 and 

PLA2 nanocomposites, respectively). The extent to which this property influenced migration of 

nanocomposites is unclear. However, the obtained data demonstrates that a greater level of 

migration was observed in the thinner PLA1 nanocomposites, in all simulants tested.  In contrast, 

other authors have reported equivalent levels of migration in ethanol for polypropylene (PP)-clay 

films of different thickness (22.5 vs 45.6 µm) [40](Xia et al. 2014).   

The effect of clay incorporation levels on migration has been investigated and often with 

contradictory results. Some studies show an increase in total overall migration with increasing 

loading (1.8-5%) [56](Schmidt et al. 2011), however others report no direct relationship between 

increased clay content and increased release [40](Xia et al. 2014) and instead suggest that the 

degree of interaction between the clays and polymer influence the mobility of the clay in the 

nanocomposite. The same level of organoclay incorporation (4 % wt/wt) was used for all PLA 

nanocomposites under investigation in this study. This represents a relatively low incorporation 

level; with up to 10 % being reported previously [14](Chang et al. 2003). XRD analysis revealed 

increases in interlayer spacing (30.29 Å and 30.13 Å for PLA_HDTA and PLA_TMSA respectively), 

which is an indication of polymer interaction for both clays within composites and therefore the 

likely presence of smaller clay particle sizes. Clays were organically modified to improve interaction 

and thus this is expected. Whilst interfacial interactions exist between the polymer chains and the 

clay in nanocomposites, they are not covalently bound to the plastic matrix and therefore should not 

be thought of as fixed, but instead partitioned. Clay size and the dynamic viscosity of the polymer 

matrix are therefore significant contributing factors in migration potential as discussed by [57] Simon 



et al. (2008) with the highest potential migration proposed for small nanomaterials (<1nm) from 

polymer matrices with low dynamic viscosities. In this study clays with particle sizes ≤45 µm (in 

powder form) were incorporated at the polymer processing step however following processing the 

extent of interaction of clays with the polymer matrix will directly influence particle size and can lead 

to exfoliated clay platelets present within the matrix.  

The different processing techniques used had a direct impact on the dispersion of the organoclay 

filler within the finished nanocomposite. The use of a plastisizer in PLA1 polymer nanocomposite 

processing may have influenced the dispersion of clays within the polymer matrix. For example, it 

was demonstrated previously that increasing concentrations of the plasticiser triethyl citrate (TEC) 

improved the distribution of chitin nanocrystals in PLA nanocomposites [58](Herrera et al. 2017).  

Any loss in organic modifier from clay interlayers during processing (e.g. thermal degradation of 

organic modifiers at high temperature) has been shown to impede intercalation and influence the 

dispersion and distribution state [59, 60](Shah et al. 2006, Xie et al. 2001) and may explain the phase 

separated distribution in PLA2 samples. If this is the case free organic modifier or its degradation 

product(s) are likely to be present within the composite. While organoclays with relatively low 

surfactant loadings (23-26% w/w) were used in this study, loadings of surfactant in commercially 

available modified clays can be as high as 34-36 % wt (Nanomer1.44P, from Minerals Technologies 

Inc.). It is thus important also to assess the potential for organic modifier to migrate from polymer 

nanocomposites in a safety assessment. 

Another important consideration is the potential release of polymer nanocomposite components 

(e.g. clays) as a result of the degradation of the polymer matrix, which has been discussed in detail in 

a recent review [61](Duncan 2015). Potential degradation by hydrolysis of the PLA nanocomposites 

being investigated in this study is particularly relevant, and may lead to toxicity as the solvents and 

other ingredients commonly found in cosmetic formulations may enhance PLA hydrolysis. Two 

cosmetic formulations were used within this study as simulants to represent a simple formulation 



(Cosmetic A) and a highly lipophilic emulsion (Cosmetic B). The greatest total overall migration was 

seen for polymer nanocomposites in contact with Cosmetic B for both injection-moulded and 

extruded samples. Interestingly a loss in weight was also measured for PLA polymer samples (i.e. in 

the absence of organoclays), suggesting migration of components such as lactic acid passively or as a 

result of polymer degradation in contact with Cosmetic B. The ease of decomposition of PLA in other 

simulants such as water, 3% acetic acid and 20% ethanol to lactide, lactic acid and oligomers has 

been evidenced with higher decomposition rates at higher temperatures (>60⁰C) [62](Mutsuga et al. 

2008). Similar migration profiles for PLA1 polymers and nanocomposites in Cosmetic B and 

vegetable oil simulants suggest the lipophilic nature of the simulants are controlling migration. In 

contrast, lower migration levels were measured from PLA1 nanocomposites in less lipophilic 

simulants (e.g. Cosmetic A). While elucidating the exact mechanism of release/migration is out of 

the scope of this study a recent study argues that the affinity between the simulant and polymer is 

the dominant factor controlling migration [63](Nasiri et al. 2016).  

 

4.2 Migration 

Components of the polymer and polymer organoclay nanocomposites can migrate from the 

packaging, including for example lactic acid/lactide monomers, organoclays and or HDTA/TMSA 

organic modifiers. Accordingly, PLA and nanocomposite samples were placed in contact with a range 

of simulants including; cosmetic formulations to mimic real use scenarios, vegetable oil to represent 

a fatty simulant and aqueous based MEM as an elution test medium, and the levels of migration 

assessed according to a decrease in polymer weight. Total overall migration (TOM) levels were 

calculated by taking into consideration any loss in weight of the polymer and polymer organoclay 

nanocomposite sample as a function of their surface area in dm2. TOM levels of 0.17±0.09 to 

0.66±0.33 mg/dm2 were calculated from PLA polymers only. The migration of lactide, lactic acid and 

low molecular weight oligomers from PLA polymer itself at the same level (1 mg/dm2) has also been 



reported previously [62](Mutsuga et al. 2008). The highest TOM levels were calculated for 

PLA1_TMSA with a measured reduction in weight equivalent to a migration level into the cosmetic of 

0.86± 0.43 mg/dm2. This represented only a slight increase from levels of migration form PLA1 only 

(0.57 ±0.28 mg/dm2). 

Overall migration values of 0.1 ± 0.2 mg/dm2 have been reported for PLA nanocomposite bottles 

with 4 % w/w HDTA modified nanoclays held under similar conditions (40⁰C, 10 days) using distilled 

water as a simulant [64](Maisanaba et al. 2015). Higher migration levels from PLA nanocomposites 

(PLA/5% Cloisite®30B) compared to PLA only polymers in 95% ethanol simulants have been reported 

(6.7 mg/dm2 v’s 1.7 mg/dm2) [65](Schmidt et al. 2009). It is important to point out that taken 

together all migration levels previously reported and calculated in this study are well below the 

overall migration limit of 10 mg/dm2 set by the EU- Plastics Regulation 10/2011 [51](EC 2011). 

There are challenges in identifying the migration of materials from polymer and polymer organoclay 

nanocomposites due to limitations in analytical techniques that can identify individual clay particles, 

especially in complex matrices such as a cosmetic formulation. While the analysis of migration 

extracts is outside the scope of this study the release of both surfactants and nanomaterials from 

nanocomposites has been reported previously [40](Xia et al. 2014) using liquid chromatography 

tandem mass spectrometry and graphite furnace atomic absorption spectrometry respectively. 

Furthermore, fluorescent labelling has been explored using fluorescein and rhodamine labelling to 

track migration of nanoclays from polymers into solvents (eg. ethanol) [66](Diaz et al. 2013). 

 

4.3 Nanocomposite safety: Investigating possible adverse effects from migration extracts 

Prior to this investigation the dermal toxicity of migration extracts from PLA-organoclay 

nanocomposites was unknown. Early investigations have reported on the safe use of PLA for food 

packaging according to the low risk to consumer health following ingestion of PLA migration 

products (lactic acid, and its dimers and oligomers) [67](Conn et al. 1995). 



In this study migration from the PLA polymers was evident, particularly for PLA1 extruded polymers. 

However, these migration products are likely to represent a low risk to the consumer following 

dermal exposure due to a lack of evidence of cytotoxicity observed in HaCaT keratinocytes or 

irritation in 3D in vitro skin models. Indeed, lactic acid is a commonly used cosmetic ingredient 

approved for use in skin conditioning agents and exfoliants at concentrations from 2.5 to 10 % (EC, 

SCCNFP2, FDA). 

PLA polymers are approved for use in biomedical applications [68](Tyler et al. 2016) however when 

clays are added to such polymers, they can have adverse effects on the sample’s biocompatibility 

[69](Zia et al. 2011). In addition, while unmodified bentonite clays are approved for use as colorants 

in cosmetic products, organic modification has been shown to increase the hazard potential of these 

materials [70,38,39](Maisanaba et al. 2014, Wagner et al. 2017, Connolly et al. 2019). It has been 

suggested that organoclays should only be used in industries where surfactant migration is 

acceptable and non-toxic, due to their biocidal nature [71](Nigmatullin et al 2008). Therefore, it was 

important to test if migration extracts were hazardous in the application of such PLA polymer-

organoclay nanocomposites in the cosmetic packaging industry. The in vitro biocompatibility of the 

PLA nanocomposites was tested via assessment of HaCaT skin cell growth on polymer and polymer 

organoclay nanocomposites. All test samples supported cell attachment and growth and no effects 

on levels of viability were seen. While calculated TOM levels show migration of components in an 

aqueous MEM medium simulant for both PLA1 and PLA2 polymers and nanocomposites, there was 

no evidence of a reduction in HaCaT skin cell viability when exposed to migration extracts. 

Furthermore, to mimic a real exposure scenario, migration extracts in the cosmetic formulations 

used as simulants during migration studies (Cosmetic B) were applied topically to the reconstructed 

EpiDermTM skin model. Results revealed no indication of skin irritation potential assessed according 

to OECD TG 439 and monitoring of levels of pro-inflammatory cytokines (IL-1α and IL-8).  

                                                           
2 Scientific Committee on Cosmetic Products and Non-Food Products intended for Consumers (SCCNFP): 



Taken together the results therefore suggest that the concentration at which migration extracts 

were present in the cosmetic simulant did not cause any adverse effects. 

 

5. Conclusion  

This study was performed to assess the suitability/safety of PLA polymer-organoclay 

nanocomposites for use as packaging materials in the cosmetic industry. Most assessments 

performed to date have specifically focused on nanocomposites for use in the food packaging 

industry. However, there is also a large market potential for use of bio-packaging in the cosmetic 

industry. Results from this study indicate that there is likely to be minimal dermal toxicity associated 

with the use of the PLA-organoclay nanocomposites prepared in this study for cosmetic packaging 

according to the levels of migration measured (exposure) and dermal toxicity (hazard) assessments 

performed. Despite a lack of specific guidelines for migration of components from cosmetic 

packaging, existing guidelines for migration assessment for articles in contact with food packaging 

were followed. Migration of components of the polymer-organoclay nanocomposites was assessed 

in a range of simulants, with the incorporation of cosmetic formulations included to mimic real 

exposure conditions. It was observed that migration was controlled by both the polymer grade, 

processing type and simulant used, with higher migration in more lipophilic simulants. However, 

overall migration from the PLA nanocomposites was low (ranged from 0.26± 0.13 mg/dm2 to 0.88± 

0.44 mg/dm2) and within permitted levels (<10 mg/dm2). Biocompatibility of the PLA-organoclay 

nanocomposites, and toxicity of the migration components was assessed in vitro. No toxicity was 

observed for any of the PLA-organoclay nanocomposites tested. The data obtained suggests that the 

PLA nanocomposites developed can be used in cosmetic packaging, and the information can guide 

the safe design and development of bio-packaging for cosmetic (and other) industries in the future.  
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