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Abstract This article presents approaches to maximize the mechanical performance of bacterial 

cellulose/poly(lactic acid) composites through chemical modification of the interface. This is 

achieved by both cross-linking the layered bacterial cellulose structure and by grafting to the 

matrix material. Unmodified and glyoxalized bacterial cellulose (BC) networks have been 

embedded in poly(lactic acid) (PLA) resin and then in maleated resin using a compression 

molding method. The effect of these chemical modifications on the physical properties of these 

composites is reported. The tensile properties of the composites showed that Young’s moduli can 

be increased significantly when both BC networks and PLA were chemically modified. Interface 

consolidation between layers in BC networks has been achieved by glyoxylation. An improved 

interface between BC and PLA has been achieved by grafting polar maleic anhydride monomers 

along the backbone structure of PLA. The effect of these modifications on stress-transfer was 

quantified using Raman spectroscopy. Two competitive deformation mechanisms are identified; 

namely the mobility between BC layers, and between BC and PLA. The coupling strength of 

these interfaces could play a key role for optimization of these composites’ mechanical 

properties. 
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Introduction 

Currently, the industrial production of most polymers depends on petroleum resources. 

Consideration of other resources for the manufacturing of polymers will be need in the future as 

oil production decreases [1]. Materials obtained from renewable resources have been recently 

considered for producing polymers and polymer composites [2, 3]. In addition to being obtained 

from renewable resources, this class of materials commonly referred to as biopolymers, are 

generally biodegradable, which makes them attractive materials for the production of 

environmentally friendlier products. 

 

Poly(lactic acid) (PLA) is considered a biopolymer that is synthesized by the ring opening 

polymerization of L-lactide , which is obtained from the fermentation of D-glucose derived from 

corn or other sugar containing feedstock [4]. PLA also has the advantage of being biodegradable 

under specific conditions [4]. This biopolymer has been specifically identified as a potential, and 

now commercial packaging material [5], but also as a matrix material for composite [6] and 

nanocomposite applications [7]. For instance, nanoclays [7], carbon nanotubes [8] and 

nanocelluloses [9] have been reported to mechanically reinforce PLA. 

 

Cellulose is a natural polymer, and is mainly produced by plants, where it plays a structural role 

owing to its high stiffness [10]. Cellulose can also be extracted from sea animals (tunicates) [11], 

or produced bacteria from the Acetobacter species [12]. Cellulose is known to possess high 

mechanical properties and consequently has the potential to be used as a reinforcing agent in 

polymer materials [13]. A value of 138 GPa for the elastic modulus of the cellulose I crystal has 

been measured using X-ray diffraction [14, 15]. Young’s modulus of bacterial cellulose (BC) 



 
 

  

nanofibrils has been determined using an AFM cantilever method [16] and by Raman 

spectroscopy [17]; values of 78 ± 17 and 114 GPa were obtained, respectively. Consequently, 

BC nanofibres have great potential to be used as a reinfrocement for high stiffness, 

environmentally friendly composites and nanocomposites. As such, BC nanofibres have been 

used to reinforce polymers such as polyvinyl alcohol [18], acrylic resin [19] PLA [20-22] and 

cellulose acteate butyrate [23]. 

 

BC can either be cultured in static [24] or agitated conditions [25]. When cultured in static 

conditions, BC is produced in the form of very thin pellicles, which comprise a network of 

entangled nanofibrils. The Young’s moduli of these pellicles in the dry state has been evaluated 

and values ranging from approximately 9 up to 30 GPa have been obtained [17, 26, 27]. 

Therefore, BC pellicles have good potential as reinforcement for polymeric materials. Recently, 

BC/PLA composites have been made using a compression molding technique [28]. Transparent 

and opaque laminated composites were produced, depending on the culturing time used to 

produce the BC pellicles and therefore their thickness [28]. A culturing time of three days was 

found to favor the interaction between BC and PLA, compared to BC networks cultured for six 

days. Further optimization of the mechanical performance of these composites should still be 

possible since the various layers constituting these composites experience delamination when 

submitted to external tensile deformation. BC networks, constituted of weakly linked layers, 

have been subsequently cross-linked using glyoxal [29] in order to reduce delamination. The 

potential of these glyoxalised BC networks for composite reinforcement still requires evaluation. 

The aim of the present study is to verify if glyoxalisation of BC networks and/or maleation of 

PLA are potential routes for improving the mechanical performance of BC/PLA composites. The 



 
 

  

roles of two separate interfaces in these composites are thereby identified; the interfaces between 

layers within the BC networks themselves, and the interface between the networks and the 

matrix polymer. 

 

Experimental 

Materials and chemicals  

BC networks were produced from Gluconacetobacter xylinum (no. 13693; National Institute of 

Technology and Evaluation, Tokyo, Japan) in Hestrin-Schramm (HS) medium [24, 30]. The cells 

for the inoculum were cultured in test tubes statically at 27 ºC for 2 weeks. The thick gel 

produced during culturing was then squeezed aseptically to remove the embedded cells. The cell 

suspension (25 ml) was then transferred as an inoculum for the main culture (500 ml of 

medium), which was incubated statically at 27 °C for 14 days. BC networks (35 mm in diameter) 

were purified by boiling with 2% NaOH for 2 h, and then by washing with distilled water to 

neutral pH, followed by hot pressing at 2 MPa and 120 ºC for 4 min to completely remove the 

bulk water. The density of these BC networks was estimated and found to be ~1.1 g cm-3. 

 

PLA L9000 was purchased from Biomer (Krailing, Germany). Glyoxal (~40 wt % in de-ionised 

water), aluminium sulphate hexadecahydrate (Al2(SO4)3 16H2O, purity ≥ 98%), maleic 

anhydride and dicumyl peroxide were purchased from Sigma-Aldrich (Gillingham, UK). 

 

 

Glyoxalisation of bacterial cellulose networks  



 
 

  

BC networks were cut into strips and then glyoxalized as previously reported in the literature 

[29]. Briefly, an aqueous solution containing 40 wt.% of glyoxal was diluted to a 5 wt.%. BC 

strips were immersed in that solution for 4 hours. After that, the strips were rinsed with de-

ionised water and then cured at 150 °C for 15 min in a convection oven. They were then 

subsequently washed in de-ionised water at 70 °C for 1 hour. BC strips were finally dried at 110 

°C overnight. These glyoxalized BC networks are referred as BCG. Unmodified BC networks 

are referred as BC. 

 

Preparation of maleated poly(lactic resin) 

PLA pellets were dried at 40 °C for 24 h prior to extrusion. Maleated PLA (MAPLA) was 

formulated by first adding 2 wt.% of maleic anhydride (MA) relative to the PLA in the extruder 

and by then by adding 0.5 wt.% of dicumyl peroxide (DiP) realtive to the weight of MA. Haake 

miniCTW micro compounder (Thermo Scientific) was used (100 rpm for 3 min at 180 °C) to 

produce MAPLA. MAPLA compounds were finally cut into pellets manually. 

 

Preparation of composites  

PLA and MAPLA pellets were dried at 40 °C for at least 24 h prior to film preparation. The 

pellets were melted at 180 °C for 120 s and then compressed at 12 MPa for 120 s in a steel 

mould. After that, the mould was cooled for 150 s. This procedure produced transparent PLA and 

MAPLA films. BC/PLA, BCG/PLA, BC/MAPLA and BCG/MAPLA composites were prepared 

by compressing BC and BCG strips between two PLA or MAPLA films, under the same 

processing conditions. The BC volume fractions for BC/PLA, BCG/PLA, BC/MAPLA and 



 
 

  

BCG/MAPLA were respectively 13.8 ± 3.2, 12.3 ± 1.2, 13.9 ± 1.2 and 15.5 ± 2.1 vol.%. The 

volume fractions of these nanocomposites are within the error bounds of each other and so no 

significant variations are noted between composite samples. 

 

1H NMR and gel permeation chromatography (GPC)  

1H NMR analysis was performed using a Bruker AV500 instrument; spectra were collected at 

500 MHz. CDCl3 was used as the NMR solvent and reference compound. The GPC 

measurements were carried out on both processed PLA and MAPLA films using a Polymer 

Laboratories SEC 50 instrument with two Polymer Laboratories mixed D columns and CHCl3, at 

a flow rate of 1 ml min−1, as the eluent. Narrow molecular weight polystyrene standards 

(Polymer laboratories, mixed A and B) were used to calibrate the instrument. 

 

Thermogravimetric analysis (TGA)  

The thermal degradation behavior of all materials was investigated using thermogravimetric 

analysis (TGA Q500). The samples (approximately 4 mg) were heated from room temperature 

up to 600 °C using a heating rate and nitrogen purge flow of 5 °C min-1 and 60 ml min-1, 

respectievely. The onset and peak degradation temperatures were obtained from the first 

derivative of the weight loss as a function of temperature. The temperature control in the furnace 

is ±1 °C. Experiments were repeated in triplicate to ensure repeatability. 

 

Tensile properties  



 
 

  

The tensile properties of PLA, MAPLA and BC/PLA, BCG/PLA, BC/MAPLA, BCG/MAPLA 

composites were determined using a tensile testing machine (Instron 2511-111, High Wycombe, 

UK). The full-scale load and the crosshead speed used were 50 N and 0.5 mm min-1, 

respectively. The machine compliance was determined and found to be 4.4 × 10-3 mm N-1. 

Composite specimens (~ 20 mm × 1 mm × 0.2 mm) were secured onto 20 mm gauge length 

testing cards using a two-part cold curing epoxy resin (Araldite®). Mechanical test was 

conducted at 23 ± 1 °C and a relative humidity of 50 ± 0.5%. The samples were pre-conditioned 

under the same environmental conditions for 24 h prior to testing. A total of 6 samples were 

tested for each material. Sample widths and thicknesses were measured using an optical 

microscope and a micrometer, respectively, in order to calculate the cross sectional area (width × 

thickness) and ultimately the engineering stress. 

 

Scanning electron microscopy 

The fracture surfaces of the composites were observed using a scanning electron microscope 

(Phillips XL-30 FEG-SEM). An acceleration voltage of 5 kV was used. Prior to SEM imaging, 

the samples were fixed onto metal stubs using carbon tabs and gold coated using an operating 

current of 40 mA for 2 min. 

 

Raman spectroscopy  

The molecular deformation of BC/PLA and BCG/PLA composites was followed using a Raman 

spectrometer (Renishaw system-1000, Wotton-under-Edge, UK) coupled with an optical 

microscope and a near infra-red laser (785 nm). The laser was focussed to a ~1-2 µm spot using 

a ×50 magnification long working distance lens. Composites were mounted on paper testing 



 
 

  

cards using a two-part cold-curing epoxy resin (Araldite®, Huntsman, UK) and then deformed in 

tension using a customized deformation rig (Deben Microtest, Deben, Bury St Edmonds, UK). 

The compliance of the deformation rig was determined to be 3.1 × 10-4 mm N-1. The gauge length 

of the samples and the full scale of the load cell used were 20 mm and 2 kN respectively. During 

the deformation, the strain was increased incrementally by 0.05% at an elongation rate of 0.033 

mm min-1 between these steps. A Raman spectrum was recorded at each strain increment using 

an exposure time of 30 s and 4 accumulations. The peak positions of the Raman band initially 

located at ~1095 cm-1 were determined by curve fitting with a mixed Gaussian/Lorentzian 

function, and by using an algorithm based on the work of Marquardt [31]. Experiments were 

repeated 2 times for each composite material. 

 

Results 

Determination of the molecular weight of PLA and MAPLA 

Figure 1 illustrates the chemical grafting reaction of maleic anhydride along the PLA backbone 

structure in the presence of dicumyl peroxide [32]. This reaction has been already described in 

detail in the literature, and is referred to as a free radical branching reaction [33, 34]. 

 

Number-average (Mn) and weight-average (Mw) molecular weights and degree of polydispersity 

(DP = Mw/Mn) for PLA and MAPLA are reported in Table I. Mn and Mw of MAPLA are reduced 

by half, compared to pure PLA. These changes are the result of possible chemical and thermal 

degradation reactions due to the presence of free radicals, which induce polymer chain scissions 

of PLA during the extrusion reaction.  

 



 
 

  

Determination of the amount of grafted maleic anhydride 

Figure 2 reports 1H-NMR spectra for PLA and MAPLA. The NMR trace for MAPLA shows a 

peak positioned at ~2.7 ppm. This peak has been reported to correspond to the formation of 

succinyl anhydride group formation [35-37]. Two other peaks can be seen at approximately 7 

and 6.5 ppm. They are thought to be due to the presence of unreacted maleic anhydride [38]. As 

expected, the NMR trace for PLA does not exhibit any of these peaks. 

 

The grafting efficiency of maleic anhydride on the backbone structure of PLA was determined 

and found to be approximately 1.6 mol % corresponding to 2.2 wt.%.  

 

Thermal degradation 

Figure 3 reports typical TGA traces for PLA and MAPLA films and BC/PLA, BCG/PLA, 

BC/MAPLA and BCG/MAPLA composites. The onset and peak degradation temperatures and 

percentage of residual mass at 500 ºC are shown in Table II. The onset degradation temperature 

of MAPLA is significantly lower than for PLA. This may be attributed to the reduced molecular 

weight of MAPLA compared to PLA which may reduce thermal stability. The peak degradation 

temperature and percentage of residual mass are, however, not significantly changed.  

 

BC/PLA and BCG/PLA composites do not show any significant differences in thermal behavior. 

The onset and peak degradation temperatures of the BC/MAPLA and BCG/MAPLA composites 

are, however, significantly lower than BC/PLA and BCG/PLA. In addition, BCG/MAPLA 

composites have significantly lower onset and peak degradation temperatures than BC/MAPLA 

composites. This may be attributed to the significantly lower thermal stability of both BCG and 



 
 

  

MAPLA compared to BC and PLA. All composites were found to have a significantly higher 

percentage of residual mass at 500 ºC compared to PLA and MAPLA. This shows that the 

presence of BC and BCG enhances the thermal stability of PLA and MAPLA at 500 ºC. 

 

Tensile mechanical properties  

Figure 4 reports typical stress-strain curves for PLA and MAPLA films and BC/PLA, BCG/PLA, 

BC/MAPLA and BCG/MAPLA composites. The mechanical properties of these materials are 

reported in Table III. A small but significant reduction in Young’s modulus is noted after 

maleation of PLA has been performed. This may be also attributed to the reduced molecular 

weight of MAPLA compared to PLA. The stress at failure of MAPLA is, however, similar 

(within the error margins) to PLA. With the addition of BC, both Young’s modulus and stress at 

failure increase significantly, due to the reinforcing effect of the cellulose fibrils. The strain at 

failure of the composite samples is reduced as a result of embrittlement of the polymer due to the 

presence of the stiff BC fibrils. The tensile stress, strain-to-failure and the work of fracture of the 

composites however, is reduced significantly when BCG or MAPLA are used. The Young’s 

modulus of BCG/MAPLA composites is significantly increased when BC and PLA are 

respectively modified with glyoxal and maleic anhydride. This is even clearer when Young’s 

moduli values of the composites are normalized by their respective matrices’ Young’s moduli 

(Ec/Em in Table II). A further indication of this is that the experimental value for Young’s 

modulus of BCG/MAPLA composites is much closer to the theoretical estimate obtained using 

the rule of mixtures, compared to values obtained for BC/PLA, BCG/PLA and BC/MAPLA 

composites. 

 



 
 

  

Morphology of tensile fracture surfaces 

Figures 5a-d show the tensile fracture surfaces of BC/PLA, BCG/PLA, BC/MAPLA and 

BCG/MAPLA composites, respectively. Delamination can be seen occuring between BC layers, 

rather than at the BC/PLA interface (see figure 5a). This may explain why these composites have 

higher stress and strain at failure and work of fracture compared to BCG/PLA, BC/MAPLA and 

BCG/MAPLA composites. Additional strain to failure leading to greater energy dissipation is 

likely, due to the delamination observed. Figure 5b shows that delamination mainly occurs at the 

BCG/PLA interface when cross-linked BC networks are used. A lack of delamination between 

glyoxalised BC layers is noted for this sample. It is possible that the bond strength between 

glyoxalised BC layers is stronger than that between the glyoxalised BC and the PLA resin. This 

may also explain why the work of fracture of BCG/PLA composites is lower than BC/PLA 

composites. Less energy is likely to be dissipated due to the presence of chemical cross-links 

between these layers, thereby reducing delamination.  

 

Figure 5c shows the morphology of the tensile fracture surface of BC/MAPLA composites. A 

large central delamination between two BC layers is also observed. The interface between the 

BC and the MAPLA resin remains intact. This intact interface is thought to be due to the grafting 

of the resin to the BC. Figure 5d reports a similar image, but this time for BCG/MAPLA 

composites. The BCG/MAPLA interface again remains intact. Some delamination between 

glyoxalised BC layers is still observed, but not to the same extent as in Figures 5a and 5c. This 

may explain why BCG/MAPLA composites have significantly higher relative Young’s modulus 

compared to BC/PLA, BCG/PLA and BC/MAPLA composites. This increase in modulus, closer 



 
 

  

to the theoretical value predicted by the rule of mixtures, reflects a reduction of mobility between 

BCG layers, and between BCG and MAPLA at the interface. 

 

Molecular deformation using Raman spectroscopy 

Figure 6a reports typical Raman spectra for PLA and MAPLA films and BC/PLA, BCG/PLA, 

BC/MAPLA and BCG/MAPLA composites in the range 300 - 1600 cm-1. The Raman band 

located at ~1095 cm-1, attributed to the presence of cellulose, is observed for all composite 

materials. This means that it is possible to detect the presence of BC within the PLA and 

MAPLA resins. The Raman band located at ~1095 cm-1 has been reported to correspond to 

vibrational motions of C-O and C-O-C moieties present along the backbone structure of cellulose 

[39-41]. Figure 6b reports a typical shift towards a lower wavenumber position for the Raman 

band initially located at ~1095 cm-1 for a BC/MAPLA composite. This Raman band has been 

found to shift towards a lower wavenumber under the application of external tensile deformation 

due to changes in interatomic distances between atoms within C-O-C and C-O moieties [42-45]. 

Similar shifts towards a lower wavenumber are observed for BC/PLA, BCG/PLA and 

BCG/MAPLA composites. Figure 7a reports detailed Raman band shifts for BC/PLA and 

BCG/PLA composites as a function of strain. Experimental data were fitted using a linear 

equation. The slope of this equation is used to quantify the stress-transfer or molecular 

deformation, as has been previously reported [28]. The higher the slope of this fit, the more 

efficient the stress-transfer from the matrix to the reinforcement [28]. Slopes of -0.6 ± 0.1 and -

0.6 ± 0.1 cm-1 %-1 were obtained for respectively BC/PLA and BCG/PLA composites. It appears 

then that cross-linking BC layers with glyoxal does not significantly improve the stress-transfer 

efficiency of these composites. This may be because although BC layers are consolidated via 



 
 

  

chemical cross-linking, the stress-transfer efficiency is lost at the BCG/PLA interface. This loss 

of efficiency could be due to delamination, as shown in Figure 5b. 

 

Figure 7b reports detailed shifts in the position of the Raman band initially positioned at ~1095 

cm-1 as a function of strain for BC/MAPLA and BCG/MAPLA composites. Slopes of -1.2 ± 0.3 

and -1.3 ± 0.3 cm-1 %-1 were obtained for BC/MAPLA and BCG/MAPLA composites, 

respectively. These values are significantly higher than that for BC/PLA and BCG/PLA 

composites. This means that grafting polar maleic anhydride monomers along the PLA backbone 

enhances stress-transfer at the interface between MAPLA and both BC and BCG. In other words, 

the molecular mobility at the interface is reduced when using MAPLA instead of PLA, in 

agreement with previous studies on plant fibres and PLA [46]. No significant difference is, 

however, noted between BC/MAPLA and BCG/MAPLA composites. This may be because the 

Raman technique only enables detection of molecular deformation at the surface of the BC, close 

to the BC/MAPLA interface, and not within the bulk of the material. Large delamination events 

occurring far away from the interface (see Figure 5c) may not therefore be detected. 

 

Discussion 

It is thought that two main interfaces are critical to the mechanical properties of bacterial 

cellulose-polymer composites; namely that between weakly bound layers between stacked 

fibrillar networks of BC and between the upper faces of the networks and the resin. Due to the 

density of the networks, it is thought that little resin penetration occurs into the bulk of the BC 

material [28]. This means that these two interfaces, unless modified, could lead to reduced stress-

transfer in a composite. Figures 8a and 8b illustrate potential deformation mechanisms in 



 
 

  

respectively BC/PLA and BCG/PLA and BC/MAPLA and BCG/MAPLA composite materials. 

As already stated, the deformation process experienced in these composites seems to be 

governed by two competitive mechanisms; delamination between BC layers and delamination at 

the BC/polymer interface. In BC/PLA composites, delamination seems to preferably occur 

between BC layers. This is possibly due to the stronger interaction between BC and PLA 

compared to the interaction between BC layers. The latter have been reported to be weakly 

linked. In BCG/PLA composites, delamination is likely to occur at the BCG/PLA interface rather 

than between glyoxalised BC layers. Owing to the presence of chemical cross-links, the bonding 

strength between BC layers may be stronger than the bonding strength between BCG and PLA. 

In the same way as for BC/PLA composites, delamination in BC/MAPLA composites probably 

occurs between BC layers. The bonding strength between BC and MAPLA may, in this case, be 

stronger than the bonding strength between BC and PLA. This hypothesis is what the Raman 

spectroscopic data suggest, with a higher molecular deformation measured for BC/MAPLA 

composites (-1.2 ± 0.3 cm-1 %-1) compared to BC/PLA composites (-0.6 ± 0.1 cm-1 %-1). In 

BCG/MAPLA composites, the delamination process between glyoxalised BC layers is reduced, 

but in addition the BCG/MAPLA interface is also consolidated. Some delamination between 

glyoxalised BC layers is, however, still observed, which possibly reduces stress-transfer. 

Nevertheless, only these composites show values of Young’s modulus close to the theoretical 

limit predicted by the rule of mixtures, which suggests that these routes for interface 

improvement could be used to further optimize mechanical properties. 

Conclusions 

Biocomposites have been prepared by compressing unmodified and glyoxalised BC networks in-

between two PLA films. Similar materials have also been prepared using maleated PLA 



 
 

  

(MAPLA). The molecular weight of PLA and MAPLA has been determined using GPC. The 

results revealed that the molecular weight of PLA was reduced by half after reactive extrusion in 

the presence of MA and DiP. H1 NMR was then used to determine the amount of maleic 

anhydride grafted along the PLA backbone structure. A grafting efficiency of 2.2 wt.% was 

obtained. The thermal degradation properties of PLA and MAPLA films and composites have 

been investigated using TGA. A significant increase in the thermal stability of the composites 

was observed at 500 ºC. The onset and degradation temperatures of BCG/MAPLA composites 

were found to be significantly lower than all other composites. Tensile mechanical properties of 

the composites revealed that in order to significantly increase relative Young’s modulus of this 

form of composite, both BC networks and PLA have to be chemically modified. The tensile 

fracture surfaces revealed that the layered structure of these composites can be consolidated by 

first chemical cross-linking of BC layers and then by chemical compatibilisation of the interface. 

Raman spectroscopy was subsequently used to quantify the stress-transfer from the matrix to the 

reinforcement. This revealed that the molecular deformation can be significantly increased when 

using MAPLA as a matrix instead of PLA, by increasing stress-transfer between the matrix and 

the reinforcing phase. No significant difference in the stress transfer efficiency was, however, 

observed when comparing BC/MAPLA and BCG/MAPLA composites. Two competitive 

deformation mechanisms have been identified from the characterization of these composites; 

namely the bonding strength between BC layers and the interface between BC and the polymer 

matrix. Maximization of the mechanical performance could be possible when the bonding 

strength of the interfaces between BC layers and between the BC and the matrix are equal. 
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  Mn (g mol-1) Mw (g mol-1) PD 

PLA 160 000 212 000 1.3 
MAPLA 73 000  122 000 1.7 

 

Table I 

 

Material Onset degradation 
temperature (°C) 

Peak degradation 
temperature (°C) 

Percentage residual 
mass at 500°C (%) 

PLA 317 ± 1 346 ± 2 -0.2 ± 0.1 

MAPLA 313 ± 2 345 ± 1 -0.1 ± 0.1 

BC/PLA 309 ± 5 343 ± 8 3.5 ± 0.6 

BCG/PLA 309 ± 4 345 ± 4 3.5 ± 0.8 

BC/MAPLA 303 ± 1 336 ± 1 2.0 ± 0.4 

BCG/MAPLA 292 ± 1 326 ± 2 2.7 ± 0.3 

 

Table II 

 

Material                     
(BC volume 
fraction %) 

E (GPa) Ec/Em E predicted 
(GPa) σf (MPa) εf (%) G (MJ m-3) 

PLA 2.0 ± 0.2 NA  NA  27.7 ± 2.5 23.5 ± 17 -­‐-­‐-­‐-­‐-­‐	
  
MAPLA 1.6 ± 0.2 NA  NA  33.9 ± 3.4 1.6 ± 0.2 -­‐-­‐-­‐-­‐-­‐	
  
BC/PLA              

(13.8 ± 3.2) 2.7 ± 0.3 1.4 3.1  65.9 ± 2.3 3.0 ± 0.5 1.1 ± 0.3 

BCG/PLA           
(12.3 ± 1.2) 2.5 ± 0.1 1.3 3.1 55.9 ± 4.5 2.4 ± 0.2 0.7 ± 0.1 

BC/MAPLA        
(13.9 ± 1.2) 2.7 ± 0.2 1.7 3.1 32.2 ± 5.4 1.2 ± 0.2 0.2  ± 0.1  

BCG/MAPLA    
(15.5 ± 2.1) 3.2 ± 0.2 2 3.3 39.0 ± 9.3 1.4 ± 0.2 0.1  ± 0.1  
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