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Sub-nanoscale free volume and local elastic modulus 
of chitosan/carbon nanotube biomimetic 
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Iraultza Unzuetab,d, Ruben Sanchez-Eugeniae, Jose Angel Garciaf, Fernando 
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Future progress in materials for tissue engineering and 3D cell cultures applications requires 
control of two key physical properties: nanoscale mechanical properties and mass transport. 
These requirements remain uncontrolled partly due to a lack of physical parameters and 
quantitative measurements. Using chitosan scaffolds as a model system in close-to-
physiological conditions and a combination of experimental techniques and theory, we link 
structure with local nanomechanical properties. Additionally we introduce a parameter, the free 
volume, to predict variations in transport properties. By fabricating nanocomposites with 
single walled carbon nanotubes (SWNTs) we are able to test our approach: incorporation of 
acid-treated, soluble, ~80 nm SWNTs in a chitosan matrix leads to a 2 fold increase in mean 
local elastic modulus and a decrease of 3% of the free volume available for oxygen diffusion. 
Inclusion of hydrophobic, ~800 nm SWNTs leads to a 100 fold increase of elastic modulus and 
doubles the voids percentage available for the transport of glucose. 
 

1 Introduction 

Biomimetic porous structures based on nanostructured composite 
materials have emerged as promising candidates for drug delivery 
and tissue engineering applications. In the case of tissue engineering, 
biology and material science are combined for developing functional 
substitutes of tissues and organs1. One of the strategies, is to mimic 
the capacity of extracellular matrix (ECM) to guide and control 
tissues with a synthetic material. In vivo, cells in tissues organize as 
a result of complex, dynamic, reciprocal chemical and physical 
interactions with the ECM, e.g., cells sense and respond to the 
mechanical properties of the ECM.2-4 Diffusion of oxygen and 
nutrients are also regulated by the ECM.5,6 This control must be 
exerted on the nanometre scale as cell/matrix interactions mainly 
happen in that length range.7-9 Biopolymer nanocomposite scaffolds 
are considered as advantageous materials to engineer the 
multifunctionality of the ECM.10 Apart from structure and adhesion, 
there are two key physical requirements that must be fulfilled: 
controlled nanoscale mechanical properties7 and mass transport (e.g. 
nutrient perfusion and oxygen diffusion).11 These conditions are not 
currently met; in fact mass transport has been identified as the most 
crucial pending challenge that hinders progress in tissue 
engineering.11 The difficulty in controlling these properties lays 
partly on the lack of a suitable theoretical framework based on 
quantitative measurements of the relevant physical parameters.12 
 This paper has two main objectives: (i) to measure mechanical 
properties in physiological conditions at the nanometer scale and (ii) 
to identify and measure a physical parameter that can be directly 

linked to theory that is able to predict mass transport properties of 
nanoscomposite materials for tissue engineering. 
 In the case of mechanical properties, although nanoscale 
mechanical properties have been recognized to be crucial for tissue 
engineering materials,7 most published work reports on either bulk 
measurements of elasticity7,13 or nanoindentation studies on dry 
samples.14 
 Furthermore we propose the use of free volume theory to predict 
the transport properties of scaffolds used for tissue engineering and 
3D cultures. Free volume theory has been used for decades in 
polymer physics to explain molecular transport properties.15 In this 
context, free volume holes inside a nanocomposite can be 
understood as subnanoscale free spaces between the polymer chains 
and the interface cavities between the polymer chains and the 
nanostructures.16	   According to the free volume theory, molecular 
diffusion through interchain open spaces, or free volume holes, is 
necessary for transport.17,18 In other words, free volume in a 
polymeric material is necessary for diffusion of molecules through it. 
The molecular transport is determined by the thermodynamic state 
and the size of the free volume available for the migrating molecule. 
The free volume theory of diffusion has been successfully used for 
e.g. predicting gas transport properties in hydrated polymer 
electrolyte membranes for fuel cells.19 It has been demonstrated that 
fine-tuning of free volume in polymer matrices can be used to design 
and optimise gas transport properties in e.g. gas separation 
membranes.20 Positron annihilation lifetime spectroscopy (PALS) is 
a unique technique capable of directly measuring sub-nanometer 
sized free volume holes and their distributions, even in biological 
systems.21 However, to our knowledge, these possibilities have never 
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been exploited for the design of biomimetic materials where 
transport is particularly important. 
 Free volume can also be related to mechanical properties of 
polymers and to interface phenomena.22 Experimental information 
linking the local mechanical, interface and structural properties of 
biomimetic scaffolds and the free volume voids inside them in 
physiological conditions is not available to the best of our 
knowledge. 
 Here we use chitosan as a model system that is widely used in 
tissue engineering applications because it is cheap, biodegradable, 
biocompatible, hypoallergenic, antibacterial, bioadhesive and can be 
molded to have interconnected high porosity.13,23,24 In tissue 
engineering, chitosan has been mainly used for scaffold of osseous 
tissues, as a promoter of cell growth and osteoconduction.25,26 To 
improve mechanical strength and the loss of structural integrity 
under wet conditions chitosan has been combined with other 
materials,27 e.g. carbon nanotubes (CNTs).10,28-34 Chitosan/CNTs 
nanocomposites are biocompatible34-36 and antimicrobial.37 
 To test the ability of our approach to detect differences, and to 
alter the design in order to tailor transport and mechanical properties, 
we introduce variations in the scaffold by fabricating biomimetic 
nanocomposites of chitosan with single walled CNTs (SWNTs) of 
different length and surface properties (hydrophilic vs. hydrophobic). 
Structures are characterized by scanning electron microscopy (SEM) 
and atomic force microscopy (AFM). The physical properties of 
chitosan scaffolds and chitosan SWNTs/nanocomposites are 
measured in solution, at controlled pH and ionic strength. (i) Using 
AFM nanoindentation we measure the local Young’s modulus and 
the variations of moduli distribution and (ii) using PALS we 
measure, for the first time, the free volume hole sizes and 
distribution in close to physiological conditions of a biomimetic 
nanocomposite scaffold. Finally we predict transport properties for 
oxygen and glucose using free volume theory. 

 
2 Experimental 

2.1 Chitosan and chitosan/SWNT solutions preparation 

Medium molecular weight chitosan (190 kDa – 310 kDa, 75 – 85 % 
deacetylated) and SWNT with a diameter size of 0.7 – 1.1 nm and a 
length of 300 – 2300 nm (mode 800 nm) (both from Sigma Aldrich, 
USA) were utilized. Acid-treatment of SWNTs was carried out by 
mixing 12.7 mg of SWNTs, 10 ml of sulfuric acid (Acros Organics) 
and 3.333 ml of nitric acid (Acros Organics) in a SFE 590/1 029050 
ultrasound bath sonicator (Ultuntreatedave Limited, UK) at 60 ºC for 
1 h. After this, the acid was filtered with a polytetrafluoroethylene 
(PTFE) filter for 24 h. Ultrapure water and 1 M NaOH was added to 
neutralize the acid on the nanotubes. The obtained solution was 
inserted in the ultrasonicator bath for 1 h. The resulting SWNTs had 
a length of 20 – 475 nm with a mean length of 78 nm (determined by 
AFM imaging). 

50 mM sodium acetate buffer (Sigma Aldrich) containing 1% 
(vol) of acetic acid was prepared. The pH was adjusted to 4, using a 
1 M NaOH (Sigma Aldrich) solution. 100 mg of chitosan powder 
(Sigma Aldrich) were added to 10 ml of the buffer in a round-bottom 
flask. The mixture was stirred with a magnetic shaker for 3h at 45 G. 
Next, an ultrasonicator bath (SFE 590/1 029050 Ultuntreatedave, 
UK) was employed for 20 min. In order to remove undissolved 
chitosan, a centrifuge (5415D Eppendorf, Germany) was used for 5 
min at 16,600 G. The supernatant was used for preparing 3 different 
samples: (i) 0.5 % wt chitosan solution was prepared by diluting 
with buffer the original solution. The obtained solution was stirred 
for 1 h at 33 G and then untrasonicated for 30 min. (ii) 0.5 % wt 

chitosan solution containing 0.25 mg/ml acid-treated SWNTs. The 
solution was stirred for 1 h at 33 G and transferred to an 
ultrasonicator bath for 30 min. (iii) 0.5 % wt chitosan solution 
containing 0.25 mg/ml “untreated” SWNTs was prepared. The 
solution was stirred for 1 h at 33 G and transferred to an 
ultrasonicator bath for 30 min. A VCX 400 probe ultrasonicator 
(Sonics & Materials Inc. Vibra Cell (USA)) was used to disperse the 
SWNTs. The power was set at 100 W for 1 h, until the sample was 
homogenized, in pulsing mode (0.8 s on, 0.2 s off). Finally, residues 
were removed by centrifuging the solution for 20 sec at 9,300 G.  
 
2.2 Sample preparation for AFM imaging.  
 
For imaging acid-treated SWNTs/chitosan complexes, a mixture of 1 
ml (1 mg/ml) acid-treated SWNTs/chitosan, with 2 ml of chitosan 
solution (50 mM acetate/acetic acid buffer, pH 4) was prepared by 
shaking, resulting in good dispersion of the SWNTs. For imaging, 
the samples were further diluted to   mg/ml. Then, a 0.5 µl drop was 
deposited on mica, rinsed with ultrapure water and air-dried. For 
images of untreated SWNTs/chitosan interactions 1 mg of untreated, 
dry, SWNTs were mixed with a 2 ml of chitosan solution by 
ultrasonication (100 W for 1 h, pulse mode 0,8 s on 0,2 s off, and 
maintained at 5 °C). For imaging, the samples were further diluted to   
mg/ml. Then, a 0.5 µl drop was deposited on mica, rinsed in 
ultrapure water and air-dried. 
 
2.3 Scaffold fabrication 
 
Three samples of 200 µl of each solution were deposited in a 
cylindrical mould. The samples were pre-frozen in dry ice at  −65±5
ºC for 30 min. Next, the samples were freeze-dried at  −65  ºC under 
vacuum at 70 mTorr (VirTis 420617, SP Industries Inc., USA). The 
resulting sponges were neutralized in a 1 M NaOH solution for 5 h. 
Then, the scaffolds were rinsed 4 times and incubated for 15 min in 
ultrapure water. Finally, the samples were dried over 48 h under 
vacuum at 10 mTorr using a desiccator (Kartell, Italy) connected to a 
vacuum pump (A65201903 Edwards, USA). 
 
2.4 Scanning Electron Microscopy (SEM) 

Samples were fixed by a double coated, 8 mm-wide, carbon 
conductive tape from Ted Pella, Inc. (USA) and sputter-coated with 
a gold layer. Images were obtained with a S4800 SEM from Hitachi 
(Japan). 

2.5 Positron Annihilation Lifetime Spectroscopy (PALS) 

In order to perform the dynamic nanostructural analysis under 
physiological conditions, the sponges were hydrated for PALS 
measurements with a 10 mM HEPES buffer containing 154 mM 
NaCl and pH 7.4 at 37 ºC. An ORTEC (USA) fast-fast coincidence 
system was used, with two BC-422 plastic scintillators from Saint 
Gobain (USA) and two H1949-50 Hamamatsu (Japan) photo 
multipliers put in a vertical position (explained elsewhere21) inside 
of a FFD-1402 refrigerator purchased from Radiber S.A. (Spain). 
The resolution function was 270 ps. The temperature of the samples 
was maintained at  ºC by an 3508 programmable 
temperature control system (Eurotherm, UK) equipped with a 
variable SALICRU (Spain) power supply, a FIREROD® cartridge 
heater of 100 W by WATLOW EUROPE (Germany), and a PT-100 
CS5 (1|5) temperature sensor supplied from TC S.A. (Spain). The 
heater and temperature sensor were installed in a sample holder 
made of pure aluminium. The 22NaCl positron source of about 15 
µCi was purchased from PerkinElmer (USA), evaporated between 

 37.0 ± 0.5
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two Kapton foils of 7.5 µm from CS Hyde (USA) and sealed by a 
double sided Kapton tape from CAPLINQ (Canada). Positron 
lifetime spectra were collected with  counts/spectrum. 
Lifetime analysis was carried out by using the LT_polymers 
program.38 After subtracting the source contribution (19.84%, 0.382 
ns), three lifetime components were obtained from each spectrum. 
The longest-lived lifetimes exhibited distributions, and the values of 
these distributions were used as o-Ps components for free volume 
void size calculations. For that purpose, Tao-Eldrup model equation 
was used.39, 40 

 
τo−Ps
−1 [ns]= 2 ns( )−1

1− R
R0

+ 1
2π

sin
2πR
R0

⎛

⎝⎜
⎞

⎠⎟
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 

with  , R being the estimated average free volume hole 

radius, and  an empirical parameter fitted to be 1.66 Å.35 The 
average free volume void size was evaluated (within the spherical 
approximation) as, 

 

2.6 AFM Force Spectroscopy and imaging 

Static force spectroscopy measurements and AFM imaging were 
performed using a MFP-3D AFM from Asylum Research (USA). 
Force vs. distance measurements were conducted after thermal 
equilibration, under physiological ionic strength conditions, using 
the same buffer as for PALS experiments. 3 µl of this HEPES buffer 
was deposited on freshly cleaved mica (Agar Scientific, United 
Kingdom); after 5 min, the sample was deposited and hydrated with 
200 µl of the same buffer. SiN cantilevers (OMCL-RC800PSA-W, 
Olympus, Japan) with a nominal spring constant of 0,38 N/m. 
Individual spring constants were calibrated for each experiment 
using the thermal method, and the velocity of the z-piezo was fixed 
(1 µm /s) for each force vs. distance curve. Around 100 force curves 
were used for determining the local Young´s modulus of each 
sample, using the Oliver-Pharr model:42 

 

assuming that the Poisson´s ratio of the sample is νsample = 0.5 as in 
previous studies with hydrogel-like samples.43-45 Corresponding to a 
silicon nitride tip, the tip´s Poisson ratio and modulus are νtip = 0.5 
and Εtip = 290 GPa respectively. The physical meaning and 
calculation of the effective elastic modulus Εeff is thoroughly 
described by the Oliver-Pharr method;42 for calculating Εeff, we 
assumed the correction factors  = 1.0546 and  = 0.727.47 As the 
depth along which contact is made between the tip and the sample 
was different for each indentation, the indenter area was calculated 
for each curve. For this, the tip was defined as a perfect pyramid 
with an included angle of  = 35º given by the cantilever 
manufacturer. The force curve analysis was conducted using routines 
from Asylum Research (USA) based on IGOR Pro program, 
WaveMetrics Inc. (USA). To ensure validity of the measurements, 
experiments were done at different indentations ranging from 20 nm 
to 100 nm. 

AFM imaging was done with the same AFM. For imaging in air 
Si, Olympus OMCL-AC240TS cantilevers were used and for 

imaging in liquid, SiN, Olympus OMCL-TR800PSA cantilevers 
were utilized. Amplitude-modulation AFM (AM-AFM) images were 
performed in air and in liquid imaging. For untreated 
SWNTs/chitosan interactions we used dual AFM, where the first two 
eigenmodes of the cantilever are excited, the feedback is done on the 
first eigenmode’s amplitude, and variations of second eigenmode’s 
phase are used to show material properties’ contrast. 
 
3 Results and discussion 

First, the scaffolds produced by freeze-drying solutions of chitosan, 
chitosan/acid-treated SWNT and chitosan/untreated SWNTs were 
imaged by SEM. Fig. 1 shows (a) chitosan-only sponges, which 
exhibit few and poorly connected pores. In contrast, Fig. 1 (b) acid-
treated SWNTs/chitosan and Fig. 1 (c) untreated SWNTs/chitosan 
scaffolds show more porous structures. The acid-treated 
SWNTs/chitosan sample exhibits interconnected pores 150 µm and 
the untreated SWNTs/chitosan sample presents a wide distribution of 
interconnected pores 150 µm. 

 

Fig. 1 SEM images of (a) chitosan, (b) chitosan/acid-treated SWNTs, 
and (c) chitosan/untreated SWNT nanocomposite scaffolds. The scale 
bar is 100 µm in all the images. 

The interaction of individual SWNTs with chitosan macromolecules 
was studied using AFM imaging. First, AM-AFM imaging in liquid 
of chitosan molecules (not shown) confirmed that the height of 
individual molecules is 0.5 nm as in previous reports.48 Fig. 2 (a) and 
(b) show the interaction of individual molecules of chitosan with 2 
acid-treated SWNTs of different length; chitosan molecules seem to 
wrap around the SWNTs, dispersing them. Fig. 2 (c) shows a height 
image of longer, untreated SWNTs interactions with chitosan in air. 
The chitosan molecules align the SWNTs in parallel bundles. In the 
inset we show the phase contrast of the 2nd eigenmode of the 
cantilever in dual-mode AFM, which detects variations of materials 
mechanical properties,49 identifying softer chitosan (darker grey) and 
stiffer SWNTs (lighter grey) and mica (white).  

 

Fig. 2 AFM images of chitosan-SWNTs complexes. (a,b) AM-AFM 
height images of 2 individual acid-treated SWNT interacting with 
chitosan. The height scale is 0 - 2.5 nm (grey scale from back to 
white). (c) AM-AFM height image of the interaction of longer untreated 
SWNTs with chitosan molecules, the height scale is 0 – 2 nm. In the 
inset a 2nd eigenmode phase image in dual-mode shows mechanical 
properties contrast between the different materials (mica white, 

   2.5⋅106
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SWNTs lighter grey, chitosan darker grey). The scale bar is 200 nm in 
all the images. 
 
 For determining the free volume hole sizes, the three scaffolds 
were immersed in buffer solution (10 mM HEPES buffer, 154 mM, 
NaCl and pH 7.4 at 37 ºC) for PALS experiments. The positron 
lifetime spectrum of a Ps-forming material typically includes three 
components due to short lived para–positronium, long lived ortho-
positronium (o-Ps), and free positrons. The annihilation of o-Ps in 
polymers is dominated by the “pick-off” process in which the 
positron forming o-Ps annihilate with one of the surrounding spin 
opposite electrons. Tao and Eldrup constructed a successful 
theoretical model that relates the pick-off annihilation lifetime with 
the radius of the free volume hole using the equation described in 
Experimental section. 
 Positron lifetime spectra were collected with  counts 
for each sample. Obtained o-Ps lifetime distributions are shown in 
Fig. 3. The o-Ps mean lifetime are 1.87 0.02 ns for chitosan, 1.80

0.06 ns for acid-treated CNTs/chitosan, and 1.93 0.02 ns for 
untreated CNTs/chitosan.	   Using the Tao-Eldrup equation we 
calculate the mean free volume void size and distributions shown in 
Table 1. The values for the the acid-treated SWNTs/chitosan sample 
are respectively 6% and 28% shorter than in chitosan; conversely, 
for the untreated SWNTs/chitosan sample are respectively 6% and 
20% larger than in chitosan alone.  

 

Fig. 3 Probability density functions (pdf) of lognormal distributions of 
measured ortho-Positronium (o-Ps) lifetimes corresponding to 
chitosan (blue), chitosan containing acid-treated SWNTs (dashed, 
black) and chitosan with untreated SWNTs (dotted, red). 

Table 1  Mean free volume hole size (<Vf>, Å3) and distribution (
, Å3) obtained by PALS and mean Young´s modulus (<E>, kPa) and 
distribution ( , kPa) obtained by AFM force spectroscopy in chitosan, 
chitosan containing acid-treated SWNTs (C/AT-SWNTs) and chitosan 
with untreated SWNTs (C/U-SWNTs). 

For determining the local elastic modulus of the hydrated scaffolds 
in buffer solution, quasi-static force vs. distance nanoindentation 
measurements were performed using AFM in the same samples as 
the PALS experiments. The measured indentation curve is a function 
of the mechanical properties of the specimen, e.g. the elastic 
modulus. Typically, the extraction of properties is achieved by 

applying a continuum scale mechanical model such as the Oliver 
Pharr. This methodology is in principle applicable to monolithic, 
isotropic materials. However, it has been shown that local properties 
of composites can be extracted from continuum analysis if the 
maximum indentation depth is smaller than the size of the embedded 
structures50 (in our case SWNTs). It has been also demonstrated that 
the Oliver-Pharr method is applicable in nanocomposites if the 
indentation depth is smaller than the nanoparticle-dominated depth.51 
In our experiments, maximum indentation depths (<100 nm) were 
chosen carefully for local modulus determination. Every indentation 
depth was much smaller than 10% of the sample thickness, and real 
contact areas were calculated one by one for each indentation. Given 
the aspect ratio of SWNTs and their interactions with chitosan, we 
can expect that our values arise from the local combination of the 
properties of both materials immersed in solution. These are in fact 
the values we are interested in, as the value and spread of those local 
variations would arguably be the most relevant parameters in the 
case of cellular attachment. 
 Fig. 4 shows histograms corresponding to the values of the 
Young´s modulus for chitosan (a) chitosan containing acid-treated 
SWNTs (b) and chitosan with untreated SWNT (c) immersed in a 
physiological buffer solution, calculated using the Oliver-Pharr 
method as described in the Experimental section. 
 Comparison of (a) and (b) demonstrates that incorporation of 
short, acid-treated nanotubes in the chitosan leads to an overall 
increase of Young’s modulus in around 100 kPa and a 15 kPa wider 
distribution of local modulus values. The effect of longer untreated 
(800 nm long) SWNTs in the chitosan matrix is more substantial, 
leading to an increase of about 100 times in mean value and a much 
larger distribution (over 10,000 kPa), arising from a more 
inhomogeneous zip structure due to the hydrophobicity of the 
untreated SWNTs reflected in AFM images. The width of the 
distribution is important and significant for tissue engineering and 
3D cell culture applications, because it reflects the nanoscale 
variations that cells attaching to the scaffold would react to, as cells 
feel mechanical properties at the nm-scale, not the bulk elasticity, as 
mentioned in the Introduction.  

Fig. 4 Histograms corresponding to the values of Young´s modulus 
for chitosan (blue), chitosan containing acid-treated SWNTs (black), 
and chitosan with untreated SWNTs (red). All the measurements are 
made in a HEPES buffer at 154 mM NaCl and pH 7.4. Note that the 
scale of the last histogram is wider than the rest. 

Finally, using the free-volume probability density function from 
PALS, Vpdf (Vf), we calculate the cumulative distribution of holes 
effective for transport C using the following relationship:52 

 

where Vf,max, is the largest free-volume hole of the material and Vc is 
the hole critical volume. Diffusion of a molecule in a homogeneous 
fluid system happens only when a free volume larger than certain 
critical size exists next to the molecule.53 Free-volume voids smaller 
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than this critical size do not contribute to diffusion. Employing the 
Bondi´s group contribution treatment,54 the critical hole volume of 
the molecule can be estimated as Vc = 1.3 VW, where Vc is the 
critical hole volume equal to the specific volume at absolute zero of 
the molecule, 1.3 is a factor assumed to be a universal constant 
effective for all groups and structures and VW is the van der Waals 
volume of the diffusing molecule. 
 Free volume hole size distributions are plotted in Fig. 5. From 
these distributions, we calculated the cumulative distributions of 
holes effective for transport of oxygen and glucose, displayed in 
Table 2. The critical hole volumes were estimated (VC,O2 ~29.94 Å3 
and VC,C6H12O6 ~252.55 Å3) using the Van der Waals radius and the 
bond length for oxygen and the molar mass and the density for the 
glucose respectively. 

 

Fig. 5 Probability density functions (pdf) of free-volume hole size 
lognormal distributions corresponding to chitosan (blue), chitosan 
containing acid-treated SWNTs (dashed, black) and chitosan with 
untreated SWNTs (dotted, red). 

Table 2  Estimation of the percentage of free volume holes 
available for oxygen (O2) and glucose (C6H12O6) diffusion obtained by 
PALS in chitosan, chitosan containing acid-treated SWNTs (C/AT-
SWNTs) and chitosan with untreated SWNTs (C/U-SWNTs) hydrated 
scaffolds. 

By introducing variations in the scaffold, i.e. fabricating chitosan 
nanocomposites with SWNTs, we are able to test the ability of our 
approach to detect physical differences and to tinker with the design 
to tailor transport and mechanical properties. As expected, 
incorporation of the different types of SWNTs in the chitosan 
scaffolds alters the conformation of the chitosan molecule, the 
structure, the free volume, the cumulative distribution of holes 
effective for transport and the local stiffness of the scaffold.  

In the case of shorter, acid-treated SWNTs, the local nanoscale 
elastic modulus measured close to physiological conditions increases 
an order of magnitude. AFM imaging (Fig. 2 (a), (b)) suggests that 
the chitosan molecule wraps around individual SWNTs. Acid 
treatment of CNTs induces shortening and carboxylation of CNT 
defects and edges which facilitates their solubility in water, and non-
hydrophobic interactions with biomolecules.55 In the acidic medium 
used for the preparation of the complexes, chitosan chains are 
dispersed and can freely interact with SWNTs. In addition to 

hydrophobic interactions, the presence of carboxyl groups at the 
edges and defects of SWNTs could provide electrostatic binding 
sites with the highly protonated ammonium groups present along 
chitosan chains at pH 4. This tighter molecular wrapping is 
consistent with the decrease in the mean free volume void size 
(which indicates a tighter packing of the biopolymer and the higher 
elastic modulus measured. This nanocomposite produces a better and 
more interconnected porous structure than chitosan alone (Fig. 1) 
with a pore size ≥ 150 µm, which is suitable for e.g. bone tissue 
engineering applications. 

Incorporation of longer, untreated SWNTs in the chitosan matrix 
produces a 2 order of magnitude increase in elastic-modulus and a 
much wider distribution. The porous structure of the scaffold and the 
different orientations of the SWNTs in the matrix could cause the 
larger spread of elastic modulus values. Interestingly, AFM imaging 
reflects a very different interaction of the chitosan molecules with 
the SWNTs (Fig. 2 (c)). Long SWNTs are zipped-up together by 
chitosan. In contrast with acid-treated SWNTs, untreated SWNTs are 
not soluble. The solubilization is caused by sonication with chitosan 
(see Experimental section). This process may induce stronger 
hydrophobic interactions, resulting in bundles of aligned SWNTs 
and chitosan molecules. The absence of defects at their surface 
would hinder the formation of electrostatic interactions with chitosan 
chains. The unzipping effect observed between some SWNTs in Fig. 
2 (c) might result from the balance between hydrophobic and 
hydrophilic units along the polymer chains. While the N-acetyl-D-
glucosamine unit of chitosan (hydrophobic part) would tend to bind 
to the SWNTs and form bundles, the hydrophilic part may induce 
repulsion between SWNTs after sonication. The ability of chitosan 
to solubilize SWNTs after sonication is due to the large proportion 
of hydrophilic groups along the polymer (Acetylation degree = 15 – 
25%). While the hydrophobic part will wrap to SWNTs, the 
hydrophilic one would act like a stabilizing agent. The formation of 
complexes could also be possible through hydrogen bonding 
between the multiple hydroxyl groups all along the chitosan chains, 
these interactions should be weaker than hydrophobic interactions. 
The large increase in nanoscale elastic modulus measurements 
reinforces this interpretation, as bundles of longer SWNTs would be 
more difficult to deform than smaller, individually wrapped acid-
treated SWNTs. PALS data show that the free volume void size is 
larger for a stiffer sample, which can be interpreted by an increased 
interfacial free volume.15 The presence of hydrophobic structures 
can be expected to increase the free volume in hydrated chitosan 
hydrogels.56 

Over the last decade, PALS has been employed to measure the 
size of the free volume holes in nanocomposites.57 In this study, we 
provide for the first time PALS measurements of biomimetic 
nanocomposites immersed in a physiological buffer solution and we 
confirm that free volume void size and distribution can be 
determined by PALS in systems extensively used for cell culture21,58 
employing chitosan-based scaffolds.  

Using the free-volume probability density function from PALS, 
we calculate the cumulative distribution of holes effective for 
transport of oxygen and glucose. The results summarized in Table 2 
highlight that the ratio of the free volume available for oxygen 
diffusion increases a 3% by incorporation of short acid-treated 
SWNTs to the chitosan scaffold. Incorporation of long, more 
hydrophobic, untreated SWNT, doubles the voids percentage 
available for the transport of glucose.  

 In recent years, measurements of diffusion in 3D cell 
cultures have received increased attention due to its importance for 
homeostasis6,59. Crucially mass transport properties have been 
identified as the single most important issue preventing tissue 
engineering of complex tissues that can be used in vivo for replacing 
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damaged tissues or in vitro for e.g. drug testing11. Arguably, one of 
the reasons why the transport problem remains unresolved is the lack 
of experimental parameters that can be used to link diffusion of 
molecules in cell-cultures with the scaffold physical properties. This 
link is important because it can lead to a rational design of the 
scaffolds that includes diffusion properties and hence it potentially 
facilitates the speed-up of the design and production of functional 
materials for cell culture. In polymer physics the concept of free 
volume has been successfully related to the diffusion of small 
molecules within the polymeric matrix.60 Despite its demonstrated 
usefulness to explain and (more practically) to tailor diffusion61 in a 
system, free volume has never been invoked in the context of 3D cell 
cultures, homeostasis of tissues, biomaterial-mediated drug delivery 
or tissue engineering. Future experiments linking free volume with 
molecular diffusion in 3D cell cultures applications are necessary to 
validate this approach. 

 The combination of our experiments produces an intriguing 
result: small modifications of nanostructure, nanomechanics and 
local hydrophobicity can cause substantial free volume variations 
and interface effects. This, in turn, suggests an interesting 
speculation, namely that ECM in living tissues might be designed to 
optimize diffusion -in other words, free volume- and that 
hydrophobic components of the ECM such as elastin might be 
playing a fundamental role. This result should inspire future 
combined measurements of nanomechanical properties and free 
volume in ECM, ECM components and ECM-inspired systems. 
 

4 Conclusions 
We have introduced for the first time the concept of free volume 

in tissue engineering materials, and we have demonstrated that 
PALS can be used for measuring free volume void size and 
distribution of tissue engineering scaffolds in physiological 
conditions. When PALS is combined with structural and 
nanomechanical experiments, very valuable information about 
packing of the molecules and their interactions can be obtained. We 
have calculated the cumulative distribution of holes effective for 
molecular transport by using the free volume probability density 
function data obtained from the size and distribution of the free 
volume holes measured by PALS.. By using nanocomposites of 
chitosan with SWNTs as a model system, we have shown that 
incorporation of acid-treated, soluble, ~80 nm SWNTs in a chitosan 
matrix leads to a 2 fold increase in mean local elastic modulus and a 
decrease of 3% of the free volume available for oxygen diffusion. 
Inclusion of hydrophobic, ~800 nm SWNTs leads to a 100 fold 
increase of elastic modulus and doubles the voids percentage 
available for the transport of glucose. In other words, our results 
show that the ratio of the free volume available for diffusion is 
modulated by the length and the surface properties of the SWNTs 
present in the nanocomposite scaffold.  
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Graphical abstract
 
Nanoscale elastic modulus and mass transport properties calculated with free 
volume theory of biomimetic nanocomposite scaffolds for tissue engineering 
and 3D cell cultures applications.
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