
International Journal of Biological Macromolecules 234 (2023) 123645

Available online 13 February 2023
0141-8130/© 2023 Elsevier B.V. All rights reserved.

Nanocomposites based on halloysite nanotubes and sulphated galactan 
from red seaweed Gloiopeltis: Properties and delivery capacity of 
sodium diclofenac 

Giuseppe Cavallaro *, Giuseppe Lazzara, Stefana Milioto 
a Dipartimento di Fisica e Chimica, Università degli Studi di Palermo, Viale delle Scienze, pad. 17, 90128 Palermo, Italy 
b Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali, INSTM, Via G. Giusti, 9, I-50121 Firenze, Italy   

A R T I C L E  I N F O   

Keywords: 
Halloysite nanotubes 
Sulphated Galactan 
Funtional nanocomposites 

A B S T R A C T   

We developed novel composite films based on biocompatible components, such as halloysite clay nanotubes and 
sulphated galactan (Funori) from red seaweed Gloiopeltis. The filling of the nanotubes within the sulphated 
galactan matrix was carried out by a green protocol (aqueous casting method) assuring that Funori/halloysite 
nanocomposites can be totally considered as sustainable materials. The amount of halloysite in the composites 
was systematically changed to explore the effects of the nanofiller concentration on the mesoscopic properties of 
the films. We observed that the halloysite content significantly affects the initial water contact angle and the light 
attenuation coefficient of the Funori based films. These results were interpreted according to SEM images, which 
showed that the surface morphologies of the nanocomposites depend on the halloysite amounts filled within the 
polymeric matrix. The mechanical characterization of the nanocomposites was conducted by tensile experiments 
performed using a linear stress ramp. Moreover, tensile tests were conducted in oscillatory regime at variable 
temperature to investigate the viscoelastic properties of the nanocomposites. 

Finally, we filled the biopolymeric matrix with halloysite nanotubes containing sodium diclofenac. The drug 
release kinetics from the nanocomposites at variable halloysite contents were studied to evaluate their suitability 
as oral dissolving films for pharmaceutical applications.   

1. Introduction 

In recent years, the filling of biopolymeric matrix with nanoparticles 
has been extensively explored to fabricate composite biomaterials useful 
for several technological and biomedical applications [1–6]. Among the 
nanoparticles, nanoclays have been largely employed as fillers of bio-
polymers because of their versatile physico-chemical characteristics, 
which include tunable surface charge, different morphologies, and large 
specific area [7]. Moreover, nanoclays can be obtained from natural 
geological deposits and, consequently, they are significantly cheaper 
with respect to the synthetic nanoparticles. Remarkably, clay nano-
particles can be considered as ecocompatible and low toxic materials 
ensuring their use for drug delivery, tissue engineering and wound 
healing [8,9]. Halloysite (HNT) represents a suitable nanoclay for 
several biomedical applications because of its hollow tubular shape. Due 
to their geometrical characteristics, halloysite was used as catalytic 
support [10–13] and emulsifying agent of Pickering emulsions [14–17]. 

Interestingly, the HNT cavity can be filled with biologically active 
molecules driving to the production of modified nanotubes with tar-
geted functionalities useful within pharmaceutics and biomedicine 
[18–22]. Within this, it should be noted that halloysite clay nanotubes 
are appropriate for biomedical purposes because of their weak toxicity 
demonstrated by both in vivo and in vivo biological experiments 
[23,24]. Halloysite was successful employed as additive for scaffolds in 
tissue engineering [25–27] as well as nanocarrier of drug molecules 
[28–33]. It was demonstrated that HNT can be used as drug delivery 
system with controlled release properties on dependence of external 
stimuli [34,35]. Literature reports that HNT loaded with active mole-
cules can be filled within a polymeric matrix driving to obtain bio-
nanocomposite films useful within materials science [36–39] and 
medical field [34,40,41]. In this regard, antimicrobial and antioxidant 
films were obtained by combining pectin with halloysite nanotubes 
containing salicylic acid [36] and peppermint essential oil [37]. Nano-
composite films based on chitosan and HNT loaded with norfloxacin 
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exhibited a sustained release capacity of the drug with a consequent 
enhancement of the therapeutic benefits [40]. Layered hybrid tablets 
were obtained by blending alginate and chitosan filled with HNT con-
taining sodium diclofenac [34]. The filling with halloysite nanotubes 
can improve the properties of the polymers in terms of mechanical 
resistance and thermal stability. These effects are strongly related to the 
specific polymer/HNT interactions as well as to the nanofiller content, 
which affect the morphological characteristics of the corresponding 
nanocomposites [36,42]. Mater-Bi filled with 10 wt% of halloysite 
exhibited improvements of the tensile properties with respect to the 
pristine biopolymer because of the uniform distribution of the nano-
tubes within the matrix [40]. Opposite effects were detected for the 
Mater-Bi/HNT films with a larger filler concentration (30 wt%) due to 
the formation of clusters between the clay nanotubes [42]. 

Here, we investigated the filling of Funori matrix with halloysite 
with the aim to produce composite films suitable for pharmaceutical 
applications. Funori is a natural polymer extracted from the red seaweed 
Gloiopeltis. Chemically, Funori is a sulphated galactan where the main 
chain is composed by two repeating units of (1,3)-β-Dgalactopyranose 
and (1,4)-α-(L or D)-galactopyranose. Literature reports that Funori was 
extensively employed for restoration and conservation of artworks [43], 
while its use for the development of biopolymeric films is unexplored. 
Concerning the applications within Cultural Heriate, Funori based glue 
was used as water-soluble adhesive of historical wooden samples [44]. 
Remarkably, the addition of clay nanotubes within the Funori glue can 
improve the adhesion performances [44]. 

In this paper, the combination of Funori and halloysite was explored 
to fabricate sustainable films with variable physico-chemical properties 
and sustained delivery capacity for biologically active molecules. 

2. Experimental 

2.1. Materials and methods 

Halloysite nanotubes (HNT) were provided by Sigma Aldrich. Funori 
was obtained from CTS srl (Italy). 

The tensile properties of the bionanocomposites were studied by 
Dynamic Mechanical Analysis (DMA) using the DMA Q800 apparatus 
(TA Instruments). The tests were conducted under a controlled stress 
ramp (1 MPa min− 1) at 25.0 ± 0.1 ◦C. Furthermore, DMA experiments 
were carried out in the oscillatory regime by heating the sample from 25 
to 150 ◦C under a scanning rate of 3 ◦C min− 1. The frequency of the 
oscillation was set at 1.0 Hz, while the amplitude stress was fixed at 2 
MPa. 

UV–Vis spectroscopy experiments were carried out using a Analytic 
Jena SpecordS 600 BU UV–vis spectrophotometer. 

The wettability characteristics of the composite films were analyzed 
through the contact angle apparatus (OCA 20, Data Physics Instruments) 
equipped with a video measuring system having a high-resolution CCD 
camera. The contact angle (ϑ) of water in air was measured by the sessile 
drop method at 25.0 ± 0.1 ◦C. 

Thermogravimetric analysis (TGA) was carried out by means of the 
Q5000 IR (TA Instruments) instrument. The thermogravimetric experi-
ments were performed under inert atmosphere using Nitrogen flows of 
25 and 10 cm3 min− 1 for the sample and the balance, respectively. The 
samples were heated from 25 to 700 ◦C with a scanning rate of 20 ◦C 
min− 1. 

SEM analyses were performed by using a SEM microscope (Desktop 
SEM Phenom PRO X PHENOM) with beam energy ranging between 4.8 
and 20.5 kV. The films were preliminarily coated with gold to avoid 
charging effects. 

2.2. Preparation of Funori/HNTs bionanocomposites 

The Funori/HNTs composite films were prepared through the 
aqueous casting procedure, which revealed successful in the fabrication 

of nanocomposites based on several ionic and non-ionic biopolymers 
(pectin, alginate, starch, cellulose ethers) and halloysite clay nanotubes 
[36,42,45]. 

Firstly, 30 g of Funori were dispersed in 500 g of water by magnet-
ically stirring for 2 h at 80 ◦C. The obtained dispersion, which appeared 
yellowish and viscous, was filtered through a cellulosic filter (porosity of 
0.45 μm) under vacuum to remove residual impurities. Then, the Funori 
dispersion was ultrasonicated for 5 min and magnetically stirred for 30 
min. We estimated that the Funori content in the dispersion is equal to 
5.5 ± 0.1 wt%. This value was determined by the gravimetric method 
comparing the masses of the Funori dispersion before and after the 
complete water evaporation, which was carried out at 120 ◦C. 

Afterwards, variable amounts of halloysite nanotubes were added to 
20 g of the Funori dispersion in order to systematically change the 
biopolymer/HNT mass ratio. The Funori/HNT aqueous mixtures were 
kept under magnetically stirring overnight at 25 ◦C. Finally, the mix-
tures were ultrasonicated for 5 min to avoid clustering effects. 

Finally, the Funori/HNT aqueous suspensions were poured in glass 
Petri dishes (diameter of 9 cm), which were kept in an oven at 50 ◦C until 
the water evaporation was complete. The nanocomposite films were 
easily removed from the glass support and stored in a desiccator at 25 ◦C 
and relative humidity of 75 %. The halloysite mass concentration (CHNT) 
in the bionanocomposites was varied up to 30 wt%. Fig. 1 shows the 
optical photos of the films based on pure Funori and Funori/HNT (CHNT 
= 30 wt%). We observed that the addition of halloysite in the Funori 
matrix does not generate significant variations on macroscopic charac-
teristics of the biopolymeric film. 

Moreover, functional nanocomposite films with filler contents of 10 
and 25 wt% were prepared by filling the Funori matrix with HNT pre-
viously loaded with sodium diclofenac, which can act as antimicrobial 
and anti-inflammatory drug [46] The HNT loading with sodium diclo-
fenac was conducted by the vacuum assisted procedure reported else-
where [34]. 

3. Results and discussion 

3.1. Wettability and surface morphology of Funori/Halloysite 
nanocomposites 

The influence of the halloysite addition on the wettability properties 
of Funori based films were investigated by water contact angle mea-
surements. Fig. 2a displays the images of the water droplets immediately 
after their deposition on pristine Funori and Funori/HNT nano-
composite (CHNT = 5 and 15 wt%) films. 

As a general result, we observed that the filling of Funori matrix with 
halloysite induces a reduction of the initial water contact angle high-
lighting an enhancement of the wettability of the film surface. This effect 
is consistent with the presence of HNT at the interface being that clay 
nanotubes are hydrophilic. Similar results were detected for nano-
composites based on halloysite and several biopolymers, such as pectin 
[36], chitosan [45] and alginate [45]. 

As shown in Fig. 2b, the initial contact angle vs CHNT data present a 
reduction trend for halloysite concentration up to 15 wt% in agreement 
with the enrichment of the clay nanotubes on the surface of the Funori 
based film. Further increases of the nanofiller content (CHNT = 25 and 
30 wt%) did not generate significant variations of the initial contact 
angle, which is constantly equal to ca. 56◦. This finding might be related 
to the formation of halloysite clusters causing an enhancement of the 
film roughness, which contribute to the surface hydrophobization. 
Within this, literature reports that the aggregation of hydrophilic 
nanoparticles at the interface of polymeric films can generate hydro-
phobization effects on the surface due to variations of the roughness 
[47]. On this basis, we can hypothesize that the wettability of Funori/ 
HNT nanocomposites is not altered for CHNT ranging between 15 and 30 
wt% because the mentioned processes (HNT enrichment on the surface 
and HNT clustering) simultaneously occur and their corresponding 
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effects are counterbalanced. 
The interpretation of the wettability results was supported by SEM 

images (Fig. 3), which allowed us to investigate the surface morphol-
ogies of Funori/HNT nanocomposites. 

As shown in Fig. 3a, halloysite nanotubes are well dispersed within 
the Funori matrix for the composite film with CHNT = 5 wt%. This 

nanocomposite does not show any aggregation process between the 
nanotubes, which are randomly distributed into the polymeric matrix. 
Oppositely, the SEM image of Funori/HNT composite with a larger HNT 
concentration (CHNT = 25 wt%) evidenced the presence of clusters be-
tween the clay nanotubes on the film surface. 

We studied the kinetic evolution of the water contact angle to 

Fig. 1. Optical photos of films based on pristine Funori (a) and Funori/HNT nanocomposite at CHNT = 30 wt% (b).  

Fig. 2. a) Images of water droplet immediately after their deposition on Funori/HNT nanocomposites with variable composition; b) Initial water contact angle as a 
function of the HNT content; c) Dependence of the water contact angle on time for Funori/HNT nanocomposite (CHNT = 15 wt%). Red line represents the fitting 
according to Eq. (1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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explore the absorption and spreading mechanisms on the surface of 
Funori/HNT composite films. As example, Fig. 2c shows the dependence 
of the contact angle on time for the nanocomposite with CHNT = 15 wt%. 
The contact angle (θ) vs time (t) curves were successfully analyzed by 
using a semiquantitative approach [48], which can be expressed as. 

θ = θi • exp.
(
− kθ • tn(θ) ) (1)  

where θi is the initial contact angle, while kθ and n(θ) are the kinetic 
constant and the exponential parameter, respectively. It should be noted 
that the value of the exponential parameter reflects the contributions of 
absorption and spreading processes. Specifically, n(θ) can range be-
tween 0 (pure absorption) and 1 (pure spreading). 

Table 1 reports the fitting parameters obtained by the analysis of the 
time evolution trends of water contact angle. We detected that n(θ) 
values range between 0 and 1 highlighting that both absorption and 
spreading processes occur for all the materials. As concerns pristine 
Funori, we estimated n(θ) = 0.407, while the n(θ) values range between 
ca. 0.38 and 0.58 for Funori/HNT nanocomposite. These results indicate 
that the absorption and spreading mechanisms contribute almost 
equally for all the Funori based films. 

3.2. Effects of halloysite addition on the transparency of Funori films 

We investigated the effects of halloysite nanotubes on the trans-
parency of Funori based films by spetroscopy experiements performed 
within the Vis region (400–800 nm). Fig. 4a shows the attenuation co-
efficient (k) as a function of the wavelenght for Funori/HNT nano-
composites with variable nanofiller concentration. It should be noted 
that k values were calculated by the absorbance (A) data using the 
following equation. 

k = A/(2.3⋅D) (2)  

where D is the thickness of the film. 

As a general result, the addition of halloysite enhanced the attenu-
ation coefficient of Funori highlighting that the nanocomposites 
exhibited a lower transparency with respect to that of the film based on 
the pristine biopolymer. This effect is stronger by increasing the hal-
loysite concentration of the hybrid materials. Similar results were 
detected for pectin/HNT and hydroxylpropylcellulose/HNT nano-
composites [49,50]. Interestingly, the transparency represents a meso-
scopic property that can provide information on the structural 
characteristics of the nanocomposite materials. [48] To this purpose, we 
considered the attenuation coefficient values at 750 nm (k750) where the 

Fig. 3. SEM images of Funori/HNT nanocomposites with halloysite contents of 5 wt% (a) and 25 wt% (b).  

Table 1 
Fitting parameters obtained from the analysis of the contact angle vs time trends.  

HNT content/wt% kθ / sn n(θ)  

0 (3.21 ± 0.06) •10− 2 0.407 ± 0.003  
2 (0.84 ± 0.02) •10− 2 0.579 ± 0.004  
5 (0.88 ± 0.02) •10− 2 0.559 ± 0.005  
10 (1.73 ± 0.03) •10− 2 0.387 ± 0.005  
15 (1.46 ± 0.02) •10− 2 0.505 ± 0.003  
25 (2.33 ± 0.05) •10− 2 0.478 ± 0.004  
30 (2.57 ± 0.05) •10− 2 0.377 ± 0.005  

Fig. 4. a) Attenuation coefficient as a function of the wavelength for Funori/ 
HNT films with variable filler content. b) Dependence of the attenuation coef-
ficient at 750 nm on the HNT volume fraction for Funori/HNT nanocomposites. 
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transmittance data reflect only light scattering processes. Fig. 4b shows 
the dependence of k750 on the halloysite volume fraction (ϕHNT). We 
observed that k750 linearly increases with the halloysite concentration 
for ϕHNT ≤ 0.5 indicating that the nanotubes are uniformly distributed 
within the polymeric matrix. [48] The further increase of halloysite 
generated a deviation from the linearity in agreement with the forma-
tion of clusters between halloysite nanotubes. This finding is consistent 
with the contact angle data (Fig. 2b) as well as with the surface mor-
phologies of the nanocomposites (Fig. 3). 

3.3. Mechanical properties of Funori/Halloysite nanocomposites 

The mechanical properties of Funori/HNT composite films were 
studied through DMA experiments in tension mode. Specifically, tensile 
tests were conducted by using a linear stress ramp. As examples, Fig. 5 
shows the stress vs strain curves for films based on pristine Funori and 
Funori/HNT nanocomposite with 10 wt% of nanofiller. 

The analysis of the stress vs strain curves allowed us to determine the 
tensile performances of the films in terms of elastic modulus, stress at 
breaking point and ultimate elongation. Fig. 5 shows that the nano-
composite possesses a better elastic modulus compared with that of 
pristine Funori as demonstrated by the higher slope of the linear trend in 
the elastic region. On the other hand, the addition of HNT reduced the 
stress and the elongation at the break point of Funori based film. As 
evidenced in Fig. 6, the tensile properties of the Funori/HNT composite 
films are strongly dependent on the nanofiller content. 

We detected that the elastic modulus is improved by increasing the 
HNT concentration. The nanocomposite with CHNT = 25 wt% exhibited 
an elastic modulus ca. 4 times larger compared with that of pure Funori. 
Nevertheless, it is important to note that the Funori filling with small 
amounts of HNT (CHNT = 2 wt%) generated a relevant enhancement (ca. 
40 %) of the elastic modulus. Regarding the stress at breaking point and 
the ultimate elongation, we observed that both properties evidenced a 
reduction by increasing the HNT concentration of the nanocomposite 
films. Compared to pure Funori, the stress at break and the ultimate 
elongation were reduced by ca. 41 % and 84 %, respectively, for the 
Funori/HNT nanocomposite with the largest filler concentration (CHNT 
= 25 wt%). It should be noted that the decrease of the ultimate elon-
gation can be attributed to the Funori/HNT interactions, which prevent 
the sliding between the polymeric chains [51]. Contrary to the elastic 
modulus and the ultimate elongation, the addition of small amounts of 
HNT (CHNT = 2 wt%) in the polymeric matrix generated a negligible 
variation (ca. 3 %) on the stress at break. 

In addition, tensile experiments were performed in the oscillatory 
regime to determine the viscoelastic properties of the films. Table 2 
reports the storage (G') and loss (G") moduli at 25 ◦C of Funori and 
Funori/HNT nanocomposites. Based on the rheological moduli, we 
calculated tan(δ) as G"/G'. We observed that tan(δ) is slightly reduced by 
the HNT addition within the polymeric matrix indicating that the elastic 
component is marginally more relevant in the nanocomposites with 
respect to pristine Funori. 

The effects of the temperature variations on the viscoelastic char-
acteristics of the films were studied within the range 25–150 ◦C. As 
shown in Fig. 7, the tan(δ) vs temperature trends for both pristine Funori 
and Funori/HNT nanocomposite (CHNT = 10 wt%) evidenced a peak in 
the region between ca. 60 and 80 ◦C that could be attributed to struc-
tural changes of the polymer, which becomes more amorphous. This 
process might reflect the glass transition of Funori. Interestingly, the 
peak intensity was decreased by the HNT addition highlighting that the 
nanocomposite possesses a higher capacity to store energy during the 
structural transition of the polymer. Similar results were detected for the 
glass transition of the polymer in the chitosan/HNT nanocomposites 
[45,52]. Moreover, we observed that the increase of the nanofiller 
content shifts the Funori glass transition towards lower temperatures. As 
shown in Table 2, the temperature at tan(δ) peak was reduced by ca. 
15 ◦C in the nanocomposite with the largest HNT content (CHNT = 25 wt 
%) compared to that of pristine polymer. 

3.4. Release of sodium diclofenac from Funori/halloysite composite 

The loading of halloysite cavity with active molecules represents an 
easy strategy to obtain functional nanofillers for polymeric materials 
[49]. In this work, halloysite was loaded with sodium diclofenac in order 
to achieve nanotubes with antimicrobial and anti-inflammatory actions 
useful for pharmaceutical and biomedical applications. The amount of 
drug encapsulated within the halloysite lumen was determined by 
thermogravimetric (TG) experiments. Fig. 8 compares the TG curves of 
HNT loaded with sodium diclofenac and the corresponding pristine 
components (HNT and sodium diclofenac). 

The drug encapsulation within the lumen reduced the residual mass 
at 700 ◦C (MR700) of halloysite. In detail, we calculated MR700 values of 
82.3 and 79.9 wt% before and after the loading, respectively. As re-
ported elsewhere [30], we estimated the encapsulated drug (7.01 ±
0.15 wt%) through the rule of mixtures by considering MR700 values and 
moisture contents (mass losses from 25 to 150 ◦C) of pristine compo-
nents and HNT loaded with sodium diclofenac. 

Fig. 5. Stress vs strain curves of films based on pristine Funori and Funori/HNT with halloysite content of 10 wt%.  
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Then, we employed the loaded nanotubes as fillers for Funori matrix 
allowing us to obtain films with antimicrobial/anti-inflammatory 
properties, which can be controlled over time. In this regard, the 
release kinetics of sodium diclofenac from composite films with variable 
composition (CHNT = 10 and 25 wt%) were investigated in aqueous 
medium at pH = 6. Moreover, we studied the drug release from the 
loaded halloysite nanotubes under the same conditions. The drug release 
trends are presented in Fig. 9. 

The release from the nanocomposite films evidenced an induction 
time (ca. 3 h), which was not observed for the drug delivery from hal-
loysite nanotubes. This effect is related to the Funori solubilization in 
water that postpones the initial time of the sodium diclofenac release. It 
is important to evidence that the capacity to sustain the drug release can 
be exploited to develop oral dissolving films suitable in pharmaceutics 
[53]. As shown in Fig. 9, the complete release of sodium diclofenac is 
reached after ca. 30 h for both nanocomposites. The kinetic release (R%) 
data from 0 to 80 % were successfully fitted using the Korsmeyer-Peppas 
equation (Fig. 8), which can be expressed as. 

Fig. 6. Tensile properties of Funori/HNT nanocomposite films with variable filler content.  

Table 2 
Viscoelastic parameters of the Funori based films obtained by DMA oscillatory 
experiments.  

Film G' (25 ◦C)/ 
MPa 

G" (25 ◦C)/ 
MPa 

Tan(δ) 
(25 ◦C) 

Temperature at tan 
(δ) peak/◦C 

Funori  1676  233  0.139  74.6 
Funori/HNT 

(CHNT = 2 wt 
%)  

1695  235  0.138  66.7 

Funori/HNT 
(CHNT = 10 wt 
%)  

1829  250  0.136  62.8 

Funori/HNT 
(CHNT = 25 wt 
%)  

2038  270  0.132  59.6  
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R% = kK− P⋅tn (3)  

being kK-P the kinetic constant, while n is the exponential parameter 
related to the mechanism of the release process. Regarding the release 
from Funori/HNT films, the initial time (t = 0) is taken after the in-
duction period related to the Funori solubilization. Table 3 collects the 
fitting parameters obtained from the analysis of the release trends by 
Korsmeyer-Peppas model. We observed that the drug release from HNT 
can be ascribed to a non-Fickian diffusion mechanism being that n is 
larger than 0.43 [54]. Similar observations are reported for the 
ibuprofen release in water from APTES modified halloysite [55] as well 
as for the doxycycline release in aqueous medium from alginate nano-
hydrogels confined within the HNT cavity [56]. The release mechanism 
from the composite films can be attributed to a Fickinan diffusion being 
that the estimated n values are lower than 0.43. Similar results were 
observed for the release of salycilic acid from pectin/HNT nano-
composites [36]. Based on both fitting parameters, we calculated that 
the kinetic constant is 1.34 min− 1 for halloysite, while kK-P are 2.57 and 
2.51 min− 1 for Funori HNT nanocomposites with CHNT = 10 and 25 wt 
%, respectively. These results highlight the release is slower from the 
films compared to pure halloysite and the filler content does not 
significantly affect the release kinetics for the Funori/HNT 
nanocomposites. 

4. Conclusions 

Nanocomposite films based on Funori and halloysite clay nanotubes 
were successfully prepared by means of the aqueous casting procedure. 
We detected that the halloysite content in the composite materials 

Fig. 7. Dependence of tan(δ) on temperature for films based on pristine Funori 
and Funori/HNT with halloysite content of 10 wt%. 

Fig. 8. Thermogravimetric curves of HNT, sodium diclofenac and HNT loaded with sodium diclofenac.  
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significantly affects the wettability and optical properties of the films 
because of the different morphological characteristics, which were evi-
denced by SEM images. In general, the light attenuation coefficient was 
enhanced by increasing the nanofiller concentration. The Funori filling 
with small amounts of halloysite generated a decrease of the initial 
water contact angle highlighting a surface hydrophilization of the 
polymeric film due to the presence of homogeneously dispersed hal-
loysite nanotubes at the interface. This effect was observed for halloysite 
concentration up to 15 wt%, while a further addition of the nanofiller 
did not induce any variations on the wettability because of the formation 
of clusters between the nanotubes. The presence of halloysite nanotubes 
within the Funori matrix altered the tensile properties of the films in 
terms of elastic modulus, stress at break and ultimate elongation. The 
Funori filling with halloysite improved the elastic modulus with an 
enhancement up to 300 % for the largest investigated filler content (25 
wt%). On the other hand, stress and elongation at breaking point 
exhibited a decreasing trend with the halloysite concentration. Ac-
cording to the tensile experiments in the oscillatory regime, we observed 
that the presence of clay nanotubes decreased the glass transition tem-
perature and the heat storage capacity of Funori. 

Furthermore, we explored the suitability of the Funori based films for 
pharmaceutical applications by filling the polymeric matrix with 
modified halloysite nanotubes containing sodium diclofenac. To this 
purpose, the halloysite cavity was loaded with the drug by using the 
vacuum assisted procedure. In vitro release experiments in aqueous 
medium evidenced that the drug delivery from Funori/halloysite 
nanocomposites starts after an induction time of ca. 3 h, which is related 
to the polymer solubilization in water. This effect is promising to 
develop oral dissolving films with sustained drug release capacity. The 
release data between 0 and 80 % were successfully analyzed by the 
Korsmeyer-Peppas equation, which revealed that the drug delivery from 
the Funori/halloysite composite films is consistent with the Fickinan 
diffusion mechanism. In addition, we observed that the kinetic constant 

of the release process from the nanocomposite films is slightly affected 
by the halloysite concentration. 

In conclusion, this paper demonstrates that the combination of 
Funori and halloysite nanotubes can be perspective to develop func-
tional nanocomposite films with variable physico-chemical properties 
on dependence of the filler content. 
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