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Abstract

Microfibrillated cellulose (MFC) is a material that currently is subjected to extensive
studies. This due to it being renewable, abundant and having interesting and useful properties
derived from its nano to micro structure. However, to date few studies have investigated the
potential and behavior of MFC in wet applications. Here we report that MFC films containing
the water soluble and pharmaceutically approved polymer hydroxypropyl methylcellulose
(HPMC) exhibited an unexpected decrease in permeability and excellent one-dimensional
swelling properties above a threshold in HPMC content. The observed material characteristics
are proposed to derive from that HPMC influences the aggregation behavior of MFC in such a
way that above a critical HPMC content the films are created through self assembly into a
layered structure, composed of low swelling layers with swellable inter layer regions. The
suggested structures were supported by high resolution microscopy. The findings should hold

potential for direct applications, but even more as a concept for future material design.
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1. Introduction

Today there is a great interest in finding new renewable materials to be used in various
applications. One renewable material of interest is microfibrillated cellulose (MFC), which is
prepared by disintegration of native cellulose into smaller fibril aggregates or even individual
fibrils (Abdul Khalil, Bhat & Ireana Yusra. 2011; Herrick, Casebier, Hamilton & Sandberg,
1983; lkkala et al., 2009; Paakkd et al., 2007; Sir6 & Plackett, 2010; Turbak, Snyder &
Sandberg, 1983). The resulting product will differ greatly in dimensions depending on the
origin of the native cellulose, history of the sample and the method used for microfibrillation
(Abdul Khalil, Bhat & Ireana Yusra, 2011; Brown, 2004; Henriksson, Henriksson, Berglund
& Lindstrom, 2007; Hult, Larsson & Iversen, 2001; Sirdé & Plackett, 2010; Syverud, Chinga-
Carrasco, Toledo & Toledo, 2011). None the less, the huge aspect ratio, interesting
mechanical and surface properties of MFC fibers, in combination with that cellulose is one of
the most abundant biopolymers on earth (Sir6 & Plackett, 2010), has lead to extensive
research interest on MFC and it has been found to be a promising nano-scale reinforcement
material for polymers (Sird6 & Plackett, 2010). In the area of films and coatings it has been
shown that MFC-films exhibits promising gas barrier properties (Aulin, Géllstedt &
Lindstrom, 2010; Belbekhouche et al., 2011; Fukuzumi, Saito, Ilwata, Kumamoto & Isogali,
2008; Sird, Plackett, Hedenqvist, Ankerfors & Lindstréom, 2010), as well as oil barrier
properties (Aulin, Géllstedt & Lindstrom, 2010). Furthermore, water vapor diffusion in pure
and composite MFC films has been shown to be low, as seen in the work by others
(Belbekhouche et al., 2011; Bilbao-Sainz, Bras, Williams, Sénechal & Orts, 2011; Minelli et
al., 2010; Svagan, Hedengvist & Berglund, 2009).

Regarding the wet state, it is well known that MFC suspensions form strong hydrogels
even at low concentrations (Agoda-Tandjawa et al., 2010; Ikkala et al., 2009; Ono, Shimaya,

Sato & Hongo, 2004) and it has been shown that MFC can strongly augment the properties of



composite hydrogels (Harini & Deshpande, 2009; Larsson, Stading & Larsson, 2010). Despite
this fact and the previously mentioned studies on mass transport in solid state films, there are
to the authors’ knowledge no studies on the permeability of, or diffusion in, MFC containing
films in the wet state. This is surprising as beneficial results would open for applications in
the field of controlled release. An example is the pharmaceutical industry where film coating
formulations are commonly used to achieve desired release profiles of drugs (Felton, 2006;
Hjartstam & Hjertberg, 1999; Larsson, Hjartstam, Berndtsson, Stading & Larsson, 2010;
Sakellariou & Rowe, 1995). The drug release from such formulations is controlled by the
diffusion properties of the films, which in turn are determined by the porosity and structure of
the films (Hjartstam & Hjertberg, 1999; Marucci, Hjartstam, Ragnarsson, Iselau & Axelsson,
2009; Shinji, Hiroyuki, Yoshiyuki & Kazuo, 1994). For extended release it is common that
the films are formed from a water insoluble film-forming polymer and a pore-forming agent,
where the ratio between the two can be varied to change the release profile. One class of
commonly used pore formers is water soluble cellulose derivatives, such as hydroxypropyl
methylcellulose (HPMC) and hydroxypropyl cellulose (HPC) (Marucci, Hjartstam,
Ragnarsson, Iselau & Axelsson, 2009; Sakellariou & Rowe, 1995; Sakellariou, Rowe &
White, 1986).

In this study we set out to investigate if MFC have the potential to be used as the water
insoluble component in controlled release films by determining the water permeability of
MFC films. Furthermore, it was investigated how different amounts (0 - 80 % w/w) of HPMC
could be used to tune the permeability of such films. From a conventional point of view, it
would be expected that HPMC act as an ordinary pore former that is released from the films
upon contact with the dissolution medium. This would leave pores in the film, with the
associated increase in permeability. However, as HPMC is an associative polymer that forms

complexes between and within polymer chains (Larsson, Viriden, Stading & Larsson, 2010;



Viridén, Wittgren, Andersson, Abrahmsen-Alami & Larsson, 2009), it was reasoned that it
could potentially also interact strongly to the MFC in the films. This especially given the
similarity of the materials, un-substituted regions of the HPMC could form hydrogen bonds
with the MFC surfaces, as have been suggested to occur between HPMC and cellulose
whiskers (Bilbao-Sainz, Bras, Williams, Sénechal & Orts, 2011). In addition, we have seen
strong interactions of MFC with polymers in a previously studied MFC-polyacrylic acid
hydrogel system (Larsson, Stading & Larsson, 2010). If HPMC did bind strongly to the MFC,
it would not leave the films, but would instead gel inside the films in a manner similar to
previously described interfacial gelation of HPMC (Dow, 2002; Kato, Kozaki & Takahashi,
1986). This would lead to gel blocking of the inherent pores of the MFC films. If this
occurred the permeability of the films could actually decrease with added HPMC, a similar
phenomenon was observed by us when controlled release films composed of ethyl cellulose
and hydroxypropyl cellulose were exposed to ethanol, though in that study it was swelling of
the water insoluble ethyl cellulose that caused the gel blocking (Larsson, Hjartstam,
Berndtsson, Stading & Larsson, 2010).

The structure of the MFC-HPMC films was characterized after preparation by
scanning electron microscopy (SEM) and atomic force microscopy (AFM). The water
permeability of the films was determined using a modified Ussing chamber, utilizing tritiated
water as the diffusing probe. Swelling of the films was analyzed using both gravimetrical
analysis and microscopy observations. The release of HPMC from the films was analyzed
using size exclusion chromatography, multiangle light scattering, coupled with refractive
index detection (SEC-MALS-RI), as well as through gravimetric analysis. The structure of the
films after submersion was analyzed using SEM on both dried and freeze dried samples. The
analyses revealed that the permeability did decrease with increasing HPMC content, and that

unexpected swelling and structural properties were the underlying reason.



2. Theory

The permeability of a film is closely related to the diffusion of the solute. Fick’s first
law of diffusion for ideal solutions is:
j=-D= (1)
where | is the flux per unit area, D is the diffusion coefficient c is concentration of the
diffusing specie and z is the direction of diffusion. However, a film is rarely a homogeneous
system with a constant diffusion coefficient within the film. Furthermore, the effective
diffusion length through a film will depend on the pore structure within the film; longer
effective diffusion length will cause an apparently lower diffusion coefficient through the
film. Thus the diffusion across a film should be replaced with an effective diffusion
coefficient De. The effective diffusion coefficient is, with some variations in notations,

commonly expressed as:

__ DpeF(4d)
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where Dy is defined as the diffusion coefficient of the permeant in solution (Kushner,
Blankschtein & Langer, 2007; Saripalli, Serne, Meyer & McGrail, 2002; Shen & Chen, 2007)
or in the membrane (Peck, Ghanem & Higuchi, 1994), where the latter should be more
suitable for pores filled with media significantly different from the surrounding solution, ¢ is

the porosity, F(Z) is a hindrance factor, 1 is defined as the ratio of the hydrodynamic radius of

the permeant and the effective pore radius of the film and z is the tortousity defined as:

-y
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3)
where L. is the effective diffusion path for the permeant upon crossing the film, and Lo is the
thickness over which diffusion occur, i.e. the film thickness in this work. In some literature

F(4) is derived from hydrodynamic theories under the assumption that the solute is large as



compared to the solvent, and that the solvent thus can be treated as a continuum (Dechadilok
& Deen, 2006). However, this is not always a fair assumption. In other literature the
hindrance factor is more qualitatively described as being derived from pore volume through
which diffusion does not readily occur (Saripalli, Serne, Meyer & McGrail, 2002), leading to
an effective porosity.

For the steady state diffusive flow across a film the following equation can be derived

for ideal behavior:(Cussler, 2009)

__ DA

] ~ 7 (Cd _Ca) (4)

where A is the area across which diffusion occurs, h is the film thickness, cq4 and ca are the
concentrations of the diffusing specie in the donor and acceptor solution, respectively. The
diffusive flow across a film is commonly written in terms of permeability, P so that:
J =PA(cq — ca) ®)

where the permeability coefficient by recognition with Eq. 4 is:

p=" (6)

3. Materials and methods
3.1 Materials

Micro fibrillated cellulose (MFC) was bought from the Paper and Fibre Research
Institute PFI, Trondheim, Norway. The MFC had been prepared from commercial bleached
kraft pulp using a mechanical pre-treatment followed by homogenization according to
Eriksson et al (Eriksen, 2008), and has previously been characterized as highly heterogeneous
(Larsson, Stading & Larsson, 2010). The used hydroxypropyl methylcellulose (HPMC) was
of the grade 90 SH 100 SR, Shin-Etsu Chemical Co., Ltd., Tokyo, Japan. Water used in the

permeability analyses was ultrapure deionized (Maxima USF, Elga, UK), in the swelling and



release experiments deionized water was used. Phosphate buffer for SEC-RI analysis was
prepared from analytical grade ingredients. Tritiated water (PerkinElmer, USA) was used as

the diffusing specie in the water permeability measurements.

3.2 Film preparation

HPMC and MFC were prepared to stock solutions with 0.4 % w/v. The stock solutions
were mixed to achieve HPMC concentrations of 0, 20, 35, 50, 65 and 80 % w/w in the formed
films. From the solutions 45 g were poured into 100 ml weigh boats (VWR, Stockholm,
Sweden). The films were acquired by keeping the solutions at 30 °C in a desiccator with
freshly dried silica gel orange (Sigma-Aldrich, Steinheim, Germany) until dry (about 3
weeks), the silica gel was replenished every three days. To minimize errors from preparation
all samples compared within one analysis run were always prepared simultaneously in the
same desiccator. The films were stored in desiccators with Silica gel orange in between

measurements.

3.3 Atomic force microscopy (AFM)

AFM analysis of the prepared films was performed using a Digital Instrument
Nanoscope Illa with a type G scanner (Digital Instrument Inc.). The cantilever used was a
Mikro Masch silicon cantilever NSC 15. The AFM was operated at a resonance frequency of
about 330 kHz in tapping mode, the scan rate was 1 Hz and the measurements were

performed in air.

3.4 Water permeability analysis
The water permeability of the films was analyzed using a modified Ussing chamber

with the setup previously described (Hjartstam & Hjertberg, 1999). Briefly, a film sample was



placed between a donor and acceptor compartment. The initial film thickness was determined
as the average of five measurements using an IP 54 micrometer (Mitutoyo, Japan). Initially 15
ml of H>O was added simultaneously to both the donor and the acceptor compartments, two
paddles were used to stir the contents of the two chambers at a speed of about 200 rpm. After
5 minutes a small amount of tritiated water (10 pl, 400 kBq) was added to the donor
compartment. At specified times 500 pl sample was taken from the acceptor compartment and
was replaced by the same amount of water. The temperature was maintained at 37 °C through
the analyses. The samples extracted at the different times were weighed and analyzed in a
scintillator counter (1414 LSC, Win Spectral, Wallac). From the tritium activity registered in
the acceptor compartment at the different times, the amount of water that had diffused through
the film at each time could be determined. The permeability was subsequently calculated as

the average of the permeability between each two measure points, using Eq. 5.

3.5 Swelling of films

For determination of swelling and weight loss during swelling, rectangular film pieces
were cut out and the dry weights ranging from 4-10 mg were recorded using a Shimadzu
AUW220D (Shimadzu Philippines Manufacturing Inc., Philippines). The films were swollen
in 5 ml water in Non-Tissue Culture Treated Plates, 12 Well, Flat bottom with Low
Evaporation Lid (Becton Dickinson and Company, Franklin Lakes, USA). The swelling was
conducted at 37 °C and shaking at 300 rpm using a Grant-bio PHMP-4 (Grant Instruments
Ltd., Cambridge, UK). At specified times, in the range 10 min to 24 h, the weights of the

swollen samples were recorded and the swelling degree per initial weight was calculated as:

Q; = &= @

m;
where m is the wet mass of the film and mj is the initial dry weight of the film. The samples

were then dried and the swelling degree per actual dry weight was calculated as:



(m—mdry)
= —— 8
real Mary ( )

where mary is the weight of the dried film. Samples submerged for 24 h, and subsequently
dried, were also re-swollen and the degree of swelling was again calculated using Eq. 7 and 8.

To investigate dimensional changes upon swelling, small rectangular film pieces were
cut out and the initial and swollen thickness was determined by observing the edge using a
microscope. The initial film thicknesses were determined using an Olympus BH2 research
microscope with a Microscope digital camera system DP12 (Olympus) in reflectance mode.
The film thickness of samples submerged for 3 h, as described for mass uptake determination,
was determined using a USB-microscope (Digimicro, China), using an in-image reference of
known dimension to determine sample dimensions. The one-dimensional swelling of the film,

the change in film thickness, was then calculated as:
(h—hy)
Qn =" ©)

where h is the wet thickness of the film and h; is the initial thickness of the dry film.

3.6 Size exclusion chromatography, multiangle light scattering, refractive index detection
(SEC-MALS-RI)

The release of HPMC from the films was determined accordingly; film pieces were
cut out and their dry weights recorded. The film pieces were then subjected to USP release
studies; 500 ml phosphate buffer, pH 6.8, 75 rpm, 37 °C. Samples were taken out at specified
time points and were analyzed with regard to HPMC concentration using a SEC-MALS-RI
system. The column used was a TSKgel GMPWxI 7.8mmx300mm 13um (TOSOHAAS,
Germany). The MALS used was a DAWN EOS (Wyatt Technology, Santa Barbara, USA)

and the RI detector was an OPTILAB rEX (Wyatt Technology, Santa Barbara, USA).

3.7 Scanning electron microscopy (SEM)

10



SEM analysis of films after preparation and after submersion for 3 h in the Ussing
chambers were conducted using a LEO Ultra 55 SEM equipped with a field emission gun
(LEO Electron Microscopy Group, Germany) in secondary electron detection mode. The
submerged films were prepared for analysis both by drying at 70 °C and by freezing at -32 °C
followed by freeze drying using a Jouan LP3 freeze dryer (Jouan, France). Prior to SEM
analysis all samples were sputter coated with gold in Argon atmosphere for about 1 min using

a S150B Sputter Coater (Edwards, England).

4. Results and discussion
4.1 Water permeability analysis

Films composed of MFC, with varying amount of the conventionally pore forming
water soluble polymer HPMC (0, 20, 35, 50, 65 and 80 % w/w) were subjected to water
permeability analysis using a modified Ussing camber with tritiated water as the diffusing
probe. Films with < 50 % HPMC were durable and kept their integrity throughout the 3 h
analysis, showing no tendency to break. The diffusive flow through the films was close to
constant as seen in the exemplifying Fig. 1. Films with > 50 % HPMC were increasingly
fragile and could only be analyzed for about 1 h before breaking. However, those films did
show a constant diffusive flow up to the point of rupture. It was found that the permeability
normalized for initial film thickness (Pn) was similar for 0 and 20 % w/w HPMC. For higher
HPMC contents Py in fact decreased more than twofold, in strong contradiction with what
would normally be expected with increasing content of water soluble polymer (Parmar, Rane,
Dias & Rajabi-Siahboomi, 2010; Sakellariou & Rowe, 1995). For HPMC contents of 35 — 80
% w/w the permeability was similarly reduced, but with a small minimum for 50 % w/w
HPMC (see Fig. 2). Of great interest is that the investigated films exhibited Py values in the

range of those reported for currently used controlled release polymer film systems (Larsson,
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Hjartstam, Berndtsson, Stading & Larsson, 2010; Marucci, Hjartstam, Ragnarsson, Iselau &
Axelsson, 2009).

It was observed, by visual inspection, that all the films had turned white during the
analyses and that a considerable swelling had occurred in the z-direction of films containing >
35 % w/w HPMC. As seen from Eq. 6, an increased film thickness would lead to a decrease in
the observed permeability if the other parameters were constant. However, it is well known
that the diffusion coefficient (D) in a swollen polymer matrix increases with decreasing
polymer concentration (Masaro & Zhu, 1999; Muhr & Blanshard, 1982). Furthermore, the
swelling of the films would also lead to increase of the porosity (). An increase in either D or
¢ would lead to an increase in permeability. To separate the mechanisms behind the
unconventional decrease in permeability with increasing HPMC content and to investigate if
HPMC did in fact remain in the film pores, HPMC release studies and swelling analyses were

conducted.

4.2 HPMC release and swelling analyses

SEC-MALS-RI analysis of HPMC release from films containing 20, 35 and 65 % w/w
HPMC revealed that some, but not all, of the HPMC was release from the films; see Fig. 3.
The percentage of HPMC released was in good agreement with calculations based on weight
loss after swelling for pure MFC films and films containing HPMC, assuming that the
fraction of MFC lost was constant (supplementary data). A larger percentage of the HPMC
was released from films with higher HPMC content. This indicates that interactions between
MFC and HPMC are the cause for retention of some HPMC within the films. Given that the
MFC exists as particles such interactions should occur at the surfaces of the MFC. Thus, it
would be expected that samples with a higher surface area of the MFC content would release

less HPMC per MFC. When calculating the mass HPMC retained within the films after 24 h
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per mass of initial MFC, the quotients 0.14, 0.26 and 0.41 were acquired for films with 20, 35
and 65 % w/w HPMC, respectively. Indeed, it seems as if films with higher HPMC content
had formed different structures during the film forming process and as if those structures had
an increased MFC surface area with which HPMC could interact, possibly due to HPMC
preventing the aggregation of MFC during film formation. This explanation is supported by
other publications where the aggregation of cellulose microfibrils is described to be prevented
by the presence of other polymers. Co-crystallization between bacterial cellulose fibers was
reported to be inhibited in the presence of hydroxyethylcellulose (Zhou et al., 2009) and
hemicelluloses were reported to prevent the coalescence of cellulose microfibrills during
drying (Iwamoto, Abe & Yano, 2008).

Swelling analyses were conducted on films containing 0 — 65 % w/w HPMC, the film
with 80 % w/w HPMC was excluded due to its very fragile nature. The swelling analyses
were based on mass uptake/loss and dimensional changes as observed by optical microscopy.
It was found that all samples displayed very quick initial swelling and that the swelling per
initial dry weight (Qi) increased dramatically for HPMC contents > 35 % w/w (Fig. 4a). The
dimensional changes of films swollen for 3 h revealed that most of the swelling took place by
increasing the thickness (h) of the films; see Fig. 4b. The films were re-dried and the swelling
per actual material present within the wet films was calculated (Qrea). The acquired Qreal
values were surprisingly large for films with HPMC contents > 35 % w/w, and were in fact as
high as 52 g/g for the film with 65 % w/w HPMC (see Fig. 4c).

In order to evaluate if the huge swelling was an effect arising from the structure of the
films and if this structure was retained upon swelling and subsequent drying, films swollen for
24 h were dried and re-swollen. As seen in Fig. 4d the swelling (Qrea) Was not retained for re-
swollen samples, but some small increase of the swelling was still present with increasing

initial HPMC content. As such, it can be concluded that the extremely large swelling for films

13



with > 35 % w/w HPMC was derived from the structure present in the films after preparation,
and that this structure was altered upon swelling and subsequent drying. A probable cause for
this loss of structure is that fine structures aggregated as contacts formed during drying. This
seems likely as MFC is known to form aggregates upon drying (Hult, Larsson & lversen,

2001; Larsson, Stading & Larsson, 2010; Minelli et al., 2010).

4.3 Characterization of film structure after preparation

To draw conclusions on how the structure of the prepared films varied with different
HPMC contents films with 0, 20, and 50 % w/w HPMC were analyzed after preparation using
AFM and SEM. Both analyses, applied at different length scales, revealed that the films were
dense and non-porous on the investigated length scales (Supplementary material).
Interestingly, the AFM micrographs revealed that samples with higher MFC content displayed
more individual fibers in the structure. The AFM results support what was indicated by the
swelling and HPMC release results, that the presence of high HPMC concentrations prevented

aggregation of the MFC during film formation.

4.4 Characterization of film structure after swelling

To get further information on the structure of films in the swollen state, the structure
that in fact causes the observed permeability and swelling, film samples with 0, 20, and 50 %
w/w HPMC were studied using SEM after submersion for 3 h in the Ussing chambers. The
time was chosen as it was the upper limit for the permeability experiments, and because close
to all of the swelling and HPMC release had already occurred within 3 h (see Fig. 3 and 4). In
an attempt to preserve the structures of the swollen films they were freeze-dried prior to the
SEM analysis. Since it is common that the structure of porous controlled release films in the

wet state is simply analyzed by conventional drying, this method was investigated as well. It

14



was found that conventional drying did change the structure of the films (supplementary
material). This change in structure upon drying is in agreement with the swelling results that
dried and re-swollen films exhibited a much lower swelling than films swollen after
preparation.

The SEM analysis of the swollen and subsequently freeze-dried films revealed a
highly porous structure for the pure MFC film, the pores having typical sizes of 100s of
nanometers. The HPMC containing films displayed a more dense structure with increasing
MFC content (Fig. 5). At first glance this may seem strange as the pore size generally should
increase with decreasing volume fraction of network. However, there are several logical
explanations in coherence with previously discussed results. First, if the presence of HPMC as
suggested prevented the aggregation of MFC into larger structures, the resulting smaller fiber
radii should have promoted a decreased pore size as discussed in works on pore sizes in
fibrous matrixes (Chatterjee, 2010; Lazzara, Blankschtein & Deen, 2000; Ogston, 1958).
Second, not all the HPMC was released from the films. The remaining HPMC should have
lead to a decrease in the observed pore size as it would also form a dry network structure upon
drying. Finally, and maybe most importantly, SEM analysis of the cross-section of a swollen
and freeze-dried film revealed a structure with stacked layers in the z-direction (see Fig. 6).
One should be careful to interpret freeze-dried structures as describing the true structure of a
wet sample. However, the swelling results showed that almost all of the film swelling
occurred in the z-direction. This would be the case for a layered structure where the individual
layers exhibited low swelling and deformability, but where the interlayer regions were readily
swellable. Such behavior has been reported for a novel anisotropic hydrogel by Haque et al.
(Haque, Kamita, Kurokawa, Tsujii & Gong, 2010). For such a system swelling would mainly
occur through water occupying the inter-layer spaces, pushing the layers apart (see schematic

drawing in Fig. 7). Taken together the swelling results and the layered structure observed in
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SEM, strongly suggests that the network structure of the wet samples was of the layered form.
This is further supported by the fact that a layered structure has been previously observed for
dry MFC films and MFC-hydroxyethylcellulose composite films (Minelli et al., 2010;
Sehaqui, Zhou & Berglund, 2011), and that a layered nanofibril structure has been suggested
as an explanation for decreased water vapor diffusion in nanofibril cellulose starch
composites (Svagan, Hedengvist & Berglund, 2009). A layered structure would lead to locally
higher MFC concentrations in the layers than suggested by the swelling (Qreal). Since the SEM
analyses would have been performed on the surface of a layer, this would further explain the

observed decrease in pore size.

4.5 Discussion on the mass transport through the films

Taken together, the permeability results and the swelling results can through Eq. 6 be
combined to calculate the effective diffusion coefficient (D) as:
D, = Ph (10)
where h is the thickness of the swollen film, acquired by multiplying the initial thickness by
(Qn+1). Given the small size of the penetrant, tritiated water, the hindrance factor f(4) is
assumed to be 1. The porosity is approximated as the weight fraction of water in the films,

calculated as:

£ = Qreal (11)

Qrealt1

The ratio of the diffusion coefficient and the second power of the tortousity is then acquired

from Eq. 2 as:
Dp _ De
2 (12)

The calculated values of Dy / 72 are shown in Fig. 8a. Compared with pure MFC films, the
value of Dy / 72 first increases for 20 % w/w HPMC content. The value of D, / 72 then
decreases for HPMC contents of 35 and 50 % w/w. Finally, D,/ 2 again increases for 65 %

16



w/w HPMC content.

Now it is assumed that Dy is the self diffusion coefficient of water at 37 °C, taken to
be = 3-10° m?s? by interpolation of the data by Simpson and Carr to 37 °C (Simpson & Carr,
1958). It could be argued that the assumption is wrong, given that some HPMC remained in
the films, likely in the gelled state, and that the diffusion therefore in fact occurred in gel
filled pores. However, the volume fraction of polymer in such a gel would have been very low
as known from the swelling studies. Based on theories on diffusion of small diffusants in
dilute polymer gels, as summarized in reviews on the matter (Masaro & Zhu, 1999; Muhr &
Blanshard, 1982), it can be concluded that the diffusion coefficient should have been very
close to that of the pure solvent at the gel concentrations relevant for the swollen films. Thus,
the assumption is justified.

From Eq. 12 the values of 72 can now be calculated (see Fig. 8b). From theory and
most experimental data it is expected that the tortousity generally decreases with increasing
porosity (Boudreau & Meysman, 2006; Saripalli, Serne, Meyer & McGrail, 2002; Shen &
Chen, 2007). The calculated values in Fig. 8b reveal that for the sample with 20 % w/w
HPMC the expected trend is followed. However, for higher HPMC concentrations the 72
values are rather constant despite dramatically increased porosity. In fact, the 72 increases
somewhat for samples with 35 and 50 % w/w HPMC. This clearly indicates that there was a
change in how the addition HPMC affected the film structure. It seems as if low
concentrations of HPMC induced a less tortuous structure, with minor increase of swelling.
Higher HPMC content on the other hand had little further effect on the tortousity, but mayor
impact on the swelling.

The observed 72 values are in good agreement with previously discussed results. Both
since a structural transition is indicated for HPMC contents > 35 % w/w, but also as the

relatively high 72 values, given the low network concentrations, indicates a longer effective
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diffusion length. One plausible explanation for the longer diffusive length is the layered
structure indicated both by swelling and SEM analyses. A layered structure would increase
the diffusive path of the permeant due to inter-layer diffusion in the xy-plane during crossing
of the film; see the schematic drawing in Fig 8.

From the permeability results, the swelling results and the calculated tortousity taken
together, it can be concluded that the highly surprising permeability effects observed were
mainly derived from the high one-dimensional swelling of the films, increasing the film
thickness h in Eq. 6. However, if the highly swollen films did not have a relatively high
tortousity, compared to what would be expected at the very low network concentrations in

question, the same strong effects would not have been observed.

5. Conclusions

In this study it was shown that for of MFC-HPMC composite films the permeability
normalized for initial film thickness surprisingly decreased with increasing HPMC content.
Interestingly, the observed permeability values were in the same range as for film systems
currently used in controlled drug delivery. The films with high HPMC contents were also
shown to have great swelling capacity per weight network in the films, in fact being in the
superabsorbent range. The observed permeability and swelling was explained in terms of
HPMC affecting the nano- micro structure of the formed films by influencing the aggregation
of MFC, probably with the MFC self assembling into fine layer-like structures.

The investigated system, MFC-HPMC, may be directly applicable to controlled
release applications. In addition, the results of this study should be of great relevance for other
material design applications, not least to fibrous superabsorbents. Possible future works are
plentiful. Some examples would be to study the MFC-HPMC film system utilized in real

controlled delivery applications, to investigate if similar behavior could be achieved for other
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material systems and to investigate mechanical properties of such systems for solid state
applications. Finally, it would be interesting to see if similar properties could be achieved for
fibrous superabsorbents, preferably by adding a non leachable polymer that in itself is
superabsorbent. This being of importance as the leachable weight fraction would otherwise

contribute to the initial weight but not to the actual swellable material.
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Figure legends

Fig.1 Exemplifying plot of the volume of water having diffused across the film, here for a

sample with 50 % w/w HPMC and a thickness of 38 pm.

Fig. 2 Plot of the water permeability, normalized versus film thickness, for MFC-HPMC films

with varying HPMC content. Error bars indicate one standard deviation (n = 2-3).

Fig. 3 Percentage of HPMC released at different times for MFC-HPMC films with 20 % (o),

35 % (a) and 65 % (x) w/iw HPMC.

Fig. 4 Swelling behavior for MFC-HPMC films, depending on HPMC content. a) Water
uptake per initial dry weight for films containing 0 % (e), 20 % (©), 35 % (4), 50 % (#), and
65 % (x) w/iw HPMC. b) Changes in film thickness upon swelling (®) and swelling per initial
dry weight (o) for samples with different HPMC content after submersion for 3 h. ¢) Swelling
per real dry weight for the samples in (a). d) Water uptake after 24 h for initially swollen films

(white) and the same films re-swollen after drying (grey). Error bars indicate Min/Max (n=2).

Fig. 5 SEM images of swollen and subsequently freeze dried MFC HPMC films. Top row is
acquired at a magnification of 10000X for samples with initial HPMC contents of (a) 0 %, (b)
20 % and (c) 50 % w/w. Bottom row is acquired at a magnification of 100000X for samples

with initial HPMC contents of (d) 0 %, (e) 20 % and (f) 50 % w/w.

Fig. 6 SEM image of the cross-section of a swollen and subsequently freeze dried MFC

HPMC film with initial HPMC content of 50 % w/w.
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Fig. 7 Schematic drawing of the close to one-dimensional swelling of a film with layered
structures composed of non-swelling lamellas and swelling inter layer regions. For the
swollen state an example of the tortuous path experienced by a penetrant (illustrated as a

sphere) crossing the film is shown.

Fig. 8 Plots of values calculated from experimental data for (a) Dp/ 2 and (b) 72
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Supplementary data
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Supplementary figure 1. Percentage of HPMC released at different times for MFC-HPMC
films with 20 % (©), 35 % (a) and 50 % (x) w/w HPMC, determined through mass loss of the
films, assuming that the fraction of the MFC release was the same as in pure MFC films (~15
%).
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Supplementary figure 2. SEM images of pure MFC films after submersion for 3 h and
subsequent drying, top row is dried conventionally, bottom row is freeze dried. There are
obvious structural differences, most likely due to aggregation during conventional drying.
White areas are due to charge buildup.



Supplementary figure 3. Micrographs of MFC-HPMC films, as prepared. Top row are SEM
images of films with: (a) 0 %, (b) 20 % and (c) 50 % w/w HPMC. Bottom row are AFM
images of films with: (d) 0 %, (e) 20 % and (f) 50 % w/w.



