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Abstract. Powdered cellulose (PC) and microcrystalline cellulose (MCC) are common
excipients in pharmaceuticals. Recent investigations imply that particle size is the most
critical parameter for the different performance in many processes. High-pressure homog-
enization (HPH) was used to reduce fiber size of both grades. The effect of the
homogenization parameters on suspension viscosity, particle size, and mechanical properties
of casted films was investigated. PC suspensions showed higher apparent viscosities and yield
stresses under the same process conditions than MCC. SLS reduced shear viscosity and
thixotropic behavior of both cellulose grades probably due to increased electrostatic
repulsion. Homogenization reduced cellulose particle sizes, but re-agglomeration was too
strong to analyze the particle size correctly. MCC films showed a tensile strength of up to
16.0 MPa and PC films up to 4.1 MPa. PC films disintegrated within 30 s whereas MCC films
did not. Mixtures of MCC and PC led to more stable films than PC alone, but these films did
not disintegrate anymore. Diclofenac sodium was incorporated in therapeutic dose with drug
load of 47% into orodispersible PC films. The content uniformity of these films fulfilled
requirements of Ph.Eur and the films disintegrated in 12 s. In summary, PC and MCC showed
comparable results after HPH and most differences could be explained by the smaller
particle size of MCC suspensions. These results confirm the hypothesis that mainly the fiber
size during processing is responsible for the existing differences of MCC and PC in
pharmaceutical process, e.g., wet-extrusion/spheronization.

KEY WORDS: microfibrillated cellulose; nanofibrillated cellulose; microcrystalline cellulose; powdered
cellulose; orodispersible films.

INTRODUCTION

The sustainable and inexhaustible biopolymer cellulose and
its chemically modified derivatives are some of the most used
excipients in pharmaceuticals. Due to the possibility of various
chemical and physical modifications, cellulose can be used i.a. as
dry binder, filling material, viscosity enhancer, and coating
polymer (1). Purified cellulose for pharmaceutical purposes is
mainly obtained via isolation from wood pulp (2). After cellulose
isolation, the rawmaterial can be chemically derivatized to create

semi-synthetic cellulose for various purposes. Another method to
modify the properties of cellulose is the particle size reduction, in
particular the fabrication of cellulose fibers in colloidal sizes. A
common technique is the high-pressure homogenization of a
cellulose slurry for certain cycles at high pressures (3). Depending
on the raw material and production technique, the cellulose
material is known as microfibrillated cellulose (MFC),
nanofibrillated cellulose (NFC), or nanocrystalline cellulose (4).

Beside these modifications, purified cellulose can be milled
to obtain powdered cellulose (PC), which is mainly used as filling
material in capsules, tablets, and granules. A partial hydrolysis of
PC by using mineral acids leads to microcrystalline cellulose
(MCC) with a higher crystallinity index and reduced degree of
polymerization (DP) (5,6). Inmany pharmaceutical formulations,
MCC has replaced PC because of superior flowability and
compactability. In addition,MCC shows unique properties during
wet granulation especially during wet extrusion/spheronization
processes (7). By addingMCC to a formulation that is intended to
form spherical granules, the rheological and mechanical proper-
ties are modified to facilitate this process (8). However, PC does
not change the wet mass properties in the same manner. Due to
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the fact that PC and MCC are chemically nearly identical, the
mechanisms behind the wet extrusion/spheronization process are
still not fully understood.

Two hypotheses are established, where the “molecular-
sponge” model (9,10) explains the differences with a different
water binding behavior during wet massing. MCC particles
immobilize water like a sponge and granulation liquid can be
squeezed out under shear forces. Other findings, like water
migration during extrusion of wet pastes with MCC (11–13)
and an increased wet-stage porosity after wet granulation
(14), support this hypothesis. However, in all of these studies,
PC was not used as negative example and therefore
conclusiveness of these findings is limited. Furthermore,
Raman spectroscopic investigations do not reveal relevant
differences in water binding mechanism of PC and MCC (15).
The “crystallite-gel” hypothesis describes MCC as agglomer-
ates of fibers in microscopic and colloidal scale. The colloidal
fibers enable, together with the larger cellulose fiber bundles,
the formation of a gel like matrix that facilitates wet-
extrusion/spheronization processes (16). The existence of
these colloidal fibers is the most important distinguishing
attribute between PC and MCC. During wet granulation
processes, MCC shows a reduction in particle size (17–19) but
colloidal particles could not be detected in these studies.
Further investigations revealed a dependency of pellet
characteristics on the particle size during processing in wet-
extrusion/spheronization. Our recent research revealed that
even under low shear stress, colloidal particles are liberated
by MCC in aqueous medium (20). Therefore, the “crystallite-
gel” hypothesis seems to be plausible.

Homogenized cellulose is gaining more attention in
pharmaceutical sciences and other fields of research. The
homogenized material shows film-forming properties (21) and
increased dry binding capabilities (22), probably due to the
increased specific surface area/the reduction of particle size
and the ability to form coherent matrices more easily (23,24).
These findings may also explain the mechanisms during wet-
extrusion and spheronization process.

To investigate, if the difference in particle size of PC and
MCC is the most important factor for different behavior
during wet-granulation processes, PC and MCC were homog-
enized via high-pressure homogenization to reduce particle
size. The obtained homogenized cellulose showed interesting
properties for pharmaceutical applications and was further
investigated as film former in pharmaceutical dosage forms.

MATERIAL AND METHODS

Materials

PC (Arbocel P290, Lot: 7817170702, JRS Pharma
GmbH, Germany) and MCC (Vivapur 101, Lot:
6610167248, JRS Pharma GmbH, Germany) were used as
starting material for the manufacturing of cellulose suspen-
sions. In some trials, sodium lauryl sulfate (SLS, Caesar &
Loretz GmbH, Germany) was used as peptizing agent.
Diclofenac sodium (DCS, UNIQUE Chemicals, India) was
used as model drug for manufacturing of API loaded films.

Methods

Determination of the Average Molecular Weight and Degree of
Polymerization

The average molecular weight/DP of PC and MCC was
examined according to monographs of powdered cellulose
(Ph.Eur. 01/2017:0315) and microcrystalline cellulose (Ph.Eur.
01/2017:0316). A 1.0 M bis-(ethylenediamine)-copper(II)
hydroxide solution (Sigma–Aldrich, USA) was diluted with
the same volume of demineralized water and was used as
solvent for the samples. The measurements were carried out
using a capillary viscosimeter (SI Analytics, Germany) with a
capillary diameter of 0.63 mm.

High-Pressure Homogenization

PC was sieved through a 125 μm sieve to remove larger
fiber bundles. This procedure should prevent clogging of the
homogenization/ball valves of the high-pressure homogenizer
(APV 2000, SPX Flow Technology Ltd., United Kingdom).
Cellulose was suspended in demineralized water to an
absolute cellulose content of 5% (m/m) with a batch size of
500 g for each experiment. Before homogenization, the
suspension was mixed using a high shear mixer (Ultra-Turrax
TP18/10, IKA–Werke GmbH & Co. KG, Germany) for 1 min
at 20,000 rpm. Afterwards, the suspension was homogenized
at varying cycles and pressures according to a 23 full factorial
design. The factors were pressure, number of cycles, and the
addition of SLS as peptizing agent (Table 1). The repetitions
for the design were carried out at 700 bar, 12 cycles, and 0%
of SLS content. For experiments at high pressures and
homogenization cycles, a pressure feeding funnel with a
maximal feeding pressure of 5 bar was used.

For the manufacturing of the cellulose sheets for
pharmaceutical applications, the suspensions were homoge-
nized for 10 cycles at 750 bar. Several PC/MCC mixtures
(100%, 90%, 75%, 68.75%, 56.25%, 50%, and 0% (m/m) PC
fraction) were used for film manufacturing. The API-loaded
films were produced by mixing DCS with pure homogenized
PC suspension.

Rheological Properties of MFC Suspension

Viscosity measurements were carried out using a rotary
viscometer (Malvern Kinexus, Malvern Instruments Ltd.,
United Kingdom) equipped with plate–plate (20 mm diame-
ter) geometry at 25°C with a shear-controlled setup. The gap
width was set to 500 μm and the shear rates were varied
between 0.1 and 100 s−1. The yield stress (τy) was estimated
by using a fourth order polynomic fit of the shear rate/shear

Table 1. Factor levels of the design of experiments

Factor − 0 +

Pressure/bar 200 700 1200
Cycles 4 12 20
SLS/% 0 0 0.25
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stress graph in a shear rate interval between 0.1 and 1 s−1 and
calculating the intersection with the y-axis. The apparent
viscosity (η) was measured at a shear rate of 10 s−1.

Particle Size Distribution

The PSD was measured using laser diffraction
(Mastersizer 3000, Malvern Instruments Ltd., United King-
dom) equipped with a wet dispersing unit (Hydro MV,
Malvern Instruments Limited, United Kingdom) with
demineralized water as dispersing agent. The pump and
stirrer speed was set to 2500 rpm. Sonification was not used
for dispersing due to uncontrollable artifacts during measure-
ments. For statistical analysis, the median particle size based
on volume (x50) was used. The width of the distribution
(span) was calculated according to eq. 1. x90/10 is the particle
size at which 90% or 10% of the particles is smaller.

span ¼ x90−x10
x50

ð1Þ

Statistical Analysis of Suspension Data

The design and the analysis of the results of the full
factorial design were carried out by using MODDE Pro
(V12.0.1.3948, Sartorius Stedim Data Analytics AB, Sweden)
with multiple linear regression analysis (MLR). If not
mentioned elsewhere, the level of significance was α = 0.05.
If necessary, the responses were transformed logarithmically
and marked with a tilde (~).

Manufacturing of the Cellulose Sheets

The homogenized cellulose suspensions were casted out
on commercial aluminum foil (Profissimo Aluminiumfolie,
dm-drogerie markt GmbH & Co. KG, Germany) via solvent
casting on an automatic film bench (Coatmaster 500, Erichsen
GmbH & Co. KG, Germany). Aluminum foil was used, due
to a poor wetting of the available commercial liners. The gap
width was set to 1000 μm and casting speed to 120 mm/s. The
films of 40 cm length and 22 cm width were dried for 24 h at
ambient temperature. After drying, the films were sliced into
pieces with the dimensions 2 cm × 3 cm using a disposable
scalpel. For determination of the mechanical properties,
pieces had the dimensions 2 cm × 12 cm.

Film Characteristics

Mechanical properties were examined using a texture
analyzer (TA-XT Plus, Stable Micro Systems Ltd., United
Kingdom). Each batch was analyzed at least four times. The
measurements were carried out according to ISO 527-1 (25).
A specimen with the dimensions 20 × 120 mm was tightened
between to clamps. The distance between the clamps was set
to 100 mm. The data recording starts at a measured force of
0.01 N. Test speed was set to 10 mm/min. The tensile strength
(σm), tensile strain at break (εB), and Young’s modulus (Et)
were calculated according to definitions of the ISO norm. In
brief, σm was measured at the first maximum in stress in the
stress–strain curve. εB is the last measured strain value before

breakage of the film and Et is defined as slope of the stress–
strain curve between an elongation of 0.05% to 0.25%.

The thickness of 10 films for each batch was measured
using a modified micrometer screw (IP65, Mitutoyo Corp.,
Japan) with two mounting plates with the dimensions
30 * 20 mm at each end. These plates should ensure that
the maximum thickness of each film is measured. The weight
of films was examined using an analytical balance (CP224S,
Sartorius AG, Germany).

To determine the drug loading, 10 API-loaded films with
a target dose of 25 mg DCS were individually dispersed in
100 ml 0.1 M NaOH to ensure complete dissolution of the
API. The suspension was filtered and 10 ml of each solution
was diluted to 100 ml with 0.1 M NaOH. The solution was
spectroscopically analyzed with a UV-photometer (UV-1800,
Shimadzu Corp., Japan) at a wavelength of 276 nm. Content
uniformity and acceptance value was examined according to
Ph.Eur. 2.9.40.

The disintegration of the films was tested using a
disintegration apparatus (PharmaTest PTZ Auto EZ,
PharmaTest Apparatebau AG, Germany) equipped with film
holder and a weight of 3 g (PT-ODF) (26). Demineralized
water was used as medium and the test was stopped when
films did not disintegrate after 3 min.

Scanning Electron Microscopy

The SEM images were taken using an electron micro-
scope (Phenom G2 pro, Phenom World BV, Netherlands).
The range of the operating voltage was between 5 and 10 kV.
The samples were gold sputtered (Automatic Sputter Coater
MSC 1 T, Ingenieurbüro Peter Liebscher, Germany) with a
layer thickness of 20 nm.

RESULTS AND DISCUSSION

Effect of Homogenization on Rheological Properties

The settings for the experimental design were selected
based on preliminary experiments. Homogenization pressures
above 1200 bar led to clogging and excessive heat develop-
ment during experiments especially in the case of PC. Even
sieving of the powder and prior mixing in a high shear mixer
did not solve these problems. In addition, the solid content of
approximately 5% led to a large viscosity increase and
problems with the gravimetric feeding system of the homog-
enizer. Even the use of a pressurized feeding system did not
facilitate a homogenization process with pressures above
1200 bar. The number of homogenization passes was chosen
according to literature values used for the production of
MFC/ NFC suspensions (27). SLS was incorporated into
suspensions to lower fiber–fiber interactions to investigate the
effect on particle size and viscosity of the obtained cellulose
suspensions. As described in the literature, the homogeniza-
tion of untreated cellulose mainly leads to MFC. Colloids
obtained from partially hydrolyzed cellulose are rather
considered as NFC (4).

During homogenization of a cellulose slurry, the suspen-
sion showed a continuous viscosity increase. This behavior
was attributed to a fibrillation of the cellulose micro- and
nanofibrils under high shear stress applied via high-pressure
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homogenization (28). For both types of cellulose, process
conditions had a significant impact on the resulting rheolog-
ical properties of the cellulose suspensions (Fig. 1). The
applied pressure and hence the mechanical energy input in
each run did not show a significant effect on the measured τy
or η. In literature, a positive influence of the pressure on the
amount of fibrillated cellulose has been reported (29). The
energy needed for the fibrillation of the cellulose slurry may
have an optimum and by exceeding this optimum, the
agglomeration may dominate due new interfaces growing
too fast. Consequently, the new fibers stick together and
viscosity does not increase in the expected degree. Analogous
to this, a similar behavior has been observed in the
homogenization of emulsions and suspensions (30). Never-
theless, the applied pressure determined the minimal size
reachable during processing (31) and the pressure showed a
positive but non-significant tendency to higher viscosities.

In the selected factor space, the number of homogeniza-
tion cycles had the largest impact on the measured τy and η.
During every additional homogenization cycle, more and
more fibers were fibrillated and the absolute amount of
colloidal fibers increased (32). Similar behavior was already
known from emulsions and other colloidal suspension (31,33).
Therefore, more homogenization cycles led to a narrower
PSD, i.e., more fibers in colloidal sizes and consequently to a
higher viscosity of the resulting suspension-like suspension.
These observations also fit to the results of Taheri et al. (29)
who reported a correlation between number of homogeniza-
tion cycles and resulting rheological properties. The fitting
parameters and transformations of all MLR models can be
found in the supplementary materials (Table S1).

The viscosities of PC suspensions, especially at high
pressure and high number of cycles, were higher than
corresponding MCC suspensions. Homogenization of PC at
700 bar and 12 cycles (P9, P10, and P11, see also Table 2)
resulted in an average η of 8.56 ± 2.81 Pa*s. The MCC

suspensions manufactured under the same conditions (M9,
M10, and M11) showed a η of 2.33 ± 0.57 Pa*s (Table S2). An
explanation might be found in the different fiber morphol-
ogies of MFC and NFC. The morphology the single fibers
might have a high impact on the rheological properties. In
this study, single fiber analysis was not possible, but the effect
of high-pressure homogenization on obtained colloidal fibers
and their aspect ratio is extensively investigated in literature
(3,27,34–36). In summary, homogenization of MCC led to
fibers with an average diameter of 20 to 100 nm and a length
of 100 to 500 nm. In the case of PC, homogenization results in
fibers with a similar width, but the length of the fibers can
reach several micrometers and therefore result in higher
aspect ratios. These longer MFC fibers may result in a
suspension with higher viscosity analogous to soluble poly-
mers, where polymers with higher average molecular weight
also result in more viscous suspensions for a given solid
concentration.

Fig. 1. Coefficient plot of apparent viscosity η apparent yield stress τy of PC (upper row) and
MCC (lower row)

Table 2. Process parameters of produced suspension batches

Batch Pressure/bar Number of cycles SDS content/%

M/P 1 200 4 0
M/P 2 1200 4 0
M/P 3 200 20 0
M/P 4 1200 20 0
M/P 5 200 4 0.25
M/P 6 1200 4 0.25
M/P 7 200 20 0.25
M/P 8 1200 20 0.25
M/P 9 700 12 0
M/P 10 700 12 0
M/P 11 700 12 0
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Effect of SLS on Rheological Properties

The addition of SLS led in all experiments to a lower η
and τy (Table S3). For instance, the shear viscosity of batch
P3 (20 × 200 bar) was reduced by the addition of SLS (batch
P7) from 1.4 to 0.2 Pa*s. Similar behavior was observed in
case of batch M3 (1.9 Pa*s) and M7 (0.3 Pa*s) (Table S2).
Several authors investigated the effect of various surfactants
on the rheological properties of cellulose suspensions. It is
reported that SLS is able to adsorb on the surface of cellulose
preferentially on the more hydrophobic backbone of the
polymer (36,37). This adsorption first leads to an increase in
viscosity due to micellar bridging phenomena. At higher
concentrations, as used in this study (4.76% based on solid
content), the electrostatic repulsion might be strongly in-
creased, leading to a reduced fiber–fiber interaction and in
consequence to defects in the cellulose matrix and a lower
viscosity. For both cellulose grades, SLS reduced the shear
viscosity up to one order of magnitude. PC seemed to be
more sensitive to the addition of SLS than MCC. MCC, as a
partially hydrolyzed form of PC, showed a particle size
reduction even under low stress (19) and in part to colloidal
sizes (20). For PC, this behavior could not be verified.
Consequently, MCC needed less energy to release a larger
amount of colloidal fibers and the particles had a higher
specific surface area. Accordingly, the surface saturation level
and zeta potential should be higher for PC suspensions,
leading to an even stronger weakening of the cellulose matrix.

All produced cellulose suspensions showed shear thin-
ning with a hysteresis upon lowering the shear rate after
reaching maximum shear rate (Figs. 2 and 3). This behavior is
attributed to the formation of a coherent cellulose fiber
network after homogenization (37). Under shear stress, the
coherent cellulose matrix breaks down, the fibers reorient in
the direction of shear and resistance against shearing reduces.

By lowering the shear forces again, the network slowly
regenerates. The time dependency of the matrix regeneration
was not investigated, but other authors reported a full
recovery of rheological properties for cellulose suspensions
(35). Not all batches showed a measurable τy (Table S2). At
low pressures and/or low number of cycles, the volumetric
fraction of the colloidal fibers was probably too low to form a
coherent fiber matrix. But this formation is a substantial
criterion for the existence of gel characteristics. Xu et al. (23)
and Moberg et al. (24) have reported a dependency of the
necessary volume fraction of colloidal fibers and reached
viscosity on the fiber dimensions, i.e., the aspect ratio of the
fibers. The calculated percolation limit has varied between
0.31 and 1.99% depending on the size and the origin of the
used material. In our study, cellulose was used with a weight
percentage of approx. 5% (≈ 3.3% by volume) and therefore
clearly above the percolation limit. Only after sufficient shear
stress and homogenization time, the volumetric fraction of
colloids might be high enough to form a coherent matrix
together with the larger fibers.

SLS also seemed to affect the thixotropy of the cellulose
suspensions. The hysteresis of P7 (20 × 1200 bar with SLS)
was much smaller than P3, which indicated stronger thixotro-
pic behavior of P3 (20 × 1200 bar without SLS) (Fig. 2). It can
be concluded that homogenization parameters, especially the
number of cycles, have an influence on the resulting viscosity.
These changes in viscosity should be mainly caused by a
reduction of the particle size into colloidal ranges.

Effect of Homogenization on the Particle Sizes

The results of viscosity analysis and particle size exam-
ination were not consistent, and no clear correlation could be
found. It should be noted that particle sizes can vary between
0.1 and 100 μm, i.e., four orders of magnitude. Laser

Fig. 2. Rheological investigation of PC suspensions with (−) and without SLS (−) addition. a P1
and P5, b P2 and P6, c P3 and P7, and d P4 and P8. Solid lines represent increasing shear rates and
dashed lines decreasing shear rates (n = 3, x̅ ± s)
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diffraction is limited when particle collectives with a broad
distribution are examined due to the possibility of spectral
overlapping. Also, other particle analyses like dynamic light
scattering/photon correlation spectroscopy are limited in the
analysis of broad PSDs. So, the real particle size could be
much smaller than the one detected by these techniques.
Another explanation might be found in the high surface area
of MFC and NFC and the tendency to agglomerate during
particle size analysis (38). Nevertheless, it was not intended to
isolate pure MFC/NFC, but to investigate the impact of
homogenization on the whole particle collective.

Homogenization of PC did not affect the fiber size of the
sample in the same range as for MCC. For example, batch P6
(PC, 20 × 200 bar with SLS) resulted in a relative particle size
reduction of 59% in x50, whereas for MCC under the same
conditions, a particle size reduction of 87% was observed for
batch M6 (Table S3). As mentioned above, MCC is partially
hydrolyzed and the elementary fibers are shorter than for PC.
The average molecular weight of the used MCC was 41.0 ±
0.2 kDa and 152.3 ± 0.9 for PC. Kleinebudde et al. (39) found
a correlation between the obtained particle size after

homogenization and the DP of the used cellulose. Conse-
quently, less energy was needed to loosen interfibrillar bonds
and liberate NFC. MFC obtained from PC has a higher DP
and therefore a higher aspect ratio because of the length of
the micro fibrils (4). According to Moberg et al. (24), fibers
with a higher aspect ratio, such as MFC from PC, should have
a substantially lower percolation threshold than fibers with a
low aspect ratio. This would also explain why PC suspensions
showed higher viscosity then MCC suspensions even if the
overall particle size was larger. The longer PC fibers are able
to form a coherent matrix at lower volume fractions, and due
to the higher length, these suspensions showed also a higher
viscosity.

Statistical analysis of the x50-value of PC suspensions did
not show any significant factors (Fig. 4a). A non-significant
tendency to smaller particles with increasing pressure was
observed. An increase in pressure from 200 to 1200 bar led to
an average particle size reduction of 10.3 μm. In case of
MCC, the parameter number of cycles led to larger particles
and also higher pressure showed a tendency to larger
particles (Fig. 4b). This result was surprising but explainable.

Fig. 3. Rheological investigation of MCC suspensions with (−) and without SLS (−) addition. a M1
and M5, b M2 and M6, c M3 and M7, and d M4. Solid lines represent increasing shear rates and
dashed lines decreasing shear rates (n = 3, x̅ ± s)

Fig. 4. Coefficient plot of effects on × 50 value for a PC and b MCC
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By comparing the particle size of untreated MCC powder with
the particle sizes of the homogenized forms, it becomes clear
that particle size was strongly decreased by high pressure
homogenization (Table S3). Yet, in the used factor space, higher
pressures and more passes apparently led to larger particle sizes
due to a tendency to re-agglomerate. This would also explain the
strong negative impact of SLS on the measured particle size.
SLS enhanced the electrostatic repulsion of the cellulose fibers.
Cellulose flocculated to loosen agglomerates (40), which can be
easily dispersed during laser diffraction analysis. The interac-
tionsPre*Cyc suggests, that at low number of cycles, the effect of
applied pressure was stronger, than in the case of higher number
of cycles. Pre*SLS implies, that by adding SLS to the mixture,
applied pressure now had a negative impact on particle size (Fig.
S1). This result confirms that uncharged NFC tends to flocculate
without surface modifications or surfactant addition (4,41).

Effect of Homogenization on the Casted Film Properties

Besides the suspension formation, homogenized cellu-
lose also offers the possibility to form mechanically stable
films (42). This characteristic was also attributed to the
presence of colloidal fibers after homogenization. The
mechanical stability of these films should be related to the
PSD, the fraction of colloidal fibers and their morphology.
For this reason, all produced suspensions were casted with a

wet film thickness of 1000 μm. Not all suspensions resulted in
uniform films after drying. With the exception of P6 (4 ×
1200 bar + SLS), suspensions containing PC/SLS combina-
tions did not form uniform films, the films had many defects
or retained as powder on the liner. Suspensions without SLS
formed uniform films, with the exception of P1, which also
remained as loose powder on the liner. SEM images of the
films reveal the change in particle morphology during
homogenization (Figs. 5 and 6). In case of P1 (4 × 200 bar)
(Fig. 5a), single fibers can still be identified. The degree of
fibrillation was quite low and explains the missing film-
forming property. However, with 20 cycles at 200 bar (Fig.
5b), PC formed a fiber network and a homogenous film could
be obtained. P2 (4 × 1200 bar) (Fig. 5c) had a similar
appearance to P3. Since the particle sizes of P2 (4 ×
1200 bar) and P3 (20 × 200 bar) were quite similar
(Table S3), this result is comprehensible. Process parameters
of P4 (20 × 1200 bar) led to a less porous film with a fine fiber
network (Fig. 5d). Due to the high viscosity of the suspension,
it was not possible to distribute the suspension evenly on the
aluminum foil liner. The result was a defective film that could
not be used for further analysis of mechanical properties. Due
to this, a statistical analysis using MLR was not possible for
mechanical properties of the obtained films.

In case of MCC, even with M1, it was possible to obtain
proper films without defects after drying. The surface
structure (Fig. 6a) is smoother and less porous than the

Fig. 5. SEM images of casted PC films dried at ambient conditions. a 4 × 200 bar (P1), b 20 ×
200 bar (P3), c 4 × 1200 bar (P2), and d 20 × 1200 bar (P4)
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equivalent experiment of PC (P1). With more homogeniza-
tion cycles and higher pressures, surfaces became even
smoother until no single unit could be identified anymore
(Fig. 6b, d). In case of M2 (Fig. 6c), increased agglomeration
might be responsible for the quite fibrous appearance. As
with PC, the addition of SLS led to cracked and perforated
films, which cannot be used for analysis. Overall, MCC led to
a smoother surface structure than PC did. The smaller NFC
fibers liberated from homogenized MCC have a larger
specific surface and therefore higher interaction area. During
drying, the capillary forces contracted the particles together
closely and facilitated the formation of smooth surface
structures with few pores. This behavior is well known for
the drying of pellets containing MCC as pelletizing aid (43).
Similarly, MCC pellets shrink and result in very smooth and
dense surfaces. This behavior has been attributed to the
autohesion phenomenon known from insoluble polymers
(44). In the case of PC, the fibers were larger and the
capillary forces in wet stage decreased (45,46). Consequently,
the PC films were less densified and more porous under the
same conditions.

The measured mechanical properties of the obtained
cellulose sheets are displayed in Fig. 7 a and b. Cellulose
sheets show relatively low Et, σb and εB. The measured values
were dramatically lower than results reported in literature.
For sheets produced with MFC obtained from spruce pulp, a
Young’s modulus of 15.7 GPa and a tensile strength of about

104 MPa were reached (42). For Films containing NFC,
similar mechanical properties are reported (47). A possible
explanation for these discrepancies might be found in the
broad PSD of the cellulose fibers (Table S3). The broad PSD
resulted in defects in the film surface, due to the lower specific
surface area of the larger fibers and therefore a weaker
interaction in the whole fiber network. In case of MCC films,
a correlation between the particle span and the resulting σb,
respectively, Et could be observed (Fig. 7d). A similar
correlation could not be found for PC films (Fig. 7c). Another
explanation might be found in the production method. In
both studies, simple convective drying of the gel in a vessel
was performed instead of using a film coating bench. The
casting method might also resulted in more structural defects
due to possible inhomogenities on the liner. It should be
noted that the solvent casting method is normally used for
soluble polymers and not for insoluble film formers (48).

Nevertheless, MCC suspensions formed more stable
films than PC. Considering the SEM pictures of the films, it
becomes clear that the difference in mechanical properties
can be attributed to the lower porosity of MCC films. This is
again a consequence of the partial hydrolysis and the
generally lower interfibrillar bonding forces of cellulose
chains. Under the same conditions, it was possible to obtain
more fine fibers with high specific surface area and the
capability to form intrafibrillar hydrogen bonds which were
mainly responsible for the mechanical stability of MCC films

Fig. 6. SEM images of MCC suspensions dried under ambient conditions. a 4 × 200 bar (M1), b
20 × 200 bar (M3), c 4 × 1200 bar (M2), and d 20 × 1200 bar (M4)
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(4). The longer fibers obtained from PC formed a more
paper-like network structure with larger pores and a lower
contact area of the fibers and therefore worse mechanical
properties.

By comparing M1 and M3, the effect of the number of
cycles can be estimated (Fig. 7b). With an increase in the
number of cycles from 4 to 20 with an equal pressure drop of
200 bar, the films obtained higher mechanical stability and
stiffness. At higher pressures of 1200 bar, e.g., M2 and M4
(Fig. 7b), the effect was not as strong as for batches M1/M3.
The viscosity of M4 was approximately ten times higher than
M3 (Table S3). This high viscosity resulted in difficulties
during film casting and more structural defects of the films.
These structural defects are the main cause for the worse
mechanical properties. These effects could not be proven for
PC films, due to production difficulties. Nevertheless, P1 did
not form any stable film, whereas it was possible to produce
cellulose films using P3 (Fig. 7a). This indicates that the
number of cycles is more critical during homogenization.
These results can also be confirmed with results from viscosity
measurements, where the the number of cycles had a
significant effect on the resulting suspension viscosity. Stelte
and Sanadi (49) have reported similar results regarding the
effect of number of cycles on resulting mechanical properties
and correlated this with a higher fraction of NFC at higher
amount of homogenization cycles. PC suspensions produced
at the center point (P9 and P10) formed the most stable films
after drying. These process parameters seemed to be an
optimum for PC and were quite similar to common process
parameters reported in literature (27).

High-pressure homogenization of both, PC and MCC
suspensions, led to film formation properties, but with some
substantial differences. While homogenization of MCC sus-
pensions was feasible without clogging of the valves, clogging
during homogenization of PC suspensions occurred fre-
quently. All differences can probably be attributed to the

different particle size and fiber morphologies. The longer
MFC fibers resulted in higher viscosity than the shorter NFC.
This behavior is well known from soluble polymers, where
the DP/average molecular weight is a key parameter for the
resulting viscosity. However, the larger size and the lower
amount of MFC in PC suspensions led to a higher sensitivity
to SLS and films with worse mechanical properties.

Pharmaceutical Application of MFC/NFC

The film-forming properties of homogenized cellulose
opens up new fields of application, e.g., as film former for the
production of orodispersible films (ODF). In this part, the
application for MFC/NFC suspensions as carrier platform for
orodispersible films was investigated. Based on the results
from the homogenization study, MCC and PC were homog-
enized at 750 bar for 10 cycles with a solid cotent of 5%
(m/m), to obtain suspensions with adequate rheological
properties in dispersed stage and suitable mechanical
properties as film. For ODFs, a fast disintigration to easily
swallowable particles is an important criterion (48) for the use
in special patient groups, like children or elderly people. In
addition, suitable mechanical properties are needed to ensure
easy application without premature fractures. For this reason,
different mixtures of homogenized PC and MCC suspensions
were used for the production of the sheets. Incorporation of
an additional plasticizer was not necessary to obtain films
with suitable flexibility.

The mechanical stability of the casted cellulose sheets
could be correlated with the fraction of PC used in the
suspension (Fig. 8). With decreasing PC fraction, σb and Et

increased, whereas εb was not be affected significantly by PC
fraction. The results for pure PC films, respectively, MCC
films were consistent with the results of the films from the
previous experiments (Fig. 7a, b). Although the films gained
mechanical stability, rapid disintegration is also a necessary

Fig. 7. Upper row: mechanical properties of obtained films from statistical experiments from a PC
and b MCC (n > 4, x̅ ± CI, α = 0.05). Bottom row: correlation of span and resulting mechanical
properties for c PC films and d MCC films (Et: R: − 0.827, σb: R: − 0.834) (n > 4, x̅ ± CI, α = 0.05)
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requirement for the use as ODF. Only films containing pure
PC or 10% (m/m) of MCC showed disintegration within 30 s
and fullfiled the requirements for orodispersible dosage forms
according to USP (Table 3). The average film thicknesses
varied with PC fraction. With decreasing PC fraction in the
suspensions, films became thinner. At a PC fraction below
75% (m/m), a reduced film thickness in a similar range as
films containing pure MCC was obtained.

DCS is a nonsteroidal anti-inflammatory drug with a
maximum daily dosage of 150 mg for an adult. The target
dose was set to 25 mg per sheet with the dimensions of 2 cm ×
3 cm (6 cm2). This is a common dosage in the treatment of
moderate pain. To investigate the feasibility of drug loading
in orodispersible PC sheets, DCS was mixed with
homogenized PC suspension and casted. Sheets with MCC
as film-forming polymer were not investigated due to the lack
in disintegration of these films. Kolakovic et al. (21) reported
extended release profile for films made of NFC and, hence,
this usage of MCC did not appear plausible for the
manufactering of ODFs.

Incorporation of DCS into PC films resulted in thicker
films after drying (Table 3). This was a result of the increased
solid content of the film suspensions (5% vs. 8%) and the
particle size of DCS. The API particles were incorporated
into the cellulose fiber matrix and also sticking on the surface
of the films (Fig. 9). Mechanical stability was decreased by
added DCS and even lower than for sheets out of pure PC
(Fig. 8). API crystals may interfere with the cellulose matrix
and led to weaker bonding forces between the fibers.
Removal of the dried films and handling was difficult due to
brittle nature of the films. The average sheet weight was 52.9

± 1.28 mg resulting in a drug load of approximately 47%. This
high drug load might be the main reason for the poor
mechanical properties. Nevertheless, the content uniformity
investigation (Table S4) resulted in an acceptance value of
5.84 and therefore fullfil the requirements of European
Pharmacopeia.

Since the drug load for conventional ODFs is limited to
highly potent APIs (48), PC films open the opportunity to
produce films with a drug load of about 50% by weight.
Although the high drug load resulted in relatively poor
mechanical stability of DCS films, the mechanical properties
were still acceptable. In addition, homogenized PC suspen-
sions might be useful for drugs with lower dosages. This
would not affect the mechanical properties in the same
manner and improve the handling of the ODFs.

A possible application for PC films might be the usage as
basis for pharmaceutical 2D printing processes (50,51). The
porous structure of the resulting films and the high swelling
capability of cellulose might facilitate an easy absorption of
the printing fluid and enabling higher drug loads without
affecting the meachnical properties. But more research is
needed to evaluate possible application areas for homoge-
nized PC as film-forming polymer.

Fig. 8. Mechanical properties of cellulose sheets with varying fraction of PC (σb: R: − 0.9388; Et:
R: − 0.9921; εb: R: − 0.4889). x indicating results for API-loaded PC films (n > 4; x̅ ± CI, α = 0.05)

Table 3. Disintegration times and film thicknesses of produced films
(thickness: n = 10, x̅ ± CI, α = 0.05)

PC content [m/m]/% Disintegration time/s Thickness/μm

100 13 120.2 ± 14.9
90 30 126.3 ± 12.9
75 > 180 112.2 ± 5.4
68.75 > 180 83.1 ± 10.2
56.25 > 180 75.5 ± 6.0
50 > 180 61.7 ± 6.7
0 > 180 63.9 ± 8.0
DCS loaded 12 258.9 ± 1.0

Fig. 9. SEM picture of a DCS-loaded film
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CONCLUSIONS

Particle size of PC and MCC was sucessfully reduced by
high-pressure homogenization. Furthermore, critical process
parameters of the homogenization process were identified.
Homogenization of MCC led to suspensions with smaller
particles due to lower DP and lower intrafibrillar bonding forces
as a result of the previous hydrolysis step. The lower viscosity was
a result of the NFC morphology. In contrast to MFC, NFC is
shorter with lower aspect ratio and resulting analogous to soluble
polymers in a lower viscosity. The addition of SLS reduced the
viscosity of the cellulose suspensions due to increased electro-
static repulsion of the colloidal MFC/NFC and resulted in
cellulose matrix defects but also to a faster matrix regeneration.
PC as more fibrous and coarse grade is more affected by SLS
probably due to the lower specific surface area.

After homogenization, both cellulose grades show film-
forming properties. MCC resulted in films with higher
mechanical stability than PC. These differences are consider-
ably smaller after further homogenization. Particle size and
fiber morphology have an impact on the resulting film
characteristics. MCC forms dense films with low porosity
due to the small particle size and the lower aspect ratio of the
obtained NFC, whereas PC forms more paper-like films with
high porosity. These results might be transferable to other
processes, like wet-extrusion/spheronization and would sup-
port the finding of our previous study (20), where homoge-
nized PC was sucessfully used as pelletizing agent.

Drug loading of films containing homogenized PC as film
former facilitated a high drug load of about 50% and rapid
disintegration in less than 30 s. The mechanical stability was
affected by the high drug load.However, considering the high drug
content, the mechanical properties were still acceptable. It is also
advantageous that no additional plasticizer was required to ensure
suffcient flexibility of theODFs.Due to the porous structure of the
PC films, other applications, for example as printing basis for
pharmaceutical 2D printing processes, are possible.
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