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ABSTRACT

The aim of this study was to analyze the process of tablet
formation and the properties of the resulting tablets for 3 N-
deacetylated chitosans, with a degree of deacetylation of
80%, 85%, or 90%. Material properties, such as water con-
tent, particle size and morphology, glass transition temper-
ature, and molecular weight were studied. The process of
tablet formation was analyzed by 3-D modeling, Heckel
analysis, the pressure time function, and energy calculations
in combination with elastic recovery dependent on max-
imum relative density and time. The crushing force and the
morphology of the final tablets were analyzed. Chitosans
sorb twice as much water as microcrystalline cellulose
(MCQC), the particle size is comparable to Avicel PH 200, a
special type of MCC, the particles look like shells, and the
edges are bent. Molecular weight ranges from 80 000 to
210 000 kDa, the glass transition temperature (Tg) was not
dependent on molecular weight. The chitosans deform
ductilely as MCC; however, plastic deformation with regard
to time and also pressure plasticity are higher than for MCC,
especially for Chit 85, which has the lowest crystallinity and
molecular weight. At high densification, fast elastic decom-
pression is higher. 3-D modeling allowed the most precise
analysis. Elastic recovery after tableting is higher than for
MCC tablets and continues for some time after tableting.
The crushing force of the resulting tablets is high owing to a
reversible exceeding of Tg in the amorphous parts of the
material. However, the crushing force is lower compared
with MCC, since the crystallinity and the Tg of the chitosans
are higher than for MCC. In summation, chitosans show
plastic deformation during compression combined with high
elasticity after tableting. Highly mechanically stable tablets
result.
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INTRODUCTION

Chitosans are polysaccharides that result after the N-
deacetylation of chitin (Figure 1).'* Chemically they are
derivatives of cellulose with 2-acetamido-groups instead of
2-hydroxy groups. They consist of 3-(1-4)-D-glucosamine.
The process of N-deacetylation of chitin can be controlled
in its conditions, and according to the conditions different
deacetylated chitosans result (40%-98%).? Furthermore, the
products vary in their degree of polymerization. Chitosan
powders have been determined to be crystalline up to 71%
deacetylation, further deacetylation leads to a strong de-
crease in crystallinity and starting from 89% deacetylation
crystallinity increases.

Chitin is the second most common polymer and is naturally
present in crustacean shells and fungi. The shells of crab,
shrimps, and lobster are waste products of the food industry
and can be used to produce chitosans. '~

Chitosans are nontoxic, biocompatible, and biodegrad-
able and have been widely used for pharmaceutical
purposes,”™? and for other purposes such as clarification
of waste water, in food products, in feed ingredients, and
as a wet strength additive in the paper industry."'® For
pharmaceutical use, hydrogels, controlled release dosage
forms, mucoadhesive dosage forms, microcapsules, mi-
croparticles, and nanoparticles have been developed. For
tableting, chitosans have been tested sporadically'*™'>; how-
ever, to date no detailed characterization of their compres-
sion and compaction behavior exists. Chitosan is also
known to reduce friction during tableting'*'® and to pro-
duce controlled release tablets.!”'® Furthermore, it facili-
tates soft tableting, which means that it is able to tablet
pressure-sensitive materials (eg, enzymes, polymorphic
drugs, or enteric-coated pellets without causing extensive
damage).”’

The aim of the present study was to analyze the powder
technological, compression, and compaction properties of
3 differently deacetylated chitosans with varying crystal-
linity in detail and to evaluate the properties of the final
tablets. The recently introduced 3-D modeling technique
has been used because this method has been successful in
characterizing materials with very different deformation
mechanisms as well as those with similar deformation
mechanisms.
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Figure 1. Chemical structure of chitosan.

MATERIALS

The 3 differently deacetylated types of chitosan, Chitosan
FG 80 (Chit 80, lot No. TM661), Chitosan FG 85 (Chit 85,
lot No. TM611), and Chitosan FG 90 (Chit 90, lot No. TD132)
were obtained from Primex Ingredients ASA (Karmsund,
Norway). For comparison, microcrystalline cellulose (MCC)
(Avicel PH 200, Avi 200, lot No. 11939 C) obtained from
FMC Europe NV, Brussels, Belgium, was used.

METHODS
Test Conditions

All materials and tablets were equilibrated, produced, and
stored between 35% and 45% relative humidity (RH). Tab-
leting was performed in a special climate-controlled room,
which was set to 23°C + 1°C and 45% + 2% RH.

Material Properties

Molecular Weight Determination by Field Flow
Fractionation

The field flow fractionation (FFF) instrument used for the
fractionations was an Eclipse F asymmetrical flow FFF con-
nected to a Dawn EOS multi-angle light scattering detector
(Wyatt Technology Europe, Dernbach, Germany) and a
RI-101 detector (Shodex, Tokyo, Japan). The intensity of
scattered light was measured at 18 different angles. A pump
with in-line vacuum degasser (1100 series, Agilent Tech-
nologies, Santa Clara, CA) delivered the carrier flow. The
ultrafiltration membrane laid on the accumulation wall was
made of regenerated cellulose with a cutoff of 10 kDa.

The solvent and carrier for the FFF was acetate buffer with
0.02% NaNj3, which was added to prevent bacterial growth.
The sample volume of 100 pL was injected with a flow of
0.2 mL-min"". Focusing was applied during the injection
and was maintained for 1 minute before elution was started.
Elution started 6 minutes later. Graded fractionation was ap-

plied. For the first 2 minutes the cross-flow was 2 mL-min”;

during the next 5 minutes, it was decreased to 1 mL-min

and in the final 17 minutes it was 0 mL-min_'. Analysis was
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performed between 9 minutes and 25 minutes. Below 9 min-
utes, the zero signal was visible, above 25 minutes, analysis
was not possible because of aggregation of the molecules.?'
Processing of light scattering data was made by the Astra
software (Wyatt Technology). The Zimm equation was used
with the detectors 5 to 16. In some cases, polynomial fitting
was applied. The weight-average molar mass (Mw) and the
index of polydispersion (Mw/Mn, where Mn is number of
molecules) based on a specific refractive index increment
(dn/dc) value given in literature® were determined.

Sorption and Desorption Isotherms for Water

Sorption and desorption isotherms were recorded gravi-
metrically after equilibration at 32% RH. In a preliminary
experiment it was demonstrated that equilibrium was reached
after 3 days. Thus, the powder was equilibrated at a spe-
cific RH over saturated salt solutions™ for 7 days in trip-
licate. After equilibration, the powder was weighed and
transferred to the next higher RH for equilibration. This
procedure started at 32% RH to avoid any drying influence
on the sorption characteristics and was performed up to
90% RH. Following that, the samples were moved to the
next lower RH downward to 0% RH (phosphorous pent-
oxide). The water content for each RH was calculated based
on the weight of the dry powder as determined at 0% RH.

Water Content

The water content of the materials used in this study was de-
termined by thermogravimetric analysis (TGA) using TGA 209
(Netzsch Gerdtebau GmbH, Selb, Germany) in triplicate. The
powder was heated with 10 K min~" up to 150°C. Water loss
was determined.

Particle Size Determination

Particle size distribution was analyzed by laser light dif-
fractometry using a dry feeder (Sympatec Rodos 12 SR,
Sympatec, Remlingen, Germany: pressure, 4 bar; injector
beneath pressure, 60 mbar; focal distance, 200 mm; and
measuring time, 25-35 seconds) in triplicate. The mean vol-
ume particle size distribution was calculated, and the median
particle size diameter of this distribution was determined. In
addition, for the median diameter, standard deviation was
determined from the raw data.

Scanning Electron Microscopy

Both powder and tablets were analyzed by scanning elec-
tron microscopy (SEM) (JSM 6400, JEOL, Tokyo, Japan)
at an accelerating voltage of 15 kV. Prior to that they were
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mounted onto a sample holder and coated with coal/gold/coal
(Balzer, Fiirstentum, Vaduz, Liechtenstein, type SCD 050).

True Density

The apparent particle density of all of the materials was
determined by Helium pycnometry (Accupyc 1330, Micro-
meritics, Norcross, GA) with 2 repetitions. The equilibrated
materials were used for analysis in order to determine the
apparent particle density at equilibrium conditions. The
method is described by Picker and Mielck.**

Bulk and Tap Density

Bulk and tap density were determined in triplicate in a
weighed 250-mL cylinder using a volumeter (Erweka GmbH,
Heusenstamm, Germany). A quantity of 100 g of the pow-
der was gently filled into the cylinder. Bulk volume was
read and bulk density calculated. Following that procedure,
the cylinder was tapped at least 2500 times up to a constant
volume. Tap volume was read and tap density calculated.
Mean and standard deviations were determined.

Carr Index

To analyze flowability, the Carr Index* was calculated on
the basis of the bulk and tap density. The following equa-
tion was used:

Carr Index = Compressibility[%)]
Tap Density— Bulk Density

100
Tap Density %

(1)

Glass Transition Temperature

The glass transition temperature (Tg) of the dry material
was determined using DSC 200 (Netzsch Gerdtebau GmbH,
Selb, Germany) during the second heating. The sensitivity
of the instrument was too low to determine the Tg of the
material at equilibrium conditions. Sample size varied be-
tween 5 and 10 mg. Heating rate was 40 K min™'. Only with
a high heating rate can weak transitions be determined.*®
The temperature interval was set to -50 to 150°C. The Tg
was determined by calculating the temperature of the half step
height during the second heating. To verify the results, the
maximum of the first derivative was also determined.

X-Ray Diffraction Studies

The crystallinities of the powders were compared using a
Roentgen diffractometer (URD 63, Freiberger Prizision-
smechanik, Freiberg, Germany). For the radiation, copper
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with a nickel filter was used. Bragg’s angle was analyzed
between 3 and 50 20.

Compression Analysis
Tableting

Tableting was performed on an instrumented eccentric tab-
leting machine (EK0/DMS, No. 1.0083.92, Korsch GmbH,
Berlin, Germany) with 11-mm-diameter flat-faced punches
(Ritter GmbH, Stapelfeld/Hamburg, Germany). Tablets were
produced at different graded maximum relative densities
(P rel, max): 0.72, 0.76, 0.80, 0.84, and 0.88. The amount
of material necessary for each tablet was calculated for
each P (e, max used. The powder mass for each tablet was
manually weighed, filled in, and the tablet was produced
with an accuracy of £ 0.001 at p ;. max. The tablet height at
maximum densification under load was held constant at
3 mm. Displacement of the punch faces was measured by
an inductive transducer (W20 TK, Hottinger Baldwin
Messtechnik, Darmstadt, Germany). Elastic deformation
of the punches and of the machine was corrected.?’ The
depth of filling was held constant at 13 mm. The pro-
duction rate was 10 tablets per minute. No lubricant was
used to avoid its having any influence on the micro-
structure of the tablets.

Ten single tablets were produced at each condition. Data
acquisition was performed by a DMC-plus system (Hot-
tinger Baldwin Messtechnik), and data were stored by
BEAM-Software (AMS-Floha, Germany). Force, time, and
displacement of the upper punch were recorded for each
compaction cycle at a rate of 600 Hz.

Data Analysis

For analyzing tableting data, only data > 1 MPa were used.
For 5 compaction cycles of each condition normalized
time, pressure, and In (1/1-D,)) according to Heckel®® were
calculated.

3-D Model

For applying the 3-D modeling technique,?® all 3 measured
values were presented in a 3-D data plot. To this 3-D data
plot a twisted plane was fitted by the least-squares method
according to Levenberg-Marquard (Matlab, MathWorks
Inc, Unterfohrung, Germany) with the following equation.
The plane is twisted at t = tax.

=In |
= 1-D rel

where D, = relative density, t = time, t,,, = time at

maximum pressure, d = w, w = twisting angle

(=t max ) X (d + W X P max—p )

+ (exp)+ (F+dxXtm), (2
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at tmao Pmax — the maximum pressure, p = pressure,
=—"5 " an f=in )

The time plasticity, d, pressure plasticity, e, and fast elastic
decompression ,w, of the 5 compaction cycles at each tab-
leting condition (material and a given P re|, max) Were aver-
aged, and means and standard deviations were calculated.
The mean standard deviation for d was 0.02; for e, 0.0001;
and for w, 0.0003.

Heckel Function

Heckel describes the decrease of porosity with pressure by
first-order kinetics?®. The Heckel equation is given, which
is applicable at the compression part of a porosity pressure
plot, is given below.

—-lne = ln<

where ¢ = porosity, D, = relative density, K = slope of the
Heckel equation, p = pressure, and A = point of intersection
with the y-axis.

1
1-D rel

)—pr+A, (3)

The slope of the Heckel equation was calculated from the
compression part of the plot. A linear fit was produced with
an accuracy of R = 0.999 and better. The fit included as
much data from the compression part as was possible; an
example is given in Figure 2. The determined slope pro-
vides information on the total deformation of the powder
during the compression phase.

Pressure-Time Function

The pressure-time-function is a repeatedly modified Wei-
bull equation.® In the present form®' it is able to describe
the normalized pressure-time curve of the tableting pro-

1.8+
1.64
1.44
1.24
bl R =0.9997

0.8+

In(1/(1-Drel))

0.64

0.2

0.0 T T T J
20 40 60 80

Pressure (MPa)

Figure 2. Heckel plot “at pressure” of Chitosan FG 85 at a
P rel, max Of 0.80 with an example for determination of the
Heckel slope.
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cess in an eccentric tableting machine. The equation is as
follows:

p(1) (4)

t, -t Y _[Lend”t
POmax|:eng :| ﬁel [ Bd ]Yﬂ

where p(t) = pressure, P, = maximum pressure of the
upper punch, t.,q = time at the lifting of the upper punch,
t = time, 3 = time difference between the maximum pressure
and t.,4, and y = parameter of asymmetry of the plot.

The parameter y is a measure for the resistance of the pow-
der against densification; high values for v indicate a late
and sharp increase of the pressure-time curve. The parameter
[3 indicates the symmetry of the plot; high values indicate
high elastic recovery during decompression.

v and 3 can be presented in a y-[3-diagram, which provides
information on the deformation behavior of the powders.
The mean standard deviation for y was 0.02, and for f3 it
was 0.44.

Force-Displacement Profiles

Force-displacement profiles are used to calculate the differ-
ent types of energy used for tableting.’> The analysis in-
cludes the compression and decompression of the powder
in the die. The area between compression and decompres-
sion curve is defined as the compaction energy area. The
area between maximum displacement and decompression
curve is defined as elastic deformation energy. Both these
types of energy were calculated for 5 compaction cycles.
Mean and standard deviations were calculated.

Tablet Properties
Elastic Recovery

Elastic recovery after tableting was calculated according to
Armstrong and Haines-Nutt*:

ER(%) - 100 Hl _HWeg maximum :

Weg maximum

(5)

where ER = elastic recovery, H; = height of the tablet after
10 days, and Hy = minimal height of tablet under load.

The calibrated inductive transducer (W 20 TK, Hottinger
Baldwin Messtechnik) was used to measure the axial ex-
pansion in the die. The height of the tablet after 10 days was
measured by a micrometer screw (Mitutoyo, Tokyo, Japan).
Ten tablets were analyzed, and the means and standard
deviations were calculated.
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Figure 3. Sorption and desorption isotherms for water of
3 different chitosans compared with MCC (mean £ SD).

In addition, elastic recovery was determined depending on
time** by thermomechanical analysis at constant temper-
ature over 10 days.

Crushing Force

The crushing force of the tablets was analyzed with the crush-
ing force tester (TBH 30, Erweka GmbH, Heusenstamm,
Germany) using a compression rate of 2.3 mm s ' during
the crushing force test. For each condition, 5 tablets were
analyzed 10 days after tableting, and means and standard
deviations were calculated.

RESULTS AND DISCUSSION
Material Properties

First, the molecular weight of the 3 chitosans used was de-
termined in duplicate. The median molecular weight of the
chitosans is given as follows: for Chit 80, 173.3 + 5.2 kDa/
176.6 £7.1 kDa; for Chit 85, 87.2+ 5.2 kDa/ 85.3 £ 5.1 kDa;
and for Chit 90, 210.5 + 6.3 kDa/ 210.7 + 8.4 kDa. Further,

the polydispersion index (Mw/Mn) could be determined to
be 2.17 £0.09/ 2.21 £ 0.11 for Chit 80, 1.86 + 0.15/ 1.86 +
0.13 for Chit 85, and 2.42 + 0.15/ 2.17 £ 0.11 for Chit 90.
The chitosans have a broad molecular weight distribution.
Furthermore, the median molecular weights differ between
80 000 and 210 000 kDa. For Chit 85, molecular weight is
only half of that of Chit 80 and Chit 90. Molecular weight
can influence deformation behavior.

Figure 3 exhibits the water sorption isotherms of the 3 dif-
ferent chitosans when compared with MCC. For all of them
the water sorption is higher than it is for MCC. Water sorp-
tion goes up to twice that of the sorption for MCC: up to 60%
RH ~15% (wt/wt) water was sorbed. In conclusion, the RH
during production and storage should be controlled as it was
in this study. Further sorption is similar for the 3 chitosans.
Table 1 shows the water content of the materials as deter-
mined by thermogravimetry. It ranges from 6.83% to 8.47%
(wt/wt) and corresponds with the water content measured
during sorption. At the RH of the study, the water content
increases with increasing deacetylation.

Figure 4 shows the cumulative particle size distribution.
Particle sizes are similar to that of Avicel 200, even when the
median particle size does not fall in between standard de-
viation (Table 1); only the particles of Chit 85 are slightly
smaller.

The particle shape of the powders is shown in Figure 5.
The particles look like shells and the edges are bent. At
higher magnification, microstructures become visible and
little particles are spread on the surface of the powders. The
particle structure is more or less the same for the 3 different
types of chitosan.

In Table 1, the apparent particle, tap, and bulk densities of
the materials are given. Apparent particle density increases
slightly with higher N-deacetylation; Chit 90 exhibits the
highest apparent particle density. Bulk and tap density are
dependent on particle size. For Chit 85, bulk and tap density
are higher than for Chit 80 and Chit 90, which can be seen in
congruence with the lower particle size.

Table 1. Powder Technological Properties of 3 Different Types of Chitosan*

N-De- Median True Bulk Tap Carr
acetylation Water Content Particle Density Density Density Index
Material Quality (%) % (wt/wt) Size (um) (g/cm?) (g/cm?) (g/ecm?) (%)
Chitosan  Chitosan food 80 6.83 £ 0.03 160 + 1 1.468 + 0.280 + 0.373 + 24.70 +
grade 80 0.002 0.000 0.006 1.15
Chitosan  Chitosan food 85 8.18 £0.03 120 + 1 1.473 £ 0.366 + 0.500 + 26.87
grade 85 0.001 0.006 0.000 1.27
Chitosan  Chitosan food 90 8.47 £ 0.07 170 + 1 1.497 £ 0.228 + 0.334 + 31.86 +
grade 90 0.002 0.001 0.027 0.03
MCC Avicel PH 200 - 4.03 £0.12 180 + 1 1.5750.001 0.4290.021 0.5020.002 14.614.11

*All values are expressed as mean + SD.
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Figure 4. Particle size determined by laser diffraction of
3 different chitosans and MCC (mean £ SD).

Bulk and tap density can provide information on the flow-
ability of the powders, and hence while using both these
values, the Carr Index was calculated. The lower the Carr
Index is, the better the flowability of the powder.>® Ac-

cording to Carr, values of 5 to 10, 12 to 16, 18 to 21, and
23 to 28 represent excellent, good, fair, and poor flow prop-
erties, respectively. Thus, all chitosans show poor flow-
ability. However, flowability increased with increasing
N-deacetylation; Chit 80 showed the lowest Carr Index and
thus the highest flowability with a value of 24.70 (Table 1).

The material deformation is dependent on its Tg. For the
different types of chitosan, the following values for Tg were
determined for the dry material: 102.6°C + 6.4°C (Chit 80),
107.9°C £ 5.8°C (Chit 85), 88.8°C + 5.1°C (Chit 90). Any
influence on molecular weight could not be detectable. Since
the powders contain only small amounts of amorphous ma-
terial, the sensitivity of the DSC apparatus used was too
low to determine the Tg at equilibrium conditions. How-
ever, with increasing humidity, it can be assumed that the
Tg decreases.”® For completely amorphous chitosan a Tg of
82.2°C is given in literature.*

Tableting

The tableting behavior was characterized by 3-D model-
ing (Figure 6). Heckel analysis (Figure 7A), parameter
determination of the pressure-time function (Figure 7B),

Figure 5. SEM of Chitosan FG 85 powder exemplarily.
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Figure 6. 3-D parameter plot in dependence on p ref, max (0.72-
0.88) of Avicel PH 200 (o), Chitosan FG 80 (m), Chitosan FG 85
(0), and Chitosan FG 90 (e).

and energy calculations from the force-displacement profile
(Figures 7C and D) were used in comparisons.

Figure 6 shows the 3 different types of chitosan in com-
parison to MCC when analyzed by 3-D modeling. They all
show a higher pressure plasticity e than MCC and the time
plasticity d is also higher. Fast elastic decompression in-
dicated by w was found to be similar to MCC, with the
exception of Chit 85. The higher Chit 85 w might be caused
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by its lower molecular weight. The deformation behavior of
the chitosans changed continuously with increasing p rei, max-
Furthermore, crystallinity and the crystallinity index (CI) de-
crease in the following order: CI(Chit 80) > CI(Chit 90) > CI
(Chit85).* Since crystallinity can influence deformation, it
is clear why an increase in pressure plasticity e and a de-
crease in time plasticity d follow this order. Determinations
done by X-ray diffractometry showed no differences in
crystallinity, when considering an error of determination of
5% to 10%.® However, according to van Luyen and Mai
Huong,* the differences in crystallinity are slight. Another
possible explanation for the different deformation behavior
could be different particle size distribution as described
above in Material Properties.

Figure 7A shows the slope of the Heckel function for the
different chitosans. In this case, Chit 85 behaves in a similar
way to MCC, and both the other types Chit 80 and Chit 90
show a lower Heckel slope and thus higher resistance against
deformation. It must be noted that according to the degree of
N-deacetylation no order could be set up. The higher Heckel
slope and thus a higher and easier deformation of Chit 85
in comparison to both the other chitosans might depend on
the lower molecular weight of Chit 85. However, the de-
termination of the Heckel slope includes plastic and elastic
deformation and is therefore less precise than the pressure
plasticity e of the 3-D model.

Figure 7B shows the results of the analysis with the pres-
sure time function in the y-f-diagram. Both Chit 80 and

y=f-diagram
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Figure 7. Heckel slope, 3-y-diagram, plastic and elastic energy in dependence on p o max determined for 3 different chitosans and
MCC (in graph B, p o1, max decreases for each curve from left (0.88) to right (0.72); mean + SD).
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Figure 8. Elastic recovery in dependence on p r, max Of 3 different chitosans and MCC (mean + SD).

Chit 90 are more elastic than MCC, which is indicated by
the much higher 3- and <y-values. Moreover, Chit 85 be-
haves similarly to MCC as in case of the Heckel function.
In conclusion, it can be stated that the deformation be-
havior is the opposite of what was derived from the Heckel
slope. However, the factor time is the main focus of this
analysis and the time-dependent deformation is shown. The
result is in agreement with time plasticity d from 3-D mod-
eling, which was similar for Chit 85 and MCC.

Finally, Figures 7C and D exhibit compaction and elastic
energy, which was determined by force-displacement pro-
files. Compaction energy of the chitosans is similar to that
of MCC except for Chit 85: this might be caused by the
lower particle size of Chit 85. Elastic energy is in between
the standard deviation for MCC, Chit 80, and Chit 85; and
for Chit 90, it is slightly lower. In between the chitosans,

“Chit BS

o —

the following order for elastic energy (EE) can be set up:
EE(Chit 90) < EE(Chit 85) < EE(Chit 80).

In summation, plastic deformation with regard to time and
also pressure plasticity are higher than for MCC, especially
for Chit 85, which has the lowest crystallinity and molecular
weight. At high densification, fast elastic decompression is
higher.

When comparing the different analysis techniques, it be-
comes evident that 3-D modeling allows for the most precise
analysis. The results determined with the Heckel analysis
mainly present pressure plasticity e; the results determined
with the pressure-time function mainly present time plas-
ticity d, and energies derived from force-displacement
profiles mainly provided information that was similar to
pressure plasticity (compaction energy) and fast elastic de-
compression (EE). In summation, the results show that the

Figure 9. SEM of the surface of tablets of Chitosan FG 85 and MCC.
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3-D modeling technique completely characterizes deforma-
tion, and it is able to differentiate in 1 step between time-
dependent and pressure-dependent deformation.

Final Formation of the Tablets

Figure 8 shows the elastic recovery of the different chitosan
tablets when compared with MCC tablets: relaxation that
had already started during tableting continues. Elastic re-
covery for the chitosan tablets is higher than that of the
MCC tablets. This fact is in contradiction to the determined
EE, which was lower for the chitosans. Obviously fewer
bonds are formed inside the chitosan tablets when compared
with MCC tablets. Elastic recovery is slightly different for
the 3 different types of chitosan (eg, it increases with de-
creasing N-acetylation). For tablets made of Chit 80, elastic
recovery is the highest, and for tablets made of Chit 90 it is
the lowest. Summing up, the process of tablet formation to
an equilibrium state considerably continues after tableting.
Thus, to describe the process of tablet formation com-
pletely elastic recovery after tableting was determined de-
pending on time (data not shown). Twenty-four hours after
tableting, expansion was measured, and the following 9 days
no further elastic recovery occurred. Thus elastic recovery
was complete.

Tablet Properties

As shown in Figure 9, chitosan tablets were analyzed on
the upper surface by SEM after relaxation. Similar to MCC
(Avi 200) the surface appears smooth and the particles are
strongly deformed and appear to be glued together. At higher
magnification, a network-like structure results. It has been
shown that drugs with a melting point between 50°C and
95°C can partially melt during tableting.>” These tempera-
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Figure 10. Compactibility plot of 3 different chitosans and MCC
(mean + SD).
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tures can be locally achieved during tableting. Therefore, it
can be assumed with regard to MCC, chitosan Tg can be
reversibly exceeded during tableting®®; hence following tab-
leting, the tablet cools down and a stable tablet results. For
MCC, the Tg at equilibrium conditions is 60°C to 80°C, for
chitosans the Tg is 90°C to 110°C for the dry material, and it
will be lower at higher levels of humidity.

This assumption as derived from SEM can be underlined
by the results on the crushing force and the compactibility
of the chitosans. The compactibility is high; crushing force
was measured to be almost 300 N (Figure 10) at moderate
maximum upper punch pressure of ~100 MPa. This crush-
ing force is lower than for MCC; however; crystallinity is
higher than in case of MCC and the reversible exceeding of
Tg occurs only in the amorphous material, which might
lead to lower crushing forces when compared with MCC.
Thus, it can be concluded that chitosan is well qualified
for tableting.

CONCLUSIONS

The chitosans show tableting and tablet properties that are
similar to those of MCCs. Deformation behavior could be
best described by using 3-D modeling. The crushing force
is high, and a network-like structure is visible with SEM,
moreover this structure can be attributed to a reversible ex-
ceeding of Tg during tableting as is the case for MCC. It
must also be mentioned that the most distinct difference
found when compared with MCC is that elastic recovery is
high and thus more mechanical energy is released after
tableting. This behavior allows for the application of chi-
tosans to be used for “soft tableting” of pressure-sensitive
materials.°
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