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bstract

We investigated various chitosan types and batches successfully with a combination of asymmetrical flow field-flow fractionation and multi-angle
ight scattering using a customized separation method. Advantageous were the separation capability of a broad applicable molar mass range, the
njection of unpurified solutions and the determination of absolute molar masses. Most of the measured samples followed molar mass distributions
f monomodal logarithmic Gaussian type. Only one sample showed a very broad distribution caused by either high molar mass amounts or
ggregate formation. It was also found that batch-to-batch variations were quite high, which is a common problem for nature-derived products.

hus, especially pharmaceutical products and semi-synthetic derivates should benefit from the development of products with a predictable average
olar mass and a narrow distribution. On the basis of received data for each slice eluting from the channel, molar mass–gyration radius relationships

ould be generated for every single measurement. The hereof received molecule structure parameters were verified to be molar mass dependent,
anging from open structures of rinsed thoroughly molecules to theta coil conditions or an even more compact conformation.
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. Introduction

The aim of our study was to separate aqueous acidic solutions
f different chitosan types by asymmetrical flow field-flow frac-
ionation (aFlow-FFF or AF4). We characterized them in detail
y directly connected multi-angle light scattering (MALS) and
efractive index (RI) detectors (aFlow-FFF/MALS/RI). Further-
ore several batches of the same type were investigated to check

atch-to-batch consistency.

.1. Chitosan
An increasing number of publications about chitosan and
ts derivates show the growing importance of this substance.
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n the case of pharmaceutical purposes this is supported
y a new monograph of chitosan hydrochloride (European
harmacopoeia, 2005) and descriptions in other pharmaceutical
ooks (Holpert, 1999). Several reviews and book chapters are
ighlightening the structure and various applications of chitosan
Peter, 2005; Illum, 1998; Felt et al., 1998).

Chitosan is a linear polymer that is known to be non-toxic. Its
tructure is given in Fig. 1. It is a naturally polyaminosaccharide
omposed of N-acetylglucosamine (GlcNAc) and glucosamine
GlcN) residues. The monomer units are linked via �-1.4-
lycosidic bonds. Several producers use the term “degree of
de)acetylation” to describe the relationship of both monomer
ractions in their products. Furthermore the FA value was sug-
ested (Roberts, 1997) that is representing the GlcNAc residue
ole fraction of the polymer. Ideal chitin would represent an

A of 1.0 and ideal chitosan of FA 0.0 whereas most produc-
rs offer chitosans with 0 ≤ FA ≤ 0.2. Chitosan is soluble in
cidic solutions as, e.g. 1% aqueous acetic acid due to its pKa
etween 6.2 and 6.4. The technology of chitosan production
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Fig. 1. Structure of chitosan, R = H (G

s well known. It is achieved from different chitin containing
aterial as exoskeletons of arthropoda and many plants and

ungi. The preparation procedures were reviewed in detail (No
nd Myers, 1997). Principally, the waste fractions from shellfish
ndustry as crabs and shrimps are deprotonized, demineralized,
ecolorized and deacetylated. According to the comment corre-
ponding to the monograph of chitosan hydrochloride (European
harmacopoeia, 2005), the most important resulting quality
arameters are (de)acetylation degree, molar mass (distribution)
nd impurity content, especially of proteins and heavy metals.
ll these parameters depend on the material natural sources and
n the process parameters. In addition, molar mass and FA value
nfluence each other. A more complete deacetylation causes a

ore excessive depolymerization. Thus, it is difficult for pro-
ucers to offer exactly the same product properties over a longer
ime or from batch to batch.

However, products of the same FA type and with defined
olar mass distributions are desired due to the influence on a

ot of important parameters. For example, molar mass has an
ffect on viscosities of aqueous solutions. Viscosity differences
chieve greater importance if chitosans are used as stabilizers
nd thickeners in acidic media or in hydrogel formulations. This
eld of application is advantageously due to the bacterial growth
revention what was also found to be molar mass dependent
Zivanovic et al., 2004). Currently, chitosan is not registered by
he FDA as a drug for the treatment of diseases. But in phar-

aceutics it is used as a new excipient in tablets and pellets
r as a drug carrier in micro- and nanoparticles (Kato et al.,
003; Hoepfner et al., 2002). Furthermore chitosan is mucoad-
esive and applied in wound dressing and transmucosal drug
elivery. Other fields of application are bone regeneration and
at emulsification because of its lipid-binding properties. Due
o its polycationic nature it interacts with negatively charged

issue surfaces and macromolecules. Thus, recently it achieved
ncreasing importance because of its DNA complexation poten-
ial (Mansouri et al., 2004). The molar mass can have influence
n important properties within this field as, e.g. shown for blood

e

t
n

nd in low amounts R = Ac (GlcNAc).

lasma levels of DNA delivery systems (Richardson et al., 1999).
hitosan is also achieving growing importance as a base material

o create new chemical modified derivates, several of them are
isted elsewhere (Peter, 2005). The molar mass is an important
alue to characterize the initial substance and to achieve a result-
ng product of desired properties. One example of the influence
f molar mass is given for mucoadhesive potential of thiolated
hitosans as oral controlled drug delivery systems (Roldo et al.,
004).

.2. Molar mass determination methods used before for
hitosan

In most cases, only viscosity values in strongly acidic solu-
ions are provided in sheets of commercially available products.
iscosities can be used to calculate average molar mass values.
owever, this procedure is not an absolute method and gives
nly an approximation of the molar mass. It is not capable to
escribe molar mass distributions or polydispersities, which are
equired to assure a constant product quality. Therefore, alter-
ative methods are necessary.

Another possibility is mass spectrometry (MS). However,
hitosan is difficult to analyze due to its polycationic nature and
road molar mass distribution including high molar mass com-
onents. MS was successfully used to characterize low molar
ass degradation products of chitosan, but not for the parent

hitosan molecule (Bahrke et al., 2002).
Another option is the use of a stand-alone static light scat-

ering detector. Nevertheless received values are depended on
he sample preparation procedure due to the presence of small
mounts of aggregates that were previously described by vari-
us authors. The aggregates influence the light scattering signal,
esulting in non-reliable molar mass determinations (Anthonsen

t al., 1994).

GPC is commonly used in polymer characterization. Advan-
ageously a pre-equilibrium-dialysis of polysaccharides is not
ecessary. But in the case of chitosans unsolvable aggregates
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Table 1
Chitosan types and batches from Primex Ingredients, Island

Abbreviation A B C D1 D2 D3

Name Chitosan FG 80 Chitosan FG 85 Chitosan FG 90 Chitoclear FG 95 Chitoclear FG 95 Chitoclear FG 95
Batch TM661 TM611 TD132 TM1885 TM 1360 TM 1369
Deacetylation [%]a 80.8 87.7 90.7 99 96 95
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iscosity [cP]a,b 36 10 59

a Values given by the producer.
b For 1% in 1% acetic acid.

hould be removed before characterization even when large
ore-size gels are used. Additionally irreversible adsorption of
ample components can occur at some columns and has to be
voided. Because of the lack of chitosan standards and calibra-
ion with dextrans, furthermore the molar mass of chitosans may
e overestimated. A GPC/MALS combination (Beri et al., 1993;
ttoy et al., 1996) is more favourably but not solving all GPC
roblems (Varum and Smidsrod, 2005).

.3. Molar mass determination using Flow-FFF/MALS

Flow-FFF/MALS has become a recent alternative to
PC/MALS. This combination of both techniques was already

uccessfully applied to various macromolecular substances for
harmaceutical purposes (Fraunhofer and Winter, 2004). Sev-
ral polysaccharides have been separated in the past. Examples
nclude pullulans and dextrans (Wittgren and Wahlund, 1997)
r �-carrageenan and xanthan (Viebke and Williams, 2000).
urprisingly, only one application note (Johann, 2004) without
ny detailed description of fractionation or analysis procedure
escribes the characterization of chitosan. The main advan-
age of Flow-FFF is the broad separation range from 103 to
bove 107 Da and the better separation of polymers greater than
pproximately 5 × 104 g/mol in contrast to GPC (Hansen and
lein, 2001). That is advantageously for the characterization of

hitosans that are known to be polydisperse with respect to molar
ass (Ottoy et al., 1996). Additionally for Flow-FFF aggregate

ontaining samples must not be prefiltered and can be injected
irectly.

The field-flow fractionation (FFF) principles and method
amily are summarized elsewhere (Giddings, 1968, 1993).
sing the submethod asymmetrical flow field-flow fractionation

aFlow-FFF), molecules or particles are separated with regard
o their hydrodynamic sizes in the central part of the apparatus,
he channel (Wahlund and Giddings, 1987). Using the Flow-FFF
heory, from the sample retention time the diffusion coefficient
nd subsequently the hydrodynamic diameter can be calculated
Schure et al., 2000; Dondi and Martin, 2000).

But this calculation can be difficult if not impossible due to
arious sample–membrane interactions, zone spreading or over-
oading phenomena inside the channel (Cölfen and Antonietti,
000). Especially polyelectrolytes are known to cause several
roblems. Thus, coupling Flow-FFF to molar mass detectors as

ALS is an optimal option. Due to this combination, no ref-

rence standards are necessary and absolute molar masses and
yration radii (rg) can be calculated for each slice eluting from
he separation channel. A detailed overview of basic theories for

t
f
u
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78 16 51

ALS data evaluations can be found elsewhere (Wyatt, 1993,
998).

. Materials and methods

Samples of different commercial types and batches of chi-
osan from Primex Ingredients (Siglufjordur, Iceland) were used.
hey are given in Table 1. An acetate buffer consisting of 4.57 g/l
cetic acid and 1.96 g/l sodium acetate (pH 4.2) according to Beri
as used (Beri et al., 1993). The solution contained also 0.2 g/l

odium azide to prevent bacterial growth.
The samples were separated using asymmetrical Flow-FFF

nd characterized using MALS and refractive index (RI) detec-
ors. The characterization equipment consisted of the channel,
clipse F and the 18 angle scattering detector Dawn EOS from
yatt Technology Europe. An RI detector from Shodex (RI-

01) was used. The system was tested with dextran 65 kDa
o check separation and molar mass determination capability.
sing a dn/dc value of 0.150 ml/g, a weight averaged molar
ass of 67 kDa was achieved. After several experiments to opti-
ize separation, a method was developed for characterization of

hitosans covering a wide range of molar mass. The following
arameters were used for all separations: The detector flow was
ept constant at 1 ml/min. After flow equilibrium, a volume of
00 �l of the respective 2 mg/ml chitosan solution was injected
ith 0.2 ml/min for 2 min while focusing and focused further for
min with 2 ml/min focus flow. During elution, the cross flow
as kept for 2 min at a flow rate of 2 ml/min, The cross flow

ate decreased in the following 5 min linearly to 1 ml/min and in
he following 17 min from 1 ml/min to 0 ml/min. This two step
ross-flow rate gradient was necessary to separate all the sample
ontent in adequate time due to the high polydispersity of the
amples. The separation started at 6 min and ended at approx-
mately 30 min. A channel spacer of a height of 350 �m was
sed. The membrane consisted of regenerated cellulose with a
ut-off of 104 g/mol (Nadir C010F, Microdyn-Nadir GmbH). To
etermine average values, the scattering and concentration data
as evaluated using the Astra 4.9 software (Wyatt Technology
orporation). Mean values of molar masses and polydispersi-

ies were calculated using the Zimm equation with a detector fit
egree of 1. Given error bars correspond to the statistical uncer-
ainties given by the Astra program covering all evaluated sample
lice data. For differential plots and Flory exponent determina-

ions the molar mass and radius data were fitted via polynomial
ourth degree. A refractive index increment of 0.181 ml/g was
sed for highly deacetylated chitosans in acetate buffer of pH
.2 according to Beri et al. (1993).
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fore, the development of new products or the application of
ig. 2. Fractograms of chitosan D2 and D3, concentrations (line) and molar
asses (dots).

The intrinsic viscosities were determined using Ubbelohde
iscosimeters (Schott, type 0a and I) for chitosan solutions
rom 0.05 to 0.3% (w/v) at a temperature of 25 ◦C. The out-
et time results were slightly adjusted via Hagenbach correction
o consider the amount of potential energy that is needed to
ccelerate the liquid. The liquid densities were determined using
Mohr-Westphal weighing machine (Johannes Hammer, Ger-
any). Further evaluation procedures are described at respective

osition in the following text.

. Results and discussion

.1. Influence of chitosan type and batch

Asymmetrical Flow-FFF/MALS/RI provided concentration
nd absolute molar masses for each of the sample slices elut-
ng from the channel. Although always the same separation

ethod was used, all chitosan types revealed different elution
ehaviours. The fractograms of D2 and D3 chitosan types are
xemplarily given in Fig. 2. At a time of approximately 6–7 min

he Flow-FFF characteristic void peak could be seen. It was fol-
owed by the actual chitosan concentration peak at higher elution
imes up to above 20 min. All chitosan fractograms exhibited
nly one peak, except of D3. According to FFF theory, gen-

ig. 3. Number average molar masses (Mn) of all chitosan types, determined
rom light scattering.

f
m
r

F
s

ig. 4. Weight average molar masses (Mw) of all chitosan types, deter-
ined from light scattering (values of chitosan D3 are 1.3 ± 0.2 × 106 and

.4 ± 0.3 × 106 g/mol).

rally molecules of lower molar masses eluted faster from the
hannel. We expected that at least the three chitosans of same
ype but different batches, D1, D2 and D3, would show similar
ractograms. However, this was not the case.

Average molar mass values were calculated from MALS and
I data. The corresponding information is given in Figs. 3 and 4.
he number average molar masses of all chitosans covered
alues between approximately 4 × 104 and 1 × 105 g/mol. The
eight average molar masses were higher due to the polydisper-

ity of the samples. The lowest values resulted for B and D2. Both
hitosans also represented fractogram signals mainly located at
ower elution times what was in accordance with the Flow-FFF
eparation principle. Furthermore, the corresponding values in
igs. 3 and 4 proved the differences between D1, D2 and D3.

From the relationship Mw/Mn the PDI values in Fig. 5
etween approximately 1.8 and 2.8 were received for most chi-
osans. Similar or slightly higher values were reported by Varum
Varum et al., 2005). The three batches D1, D2 and D3 showed
uite different PDI values. Thus, their different product quali-
ies were proved by their average molar masses and molar mass
istributions, indicating a high batch-to-batch variability. There-
ractionated samples might be necessary as in the field of phar-
aceutics predictable product properties are required, which are

elated to a narrow mass distribution.

ig. 5. Polydispersity values (PDI) of all chitosan types, determined from light
cattering (values of chitosan D3 are 15 ± 3 and 17 ± 3).
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Table 2
Influence of molar mass fit method on average values of example measurements
of chitosan B, D1 and D3

Formalism Zimma Debyea Random coil

Chitosan B
Mw [kg/mol] 76 72 73
Mn [kg/mol] 42 42 42
PDI 1.80 1.72 1.72

Chitosan D1
Mw [kg/mol] 200 175 192
Mn [kg/mol] 75 74 75
PDI 2.65 2.35 2.56

Chitosan D3
Mw [kg/mol] 1284 540 1068
Mn [kg/mol] 85 84 85
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PDI 15.07 6.47 12.61

a Detector fit degree = 1.

Due to the natural origin, a PDI below approximately 2 is
ifficult to achieve for raw material without fractionation but a
DI of approximately 3 should possibly not be exceeded. The
xtraordinary high two-digit PDI value for chitosan D3 resulted
rom its high weight average molar mass exceeding 106 g/mol.
his value could be explained by the high molar mass fraction

epresenting the second peak at approximately 25 min in its frac-
ogram (Fig. 2). Several other chitosan types also reached molar

ass values of around 106 g/mol at the end of elution but their
oncentration quantity was less pronounced. This difference can
e also seen in the differential curves in Fig. 6. Nearly all chi-
osans were able to be fitted to a monomodal logarithmic Gauss
istribution. Only the sample D3 exhibited a non-monomodal
lot reaching molar masses of approximately 1 × 107 g/mol. To
pply Gaussian model on D3, a mass distribution over three
eaks had to be assumed. Another explanation for D3 would
e the appearance of aggregates in solution what was already
etected for highly acetylated chitosans (Ottoy et al., 1996).

However, this high molar mass fraction of the second frac-
ogram peak made the selection of one MALS fit method for
verage calculation difficult. Table 2 is giving the influence of
hree usable formalisms. Chitosan B with its narrow distribu-
ion (PDI 1.80, Zimm) gave quite similar Mw values for all three
ts, while D1 with its broader distribution (PDI 2.65, Zimm)

esulted in slightly differences. Due to the second peak of D3,
ll three methods resulted in relatively high Mw and high PDI
alues. Thus, both values were proved to be much higher for
3 compared to the other chitosans but the results varied enor-

m
e

i

able 3
ecovery rates determined from RI signal and weight average gyration radii 〈rg〉w de

Chitosan

A B C

rg〉w [nm] 50.2 ± 4% 29.5 ± 23% 61.8 ±
52.9 ± 5% 23.8 ± 23% 60.2 ±

ecovery [%] 89.5 85.1 95.9
94.8 82.0 91.2

a Data evaluation difficult due to the second fractogram peak.
ig. 6. Differential weight fraction versus log(Mw) plots of all chitosan types
ith single peak Gaussian fits (for D3: triple peak Gaussian fit), determined

rom light scattering.

ously depending on the formalism. Therefore, the molar mass
alues of chitosan D3 were handled with care and not taken as
bsolute values. Compared to Mw, the number averaged molar
ass values Mn were less influenced by the selected calculation

ethod and seem therefore better suited for a comparison of the

xamined chitosan types.
The recovery rates and gyration radii of all chitosans are given

n Table 3. The rg values increased with increasing molar mass.

termined from light scattering of all chitosan types

D1 D2 D3a

3% 54.7 ± 3% 34.3 ± 8% 99.4 ± 8%
4% 49.5 ± 4% 34.5 ± 5% 99.1 ± 8%

94.1 87.9 107.9
90.3 83.1 107.3
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Table 4
Values of Flory exponent ν, Mark–Houwink exponent α and mass fractal dimen-
sion Dm for several ideal structures ranging from sphere (closed structure) to
rod (open structure)

Structure α ν Dm

Ideal sphere (no polymer) 0 0.33 3
Polymer θ coil/disk 0.5 0.5 2
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olymer in good solvent 1 0.67 1.5
deal rod (no polymer) 2 1 1

he recovery rates indicated that most of the samples eluted
ithin separation time and thus channel membrane was selected

orrect to prevent excessive absorption.

.2. Chitosan conformation in solution

In addition to molar masses, it is important to receive knowl-
dge about conformation of the chitosan macromolecules in
olution. Usually for polysaccharide characterization the intrin-
ic viscosity [η] and the molar mass are connected via the

ark–Houwink–Kuhn–Sekurada (MHKS) equation (Berth and
autzenberg, 1998),

η] = kαMα
v

here kα is a constant that is related to the polymer–solvent
ystem. Mv is the viscosity average molar mass but can be
xchanged with the weight average molar mass Mw. The MHKS
xponent α is classified in Table 4. Common values are 0.5
or linear chain molecules forming a θ coil what is the case
n relatively bad solvents and rinsed thoroughly molecule coils
esulting in a value of 1.

Fig. 7 is giving the intrinsic viscosities in dependence of
eight average molar mass as a double logarithmic plot. The
etermined intrinsic viscosities covered a similar range as chi-
osan values reported in other acidic solutions, e.g. Anthonsen

t al. (1993). The MHKS equation corresponding to the data in
ig. 7 was

η] = 0.039M0.81
w with R2 = 0.986

ig. 7. Double logarithmic plot of intrinsic viscosity [η] versus weight average
olar mass Mw, corresponding regression line log[η] = 0.81 × log(Mw) − 1.41
ith R2 = 0.986, single values are [η]A = 764 ± 12 ml/g, [η]B = 371 ± 14 ml/g,

η]C = 926 ± 57 ml/g, [η]D1 = 864 ± 3 ml/g, [η]D2 = 499 ± 9 ml/g, D3 neglected
ue to its difficult molar mass determination.

d
n
c
W

a
s
〈

w

t
l
m
a
m
t
i
f
c

D

ig. 8. Double logarithmic plot of molar mass versus gyration radius of chitosan
, selected region for linearization marked black.

he α value of 0.81 represented more a random coil-like polymer
n a good solvent than a molecule structure of an ideal θ coil.
hus, the used acetate buffer of pH 4.2 was a relatively good
olvent for these highly deacetylated chitosans. A comparison
o literature is difficult, as already pointed out by other authors
Varum et al., 2005). Chemical composition, molar mass and
onic strength are only some parameters influencing characteri-
ation. Several other authors found in acidic solutions increasing
HKS exponents with increasing FA (Anthonsen et al., 1993;
ttoy et al., 1996; Fee et al., 2003; Lamarque et al., 2005). In

ontrast, a deacetylation independent α value of 0.92 was calcu-
ated (Berth et al., 2002). However, the measured value of 0.81
s comparable to the ones determined in similar acidic media for
hitosans of comparable FA.

The disadvantage of this method is the necessary high num-
er of substances of different molar masses. If a molar mass
ependent molecule structures exist, they can be hardly recog-
ized by this technique. As described for other polysaccharides
haracterized by a Flow-FFF/MALS combination (Wittgren and
ahlund, 1997), also the equation can be used relating weight

verage molar mass Mw and gyration radius 〈r2
g〉1/2

that is mostly
implified as rg,

r2
g

〉1/2 = kνM
ν
w

here k� is a constant with similar dependencies as kα.
Polysaccharides are mostly broad distributed polymers. Thus,

he Flory exponent ν can be calculated from the slope of a double
ogarithmic plot of Mw versus rg of only one sample measure-

ent. In the case of chitosans, the middle range was interesting
nd therefore used for ν calculation, as given in Fig. 8. For small
olecules below λ/20 no reliable size data was calculable due

o the laser wavelength λ of 690 nm. For molecules exceed-
ng approximately 300 kDa, the application of Zimm equation

or size calculation was difficult. The Flory exponent ν can be
onverted into the mass fractal dimension Dm via

m = 1

ν
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ig. 9. Average molar masses Mn or Mw versus mass fractal dimensions Dm

chitosan D3 neglected due to its difficult molar mass determination).

oth values can give information about the openness of the
olecule structure. For ideal structures they can be connected
ith the MHKS exponent via (Thielking and Kulicke, 1996):

= 3ν − 1

able 4 is providing an overview of all form parameters for
deal structures. The determined chitosan α value of 0.81 corre-
ponded to a theoretical Dm value of 1.65. In comparison, the
m values revealed by Flow-FFF/MALS are given in Fig. 9.
he average of all samples represented a Dm of 1.75 what was
lightly higher but nearly matched the predicted value from vis-
osity measurements. A comparison to the previous literature
s difficult due to the diversity of findings which is probably
aused by the different used chitosan qualities and solvents.
rom a collection of several chitosan measurements a deacety-

ation independent α value of 0.92 and a ν value of 0.55 were
alculated what corresponds to a theoretical Dm of 1.56 or 1.81
Berth et al., 2002). This discrepancy was explained by a drain-
ng effect of chain conformation. We received values in a similar
ange and also of a small difference supporting the general struc-
ure assumption, although the relationship from Flory to MHKS
xponent was less distinctive. But the individual light scattering
ependent values in Fig. 9 diverged from the average in the range
rom 1.40 to 2.27. This can be interpreted as a molar mass depen-
ent openness of the molecule in solution. The higher the average
olar mass values were, the lower Dm values were achieved.
o mathematical description can be found in the literature. The

inear regression lines were

Dm = −1.58 × 10−5 (mol/g) Mn + 2.87 with R2 = 0.958

Dm = −5.1 × 10−6 (mol/g) Mw + 2.62 with R2 = 0.971

he reason for this solution behaviour is still unexplained.
n contrast to the structure values we revealed with Flow-
FF/MALS, other authors have combined several measurements
f chitosans differing in molar mass by using, e.g. different
aw material (Cölfen et al., 2001) or degradation (Anthonsen
t al., 1994) or reacetylation products (Lamarque et al., 2005).

n contrast to (Berth et al., 2002), most of them found that ν is
eacetylation dependent and smaller for products of lower FA.
t ranged from values in the region of θ coil condition to the
nes corresponding to good solvents. A dependency of FA was

v
m
m
c
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ot given in our measurements, but understandably due to the
sed chitosans in similar deacetylation range. In contrast, Flory
xponents for each single chitosan were given by (Beri et al.,
993) for the same solvent of pH 4.2 we used. But they ques-
ioned their own values due to the low sample polydispersity and
he exceptionally low ν values. This makes a comparison to our
ndings not recommendable.

However, our determined values covered a wide range of ν

alues that can also be found for similar acidic solvents in litera-
ure. Our findings revealed an additional molar mass dependency
f ν. This effect should be taken into account in the future. Fur-
her tests might show if this is also valid for chitosans of other

olar mass ranges in solvents of varying pH and ionic strength.
hus, in the case of chitosan we suggest to determine the α

nd ν exponents preferably by measuring values for each single
ample by a separation method as Flow-FFF combined with a

ALS or a viscosity detector. This equipment can be used to
ive additional information compared to determinations of the
olecule structure by series of different molar mass samples.

.3. Conclusion

Chitosan is a polysaccharide with growing importance for
everal purposes. The importance of molar mass is known for
any applications and especially critical in the field of pharma-

eutics. Flow-FFF with a MALS detector is a new and until now
arely used combination for polysaccharide characterization.

This technique was successfully applied to various commer-
ial chitosan types and batches. The equipment was found to be
dvantageous due to the separation capability of a broad appli-
able molar mass range including detection of high molar mass
ractions or aggregates. Furthermore unpurified samples could
e injected and absolute molar masses were calculated. The
lution behaviour was found to be molar mass dependent, sup-
orted by values calculated from scattering signal. The measured
verage molar masses and their distributions suggested that
he batch-to-batch variations were quite high. Most chitosans
howed monomodal logarithmic Gaussian mass distributions.
nly one chitosan batch contained either high molar mass chains
r aggregates resulting in a very broad molar mass distribution.
herefore, a prediction of product properties is questionable and
n application in pharmaceutics cannot be advised. Certainly
hese product quality variations were dedicated to the strong
ependence of natural origin of chitosan. Thus, pharmaceuti-
al products and semi-synthetic derivates should benefit from
he development of chitosans with a predictable average molar

ass and a narrow distribution. Commonly provided viscosity
alues are no sufficient criteria for characterizing chitosan prod-
ct properties. Instead of this, a pretesting of every batch before
se is advantageous where Flow-FFF/MALS is an ideal tool for
hitosan characterization.

Furthermore most chitosans allowed calculation of structure
nformation from the relationship of molar mass and molecule

iscosity or size data. Light scattering based, the detected
olar mass dependent structure relationship ranged from macro-
olecules rinsed thoroughly to molecules with a relatively

ompact conformation. For the future, a molar mass depen-
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