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Fully de-N-acetylated chito-oligomers were prepared by de-amination of chitosan using nitrous acid
(HNO,). The dimer to hexamer fractions of chitosan oligomers were fractionated with preparative size-
exclusion chromatography (SEC) and characterized using 'H NMR spectroscopy. The purified oligomers
were polymerized by reductive N-alkylation by the action of NaCNBH3, in a reaction between the ter-
minal 2,5-anhydro-p-mannofuranose (M-unit) and the primary amines of the repeating units (1 — 4)
bound B-p-glucosamine (D-unit) resulting in a covalent bond and formation of secondary amines. The

Ilgreir‘:ﬁrif; polymerized products were studied by SEC-RI and SEC-MALLS-RI and were confirmed to be branched
Chitosan reaching molecular weights of up to 10000 g/mol. Analysis by 'H NMR spectroscopy confirmed that the

chitosan oligomers had been branched by formation of secondary amines.

Fully de-N-acetylated chitosan (Fa <0.001) was degraded to various extents using nitrous acid resulting
in degrees of scission («;) in the range 0.01-0.10. The resulting chitosans, with the reactive M-unit on
the reducing end, were branched by reductive N-alkylation using NaCNBH3. Analysis by SEC-MALLS-RI-
visc showed that the weight-average molecular weight (M,,) and polydispersity (My/M,) had increased,
with a degree of branching in the range of 1.2-2.1. The structure in solution had become more compact
compared to linear chitosan of the same molecular weight as demonstrated by a significant reduction of
the radius of gyration and the intrinsic viscosity, with a corresponding change in the calculated viscosity

TH NMR spectroscopy
SEC-MALLS-RI-visc
Reductive N-alkylation

contraction factor (g') and the geometric contraction factor (g), respectively.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan is a linear polysaccharide composed of (1— 4)-
linked 2-amino-2-deoxy-pB-p-glucopyranose (GlcN, D-unit) and
2-acetamido-2-deoxy-B-D-glucopyranose (GIcNAc, A-unit) where
the N-acetylated units are randomly distributed and given as frac-
tion of N-acetylated units, Fa (Roberts, 1992).

Several studies on the covalent attachment of aldehydes to chi-
tosan by the use of reductive N-alkylation have been reported.
Yalpani and Hall (1984) performed an extensive study on the
branching of chitosan with monosaccharides, oligosaccharides and
dextrans. Sugimoto, Morimoto, Sashiwa, Saimoto, and Shigemasa
(1998) prepared water-soluble chitin and chitosan derivatives by
grafting chitosan with variable length PEG aldehydes and subse-
quent N-acetylation. Similarly prepared cross-linked re-acetylated
chitosans were observed by Dal Pozzo et al. (2000) to give biocom-
patible insoluble aggregates that only dissociated by the action of
papain and lipase. Kurita, Amemiya, Mori, and Nishiyama (1999)
prepared comb-shaped chitosan derivatives having oligo-(ethylene
glycol) side chains showing higher affinity for organic solvents as
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well as water, in addition to improved adsorption capacity towards
metal ions. Holme and Hall (1991) observed temperature-induced
gelation when they N-alkylated chitosan with a variable length
alkyl-glycoside. Capitani, De Angelis, Crescenzi, Masci, and Segre
(2001) cross-linked chitosan by reductive alkylation with 1,1,3,3-
tetramethoxypropane resulting in a hydrophilic hydro-gel.

We have previously reported on the preparation and char-
acterization of oligosaccharides with a reactive 2,5-anhydro-p-
mannofuranose (M) unit at the position corresponding to the
reducing end (Temmeraas, Varum, Christensen, & Smidsred, 2001).
It was found that the M-units of de-N-acetylated oligomers easily
decomposed to hydroxy-methyl furfural (HMF) by (3-eliminations
catalyzed by the formations of Schiff bases between the primary
amines and the free aldehyde of the reducing end. In this study
we report on the preparation of stable de-N-acetylated chitosan
oligomers of the type D-[D],-M and their subsequent polymer-
ization by reductive N-alkylation. These were characterized by 'H
NMR spectroscopy and SEC-MALLS-RI. Further, three fully de-N-
acetylated chitosans of varying degree of polymerization (DP) with
terminal M-units were prepared by HNO, degradation and subse-
quently branched by reductive alkylation.

Chitosans are of interest in e.g. gene delivery systems, because
of its biocompatibility and non-toxicity (VandeVord et al., 2002).
Several workers have already reported the use of native, unmod-
ified chitosans for this purpose (Koping-Hoggdrd et al., 2001;
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MacLaughlin et al., 1998; Richardson, Kolbe, & Duncan, 1999).
In addition, preparation of chitosan-based dendrimers (Sashiwa,
Shigemasa, & Roy, 2002) and quaternized chitosans (Thanou,
Florea, Geldof, Juninger, & Borchard, 2002) for potential applica-
tions in gene delivery systems have been reported. The branched
chitosans described in this work have already been shown to have
promising applications in non-viral gene-delivery due to a less
compact structure when polyplexes are prepared with plasmid
DNA (Issaetal., 2006; Strand, Issa, Christensen, Varum, & Artursson,
2008).

2. Experimental
2.1. Materials

Chitosan with fraction of acetylated units (F5 ) <0.001 and intrin-
sic viscosity ([n]) of 283 mL/g was prepared by heterogeneous
de-N-acetylation as earlier described (Sannan, Kurita, & Iwakura,
1976; Temmeraas et al., 2001; Varum, Anthonsen, Grasdalen, &
Smidsred, 1991).

2.2. Preparation of de-N-acetylated oligomers

Fully de-N-acetylated chitosan oligomers (dimer to hexamer) of
the type D-[D],-M (n=0, 1, 2, 3, 4) were prepared by nitrous acid
depolymerization of chitosan (Allan & Peyron, 1989) (Fa <0.001 and
[n]1=283mL/g) and separated by size exclusion chromatography
(SEC) as described by Teammeraas et al. (2001). The oligomers were
then stored in aqueous 0.15M ammonium acetate solution at pH
4.5 until the time of the polymerization reaction.

2.3. Polymerization of chito-oligomers by reductive N-alkylation

The de-N-acetylated dimer to hexamer fractions (D-[D],;-M,
n=0, 1, 2, 3, 4) were each polymerized (self-branched) by reduc-
tive N-alkylation (Borch, Bernstein, & Durst, 1971) of a 1% solution
at pH 5.5 in 0.15M ammonium acetate and 0.1 M NaCl. NaCNBH3
was added in excess (approx. 50 mg) twice, after 30 min and 24 h.
The reaction was stopped after 4 days on stirring in room tempera-
ture by adding concentrated HCI (pH < 2) to remove NaCNBH3. The
products were then lyophilized after adjusting the pH <4 to obtain
the derivatives in their HCI form.

2.4. Preparative chromatography of chitosan oligomers

The chitosan oligomers D-[D],-M (n=0, 1, 2, 3,4) were separated
by SEC on two 2.5cm x 100 cm columns connected in series and
packed with Superdex 30, eluted with 0.15M ammonium acetate
at pH 4.5, before and after their self-branching. A flow rate of
0.8 mL/min was used. The relative amounts of oligomer fractions
were monitored by means of an on-line refraction index (RI) detec-
tor (Shimadzu RID-6A). This procedure was used to both study the
distribution of the resulting branched chitosan oligomers and to
remove remains of borate salts that might interfere with the sub-
sequent studies by 'H NMR spectroscopy.

2.5. TH NMR spectroscopy

All samples were dissolved in D, 0, and transferred to 5 mm NMR
tubes. The measurements were performed on a Dpx 400 Bruker
Avance spectrometer. All chemical shifts were determined rela-
tive tointernal TSP (sodium 3-(trimethylsilyl)-propionate-d, ) from
Aldrich Chem. Co., 5 pL added from a 1% stock solution (Wishart et
al., 1995). Typical conditions for acquisition of 'H NMR spectra:
400.13 MHz, 25°C, size of spectral window: 8220 Hz, centre of the

TH NMR spectra: 1880 Hz, acquisition time: 3 s, actual pulse repeti-
tion time: 4 s, number of scans: 64 and a 30° excitation pulse-angle
was used, data size: 32 K. The pH* (value obtained when measuring
with a pH-meter, correction for isotopic effect (Nilges, Habazettl,
Briinger, & Holak, 1991): pD =pH*+0.4) were measured by use of
a Mettler Toledo pH electrode. The pH* value was measured in all
NMR samples.

2.6. 'H NMR titration studies of polymerized chitosan oligomers

The branched tetramer (D-D-D-M) was dissolved (10mg in
0.7 mL D50, 0.1 M NaCl) and transferred to a 5 mm NMR tube. Start-
ing at a low pD value (2.5), adjusted by 0.1 M DCl, a standard 'H
NMR spectrum was acquired. The pD was increased in a step-wise
fashion using 0.1 M NaOD. After each adjustment, a new 'H NMR
spectrum was acquired. This process was continued until the sam-
ple pD was above 10.

2.7. Depolymerization of fully de-N-acetylated chitosan

Chitosan (Fa <0.001, [1] =283 mL/g, 300 mg, HCI form) was dis-
solved and degraded by nitrous acid (Temmeraas et al., 2001) to
degrees of scission (as): 0.01, 0.025, 0.05 and 0.10 by addition of
0.015, 0.0375, 0.075 and 0.15 mmol NaNO,, respectively. The chi-
tosans prepared were dialyzed under acidic conditions to remove
oligomers under DP 6 and excessive salts. SEC-MALLS-RI was used
to determine the obtained molecular weights (M).

2.8. Branching of chitosans by reductive N-alkylation

Fully de-N-acetylated chitosans with M-units at the reducing
end (a5 0of 0.01, 0.025, 0.05 and 0.1) were branched by reductive N-
alkylation (1% solution) at pH 5.5 in 0.1 M ammonium acetate and
0.1 M NaCl. NaCNBH3 was added in excess (approx. 50 mg) twice,
after 30 min and 24 h. The reaction was stopped after 4 days on stir-
ring in room temperature by adding concentrated HCI (pH<2) to
eliminate remaining NaCNBH3. Borate ions were removed by dial-
ysis (0.2 M NacCl followed by de-ionized water). The products were
then lyophilized after adjusting the pH <4 to obtain the derivatives
in their HCI form.

2.9. Polymer characterization with SEC-MALLS-visc (SMV)

SEC with refractive index (RI) and multi-angle laser light scat-
tering detectors (MALLS), and in som cases an additional viscosity
detector, was performed as described previously (Christensen,
Vold, & Varum, 2008).

2.10. Intrinsic viscosity measurements

Intrinsic viscosities were measured at 20°C by the use of an
Ubbelohde Viscosimeter (Type Schott 53101/0a) at constant ionic
strength ([I]=0.1 M NaCl), as previously described (Draget, Varum,
Moen, Gynnild, & Smidsred, 1992).

3. Results and discussion

3.1. Polymerization of chitosan oligomers by reductive
N-alkylation

Chitosan oligomers of the type (D-[D],-M, n=0, 1, 2, 3, 4) pre-
pared by nitrous acid depolymerization (Allan & Peyron, 1989;
Temmeraas et al., 2001) and preparative gel filtration, were sub-
jected to reductive N-alkylation (NaCNBHj3) (Borch et al., 1971)
to obtain polymerized (or self-branched) chitosans (Scheme 1).
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Scheme 1. Nitrous acid degradation and subsequent reductive N-alkylation pro-
duce branched chitosans (based on Toammeraas, 2002).

Reversible Schiff bases are formed between reducing ends (M-
units) and primary amines (D-units) that subsequently are reduced
to secondary amines. [t was shown by SEC that distinct components
of higher molecular weight were formed (see Fig. 1), indicating that
a polymerization had indeed occurred. In the chromatograms of all
the branched samples, a new peak was observed at a slightly higher
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Fig. 1. Chromatograms of de-N-acetylated chitosan oligomers before the first sep-
aration, and before and after polymerization by reductive N-alkylation (data shown
for tetra-, penta- and hexamer).

retention time than the starting chito-oligosaccharide (i.e. lower
molecular weight). This was attributed to un-reacted oligomers
that have lost their reducing M-units during the acidic conditions
used to remove surplus NaCNBH3 (Temmeraas et al., 2001). At the
branching point, secondary amines were formed. The observation
of an H-2 resonance corresponding to D-units with N-branches in
the TH NMR spectra of the polymerized oligomers, further sub-
stantiated that branching had occurred (see Fig. 2). Further, it
was observed no signs of covalently bound 5-hydroxy-2-methyl-
furfural (HMF), which showed the oligomers to have been stable
until the decomposition of remaining reduction compound at the
end of the branching reaction.

5.2 5.0 4.8 4.6 4.4

4.0 38 3.6 3.4 3.2

fppm)

Fig. 2. "H NMR spectra of branched tetramer (D-D-D-M) and hexamer (D-[D]4-M), respectively.
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Fig. 3. Determination of pK," values of the primary (un-reacted) and secondary (reacted) amines by "H NMR titration of H-2 resonances of D-units of the branched tetramer

(D-D-D-M).

To evaluate the pK, of the introduced secondary amines, a 'H
NMR titration experiment was made for the branched tetramer
(D-D-D-M), and the titration curve is presented in Fig. 3. It was
found that the primary and secondary amines had pK," values
(in 90% D,0) of 6.8 and 5.8, respectively. This difference in acid-
ity is in agreement with the results of Temmeraas et al. (2001),
that found that secondary amines in chitosans branched by car-
bohydrates have a significantly lower pK; value than the primary
un-substituted amines.

The branched chito-oligomers were studied by SEC-MALLS and
the molecular weight distributions and concentration profiles are
presented in Fig. 4. Although much of the polymerized dimer (D-M)
was eluted in the salt peak, a significant amount was polymer-
ized to an extent that a partial molecular weight distribution could
be obtained. All the five separate polymerized samples reached
molecular weights up to 10000 g/mol, proving that a substantial

polymerization had occurred. Further, all the branched products
have broad molecular weight distributions. Probably, there are also
variations in where along the chains the branching points are intro-
duced giving variations in retention time for oligomers of identical
mass. The only exception from this should be the polymerized
dimer fraction, where only one possible reaction point (primary
amine) exists.

3.2. Preparation of branched chitosans

Fully de-N-acetylated chitosan was partially degraded with
nitrous acid to degrees of scissions of 0.1, 0.025, 0.05 and 0.01,
respectively, resulting in chitosans of various sizes with terminal
M-units. Dialysis removed the lower molecular weight fractions
(approx. DP<6) and excessive salts. Subsequently, the degraded
chitosans were self-branched by reductive N-alkylation under sim-
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Fig. 4. Molecular weight (M) distribution and concentration profile (RI-response) of polymerized chitosan oligomers, dimer (D-M) to hexamer (D-[D]4-M).
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Fig. 5. Molecular weight (M) and relative concentration (RI/RIynax ), as determined by SEC-MALLS-RI-visc, for degraded and branched chitosans with degree of scission (o),
0.01, 0.025, 0.05 and 0.10 are given in (A), (B), (C) and (D), respectively. Degraded chitosans are plotted in black and resulting branched products in grey.

ilar conditions as for the low molecular weight chito-oligomers
described above. The introduction of branches was confirmed by
TH NMR spectroscopy (data not shown) for the two low molecular
weight chitosans (as 0.05 I and 0.10 I). Fig. 5 shows the molecular
weight and concentration profile obtained by SEC-MALLS for four
of the degraded chitosans before and after the branching reaction.
The weight-average molecular weights (M,,) and polydispersities
(Mw/Mp) are presented in Table 1.

The average number of branches per molecule (DBy), was cal-
culated as:

_ Mp(branched)
DBy = M, (unreacted) 1

(1)

Table 1

Results are given in Table 1. In general, values in the range of
1.2-2.1 were obtained, i.e. the chitosans contain 1.2-2.1 branches
per molecule after reaction. If the reaction is close to random (all
glucosamine residues are equally reactive, and all M residues are
equally reactive, respectively) then such DB values imply that the
reaction products are mixtures of branched and linear chains.

The intrinsic viscosities ([n]) of three branched chitosans were
determined and are compared to the intrinsic viscosities expected
for linear de-N-acetylated chitosans of the same molecular weights
(see Table 2). These data were calculated by the use of the
Kuhn-Mark-Houwink-Sakurada (KMHS) equation:

[n]=K x M® (2)

Comparison of weight-average molecular weight (M, ), polydispersity (M /M, ) and Z-average radius of gyration (Rg) for randomly degraded, fully de-N-acetylated chitosans
(Fa<0.001) of various degrees of scission («;) before and after branching by reductive N-alkylation. Further, the degree of branching (DB,) calculated from DB, =[M,

(branched)/M, (unreacted)] — 1, is presented.

o M,, degr. M,, bran. My [M, degr. My /M, bran. Ry degr. R, bran. DB
x103 g/mol %103 g/mol nm nm

0? 130 n/a 1.9 n/a 41 n/a n/a

0.011 40 180 1.7 3.1 18 40 1.5
0.011I 39 140 1.8 2.5 13 32 1.6
0.0111I 34 150 1.6 24 17 34 19
0.0251 19 89 1.6 2.5 9 21 2.0
0.02511 19 82 1.6 2.4 11 34 1.9
0.051 14 31 1.6 1.6 11 10 1.2
0.0511 11 40 1.6 21 -b 13 1.8
0.051II 11 38 1.6 21 -b 21 1.6
0.101 6.0 26 14 2.7 b 11 1.2
0.1011 51 17 1.6 1.7 -b -b 21
0.1011I 5.3 16 1.5 1.7 -b 8 1.7

2 Starting material (linear chitosan).
b Size of molecule is too small to give a meaningful value by SEC-MALLS-RI-visc.
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Table 2

Intrinsic viscosities ([n]) for three randomly degraded, fully de-N-acetylated chi-
tosans (Fa <0.001) (degree of scission («s),0.10,0.05,0.025 and 0.01) after branching
by reductive N-alkylation. Intrinsic viscosity values have been estimated for linear
chitosan of same M,, and Fa. Further, the viscosity contraction factor (g') is presented.

as [n]? branched [n]P-€ linear g
mL/g mL/g
0.011 270 414 0.65
0.011I 215 312 0.69
0.01111 207 337 0.62
0.0251 111 202 0.55
0.02511 110 190 0.58
0.051 54 60 0.90
0.0511 52 106 0.49
0.05 111 50 85 0.59
0.101 33 71 0.46
0.101I 22 38 0.58
0.1011 23 37 0.61

2 Experimental results (0.1 M NaCl).
b Calculations based on experimental data.
¢ Calculated for M, of branched samples.

where M is the molecular weight and K and a are constants spe-
cific for a given polymer/solvent system. We used K=0.559 and
a=0.58 as determined by Anthonsen, Varum, and Smidsrgd (1993)
for fully de-N-acetylated chitosan (F4 =0) in aqueous 0.1 M NacCl.
When comparing the intrinsic viscosities it is apparent that the
more branched the chitosans are, the bigger the deviation from the
expected value for a linear chitosan of the same chemical compo-
sition. An important quantity for characterization of branching is
g, which stands for the ratio between the mean square radiuses of
gyration ((R(?))) of branched molecules to that of linear molecules of
the same molecular weight in the unperturbed state:

<R(g>br
g=—b (3)
(R%)

lin

The parameter g has been calculated for several structures, e.g.
star- and comb-shaped molecules as well as randomly branched
molecules (Yamakawa, 1971; Zimm & Stockmayer, 1949). Light
scattering measurements under 6-conditions should in principle
allow the determination of g, but usually the parameter g’ is used

11
0.9 1
0.8 1
0.7 1
0.6 1
0.5 —

0.4

1563
instead:
o 1o (4)
[M]1in.0
where
g=z (5)

It is much more difficult to calculate 7] for different branching
structures than it is for <R§). Values for ¢ between 1/2 and 3/2 for
different structures in 6-solvents have been proposed (Burchard,
1999; Zimm & Kilb, 1959). Viscosity measurements are, however,
normally performed in good solvents, i.e. the polymer molecules
are much more expanded than in 8-solvents, and the degree of
expansion is generally different for branched and linear molecules
(Burchard, 1999; Hjertberg, Kulin, & Sorvik, 1983; Yamakawa,
1971). The influence of non-ideality can be expressed by an extra
exponent in g. For measurements in good solvents the following
expression is used:

g =g (6)

where b includes the effects of all unknown factors. Different
values of b have been found experimentally, e.g. b=0.5 for 4-
star polystyrene under 6-conditions (Roovers & Bywater, 1972),
b=0.8-1.0 for randomly branched polyethylene in good solvents
(Hert & Strazielle, 1983) and b=0.71 for low molar mass hyper-
branched dextrans in water (loan, Aberle, & Burchard, 2001).
Because chitosans in water in general are much stiffer chains than
dextrans, we choose to use b=0.8 in our estimations of g using Eq.
(6) (see Table 2). It is apparent that the contraction factors (g and
g’') decrease as the chitosans become more densely branched.

Fig. 6 shows the contraction factor (g) calculated for the same
four branched chitosans relative the native chitosan precursor
using Eq. (3). As can be seen, as more branches are introduced, the
structure obtained becomes more compact which is also confirmed
by that the intrinsic viscosities determined for the branched chi-
tosans are much lower than expected for a linear chitosan on the
same composition and molecular weight (Table 2).

Branched (as=0.0251)

Rgz(branched) I Ry %(linear)

0.3

g

0.2

Branched (as=0.111)
0.1 1

Branched (as=0.011l)

Branched (a5 = 0.05 Il)

0 100000 200000 300000 400000 500000 600000 700000 800000 900000 1000000

Molecular weight (g/mol)

Fig. 6. Plot of the geometric contraction factor (g as function of molecular weight for four branched chitosans relative a native linear chitosan).
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4. Conclusion

Fully de-N-acetylated chitosan oligomers, and higher molecular
weight distributions of chitosans, were polymerized by reduc-
tive N-alkylation. Analysis by 'H NMR spectroscopy showed that
secondary amines (branch points) had been generated. It was fur-
ther shown by SEC-MALLS-RI-visc that the branched chitosans had
increased molecular weight and a more compact structure com-
pared to their precursor molecules.
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