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New amphiphilic derivatives of sodium alginate were prepared by covalent attachment of dodecylamine
onto the polysaccharide via amide linkages at different substitution ratios, using 2-chloro-1-methylpy-
ridinium iodide (CMPI) as coupling reagent. The aim was to limit the progressive loss of associative
behaviour which occurs in the case of previously described dodecyl ester alginate derivatives due to

hydrolysis of ester bonds. A series of hydrogels was obtained which differed by the amount of attached
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dodecyl tails. The stability and viscoelastic properties were evaluated and compared to those of hydrogels
obtained with alginate esters. The observed differences were discussed in relation to the synthesis pro-
cedures. The advantages of amide links are underlined, especially with regard to long-term stability of

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Alginate (AA) is a biomaterial widely used in the food industry
as thickener and in biotechnological applications including cell
encapsulation, protein delivery or tissue engineering. Alginate is
a negatively charged polysaccharide obtained from marine algae
and various bacteria, with solution properties ranging from viscous
to gel-like structures in the presence of divalent cations. It consists
of (1—4)-linked B-p-mannuronate (M) and a-L-guluronate (G) res-
idues. The chemical composition and sequence of M and G residues
depend on the source from which the alginate has been extracted.

Gelation of alginate is mainly achieved by the exchange of so-
dium ions with divalent cations such as Ca%*, Cu®', Zn®** or
Mn?*.'-8 Structural and mechanical properties of calcium-alginate
hydrogels can be tuned by adjusting the ionic strength of the geli-
fication medium or the calcium source. However, ionically cross-
linked alginate hydrogels lose their initial mechanical strength
within a few hours of exposure to physiological buffers. This has
been ascribed to the loss of divalent ions from the hydrogels by ex-
change with calcium chelators or monovalent electrolytes in the
surrounding medijum.”®

Common approaches to stabilize alginate gels and to control
their permeability include freeze-drying processes,® ! or complex
coacervation with polycations.'>"!> Alginate sponges prepared by
calcium gelation, followed by freeze-drying exhibit a macroporous
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structure appropriate for cell growth and transplantation, and have
been reported to be efficient for the reconstruction of tissues,
in vitro as well as in animals. Chemical modification of alginate
could also enable production of hydrogels with tailor-made prop-
erties. Various kinds of cross-linking reagents have been investi-
gated to control parameters such as swelling properties, porosity
or stability.'5-1°

In previous papers, we described the synthesis and solution
properties of hydrophobically modified alginate-ester derivatives
in which dodecyl or octadecyl chains were grafted onto the poly-
saccharide backbone via ester functions.2®?! In semi-dilute aque-
ous solution, intermolecular hydrophobic associations result in
the formation of physical networks, the physico-chemical proper-
ties of which can be controlled through polymer concentration,
hydrophobic chain content and non-chaotropic salts such as so-
dium chloride. As compared to the Ca**-alginate hydrogel, algi-
nate-ester hydrogels proved to be very stable in the presence of
non-gelling cations or calcium-sequestering agents. However, over
long periods of time, the gel degrades and looses its mechanical
properties due to the hydrolysis of ester linkages. This is a major
inconvenience for the preparation of scaffolds designed for long-
term applications in tissue engineering.

The current work aims at investigating the synthesis of hydro-
lytically stable amphiphilic alginate-based hydrogels involving
amide functions. The ultimate objective is to obtain hydrogels that
would serve as scaffolds for nerve regeneration in the central ner-
vous system. In addition, the shear-thinning character and the
thixotropic behaviour of hydrogels obtained with hydrophobically
modified associative polymers should allow them to be easily
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injected in the lesion and take the exact shape of lesion cavities
when shearing is stopped, that is, at rest after injection.

For the polymer synthesis, our approach consisted in the activa-
tion of the carboxylate groups of alginate in the presence of 2-
chloro-1-methylpyridinium iodide (CMPI) in order to bind an alkyl-
amine (here dodecylamine). This reaction has already been de-
scribed, using various cross-linking di-amines to prepare alginate
or hyaluronate (HA) covalent networks.'822-24 In the present work,
the main difficulty arises from the poor reactivity of dodecylamine,
mostly due to its poor solubility in the solvent used for the reaction.
Insights in the formation of the amide bond between alginate and
dodecylamine in the presence of CMPI are provided and the proper-
ties of alginate derivatives, that is, stability, solubility and rheolog-
ical behaviour in dilute and semi-dilute solution, are compared to
those obtained with other alginate derivatives where hydrocarbon
chains are linked via ester groups. For the sake of concision, alginate
derivatives with amide bonds between the polysaccharide back-
bone and alkyl chains will be called ‘alginamides’, while alginate
derivatives involving ester junctions will be called ‘alginate esters’.

2. Materials and methods

Medium viscosity alginate extracted from Macrocystis pyrifera
was purchased from Aldrich (France). Its average molar masses,
M, = 130,000 and M,, = 181,000 g/mol, were determined from size
exclusion chromatography-multi-angle laser light scattering (SEC-
MALLS) experiments. This sample contained 65% mannuronic acid
and 35% guluronic acid (M/G =1.86), as determined by circular
dichroism measurements.

Dodecyl bromide, dodecylamine and tetrabutylammonium
hydroxide (TBA*OH™) (40 wt % soln in water) were purchased from
Aldrich. Me,SO and DMF were obtained from Fluka.

2.1. Polymer synthesis

Hydrophobic alkyl chains were linked to the polysaccharide
backbone via ester functions as described earlier.2!?> Substitution
ratios were determined by gas chromatography (Shimadzu GC 17
AAF, column SE 30 Chromosorb W-HP, length 2 m; injection tem-
perature 280°C, column temperature 230 °C; nitrogen flow
25 mL/min) on aliquots (100 mg) first subjected to alkaline hydro-
lysis (0.08 M NaOH for 4 h at room temperature), followed by tol-
uene extraction of the resulting dodecyl alcohol. The nomenclature
used for these polymers is xXAACq,, where x is the substitution ratio
(in mol per 100 mol of uronic units) and C;, stands for the number
of carbon atoms in the alkyl chain.

Hydrophobically modified alginamides xAANC;, were prepared
as follows: Na® alginate was transformed into its acidic form
(EtOH/0.6 M HCI, 4 °C, 30 min), and then neutralized to pH 7 by
TBA'OH™. The TBA-alginate salt (2 g) was dissolved in 200 mL
DMF and stirred overnight to allow its complete dissolution. Then
CMPI (required amount) and an excess of dodecylamine (1 mol/
mol of uronic units) were added at 0 °C. Triethylamine was added
into the soln at a conc similar to that of dodecylamine. The soln
was kept at 0 °C for 45 min, and then left at room temperature
for 20 h. Aq NaCl (2.5 M, 60 mL) was added to the soln in order
to exchange TBA" by Na* ions. Finally, the polymers were purified
by precipitation in 7:1 EtOH-water, washed three times and dried
under diminished pressure. The substitution ratio was determined
by elemental analysis.

2.2. 'H NMR and light scattering controls

TH NMR spectra were recorded on a Bruker Avance 300 spec-
trometer at 300 MHz in D,0. Three characteristic signals corre-

sponding to the alkyl chains were observed between 0.8 and
1.7 ppm, but no reliable quantitative estimation of the substitution
ratio proved successful. However, the complete exchange of TBA*
by Na* ions was ascertained by the absence of the TBA characteris-
tic signal at 3.2 ppm.

SEC-MALLS experiments were performed so as to quantify
some possible degradation of the polysaccharide backbone during
the synthesis. SEC was performed using a Waters HPLC pump
equipped with a serial set of SP 806, 805 and 804 OH pack columns.
Elution was carried out with 0.1 M NaNOs at 0.7 mL/min, and was
monitored by MALLS (Wyatt, Mini Dawn, Santa Barbara) and dif-
ferential refractometry (Waters 410) dual detection.

2.3. Determination of sol/gel fractions

Sol/gel fractions were determined as follows: alginate deriva-
tives (100 mg) were dissolved in deionized water (50 mL) for
24 h. The solns were then centrifuged at low speed (5000 rpm,
15 min) to separate the soluble polymer which remained in the
supernatant and microgels. The polymer fractions were then col-
lected, freeze-dried and finally weighted for concentration deter-
mination. Sol and gel fractions were also analyzed to determine
the polymer substitution ratio.

2.4. Rheological experiments

Aqueous solns of polymers were prepared by gentle stirring in
deionized water for 24 h. Samples were subsequently centrifuged
(20 min, 5000 rpm) to get rid of entrapped air bubbles, and were
then stored at 4 °C overnight before rheological measurements
were performed. Steady shear and dynamic studies were per-
formed at 20 °C on a AR 2000 rheometer (TA instruments) using
a parallel plate geometry (diameter 25 mm) or a double Couette
geometry, depending on the viscosity of the sample. Oscillatory
experiments were performed within the linear viscoelasticity re-
gion, where storage (G’) and loss (G”) moduli are independent of
the stress magnitude.

3. Results and discussion
3.1. Polymer synthesis and characterization

Alginate modification was carried out in dimethylformamide. In
all cases, the reaction of dodecylamine with alginate was carried
out with a molar excess of dodecylamine with regard to CMPIL
The substitution ratio of the modified alginamides, x, was deter-
mined by elemental analysis, and alginamides are named XxAANC,.
Modified alginamides with increasing substitution ratios were ob-
tained by keeping constant the molar ratio of dodecylamine to
uronic units, while increasing the molar ratio of CMPI to uronic
units. This was chosen because of the limited solubility of dodecyl-
amine in the reaction medium. In order to get a better reproduc-
ibility, we chose to keep identical amounts of solvent,
dodecylamine and alginate, while varying the added amount of
CMPI which is fully soluble in the reaction medium. Figure 1 shows
the evolution of the substitution ratio as a function of the molar ra-
tio CMPI/100 uronic units. It appears that the substitution ratio can
be controlled up to about 20% by varying the amount of added
CMPL.

Modified alginate-esters in which dodecyl chains were attached
via ester groups were prepared following the previously described
procedure.

XAANC,, solutions were not optically clear compared to XxAAC;»
solutions, whatever the polymer concentration. This suggests dif-
ferences between the chemical structure of AANC;, and AAC;,
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Figure 1. Evolution of the substitution ratio (=number of grafted Cy, chains/100
uronic units) as a function of the molar ratio CMPI/100 uronic units. (dodecylamine/
100 uronic unit = 100). Error bars correspond to errors made on the substitution
ratios, as determined by NMR spectroscopy.

polymers. The amount of macroscopic aggregates (microgels) in
XAANC;, solutions was determined by performing solubility mea-
surements in dilute solution (0.2 g polymer/L).

The dependence of the sol/gel fraction on the amount of CMPI is
given in Figure 2. As can be seen, the soluble fraction decreases
when the amount of CMPI used for the synthesis increases. This
cannot be attributed to the presence of an increasing number of
grafted alkyl chains since, for comparison, AAC;, were totally sol-
uble in water in this range of substitution ratios under similar test
conditions. In addition, the amount of grafted alkyl chains on the
polymer in the sol fraction was in all cases not significantly differ-
ent from that determined in the gel fraction. Since the synthesis
procedure kept constant the molar ratio of dodecylamine while
increasing the molar ratio of CMPI, it seems reasonable to suggest
that cross-linked esters are formed in AANC;, samples, resulting
from the nucleophilic attack of alginate hydroxyl groups on the
CMPI-activated carboxylic groups of alginate, in spite of the fact
that dodecylamine was added in excess to the reaction medium,
and that the number of covalent cross-links increases with the
amount of added CMPI. As a conclusion, the formation of inter-
intramolecular ester bonds may be partly favoured by the low sol-
ubility of dodecylamine in DMF, compared to the amine or di-
amine used by Barbucci et al.>??3 For instance, Young et al. pre-
pared HA films stabilized by inter- and intramolecular ester links
using only CMPI in water.2
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Figure 2. Dependence of sol/gel fraction on the molar ratio CMPI/100 uronic units.

3.2. Rheological behaviour of aqueous solutions of alginamides
and alginate esters

The rheological characterization of a material generally com-
prises both studies in the flow and oscillatory modes.

Experiments in the oscillatory regime were performed with var-
ious amphiphilic alginamide derivatives, and the results were com-
pared with those corresponding to the non-modified polymer. As
expected for non-modified AA, the slopes of G’ and G” versus ®
(log/log coordinates) were close to 2 and 1, respectively (results
not shown), in agreement with theoretical predictions. Figure 3a
shows typical mechanical spectra for solutions of alginamide
derivatives xAANCy, (10 g/L) at different substitution levels x. A
classical behaviour was observed, with G’ and G” increasing with
the substitution ratio due to the formation of hydrophobic associ-
ations in the aqueous system. With polymers at low substitution
ratios, viscous solutions were obtained, with the loss moduli G’
higher than the storage moduli G, both being frequency depen-
dent. These solutions exhibit typical viscoelastic behaviour. How-
ever, G and G’ do not vary as w? and ®, as usually observed for
a Maxwell fluid. As an example, the slopes of G’ and G” versus o
(log/log coordinates) are 1.25 and 0.9, respectively, for the
3AANC;, solution at 10 g/L. This phenomenon is generally attrib-
uted to the superimposition of both the disentanglement of the
polymer chains and the disengagement of the apolar segments
from hydrophobic associations.?®

With polymers at substitution ratios higher than 9%, hydrogels
were obtained, characterized mainly by an elastic behaviour, that
is, G’ is higher than G and is frequency independent.

In the flow mode, the non-modified alginate solution, at 10 g/L,
exhibited typical shear thinning behaviour with a Newtonian
plateau in the range of lower shear rates (1-100s~!, curve not
shown). Its zero shear viscosity is quite low, that is, 0.08 Pas.
After treatment with HCl, as in the first step of the synthesis, its
average molar masses decreased from M, = 130,000 g/mol and
M,, = 181,000-82,000 and 115,000 g/mol, respectively. Consis-
tently, the zero shear viscosity decreases to 0.03 Pas for a 10 g/L
aqueous solution. Figure 3b shows viscosity-shear stress plots for
the different polymer solutions. For all samples, a viscosity plateau
is observed at low shear stress. As expected, the higher the substi-
tution ratio, the higher the zero shear viscosity. For polymers with
substitution ratio higher than about 10%, the flow curves display at
intermediate shear stress an inflection point in the shear thinning
region with two critical stress levels. A similar behaviour has al-
ready been observed.?”?® These results may indicate that the net-
work structure is a function of the applied stress, such as a shear
induced structuring through hydrophobic junctions. It can also be
seen as the mark of important heterogeneities in the nature of
hydrophobic junctions between alginate chains. This result is in
contrast to the rheological behaviour of alginate ester solutions
which exhibit classical properties of amphiphilic polymers where
the decrease in viscosity with shear rate obeys a power law and
is approximately —0.9). For comparison, Figure 4 shows the viscos-
ity versus the shear stress for 15AANC;, and 15AAC;, solutions.

Another significant difference was observed between the rheo-
logical behaviour of solutions of AANC;, and AAC;, with various
substitution ratios x. Figure 5a and b displays the variation of the
low shear viscosity # (first Newtonian plateau) and G/, respectively,
versus x (for polymer concentration set at 10 g/L). For x values low-
er than 13-15, the increase of # and G’ is more pronounced for
AANC;, solutions than for AAC;, solutions at the studied
concentration.

To confirm the presence of the covalent ester cross-links in algi-
namides, some alginate derivatives were synthesized using 50 mol
CMPI/100 mol uronic units and ethanolamine (100 mol/100 mol
uronic units) or no amine instead of dodecylamine. Ethanolamine
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Figure 4. Steady shear viscosity versus shear stress for 15AANC;, (O) and 15AAC;;
(®@). Polymer concentration:10 g/L in deionized water.

was chosen in order to obtain an alginamide derivative without
associative properties. The influence of ester cross-links on the
polymer (respectively, AAN-100ethanolamine-50CMPI and AA-
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50CMPI) properties was then investigated. Figure 6 shows the stor-
age and loss moduli of these polymer solutions. High G’ and G” val-
ues were obtained for AA-50CMPI reflecting a great number of
ester cross-links in the absence of competitive amine. By compar-
ison, the increase in moduli of AAN-100ethanolamine-50CMPI is
less pronounced. Nevertheless, this last result shows that the for-
mation of ester cross-links cannot be totally avoided during the
reaction.

3.3. Comparison of hydrolytic stabilities of hydrophobically
modified alginamides and alginate-esters hydrogels

The stability of 6AANC;, and 6AAC;, towards hydrolysis in
cerebrospinal fluid-like medium (pH 7.4, ionic composition:
128 mM NaCl, 3mM KCl, 1.3 mM CaCl,, 1 mM MgCl,, 21 mM
Na,HPO,4, 3 mM NAH,PO,4) was then investigated and compared
to that of alginate ester derivatives over a two-month period. The
substitution ratio of 6AAC,, decreases from 6 to 2.5 during this
period of time, while no change was observed for 6AANC;,. For
both polymers, the magnitude of loss and storage moduli de-
creases, this being related to the hydrolysis of the ester bonds (Ta-
ble 1). Under these conditions, no significant degradation of the
alginate chains was observed, as determined by SEC-MALLS
experiments.

b 1000

100 - el
g ef
®

s,
o]

10

[ege}

G’ (Pa)

0.1
73

0.01 ®

0.001

®
0.0001 ! ! I L
0 5 10 15 20 25

substitution ratio (%)

Figure 5. (a) Dependence of low shear viscosity on the substitution ratio for AA-NC;, (O) and AA-C,, (@) series. Polymer concentration:10 g/L in deionized water; (b)
dependence of storage modulus on the substitution ratio for AA-NCq, (O) and AA-C;, (®) series. Polymer concentration:10 g/L in deionized water.
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Table 1

Dynamic moduli G’ and G” (angular frequency = 1rad s™', oscillatory stress = 1 Pa)
and substitution ratio x of AANC;, and AAC;, samples (30 g/L) before and after
incubation at 37 °C in cerebrospinal fluid-like medium pH 7.4

-1

Polymer t (days) G’ (Pa) G” (Pa) x (%)
AANC;, 0 109 63 6
AANC;, 60 22 12 6
AAC;; 0 400 120 6
AAC;; 60 7 8 2.5

AANC;, hydrogels that would serve as scaffold for nerve regen-
eration should be stable over relatively long periods of time. In this
respect, the hydrolysis of ester functions in basic media was inves-
tigated. It is obvious that the rheological properties of AANC;; solu-
tions after hydrolysis of ester cross-links could be easily modulated
by varying the polymer concentration and the level of substitution.
Figure 7 shows the flow curve of AA-25CMPI before and after
hydrolysis in NaOH, 103 M, for 48 h. After hydrolysis, the viscosity
of the ester-linked derivative (AA-25CMPI) decreased by several
orders of magnitude, and the properties were quite similar to those
of the non-modified alginate (after treatment with HCl, as in the
first step of the synthesis) in terms of solubility, molecular weight
and rheological behaviour. When hydrolysis is carried out at pH
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Figure 7. Steady shear viscosity of AA-25CMPI before (®) and after hydrolysis in
1073 M NaOH (O). Polymer concentration: 10 g/L in deionized water.
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Figure 8. Steady shear viscosity of 13AANC;, before (®) and after hydrolysis in
103 M NaOH (O). Polymer concentration:10 g/L in deionized water.

Table 2
Dynamic moduli G’ and G” (angular frequency = 1 rad s~ ', oscillatory stress = 1 Pa) of
13AANC;;, (10 g/L in deionized water) before and after hydrolysis

1

Polymer G’ (Pa) G” (Pa)
13AANC;, 124 16
Hydrolysed-13AANC;, 19 3

higher than 11, both amide linkages and polysaccharide backbone
started to degrade.

AANC;, were then subjected to 10~ M NaOH hydrolysis. As an
example, Figure 8 displays the flow curves of 13AANC;, before and
after hydrolysis. G’ and G” values are given in Table 2. After hydro-
lysis, 13AANC;; is totally soluble in water under dilute conditions,
and the gel obtained at 10 g/L is not optically turbid. Compared to
the non-hydrolyzed sample, the low shear viscosity and the critical
stress—at which the first deviation from Newtonian flow occurs—
decrease, which can be easily explained by the hydrolysis of ester
cross-links. For the same reason, the dynamic moduli also de-
crease. However, one should notice that an inflection point re-
mains in the shear thinning region, suggesting differences in
alginate chains conformation between amide and ester derivatives.
As ester derivatives were synthesized in homogeneous medium
while amide derivatives were obtained under heterogeneous con-
ditions—due to the poor solubility of dodecylamine in DMF—one
should consider possible differences in alkyl chain distribution
along the polysaccharide backbone.

4. Conclusion

Hydrophobically modified alginamides (AANC;,) were prepared
by covalent fixation of dodecyl chains onto the alginate backbone
using 2-chloro-1-methylpyridinium iodide (CMPI) as coupling
reagent.

Dilute and semi-dilute solution properties evidenced heteroge-
neities in AANC;, hydrogels compared to AAC;, hydrogels. In di-
lute solution, the solubility of alginamides was strongly reduced
compared to that of esters derivatives. In semi-dilute regime, vis-
cous solutions or viscoelastic hydrogels were obtained in both
cases, depending on the substitution ratio of polymers, but rheo-
logical characterizations suggest differences between the structure
of AANC;, network and that of AAC;, network. This phenomenon
was explained by a cross-linking reaction between hydroxyl and
carboxyl groups of alginate in the presence of CMPI, leading to for-
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mation of intra/intermolecular ester links. However, after hydroly-
sis of these links, the rheological properties of AANC;, remained
significantly different from those of AAC;,, suggesting differences
in the polysaccharide chains conformation, possibly due to differ-
ences in the distribution of alkyl chains along the polymer
backbone.

From in vitro degradation at 37 °C over a two-month period, we
showed that alginamide derivatives were more stable than algi-
nate ester derivatives (AAC;,). Biological tests on these materials
are now in progress.
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