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a  b  s  t  r  a  c  t

Limited  periodate  oxidation  (0–8%)  of alginates  results  in  enhanced  degradability,  extending  the  range
of  applications  of  alginates  as  biomaterials,  e.g.  in tissue  engineering.  Oxidation  produces  dialdehydes
that  are  highly  sensitive  to  alkaline  �-elimination,  even  under  physiological  conditions  (pH 7.4,  37 ◦C).
Although  all  periodate  is  consumed  during  limited  oxidation,  not  all of  the  resulting  dialdehydes  are
equally  degradable,  leading  to a characteristic  level  off in  molecular  weight  upon  prolonged  degradation.
A  significant  fraction  (20–50%)  of  the  oxidized  residues  were  resistant  even  at  pH 10.4.  We  tentatively
eywords:
lginate
eriodate oxidation
egradation
-Elimination
iomaterial

assign  this  finding  to the  presence  of  particularly  stable  intramolecular  hemiacetals  known  to  form  in
periodate  oxidized  alginates  (POA). The  enhanced  degradation  of  POA  persists  into  the  gel state,  allowing
tailoring  of  more  biodegradable  alginate  gels.  The  activation  energy  for  �-elimination  of  dialdehydes  was
88 kJ/mol  compared  to 113  kJ/mol  for unoxidized  residues,  presumably  reflecting  the  absence  of  strain
in the  non-cyclic  transition  state  of  the  former.
issue engineering

. Introduction

Alginates are widely studied and applied as matrices in tissue
ngineering because of their mild gelling properties, biocompat-
bility and the possibility to tailor the biomaterial by accurately
arying macromolecular parameters such as composition and
olecular weight distribution (Augst, Kong, & Mooney, 2006; de
os et al., 2009; Donati & Paoletti, 2009). Alginates are polysac-
harides derived from brown algae, although recent advances
oint towards production also in bacteria (Remminghorst &
ehm, 2006). They are linear (unbranched) polysaccharides con-
aining 1,4-linked �-d-mannuronic acid (M)  and its 5-epimer
,4-linked �-l-guluronic acid (G) (Fig. 1), and are often clas-
ified as binary copolymers (Draget & Taylor, 2011). However,
he content and distribution of G residues is governed not by a
lassical (sequential) co-polymerisation, but by epimerisation at
he polymer level of the transiently produced mannuronan. Algi-
ates applied in tissue engineering have typically high G contents
FG = 0.6–0.7) and long G-blocks to facilitate gelling with calcium
ons.

Implanted biomaterials are in many cases designed to dissolve

r disintegrate at a predetermined rate. Ca-alginate gels disinte-
rate by Ca–Na exchange (Shoichet, Li, White, & Winn, 1996) but
he dissolved alginate chains are not degraded in the human body
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(Alshamkhani & Duncan, 1995), presumably due to the lack of
alginate degrading enzymes in mammals. The biodegradability of
alginate may be enhanced by limited periodate oxidation, taking
advantage of the susceptibility of periodate oxidized polysaccha-
rides to alkali-catalysed �-elimination, which takes place even at
physiological pH (Bouhadir et al., 2001; Kristiansen, Potthast, &
Christensen, 2010). In alginates, oxidation may occur between C2
and C3 in both M and G residues, leading to dialdehydes, which
easily degrade in alkali (Fig. 1). The degree of oxidation needs to be
low (1–5%) to avoid significantly reduced gelation ability (Gomez,
Rinaudo, & Villar, 2007).

Some features of the reported degradation behaviour of
periodate oxidized alginates have recently been questioned
(Kristiansen et al., 2010). For example, the degradation kinet-
ics (decrease in molecular weight) is not in agreement with
the reported degree of oxidation. In their study, Bouhadir
et al. (Bouhadir et al., 2001) observed a level-off of the
degradation rate with increasing extent of degradation. This
was attributed to a ‘change of chain rigidity during degra-
dation, observed as an increase in the MHS  exponent’. A
change in rigidity upon depolymerisation is consistent with
the wormlike chain behaviour of alginates (Vold, Kristiansen, &
Christensen, 2006). Additionally, selective consumption of the
highly flexible oxidized resides due to selective �-elimination,
will stiffen the molecules. It is, however, unclear how such
macroscopic changes might influence the rate of �-elimination.

In our opinion, a major contribution to the level-off behaviour
could well be linked to the chemical properties of oxi-
dized residues, which are known to form intramolecular
hemiacetals (Painter & Larsen, 1970).

dx.doi.org/10.1016/j.carbpol.2011.06.069
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:b.christensen@biotech.ntnu.no
dx.doi.org/10.1016/j.carbpol.2011.06.069
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ig. 1. The chemistry of periodate oxidation and subsequent alkaline �-elimination
1,4-linked �-d-mannuronic acid) can be oxidized.

Here we present novel data for the degradation of periodate
xidized alginates (POA). Compared to previous work we  extend
he range of oxidation degrees, pH ranges, alginate types (includ-
ng homopolymeric mannuronan), temperatures, and degradation
imes (molecular weight ranges). We  also compare the degrada-
ion in solution compared to the gel state. We  apply a simple
inetic model to determine the effective degree of oxidation.
n total, the data provide new insights into the mechanism of
eriodate oxidation of alginates, and the degradation behaviour.
e conclude that not all oxidized residues do form alkali-labile

inkages.

. Degradation of periodate oxidized polysaccharides

With the introduction of very labile bonds (by oxidation) we
ssume the degradation behaviour is determined by the amount
f oxidized residues and the rate constants of oxidized (kox) and
noxidized (kA) residues. We  further assume the reaction is in both
ases pseudo first order with respect to the reacting residues:

dnox

dt
= koxnox (oxidised residues) (1)

dnA

dt
= kAnA (unoxidised residues) (2)

here n denotes the number of residues at a given instant (t). Sep-

ration of the variables and integration from t = 0 to t, and n = n0 to

 yields (suffixes omitted):

n

n0
= e−kt (3)
ginate (. . .GMM. . . fragment shown). Both G (1,4-linked �-l-guluronic acid) and M

Thus, the number of remaining (uncleaved) linkages decreases
exponentially. We  further assume, as a first approximation, that the
rate constants are independent of the chemical composition of the
alginate, although the theory can easily be expanded to account
for the M/G  profile. It is convenient to use the fractions of chain
cleavage (˛) for each of the two processes in the calculations. It
is further practical to introduce DPn, the standard abbreviation for
to the number average degree of polymerization, which is equiv-
alent to the number average monomers per chain, rather than the
molecular weight:

˛ox,t = (nox,0 − nox,t)
nox,0

= 1 − e−k′t (k′ = kox) (4)

˛A,t = (nA,0 − nA,t)
nA,0

= 1 − e−k′′t (k′′ = kA) (5)

˛0 = 1
DPn,0

(DPn at t = 0) (6)

where nox,0 and nox,t refer to the number of remaining (uncleaved)
oxidized residues at t = 0 and t, respectively, whereas nA,0 and nA,t
are the corresponding numbers of remaining unoxidized residues.
The degree of oxidation (Dox) is defined as the fraction of oxidized
residues:

Dox = nox

nox + nA
= nox

n0
(7)
The total degree of chain scission (˛tot), which equals DPn ,
depends on the degree of oxidation and is simply:

˛tot = 1
DPn,t

= ˛0 + Dox˛ox,t + (1 − Dox)˛A,t
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= 1
DPn,0

+ Dox(1 − e−k′t) + (1 − Dox)(1 − e−k′′t) (8)

The term ˛0 (=1/DPn,0) must be added because of the finite DP at
he start of the degradation. By measuring the change in DPn dur-
ng the degradation, the rate constants and Dox can be determined
y fitting the experimental data for different degrees of oxidation
nd different reaction times. If the reaction is dominated by cleav-
ge of the oxidized residues (kox � kA), which is often the case, the
quation simplifies to:

tot = 1
DPn,0

+ Dox(1 − e−k′t) (9)

For the initial part of the degradation (t → 0) we  can use the
ollowing approximation for the slope (d˛/dt) of Eq. (9):

d˛

dt

)
t→0

= Doxkox (10)

For long degradation times (t → ∞),  the oxidized residues will
e effectively consumed. The general equation then reduces to:

1
DPn,t→∞

= 1
DP0

+ Dox + (1 − Dox)(1 − e−k′′t) (11)

And if further Dox � 1/DPn,0, then

1
DPn,t→∞

= Dox + (1 − Dox)(1 − e−k′′t) (12)

Moreover, if kA is sufficiently small, then (1 − e−k′′t) ≈ 0 and con-
equently, 1/DPn,t asymptotically approaches Dox.

DPn can normally be easily determined by size-exclusion chro-
atography with on-line multi-angle light scattering detection

SEC-MALLS). However, SEC-MALLS chromatograms of polysaccha-
ides often show an upturn in M at high elution volumes. This
omplicates the data processing, and in particular influences the
etermination of Mn, and hence, DPn. Since both starting materi-
ls and degraded samples have polydispersities (Mw/Mn) close to
, we generally use the more accurate Mw values and the relation
n = Mw/2 unless specifically stated.

. Experimental

.1. Materials and chemicals

Mannuronan and alginate from L. hyperborea and L. digitata were
btained from FMC  Biopolymer, Drammen, Norway. Alginate con-
aining 90% guluronic acid (FG = 0.90) was obtained by epimerising

annuronan in vitro with the C-5 epimerase AlgE6 according to
revious work (Kristiansen, Schirmer, et al., 2009). Pullulan was
upplied by Hayashibara, Japan. All other chemicals were obtained
rom commercial sources and were of analytical grade.

.2. Periodate oxidation

Periodate oxidation was performed as described previously
Kristiansen, Schirmer, et al., 2009; Vold et al., 2006). In brief, algi-
ate or pullulan were dissolved in MQ-water (deionized water
urified with the MilliQ system from Millipore (Bedford, MA,  USA))
t a concentration of 8.89 mg/mL. MQ-water and 10% (v/v) n-
ropanol (free radical scavenger) were added before degassing with
2. Finally, 0.25 M sodium meta-periodate (degassed) was added

o obtain P0 (moles of added periodate per mole AGU) of 0.02,
.04 or 0.08. The final concentration of polysaccharide was usu-

lly 4.45 mg/mL. Reaction vials were kept in the dark at 4 ◦C, and
eft for 48–72 h until no residual periodate could be detected by
itration with thiosulphate as described by Painter (1988).  Kinetic
xperiments were performed as described above with P0 = 0.2 and
olymers 86 (2011) 1595– 1601 1597

different concentrations of alginate (0.4–4 mg/ml) at 4 ◦C or ambi-
ent temperature.

3.3. Degradation experiments

McIlvaine buffer (Na2HPO4/citric acid) was used for degrada-
tion at pH 3.0 and 5.4, and carbonate buffer pH 10.3 or 10.4 for
alkaline degradation. Polysaccharides were dissolved in MQ-water
and buffer was  added so that the ionic strength (I) equalled 0.10 M.
The polysaccharide concentration was  3 mg/mL. In all cases sam-
ples were placed into the water bath immediately after addition of
buffer/acid, and neutralized using dilute HCl or NaOH.

In some cases alkaline degradation at pH 10.4 (7.5 mg/mL  in
0.0625 M carbonate buffer) took place in the autoinjector unit of
the SEC-MALLS setup, followed by injection at regular intervals.

3.4. Preparation and degradation of Ca2+-alginate/Ca2+-POA gels

75 mg  of alginate was  dissolved in 5 mL  MQ-grade water. CaCO3
was added as solid powder, and distributed evenly in solution. Fur-
ther, d-glucono-�-lactone (GDL) was  dissolved in 2.5 mL  MQ-water,
and added to the solution. Final concentrations were 10 mg/mL
and 20 mM CaCO3/40 mM GDL (Gel I) or 40 mM CaCO3/80 mM GDL
(Gel II). This solution was  divided in equal amounts into three vials
(three replicas). In cases where gelation took place almost instantly
after the addition of GDL, alginate/CaCO3 solution was distributed
into vials before addition of GDL. In the last step of preparation,
solutions were left for 48 h in order for the gel to set.

Degradation experiments were carried out by transferring the
cylindrical gels (2.5 ml)  to vials containing 25 mL  of 0.1 M McIlvaine
buffer pH 7.4 pre-heated to 60 ◦C. The vials were capped and placed
in an oven at 60 ◦C. Following incubation (0–72 h), the gels were
subsequently dissolved by adding EDTA to a final concentration
of 0.1 M,  transferred to dialysis membranes, and dialysed against
MQ-water until the conductivity was <4 �S. Dissolution and dialy-
sis were performed at 4 ◦C. Finally, samples were freeze dried, and
analysed by SEC-MALLS as described below.

3.5. SEC-MALLS

Measurements were carried out at ambient temperature on an
HPLC system consisting of a solvent reservoir, on-line degasser,
HPLA isocratic pump, autoinjector, guard column, and three
columns (serially connected) of TSK G-5000PWXL, 4000 PWXL, and
3000PWXL. In some experiments, only one or two of these columns
were used. The column outlet was  connected to a Dawn DSP or
Heleos multiangle laser light scattering photometer (Wyatt, USA)
(�0 = 633/658 nm)  followed by Optilab DSP differential refractome-
ter (P-10 cell). The mobile phase used was 0.05 M Na2SO4/0.01 M
EDTA, pH 6. The flow rate was  0.5 mL/min, and injection volume
20–250 �L. Samples were filtered (pore size 0.45 �m)  prior to injec-
tion. The refractive index increment (dn/dc)  and the second virial
coefficient (A2) were set to 0.150 ml/g and 0.005 ml mol  g−2, respec-
tively (Vold et al., 2006). Data from the light scattering detector
and differential refractometer were collected, and processed using
Astra (v. 5.3.4.14 or v.4.72) software (Wyatt, USA). In certain cases
data were exported and further processed in an Excel spreadsheet.

4. Results

4.1. Kinetics of oxidation
The rate of oxidation is known to depend on the type of algi-
nate (Painter & Larsen, 1970). The uptake of periodate (moles of
periodate consumed per mol  of alginate monomers, Pt) at room



1598 K.A. Kristiansen et al. / Carbohydrate Polymers 86 (2011) 1595– 1601

Fig. 2. Uptake of periodate (moles per alginate monomer) (Pt) at room temperature
for  alginate from L. digitata (�, 4 mg/ml, ♦, 1 mg/ml), L. hyperborea stipe (�, 4 mg/ml)
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8 h. The limiting Mw decreased with increasing P0, but the values
were much higher (roughly factor 1.6–2.5) than those predicted by

Fig. 4. (a) Experimental (symbols) and fitted (dotted lines) data for the degradation
of  periodate oxidized alginate (L. hyperborea stipe) at pH 10.4, 37 ◦C (I = 0.1 M).  Sym-
nd  mannuronan (�, 4 mg/ml, ©,  1 mg/ml, �, 0.4 mg/ml). Lines are drawn as a ‘guide
o the eye’.

emperature for 20% oxidation (P0 = 0.2) was therefore investigated
or different alginates and different concentrations (Fig. 2).

Alginates from L. digitata (FG = 0.41) and L. hyperborea stipe
FG = 0.66) were both rapidly oxidized at 4 mg/ml, reaching the the-
retical limit (Pt = P0) in about 10 h. The data were overlapping for
hese alginates. At lower concentration (1 mg/ml) the rate of oxi-
ation (dPt/dt) was about 4 times lower (initially), reaching P0 after
bout 25 h. This is in accordance with a first order kinetics (with
espect to the concentration of alginate). Mannuronan was oxi-
ized about 4 times slower than the Laminaria alginates at the same
oncentration (4 mg/ml) (data happened to overlap those of the
atter at 1 mg/ml). Oxidation of mannuronan at 1 and 0.4 mg/ml

as very slow (Fig. 2, lower panel), suggesting reaction kinetics
f higher order. The rate of oxidation was about 2 times lower at
◦C (data not shown), corresponding to an activation energy in the

ange 30 kJ/mol. Oxidation of Laminaria alginates with an excess of
eriodate (P0 = 1.2, room temperature, 48 h) was stoichiometric up
o P0 = 0.2 (all added periodate consumed) (data not shown), but
evelled off at higher values, probably reflecting the well-known
xidation limit (Larsen & Painter, 1969).

To ensure quantitative oxidation in subsequent work at low P0
alues (0.02–0.08) end titrations of residual periodate were per-
ormed. Generally, all periodate was consumed, suggesting the
raction of oxidized residues (dialdehydes) equalled P0 (Kristiansen,
allance, Potthast, & Christensen, 2009; Kristiansen, Schirmer, et al.,
009).

.2. Degradation of partially oxidized alginates
Alginate from L. hyperborea (FG = 0.66) was partially oxidized
ith periodate (P0 = 0–0.08), and subjected to degradation at differ-

nt pH values and temperatures. The degradation was  monitored
y SEC-MALLS. A typical example is showed in Fig. 3.
Fig. 3. SEC-MALLS data for alkaline degradation (pH 10.4, 37 ◦C) of periodate oxi-
dized alginate (P0 = 0.02).

Fig. 4a shows the kinetic plot for change in 1/Mw at pH 10.4
and 37 ◦C for different degrees of oxidation. Both Figs. 3 and 4a
illustrate an initially rapid degradation of POA at high pH. Moreover,
the initial degradation rate (Eq. (10)) was  essentially proportional
to the degree of oxidation. The results further demonstrate that the
degradation levelled off and was  essentially complete after about
bols (degree of oxidation): (�) 2%, (�) 4%, (�) 8%. (b) Experimental (symbols) and
fitted (dotted lines) data for the degradation at pH 10.4, 37 ◦C of periodate oxidized
(2%) alginates with different chemical compositions. Symbols: (�) mannuronan, (�)
high-G alginate (FG = 0.90) and (�) L. hyperborea stipe (FG = 0.66).
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Fig. 5. pH-dependence of the initial rate of depolymerization (k) of periodate oxi-
dized alginate. Oxidation degrees 0% (♦), 2% (�), 4% (�) and 8% (�). Pullulan 0% (©)
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nd  8% (�) oxidized was included for comparison. Dotted lines with slopes of −1
nd  +1, are included to illustrate a purely acid catalysed or a purely base catalysed
rocess (see text).

qs. (10)–(12) corresponding to quantitative cleavage of oxidized
esidues.

Since plots of M−1
w versus t were markedly non-linear (Fig. 4a)

nd tended to approach a level-off value, the experiment (pH 10.4,
7 ◦C) was repeated with longer degradation times (Fig. 4b). We

ncluded three different alginates with different chemical composi-
ions (FG = 0, 0.66 and 0.90), all with P0 = 0.02. In this case it is clearly
een that after an initial rapid degradation, little or no degradation
akes place after 4–5 h. The level-off values also differ. For man-
uronan (FG = 0), Mw levels off at about 98.000 (DPn = 248), whereas
he high-G alginate and the alginate with FG = 0.66 level off at an

w of 38.000 (DPn of 102) and 50.000 (DPn of 126), respectively.
he data may  leave the impression that the extent of degradation
epends primarily on the type of alginate. However, the initial DP
alues are very different in this case, and at such low degrees of
xidation (2%) the DPn,0 terms markedly influences the level-off
alue (according to Eqs. (10) and (11)). Nevertheless, when fitting
he data as described above, the fraction of cleaved linkages rela-
ive to P0 were 15% for mannuronan, 38% for FG = 0.90, and 22% for
G = 0.66. Hence, there exists a certain dependence on the chemi-
al composition, with a preference for �-elimination of oxidized G
esidues.

Degradation was further performed for pH values ranging from
.1 to 10.4 (at 37 ◦C) for alginate (FG = 0.66) with P0 values of 0.02,
.04 and 0.08. In addition, periodate oxidized pullulan (P0 of 0 and
.08) was included as a reference compound. Initial degradation
ates were determined according to Eq. (10). Results are shown in
ig. 5.

Optimal stability was observed near pH 6, both for oxidized and
noxidized alginate. At lower pH, the difference between different
xidation degrees gradually decreased, and at pH 3.1 they were
ractically identical to unoxidized alginate. At high pH the rate of
egradation increased rapidly, and became more dependent on P0.
ear physiological conditions (pH 7.2), the alginate with P0 of 0.08
as degraded 6.4 times faster than the parent, unoxidized sample.
t pH 10.4, the oxidized samples were degraded about two  orders
f magnitude faster than unoxidized alginate, and the relative rates
ere roughly proportional to P0. Interestingly, periodate oxidized
ullulan (8%) is degraded 2–3 times faster than alginate (8%), both
t pH 5.8 and 10.4.
.3. Activation energy

The activation energy (EA) for the alkaline �-elimination of oxi-
ized residues (P0 = 0.08, pH 10.3) was determined according to the
Fig. 6. Arrhenius plots for rate of depolymerisation (k) at pH 10.3 for 0% (©) and
8% (�) periodate oxidized alginates. The corresponding activation energies are 113
and  88 kJ/mol, respectively.

Arrhenius equation. The initial rate constant was obtained at dif-
ferent temperatures. Results (Arrhenius plots) are shown in Fig. 6.
The corresponding activation energies were 113 and 88 kJ/mol for
unoxidized and oxidized alginate, respectively.

4.4. Degradation in the gel state

The degradation of oxidized alginate in the gel state (Ca2+-POA
gels) at physiological pH (7.4) was investigated using homogeneous
gels prepared using internal setting (Draget, Østgaard, & Smidsrød,
1991), as described in Section 3.4.  Following degradation at 60 ◦C,
the gels were dissolved by adding EDTA, and dialyzed to recover
the sodium alginate, which was  analysed by SEC-MALLS to obtain
the molecular weights. The estimated degradation rates for depoly-
merisation of alginate are given in Table 1.

It was  observed that the alginate itself is degraded much slower
in the gel state than in solution. For POA the situation was different,
and only small differences could be observed between degradation
in solution and gel I, and also between gel I and the even more dense
gel network in gel II.

5. Discussion

5.1. Oxidation pattern and mechanism

Periodate oxidized polysaccharides, including alginates, are well
known to be susceptible to �-elimination. A low degree of oxi-
dation (2–8%) allows a significant increase in the degradability
under physiological conditions (about one order of magnitude for
8% oxidation). At the same time, limited oxidation still allows
gel formation with calcium ions, although the gelling proper-
ties are influenced by the oxidation (Gomez et al., 2007). It may
also be stressed that the mechanism of degradation is alkaline �-
elimination, not hydrolysis as stated elsewhere (Bouhadir et al.,
2001).

We present for the first time degradation data for POA cover-
ing a pH range from 3.1 to 10.4. Like for degradation of unoxidized
alginates (Haug, Larsen, & Smidsrød, 1963), the optimum stabil-
ity is found close to pH 6. On the acidic side the degradation rate
becomes progressively less dependent on P0, indicating that the

oxidized residues are not more susceptible to acid hydrolysis than
unoxidized residues. At pH 3 (and below) it is safe to assume that
the major degradation mechanism is acid hydrolysis, where the
rate of degradation becomes proportional to [H+] (Fig. 5). The influ-
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Table  1
Degradation rates at pH 7.4, 60 ◦C (I = 0.1 M)  for periodate oxidized alginates in solution and in the gel state.

P0 k (×104 h−1)

Solution Gel I (20 mM CaCO3/40 mM GDL) Gel II (40 mM CaCO3/80 mM GDL)
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0 0.61 0.05 

0.02  1.7 1.5 

0.04  3.3 3

nce of alkaline �-elimination becomes influential even around pH
, as also observed for degradation of alginate in the solid state
Holme, Lindmo, Kristiansen, & Smidsrød, 2003), and dominates
ompletely at pH 10.4, where oxidized alginates are degraded two
rders of magnitude faster than unoxidized alginate. According to
ig. 5, the rate constant is roughly proportional to [OH−] at high
H, in accordance with an alkali-catalysed mechanism. Moreover,
here �-elimination dominates (pH 10.4) the degradation rate is
roportional to the degree of oxidation (Fig. 4a), as expected.

The plots of M−1
w versus t are not linear for oxidized alginates

Fig. 4), as the rate of degradation decreases progressively, in qual-
tative agreement with other investigations (Bouhadir et al., 2001).
s long as kox � kA, a levelling-off DP corresponding to the degree
f oxidation is expected. Such behaviour was observed upon pro-
onged degradation (Fig. 4b). However, the level-off values are

uch higher than the theoretical value P−1
0 (25 in this case), indi-

ating that only a fraction (20–50%) of the oxidized residues are
ctually degraded by �-elimination. We  have previously shown
hat for low degrees of oxidation the amount of dialdehydes equals
he theoretical amount (P0) (Kristiansen, Schirmer, et al., 2009).
hus, the results indicate that not all oxidized residues are equally
usceptible to �-elimination, and that some turn out to be stable
ven at pH 10.4. This observation points towards the existence of
everal types of ‘dialdehydes’, some of which are relatively sta-
le in alkali. The fact that periodate oxidized alginates do not
xist in water as macromolecular dialdehydes, but tend to form
ntramolecular hemiacetals (Painter & Larsen, 1970), suggest that
ifferent hemiacetals have quite variable stabilities.

.2. Activation energy

Our study provided accurate estimates of the activation energy
or �-elimination of both unoxidized and oxidized alginates (113
nd 88 kJ/mol, respectively). The former agrees well with estimates
or degradation of alginate in the solid state, where �-elimination is

 major process even near pH 7 (Holme et al., 2003). Our estimate for
xidized alginate is very different from a value of 37 kJ/mol reported
reviously (Bouhadir et al., 2001), although we note the substantial
on-linearity on the underlying Arrhenius plot. The lower activa-
ion energy of oxidized residues seems reasonable in light of their
on-cyclic transition state, avoiding the strain involved in produc-

ng an unsaturated linkage in a pyranose ring.

.3. Degradation in the gel state

Degradation of unoxidized alginate chains were strongly
etarded in the gel state, indicating that gelation with calcium
irectly influences the rate of chain degradation at pH 7.4. Since
he degradation of alginate is marginally dependent on the ionic
trength near pH 7, although strongly dependent near pH 11 (Haug,
arsen, & Smidsrød, 1967), the retardation is not an effect caused
y different salt conditions. Due to the widespread use of calcium
lginate gels as biomaterials this topic certainly deserves further

ttention. For oxidized alginates we observed a quite different
ehaviour, as the degradation rates were approximately the same

n the gel state and solution state. In calcium alginate gels junction
ones are formed mainly when consecutive guluronic acid residues
0.002
1
3

(G-blocks) on different chains are coming close together, and their
contact is mediated by Ca2+ ions. When gels are prepared of POA  it
is likely that the oxidized, and hence flexible, residues cannot be a
part of a junction zone. This can to a certain extent explain the lower
gel strength of POA gels along with a claimed faster gelling kinet-
ics compared to gels made of unmodified alginate (Kristiansen,
Schirmer, et al., 2009). In this way the oxidized residues are not
bound tightly into the gel network, and are probably more accessi-
ble towards degradation than unoxidized residues. This could offer
an explanation to why there is little difference in degradation rate
between POA in solution, and POA gels. If this result is interpreted
further it might also indicate a looser gel network for POA  gels com-
pared to (unoxidized) alginate gels, but further studies must be
carried out in order to give more information about the topology of
the gel network.

5.4. Conclusions

Limited periodate oxidation (0–20%) of alginates is quantita-
tive as all periodate eventually becomes consumed. The reaction
kinetics does not follow simple first- or second-order kinetics. The
rate of reaction depends on the type of alginate, with homopoly-
meric mannuronan being oxidized about 4 times slower than an
alginate with 66% guluronic acid. The oxidized residues are very
susceptible to alkaline �-elimination, rendering oxidized alginates
more degradable than unoxidized alginate under physiological
conditions. The degradation pattern, monitored as decrease in
molecular weight, deviated from a simple model assuming all oxi-
dized residues being equally degradable. The level-off molecular
weight observed suggested that a significant fraction (20–50%) of
the oxidized residues were resistant even at pH 10.4. We  tentatively
assign this finding to the presence of particularly stable intramolec-
ular hemiacetals known to form in periodate oxidized alginates. The
enhanced degradation of POA persists into the gel state, allowing
tailoring of more biodegradable alginate gels.
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