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Abstract

A study of the kinetics of periodate oxidation on a series of dextran oligomers and polymers is carried out by isothermal
microcalorimetry. In addition to these substrates, some dimeric carbohydrates and hyaluronan were studied. Rate constants were
calculated from the calorimetric decay curves, which, properly corrected for calorimetric response, are proportional to the rate of
periodate conversion. The dependence of the kinetic rates on the molecular weight of dextran samples and on the substrate
concentration, is described in terms of the much higher rates of terminal reducing units. The presence of two sites with comparable
reaction rates makes the analysis of the calorimetric curves difficult, even in the simple overall pseudo-first-order condition. The
suitability of a phenomenological treatment of kinetic data is explored. © 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The kinetics of periodate oxidation reaction on carbo-
hydrates has recently been studied by using a calorimet-
ric approach.1 The calorimetric method was chosen
only for its suitability and sensitivity in comparison
with other instrumental methods for concentration de-
termination. In particular, the possibility of following
the reaction stages ‘on-line’ through the detection of the
‘thermal power’ at any instant during the reaction, was
considered very useful for detailed analysis and statisti-
cal data treatment. The rate constants were comparable
with other literature findings, and the activation ener-
gies were calculated from their variations with tempera-
ture. The dependence of the rate constants on
stereochemistry was interpreted in terms of the confor-
mational probability of the reactive state. It is also

proposed that the accuracy of calorimetric data makes
possible the detection of deviations in the apparent rate
constant during the course of the reaction.

A short summary on the periodate reaction is given
here, referring to the previous paper1 for a review of
other related literature results. The reaction involves a
periodate ion and a molecule with vicinal diols, and
implies the oxidation of the reaction site with the
breakage of the C�C bond and the subsequent forma-
tion of two aldehydic groups. The mechanism of the
reaction2,3 can be depicted in the following way: in the
first step, one of the I�O bonds of the periodate attacks
one of the two hydroxyl groups of the vicinal diol; the
second step is the formation of the planar cyclic ester as
part of an octahedral intermediate, the rate of which
must depend on the acidity of the oxygen of the OH
groups and their relative positions.

The oxidation process can be complicated by the
presence of two or more sites, the stereochemistry of all
substituents having a relevant influence on the kinetics.
If sugars differ from each other by characteristics that
do not imply the relative position of the �OH groups,
only minor differences in the rate constants are de-

� For Part 1, see Ref. 1.
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tected, possibly related to structural and solvation dif-
ferences.4 Depending on the species monitored, the
time-evolution of the reaction can be followed in sev-
eral ways: i.e., by the variation of the substrate concen-
tration, and of the periodate, or of the formic acid that
is formed during the reaction. For 2,3,4-triols several
rate constants, for the two sites in competition with
each other and for the subsequent oxidation, can be
defined. When the ratio of reactant concentrations is
unity, the amount of singly oxidized substrate first
increases, reaches a maximum and then decreases; for-
mic acid is formed as soon as the singly oxidized
product is attacked for the second time. Elucidations of
all these aspects are derived from a systematic analysis
of the change in concentration of the several reactants
and reaction products as carried out by Aalmo and
Painter.5,6

With homopolysaccharidic or heteropolysaccharidic
substrates, the reaction leads to an oxidized form that
may give hemiacetal forms of two types. Intra-residue
hemiacetals are formed by the condensation of an
aldehydic group with a hydroxyl group inside the same
monomeric unit. Inter-residue hemiacetals are obtained
by the condensation between a �CHO group and an
�OH group belonging to two different residues. This
reaction protects the �OH group7 belonging to non-ox-
idized residues adjacent to oxidized residues, thus low-
ering the oxidation limit compared with theoretical
values. The lack of �OH on C-6, as in (1�4)-
polyuronates in general or in C-6 derivatives, does not
allow the formation of intra-residue hemiacetals, but
only inter-residue ones. This situation is described for
alginates, polygalacturonates and similar compounds.8,9

Some further complications arise for the kinetics
involving �ic-triols, as in the present case.5 The pres-
ence of a second attack (consecutive reaction) may
affect the measured rate unless masked by the values of
the enthalpies and of the actual rates of the two reac-

tions. Periodate oxidation of dextrans was studied by
Ishak and Painter,10 reporting a value of about 2.5×
10−2 L mol−1 s−1 for the initial second-order rate
periodate coefficient and the evidence of hemiacetal
formation for high-molecular-weight samples (Mw 2×
106 g mol−1). This work, and the subsequent reports by
the same group, did not only clarify some spurious
analytical results but also provided the correct under-
standing of the reaction mechanism.11,12

Herein, we present the results of the calorimetric
study of the oxidation reaction on several dextran
samples, aimed at displaying the differences due to the
molecular weight of the substrate and the effects of two
concurrent reactions with different kinetic and thermo-
dynamic parameters. Some preliminary data on
hyaluronan (HA) are also phenomenologically illus-
trated to exploit the calorimetric method with this
polysaccharide.

2. Experimental

2.1. Samples

All carbohydrate monomers and dimers were purchased
from Sigma Chemical Co. (St. Louis, USA), and dex-
tran samples were purchased from Fluka Chemie
(Buchs, Switzerland). All were used without further
purification. Purity was checked by NMR, GPC and
electrospray-ionization mass spectrometry. Molecular
weights and molecular weight distributions of the dex-
tran samples were determined by means of GPC–
LALLS by using LALLS CMX-100 (TSP-Chromatix)
and DRI 410system (Waters) detectors on three TSK
columns operating at 40 °C. Only low molecular
weights were in fair agreement with the specifications,
with large deviations being observed for the high
molecular weights (see Table 1). The hyaluronan sam-

Table 1
Characteristics of the carbohydrate monomers and polymers

Mr (producer)Compound (abbreviation) �Mw� �Mn� �DPn� [� ]

162 162Glucose (G) 162 1 –
Maltose (M) 2343 343 343 –

343343343Cellobiose (C) –2
–343Trehalose (T) 2343343

1200 1600Dextran (D1) 1400 8.5 –
6000 –Dextran (D2) – 37 –

15,000 21,000Dextran (D3) 11,000 68 –
15.7Dextran (D4) 70,000 93,000 41,000 253
21.6Dextran (D5) 110,000 210,000 61,000 376
31.2844137,000Dextran (D6) 684,000200,000

80,000 493 39.4Dextran (D7) 624,000500,000
4821084,000157,000HA 160,000
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ple (HA Hyalastin) was kindly provided by Fidia Re-
search Laboratories (Padua, Italy). Sodium periodate
and sodium perchlorate were pure reagents from Carlo
Erba (Milan, Italy). All substrates were used in aqueous
solution. Periodate solutions were freshly prepared
from stock solutions and always stored in the dark. HA
solutions were carefully prepared by stirring the pow-
dered sample overnight in aq NaClO4 salt solutions.
Concentrations of polymeric substrates are reported as
mole of glucose-ring units (or monomole) per liter of
solution.

The polymer samples were also analyzed for their
intrinsic viscosity and static laser light scattering. The
presence of branching in dextran sample D7 has been
confirmed, in agreement with recent findings of
literature.13

2.2. Calorimeter

A batch-type isothermal microcalorimeter LKB 10700-
2, equipped with gold twin cells, was used. Measure-
ments were carried out at 35 °C. One millilitre each of
the reactant and the substrate were equilibrated inside
the calorimeter for at least 6 h (or overnight). The
output of the thermopiles, amplified by a Keithley 150B
microammeter, was stored in a PC through a Picolog®

A/D data acquisition interface. A frequency of 1 data-
point/s was used for acquisition, averaging 10 raw data
collected every 0.1 s. The time scale was set to zero at
the mixing of the two solutions. The mathematical
analysis of the calorimeter data was made with the
ORIGIN™ package. Mixing of viscous solutions con-
taining high-molecular-weight dextrans at high concen-
tration or HA was shown by the irregular raising of the
thermal signal, which becomes smooth after 100–150 s.
Data points of theses curves were therefore analyzed
only for t�150 s.

3. The calorimetric analysis

3.1. Treatment of calorimetric data for simple reactions

The suitability of the calorimetric method to follow the
kinetic course of the periodate reaction has been re-
ported previously.1,14 A brief account of the method is
presented.

In a calorimeter (heat conduction type) the signal
recorded as a function of time is the ‘thermal power’,
dQ/dt (in units of W=J s−1). Thermal power is related
to the instantaneous rate d�/dt (� is the extent of the
reaction), while the partial heat evolved, Q(t), is pro-
portional to the extent of the reaction, �(t), as a
function of time. In this way, chemical units (mole) and
thermal units (heat) are related to each other through
the rate constant, the enthalpy of the reaction and the
actual amount of reacting material.

If the calorimeter has an extremely fast response,
then the extent of the reaction �(t) at time t is easily
measured by summing up the partial area Q(t) and the
rate of reaction is then given by:

d�(t)/dt=W(t)/VCA° �HR (1)

where W(t) is the power at time t, �HR the enthalpy
change and CA° the initial concentration of reactant A
at t=0 in a volume V (for a pseudo-first-order process,
the concentration of the reactant is in marked defect).

Integration of the kinetic term in Eq. (1) gives:

W(t)=VCA° �HRk �1 exp(−k �1t) (2)

which, in logarithmic form, enables a simple evaluation
of the rate constant k �1 from the slope of the linear plot
of ln W(t) versus time t. The advantage of using the
power signal mainly resides in the possibility of evaluat-
ing k �1 independently of the slowness of the reaction,
and therefore of reaching the baseline signal in a rea-
sonable time. Alternatively, integration of the calori-
metric signal gives equivalent equations, which can be
used for reactions being completed in the analysis time.
In that case, the integral forms of Eqs. (1) and (2) can
also be used, writing:

�(t)=Q(t)/VCA° �HR and

Q(t)=VCA° �HR exp(−k �1t) (3)

Other recent kinetic analyses have been limited to reac-
tions occurring over many hours or days,15,16 while the
kinetics in the present case take place in a much shorter
time. Therefore, the correction of the raw signal for the
calorimetric delay time is mandatory for a significant
analysis of the time-course of the reaction. As a general
rule, corrections are large for fast reactions and short
times, the actual limit remaining that of the response
time of the calorimeter.

The equations relating the calorimetric signal to the
actual ‘power curve’ W(t) have been presented and
discussed previously. For calorimeters with a linear
response, the correction is given by the inverse of the
Laplace (transfer) function, reported in the analysis of
the instrumental distortion of impulses, which, in the
simplest and approximated form, gives:

W(t)=Kc(s*(t)+� ds*(t)/dt) (4)

where s*(t) is the raw calorimetric signal (in V) and Kc

takes the meaning of a calorimetric calibration constant
(usually determined through electrical calibration). The
value of �=79.11 s was determined at 35 °C for the
heat conduction isothermal microcalorimetry LKB
equipped with gold cells. Once the signal is properly
corrected for the instrumental delay time, a pseudo-
first-order rate constant is easily calculated by using Eq.
(2) or Eq. (3).
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3.2. Treatment of calorimetric data for complex
reactions

In this work, a single kinetic constant could not well fit
‘a priori’ all the kinetic data because of the presence of
several different sites of attack. In these cases, the
overall kinetic course is determined by the contribution
of each fraction of site times the respective second-or-
der reaction constant. This fact makes the time depen-
dence of the reaction course more complicated,
especially when one of the sites, the slower one, is in
large excess, and the other, the faster one, is a small
fraction. Under such conditions, the overall reaction
course may contain appreciable contributions from
both a pseudo-first-order reaction and a second-order
reaction, with a heat production that cannot easily be
separated into the two contributions during the time
evolution. From these considerations it becomes obvi-
ous that data analysis needs to take into account too
many variables and that a phenomenological investiga-
tion can be done only if it is independent of the order
of the reaction and the effective substrate
concentration.17

Since the calorimetric signal has the dimension of a
power, the calorimetric data analysis leads to a direct
measurement of the reaction velocity d�/dt without any
assumption on the initial reactant concentration, en-
thalpy and order of reaction. To get a kinetic parameter
it is necessary to normalize the variation of the heat
flux; therefore, the following equation has been used to
introduce the � parameter that contains the kinetic
information:

�=d�/dq= (�2−�1)/(q2−q1) (5)

where � is the heat flux (dq/dt) and q is the heat output
measured by the calorimeter. Since the heat flux has the
dimensions of cal s−1, whereas the heat has the dimen-
sion of calories, then � will have the dimensions of s−1.
In the case of a reaction occurring with only one
kinetics, the � parameter as a function of time is linear,
while for a combination of several kinetics it is possible
to detect the instantaneous change in the reaction rate.
Furthermore, it should be pointed out that ��k1 for a
first-order kinetic process, therefore giving a simple and
direct way to compare different kinetics even of un-
known order.

As a final comment, let us clarify here that this type
of analysis does not itself provide the value of the rate
constants, but is highly diagnostic for discriminating
the monotonic behavior of the kinetics, since data
treatment is independent of any basic kinetic model. It
will be shown that this approach can be useful for the
analysis of polymeric substrates, like HA, where non-
linear behavior is observed.

4. Results and discussion

4.1. Monomers and dimers

Following on and complementing the results of the
previous study on methyl glycosides,1 glucose, and the
disaccharides, maltose, cellobiose and trehalose, were
used and analyzed under conditions of a pseudo-first-
order reaction. The structural differences among these
compounds can be summarized as follows:
� Glucose and methyl glucoside differ from each other

in their anomeric carbon availability to the
oxidation.

� Maltose and cellobiose both have a reducing
anomeric carbon, and the only structural difference
between them resides in the anomeric configuration
at the interglycosidic linkage.

� Trehalose is a nonreducing sugar, both anomeric
carbons being involved in formation of the glycosidic
bond.

From the curves reported in Fig. 1, it can be seen that
the three disaccharides have quite different kinetic be-
haviors: maltose has faster kinetics than cellobiose and
trehalose, the latter being the slowest. The monomer
substrates also show a different behavior, since the
methylation of the anomeric carbon is a significant
modification for the conformational changes necessary
to bring the substrate into the planar reactive form. The
kinetic results, together with other relevant data, are
reported in Table 2, where the kinetic responses for
both isomers of methyl glucoside are included.1 The
differences among the values for these sugars are, of
course, ascribed to the differences in their structural
features. In particular, the lower reactivity of trehalose
is caused by the absence of the �OH group on the
anomeric carbon, while both maltose and cellobiose are
significantly more reactive. At first glance, the different
reactivity of these two dimers could be ascribed to
differences arising from the different types of glycosidic
linkage between maltose and cellobiose (�-(1�4) and
�-(1�4), respectively). However, it is immediately clear
that, in both cases, the most reactive site is the terminal
reducing group, offering a mixture of � and � anomeric
carbons, which have a different stereochemistry. The
fact that the fraction of �-anomer is 0.6 in maltose and
0.4 in cellobiose18 provides the most simple comparison
between the kinetic results with the stereochemistry of
the reactants, confirming the statement previously made
for methyl glycosides. In addition, one cannot exclude a
priori that the different linkage may introduce other
conformational constraints or hydration changes. A
detailed analysis of the oxidation behavior of the
anomeric composition of dimeric sugars is not the
subject of this work, but these results will be resumed in
the interpretation of the following kinetic experiments.
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Fig. 1. Calorimetric curves recorded for the reaction of periodate (6.25×10−4 M) with disaccharides (C=6.25×10−2 M): (a)
maltose; (b) cellobiose; (c) trehalose. Measurements were carried out at 35 °C in 0.1 M NaClO4.

4.2. Oxidation reactions of dextrans

The presentation of the experimental studies on dex-
trans have been divided into two parts; firstly the ratio
(R) between the concentration of the substrate and of
the periodate was varied for two samples with different
molecular weights; secondly R was kept constant (in the
pseudo-first-order conditions), and a wide range of
molecular weights was explored.

4.2.1. Kinetics as a function of dextran concentration. To
explore the effect of concentration, attention was fo-
cussed on two samples of dextrans with very different
molecular weights (nominal M=1.2×103 and 500×
103 Da, respectively, see Table 1). Given the large
difference in the chain length, the two polymers had to
be treated as different mixtures of (1�6)-linked glu-
cose moieties and terminal end glucose units. For this
reason, the rate constants must be considered as appar-
ent, since they reflect contributions of both types of
sites,19 although to a different extent, as will be dis-
cussed below. Fig. 2a and b report some raw calorimet-
ric data and corresponding kinetic curves (a logarithm
of the corrected power as a function of time) for the D7
sample at several substrate/periodate concentration ra-
tios R (R=25–160), showing the increasing pseudo-
first-order reaction rate upon increasing dextran
concentration. Similar trend is observed for sample D1
(data not shown).

For the kinetic analysis, the calorimetric curves were
processed according to the method outlined in Part 3,
by assuming as still valid the pseudo-first-order reaction
for the initial part of the experiment. This approxima-
tion, which seems justified from the observed linearity

of the plots, was made only at this stage of analysis.
The resulting values of the pseudo-first-order rate con-
stants give k2=0.06 and 0.20–0.30 L mol−1 s−1 for
high and low molecular weight, respectively (Fig. 3).

An analysis of the calorimetric data has been made
to obtain the enthalpy of the reaction (in all cases
periodate was markedly in defect). The enthalpic values
�Hcal, calculated by integrating the calorimetric curve
and normalizing it for the periodate reactant, show a
substantial difference between the two molecular weight
samples (Fig. 4). The average value for the enthalpy of
reaction results in 66.5�0.5 and 57.3�0.5 kcal/mol
for D1 and D7, respectively.

To check the range of validity of the pseudo-first-or-
der rate and to monitor the resulting variations, calori-
metric data have been analyzed by using the method of
� parameter. The results of this type of analysis (some
representative curves for very different R-values are

Table 2
Kinetic and thermodynamic data of periodate oxidation on
monomers and dimers

k2
35 �HSubstrates k �1 (s−1)

(kcal mol−1)(L mol−1 s−1)

Maltose 705.35×10−13.31×10−2

2.07×10−2Cellobiose 3.35×10−1 76
611.38×10−18.53×10−3Trehalose
60.2Methyl 7.28×10−2–

�-D-glucoside
60.2Methyl – 5.73×10−2

�-D-glucoside
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Fig. 2. (A) Calorimetric curves recorded for the reaction of periodate (6.25×10−4 M) with dextran D7 at dextran/periodate
concentration ratios, R=160 (a), 100 (b), 80 (c), 50 (d), 40 (e), 25 (f). (B) Kinetic curves (logarithm of the normalized power) vs.
time of the curves of (A).

reported in Fig. 5) represent the instantaneous reaction
rate of the kinetic process and clearly show the quanti-
tative changes of reaction rates with time. Table 3
reports the data for dextran D7, showing that in the
range of R=25–160 the two methods provide reason-
ably comparable results. The analysis of calorimetric
curves is mainly carried out in the time range of the
reaction process, where the signal recorded (power) is
high. Data at longer times are neglected since they are
affected by errors resulting from both sets of approxi-
mations, and especially the low calorimetric signal.
From the operative point of view, values less than 0.01
times the maximum of the calorimetric signal always
show a splattering and curvature of the data points in
the logarithmic plot as a function of time, irrespective
of the time value.

4.2.2. Dextrans as a function of molecular weight. By
keeping the value of R=100, the effect of the dextran
molecular weight on the periodate oxidation was inves-
tigated. In all cases, the polymer concentration was
6.25×10−2 monomol L−1 and the periodate concen-
tration 6.25×10−4 mol L−1. Fig. 6 reports the kinetic
curves (plotted as the natural logarithm of the power W
normalized for the intercept value Wo) for the dextran
samples with molecular weight from 1.2×103 to 500×
103 Da. The increase in the slope of the curves, as the
molecular weight decreases, indicates that, with an ex-
cess of oxidizable sites, the kinetics is faster for low-
molecular-weight dextrans, and this behavior leads to
the conclusion that the reaction is chain dimension-de-
pendent. Therefore, the variation of the overall kinetics
of the reaction is simply due to the combination of two
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different rates, since the higher reactivity of the diols
belonging to the reducing terminal �OH groups deter-
mines the higher reaction rate for low molecular weight
dextrans.

In order to analyze quantitatively the kinetics of the
dextran substrates (reported in Table 4), the pseudo-
first-order rate has been written as a linear combination
of two different second order kinetics:

k �1=k2CD=CD(k2txt+k2ixi)

=CD{k2i+ (k2t−k2i)DPn} (6)

where the suffixes i and t denote the internal and the
terminal glucose residues respectively, and the fraction

of terminal group, xt, is 1/DPn. The result of this
analysis is reported in Fig. 7, where the experimental
overall values k2 are plotted as a function of the
logarithm of the degree of polymerization, together
with the curve drawn by using k2t=1.4 L mol−1 s−1

and k2i=0.054 L mol−1 s−1 (obtained by linear regres-
sion). At any defined molecular weight, both reactions
occur, although the contribution of the terminal groups
become scarcely relevant when the chain length (i.e.,
DPn) increases above 100. The straightforward conse-
quence is the possibility of characterizing a dextran
sample on the basis of the rate constant, and, therefore,
by means of its number of oxidizable terminal sites.

Fig. 3. Variations of the second-order reaction rate as a function of dextran/periodate concentration ratios (R) for samples D1
(�) and D7 (�).

Fig. 4. Variations of the enthalpy of reaction, �Hcal, as a function of dextran/periodate concentration ratios (R) for samples D1
(�) and D7 (�).
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Fig. 5. Variations of the instantaneous reaction rate � as a function of time for samples D1 (�, R=100; �, R=1.2) and D7
(�, R=320; �, R=1.2).

Table 3
Kinetic and thermodynamic data of periodate oxidation on dextran D7

Wo (kcal s−1) k �1 (s−1) k2
35 (L mol−1 s−1)Dextran concentration �Hcal (kcal mol−1)R �av (s−1)

3.04×10−1 5.24×10−31×10−1 5.27×10−2160 56.6 5.84×10−3

6.25×10−2 100 1.54×10−1 3.58×10−3 5.79×10−2 56.7 3.60×10−3

5×10−2 1.76×10−180 2.98×10−3 6.01×10−2 58 3.15×10−3

7.87×10−2 1.87×10−3 6.00×10−250 57.33.125×10−2 2.11×10−3

402.5×10−2 7.66×10−2 1.38×10−3 5.66×10−2 56.2 1.66×10−3

6.21×10−21.56×10−2 9.71×10−425 6.50×10−2 56.5 11.3×10−4

Fig. 6. Kinetic curves (logarithm of the normalized power) vs. time for the dextran samples at different molecular weight D1–D7
(see Table 1).
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Table 4
Kinetic and thermodynamic data of periodate oxidation on dextran substrates

�Hcal (kcal mol−1) �av (s−1)k2
35 (L mol−1 s−1)Wo (kcal s−1)Dextran k �1 (s−1)

1.43 2.86×10−1 68 1.74×10−2D1 1.75×10−2

62 7.88×10−31.20×10−15.12×10−1D2 7.43×10−3

7.81×10−23.22×10−1 59 4.88×10−34.82×10−3D3
7.27×10−22.52×10−1 58 4.43×10−34.51×10−3D4

57 3.38×10−34.91×10−2D5 3.03×10−31.49×10−1

57 3.59×10−3D6 1.73×10−1 3.18×10−3 5.14×10−2

56.7 3.60×10−35.79×10−2D7 3.58×10−31.54×10−1

Fig. 7. Variations of the second-order reaction rate (refereed to monomole of glucose ring) as a function of the logarithm of the
number average degree of polymerization, DPn. Data for cellobiose and maltose are also reported. Curve represents the theoretical
trend calculated with Eq. (6).

Fig. 8. Variations of the enthalpy of reaction, �H, as a function of the logarithm of the number average degree of polymerization,
DPn.
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Fig. 9. Calorimetric curves recorded for the reaction of periodate (6.25×10−4 M) with dextran D5 (curve a, C=6.25×10−2 M)
and with HA (Curve b, C=3.12×10−2 M). Deconvolution of curve b into two kinetic responses is also shown (dotted curves
b1 and b2). Measurements were carried out at 35 °C in 0.1 M NaClO4.

Analogously, the values of the enthalpy of the reaction
follow the same rule (see Fig. 8).

To the best of our knowledge, the effect of the
molecular weight of dextrans or of other polymeric
carbohydrates on the kinetics and the thermodynamics
of periodate oxidation has not been investigated. There-
fore, these results cannot be compared with other litera-
ture data, but can only be judged on the basis of the
reasonable agreement between the scheme proposed and
the values for similar more simple substrates.

A heuristic value of the above analysis may derive
from the possibility of simulating the overall degree of
advancement of the reaction for the different conditions
reported in Fig. 5. It is quite clear that the decrease in
the reaction rate with time (for times less than 500 s) is
a slowdown due to the consumption of the sites display-
ing the faster oxidation rate. The upper and lower limits
are consistent with the range of values obtained by the
application of Eq. (6).

4.3. Hyaluronan

We report here a preliminary analysis of the results
obtained with HA. Experiments were carried out under
several experimental conditions of ionic strengths and
temperatures, with both HA and partially modified
samples. However, we focus on the measurements car-
ried out at 35 °C (salt 0.1 M) under conditions of a
pseudo-first-order reaction, with a concentration of
HA=0.0312 monomol L−1 and a ratio R=50. Given
the molecular weight of HA and the excess of substrate
with respect to the periodate, a comparison can be made

with the dextran sample D5. The two calorimetric
signals for HA and D5 are shown in Fig. 9. Although
the sugar stereochemistry is similar (equatorial OH
group), the reaction with dextran is overall faster than
that with HA. However, it is also clear that the kinetics
of HA presents both fast and slow components, a fact
that has to be analyzed in terms of the reactivity of both
terminal and internal sites. The calorimetric curve has
been deconvoluted for the calorimetric response and
then analyzed with both the pseudo-first-order formal-
ism and the � parameter; the former plot (not shown)
presents an almost continuous curvature which reaches
a constant slope only at t�2000 s. The presence of a fast
component and a slow tail in the calorimetric curve
clearly emerges from the deconvolution of the calorimet-
ric curve and from the plot of the � parameter in Fig.
10. The instantaneous reaction rate decreases to reach a
value of about 4.3×10−4 for t�1500 s. Since this last
kinetics is still occurring under the excess of substrate,
a second-order reaction rate can, therefore, be simply
calculated. The resulting value of k2 is 1.37×10−2 L
mol−1 s−1, a value which is only slightly smaller than
that calculated for dextrans with high molecular weight.
The faster reaction of terminal groups will have to take
into account that the fraction of �-anomeric carbons is
about 55% (from the NMR data on oligomers20).

A simple evaluation of the concentration of terminal
units in the HA solution (assuming Mn=7.05×104)
gives Ct=1.8×10−4 M, which means that about 30%
of the periodate is consumed in the fast reaction with the
terminal units (if no other reaction occurs at this end).
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The rate constant evaluated for the oxidation of
about 1% of internal sites, leaving the rest of the HA
chain unchanged, is therefore much faster than that
reported in the literature9 (taking into account the
temperature difference, by using the Arrhenius slope).
This difference could be ascribed either to the different
experimental conditions or to the different methodol-
ogy used. Although the result itself is not discussed for
the further implications, which have been ascribed to
the HA conformation, let us here simply consider the
question of the experimental procedures and the analy-
sis of the results. A number of experiments carried out
on several substrates by calorimetry have always pro-
vided reliable results over a considerable number of
data points, and often excellent curve simulation has
smoothed out the electronic noise of the data collected.
The more reliable calorimetric curves have always been
those spanning over times larger than 1000 s. We
therefore believe that the present results add substantial
knowledge on the kinetic parameters for the ‘early’
stage of the reaction. This has to be emphasized since it
would correspond to a macromolecular substrate which
has not already been modified by the periodate. When
the periodate and substrate are at equal concentration,
the reaction rate is measured, while the chemistry and
the stereochemistry of the polymeric substrate are con-
tinuously changing.

4.4. Discussion on the limitations of the calorimetric
method

The calorimetric investigation on periodate reaction
kinetics presented in this paper and in the previous
account1 has the great advantage of a high sensitivity

due the heat exchanged in the microcalorimeter. For a
reaction with a �H of 60 kcal mol−1, the limit of
detection of the microcalorimeter is of 1.3×10−9 mol,
since the microcalorimeter sensitivity is 0.1 mcal. How-
ever, since ‘heat does not come in different colours’,21

the measured quantity does not provide any fingerprint
information about the structure of the molecules re-
acted or produced in the calorimeter, and has to be
associated with a known reaction. On the other hand,
calorimetric data, when produced in a reliable and
reproducible way, are of great value by themselves and
may be subjected to interpretation by using other meth-
ods, e.g., molecular spectroscopies and models.

It has also to be said that in a well-defined simple
reaction there is a one-to-one correspondence between
calorimetric results and data obtained from other meth-
ods.15,16,22 With multiple reactions, the overall heat is
obtained by calorimetry; data have been used for com-
parison purposes in order to study the difference in the
thermal or kinetic quantities, with the assumption that
differences can be attributed to known structural differ-
ences of the substrates.1 An excess of substrate (that is
a pseudo-first-order condition) has been chosen here,
also on the basis of the previous experience, in order to
simplify the mathematical procedures. For dextrans
with very different molecular weights, the presence of
multiple sites in variable amounts introduces too many
variables, and the system becomes mathematically
untreatable.

An issue has been raised by one of the referees about
the effect of reactive impurities on the results here
presented, specifically in the conditions of ‘first-order
reaction rate’. Admittedly, with a large excess of sub-
strate, a reactive impurity may significantly affect the

Fig. 10. Variations of the instantaneous reaction rate � as a function of time for HA (at 35 °C) and for the two deconvoluted
curves b1 and b2 of Fig. 9.
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course of the reaction. Although some routine analytical
tests have been carried out to check sample purity, none
of those methods could have revealed an amount of say
0.1% of impurity. A small amount of 0.1% of reactive
impurity could indeed consume 10% of the
periodate in the pseudo-first-order conditions chosen
here. We have not been able to run analytical tests that
could detect such a small amount of ‘reactive’ impurity
in the dextran samples and in other carbohydrate
substrates.

Although indirectly, the ‘analytical calorimetric
method’ can be used to provide these pieces of informa-
tion, since the results of the kinetics of periodate con-
sumption were in agreement with other literature values.
In a previous report1 a number of substrates (11) were
analyzed at different temperatures and a substantial
agreement was found between the k2 values obtained by
calorimetry (Table 1 of Ref. 1) and those reported in the
literature for the initial second-order rate of periodate
consumption (respectively, k2 of Ref. 11 and (kP)0 of Ref.
7 quoted in Ref. 1). For the polymeric substrates, a
comparison can be made between the value of k2=0.06
L mol−1 s−1 obtained for dextran sample D7 at 35 °C
and the value of k2=0.025 L mol−1 s−1 reported at
25 °C for a dextran with molecular weight of 2×106.10

These two values are in line with the temperature
dependence calculated for methyl xylosides,1 taken as the
most similar monomeric substrate for dextran. A small
difference could have been expected because of a differ-
ent number of branchings in dextrans with high molec-
ular weight.13 More importantly, the absence of reactive
impurities can be deduced from data in Fig. 4 (samples
D7 and D1), the latter showing even a decrease of k2 with
increasing substrate concentration, the opposite behavior
that should have been observed in the presence of
reactive impurities. This argument does not diminish the
risks of a possible contamination and a careful consider-
ation of the consequences, since it may simply indicate
an apparent insensitivity of the method used.

As a final remark, a series of data on samples of
dextrans with different molecular weight and in a differ-
ent range of conditions has been analyzed in this work
to investigate the molecular weight dependence of the
rate of oxidation by periodate reaction. This dependence
has been ascribed to the fraction of the terminal groups
and interpreted in terms of their higher reactivity in
comparison with the groups of internal residues. Whether
this conclusion is quantitatively correct, or merely qual-
itatively (on the base of the errors affecting the use of the
calorimetric method alone), is undoubtedly a matter of
future consideration.

5. Conclusions

The general and important result of our study is that,

from many points of view, the calorimetric analysis is
sensitive enough to provide a satisfactory set of data
under conditions that cannot be explored by other
analytical methods.

From the results and the correlations presented here,
calorimetry of the periodate oxidation seems to be a good
method for determining the number-average molecular
weight (Mn) of polysaccharides. The method is based on
the different rate constants of the reaction involving
terminal and internal diols in the conditions of a pseudo-
first-order reaction. Furthermore, by limiting the reac-
tion to the pseudo-first-order conditions, it is possible to
extract rate constants that refer to polymeric substrates
without major modifications from the original structure
(provided that no highly reactive impurities are present,
as it has been annotated by a referee).

In the presence of several sites with different reactiv-
ities, the overall reaction can be deconvoluted into the
several parallel reactions which consume the periodate at
different rates. A simplification of this more complex
behavior may arise from knowledge of the composition
of the polymeric substrate and of the individual contri-
bution to the total kinetics.

In conclusion, the major goal of the results presented
here is the evaluation of the rate constants at the early
stage of reaction for polymeric substrates, dextrans and
HA. A more detailed analysis will follow of the oxidation
of HA under several experimental conditions.

Acknowledgements

The authors thank Dr C. Campa and Professor G. Liut
and G. Pitacco for running experiments of electrospray
mass spectrometry, GPC and NMR spectroscopy. This
work was supported by the University of Trieste and by
MIUR-PRIN (Grant-99). F.S. is grateful to INSTM
(Florence) for supporting her Research Fellowship.

References
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