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The interactions of a number of commercially available dextran preparations with the lectin Concanavalin
A (ConA) have been investigated. Dextrans over the molecular mass range 6 � 103–2 � 106 g mol�1

were initially characterised in terms of their branching and hence terminal ligand density, using NMR.
This showed a range of branching ratios between 3% and 5%, but no clear correlation with molecular
mass.

The bio-specific interaction of these materials with ConA was investigated using microcalorimetry. The
data obtained were interpreted using a number of possible binding models reflecting the known struc-
ture of both dextran and the lectin.

The results of this analysis suggest that the interaction is most appropriately described in terms of a
two-site model. This offers the best compromise for the observed relationship between data and model
predictions and the number of parameters used based on the chi-squared values obtained from a nonlin-
ear least-squares fitting procedure. A two-site model is also supported by analysis of the respective sizes
of the dextrans and the ConA tetramer.

Using this model, the relationship between association constants, binding energy and molecular mass
was determined.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogels offer the possibility of releasing drugs or hormones
into the body in response to metabolic demands or circadian
rhythms. For many drug treatments this, as opposed to the less
responsive release from injection or ingestion of drugs, would be
superior. In particular, the treatment of type I diabetes in this man-
ner would reduce occurrences of hypo- and hyperglycaemia.

Dextran and Concanavalin A have been used to produce glu-
cose-responsive hydrogels for the treatment of type I diabetes
[1,2]. This facile method has been shown to create hydrogels which
can respond to glucose under physiological conditions without
producing potentially harmful by-products. The published work
only focused on one dextran size, though commercially available
dextran is available in a range of molecular mass fractions. Lectins,
such as ConA, are known to bind based on more than just an inter-
action with the terminal group of a polysaccharide chain, the other
monomers within the chain also interact with the lectin. Therefore,
ll rights reserved.
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).
there are several properties of the dextran molecule that can influ-
ence the binding: the size of the molecule and the branching ratio
will affect how many lectins can be contacted simultaneously
whilst the length of the branches will affect the manner and
strength of the bond with the lectin, all of which are likely to have
a profound influence upon the ability of the hydrogel to crosslink
effectively. Knowledge of the differing strengths of the affinity
bond between the lectin and the various different dextran sizes
available would enable the composition of the hydrogel to be tai-
lored to the desired response rate.

Dextran molecules are produced as exopolysaccharides by vari-
ous strains of bacteria and are primarily reported as having branch-
ing ratios of 5% [3–5]. However, research by Kim et al. has been
performed to show that an uncontrolled batch fermentation will
result in a variable degree-of-branching [6]. Knowledge of the num-
ber of branches (and therefore of the number of terminal glucose
groups) is essential if an accurate ligand density is to be used when
measuring the binding association and enthalpy of the dextran–
ConA interaction. Therefore, in this study, dextran branching was
measured by NMR using the observation that the non-hydroxyl
hydrogens within a glucose unit, and thus within a dextran mole-
cule, have different spin energies depending upon their position.

http://dx.doi.org/10.1016/j.ejpb.2011.08.009
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This allows the structure of the dextran molecules to be evaluated
[7–12]. Specifically, the hydrogen bound to the anomeric carbon
has differentiable peaks dependent upon the carbon of the neigh-
bouring glucose to which it is attached.

The strength of the affinity interaction was measured using iso-
thermal titration calorimetry (ITC). This technique, whilst provid-
ing data on the strength of the affinity interaction, cannot
provide information on the kinetics. However, compared to surface
plasmon resonance and other techniques capable of measuring
kinetics, ITC requires neither the dextran nor the lectin to be
immobilised. The resulting data therefore give a better representa-
tion of how the two components will behave in a hydrogel.

The physical size of the dextran molecules is also a consider-
ation when investigating this type of system. Though the ConA tet-
ramer has four possible saccharide affinity interaction sites, it is
conceivable that not all of these will be simultaneously available
owing to spatial restrictions within the hydrogel.
Fig. 1. (A) Structure of a-D-glucose molecule. (B) Dextran chain of a(1–6) bonds
(main chain, i) with a free anomeric end (ii) and an a(1–3) bond (branch, iii).
2. Materials and methods

2.1. Materials

The dextrans (6, 11, 17, 43, 64, 500 and 2000 kD), D-glucose,
maltose, maltotriose, Concanavalin A, TRIS (TRIZMA base), NaN3,
MnCl2�4H2O, Na2HPO4 and D2O were all purchased from Sigma Al-
drich, Poole, UK. MgCl2�6H2O, CaCl2�2H2O, NaCl, NaOH and HCl
were purchased from Fisher Scientific, Loughborough, UK.

All experiments, with the exception of the NMR, were per-
formed in the following buffer solution: 20 mM TRIS, 150 mM so-
dium chloride, 0.5 mM calcium chloride, magnesium chloride and
manganese chloride and 0.02 wt.% sodium azide corrected to pH
7.4 using hydrochloric acid and sodium hydroxide.

2.2. Methods

2.2.1. Branch density calculation through NMR
The calculation of the branching rate was performed using 1H

NMR. The experiments were performed using a 400 MHz Bruker
NMR spectrometer, (Bruker, Coventry, UK). The experiments were
based on the ability to differentiate between the peaks of the
hydrogen on the anomeric carbon [7–12]. The difference in envi-
ronment of this hydrogen is caused by the location of a covalent
bond between the glucose monomers (Fig. 1).

At room temperature, C1 hydrogen absorption was found to
overlap with the hydroxyl group hydrogens and the hydrogen
impurities in the solvent (due to incomplete deuteration). Scans
were therefore taken at 55 �C, as this causes a shift in the spectra
due to the additional energy of the nuclei. Here this resulted in
the C1 hydrogen absorption being shifted downfield (to a greater
ppm) of the hydroxyl peak – facilitating subsequent analysis.

2.2.2. Binding analysis using microcalorimetry
ITC experiments were performed using a MicroCal Isothermal

Titration Calorimeter, (MicroCal, GE Healthcare Ltd., Bucks, UK).
Each run comprised 31 injections of 5 ll each at 2-min intervals.
Syringe rotation was set to 400 rpm and the reference power set
to 10 lcal s�1 [13,14].

All experiments with the ITC were performed in the previously
detailed buffer at pH 7.4 and at 37 �C. This meant the experiments
were conducted at physiological pH and temperature. The solutions
were found to be more stable, particularly the ConA solution, if they
were frozen after being made and thawed prior to use each day. The
concentration of tetrameric ConA in the cell was kept at 0.1 mM,
this being the highest usable concentration that avoided adverse
viscosity effects. The dextrans were used at as high a concentration
as possible, again to minimise viscosity effects. The dextrans used
were of 6, 11, 17, 43, 64, 500 and 2000 kD molecular mass.

To correct for thermal changes due to dilution effects, back-
ground runs were performed. This involved injecting the same dex-
tran solutions as used in the standard tests into buffer devoid of
ConA. This showed the energy signature of the dilution effects of
the buffer, which could then be subtracted from the standard run
to give the energy signature which was solely due to the binding
interactions.

The data obtained from the ITC were fitted to several mechanis-
tic models based on the possibility of each of the four monomers of
a ConA tetramer forming affinity links with dextran. The quality of
the fit was measured by calculating the chi-squared value of the
data. A simple calculation of the total error was not appropriate
owing to the additional degrees of freedom introduced by the
greater number of variables present in the multi-site binding equa-
tions (Eq. (1)) [15–17]

K1 ¼ 4
1 KI1 ¼ ½MX�

½M�½X�

K2 ¼ 3
2 KI2 ¼ ½MXX�

½MX�½X�

K3 ¼ 2
3 KI3 ¼ ½MXXX�

½MXX�½X�

K4 ¼ 1
4 KI4 ¼ ½MXXXX�

½MXXX�½X�

ð1Þ

v2 ¼
P
ðModel� dataÞ2

ðnp � pÞ ð2Þ

where Kn is the association constant, KIn the intrinsic association
constant, [M] the concentration of ConA, [X] the concentration of
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Fig. 2. 1H spectra for 17kD Dalton dextran. The peaks between 3.5 and 4.5 ppm
correspond to the C2–C6 hydrogen atoms. The peak at 4.75 ppm is the hydroxyl and
solvent-impurity peak. Peaks from 4.8 to 5.8 ppm correspond to the C1 hydrogen
atoms and these are enlarged in Fig. 3 for clarity.
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Fig. 3. 1H spectra for 17 kD Dalton dextran (bold) and maltotriose.
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dextran and [MX], [MXX], [MXXX] and [MXXXX] the concentrations
of the ConA–dextran complexes. np is the number of data points
and p the number of parameters.

The line of best fit in Fig. 4A, for a single site interaction (Lang-
muir form), shows systematic deviation from the data, as con-
firmed in the residual plot, Fig. 4C. In Fig. 4B, where a two-site
sequential binding model was used, the corresponding residual
plot, Fig. 4D, shows a more random residual distribution.

The validity of the binding models was assessed on the basis of
thev2 values. This is a summation of the square of the error between
the model and the data, divided by the number of degrees of freedom
(Eq. (2)). The number of degrees of freedom is found by subtracting
the number of parameters from the number of data points to identify
the statistical quality of the model. Further analysis of the data using
models accounting for all possible interactions from one to four sites
considering the possibility of both independent (non-sequential)
and sequential interactions showed that a two-site sequential mod-
el provided the best fit to the data. This can be seen by the higher
chi-squared values of the other models in Table 2.

Each of the dextran sizes, D-glucose, maltose and maltotriose
were run in duplicate and the data modelled using the data-fitting
package Scientist v2� (Micromath, St. Louis, USA). The two-site
binding model was used to obtain estimates of the binding param-
eters. The modelling for D-glucose, maltose and maltotriose was
performed using the monomeric concentration of ConA as there
were no size constraints associated with these small molecules.
3. Results

3.1. NMR

The ratio of the magnitudes of the NMR response peaks can be
used to calculate the branching ratio, with the C2–C6 hydrogens
absorbing between 3.5 and 4.5 ppm and C1 hydrogens absorbing
between 4.8 and 6.0 ppm. The spectra shown in Figs. 2 and 3 do
not show the hydrogens of the hydroxyl groups. These peaks are
not visible beneath the solvent-impurity peak between 4.5 and
4.8 ppm (there will still be a small amount of hydrogen present
in the deuterated solvent). The total area of the C2–C6 hydrogen
peaks compared to the C1 peaks should be 6:1. The ratio of the
main chain a(1–6) groups to the branch a(1–3) will equal the
branching ratio.

Comparison of the dextran spectrum to maltotriose in Fig. 3
enables identification of the type of branches in the dextran. The
maltotriose spectrum has three peaks in the C1 region. The dou-
blets A and C (4.9 and 5.5 ppm, respectively) correspond to the a
and b configurations of the reducing end C1 [7–12]. The third peak,
E (between 5.6 and 5.7 ppm) must therefore be due to the two a(1–
4) linkages in maltotriose. This is confirmed by the ratio of areas of
peaks E: A + C being 2:1. For the dextran spectrum (in bold), peaks
A and C are the same as those of maltotriose. Peaks B and D must
therefore correspond to the linkages of the main chain and of the
branches respectively. The main-chain linkages are known to be
a(1–6) in dextran, whilst the branches can be either a(1–3) or
a(1–4), depending on the species used for the production [11,18].
The triplet, D, does not appear at the same ppm as the maltotriose
peak, E. Therefore, given that the maltotriose peak is known to be
a(1–4), the dextran branches from this species must be a(1–3). The
ratio of peak D to peak B gives the branching ratio of the dextran.
These values for the branching ratio of the dextran preparations
used are shown in Table 1.

Using these branching ratios, the thermodynamics of the affin-
ity interaction with ConA can be determined using isothermal
titration calorimetry.
3.2. Isothermal titration calorimetry

The fitted binding parameters for each data set are shown in
Table 3. The association constant of the primary binding site
(Fig. 5) has a general correlation of increasing binding strength
with increasing molecular mass. The amount of energy released
by these complexes does not follow a similar correlation, Fig. 6.
The data for the secondary binding site (Table 3) show greater var-
iation, both between replicates and between molecular masses.
The energy released by the secondary binding sites ranges from
�10% for 11 kD dextran to �40% for the 6 and 43 kD dextrans.
The lower this figure, the harder it is for the fitting process to accu-
rately predict the values. The greater strength of association for
maltose, compared to D-glucose, is consistent with the accepted
view of how lectins bind to saccharides, but this does not appear
to hold for maltotriose.

Mangold et al. [19] have performed similar tests on monomeric
and dimeric ConA using ITC. Titrations of various dendrimers with
terminal mannose groups have shown that the association con-
stant of binding increases as the number of terminal groups in-
creases. However, the modelling performed in their work did not
include sequential binding for the dimeric ConA.

The crystallographic work performed by Reeke et al. produced
an image of the structure of ConA (Fig. 7) [20]. The size of each
monomer is approximately 4 � 4 � 4 nm [20]. Fig. 7 shows that a
ConA tetramer exists as two planes of substrate binding sites. Units
I and II have approximately 5 nm between their binding sites with



Table 1
Branching ratio by dextran molecular
mass.

RMM of
dextran

Branching ratio
(%)

6000 5.5
11,000 3.0
17,000 3.9
43,000 3.9
64,000 4.8

500,000 4.6
20,00,000 4.1
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Fig. 4. Titration of ConA with dextran. Plots A and B both represent thirty-one 5 ll injections of 11 kD dextran into 0.1 mM ConA. The line of best fit in plot A shows a
Langmuir type binding, plot B shows a sequential sites model. Plots C and D are the residual errors (C applies to A, D applies to B) (1 lcal = 4.184 lJ).

Table 2
Comparison of data analysis models based on size of error.

Ka, DH equal Ka, DH different

ConA units 1 2 3 4 2 3 4
Number of

parameters
2 2 2 2 4 6 8

v2 3.200 3.400 3.619 5.421 0.491 0.609 0.615
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III and IV in a similar position on the opposite face of the tetramer.
The hydrodynamic radius of dextran has been shown to be
between 1.5 and 30 nm for dextrans up to 2000 kD [21,22]. It is
therefore unlikely that more than two dextran molecules can bind
to a ConA tetramer simultaneously because of physical constraints.
This is supported by the sequential site analysis that showed the
three- and four-site models to be inappropriate, and by the D-
glucose, maltose and maltotriose data that allowed full tetrameric
binding (Table 3). The weak strength of the secondary bond
compared to the primary can also be explained by the size restric-
tions; the presence of a dextran bound to one side of the ConA tet-
ramer will limit the angle from which a second dextran can
approach and thus bind.
4. Conclusion

The analysis of the branching ratio of the dextrans by NMR has
shown that the branching ratio is not the 5% quoted in most refer-
ences and also not predictable by molecular mass. Therefore, for
any quantitative work to be performed, the branching ratio of each
batch of dextran used must be determined prior to analysis.



Table 3
ITC binding parameters.

Dextran MW (kD) Ka1 (M�1) DH1 (kJ mol�1) Ka2 (M�1) DH2 (kJ mol�1) Second site energy release (%)

Glucose – rep1 159 �10.2 – – –
Glucose – rep2 189 �8.31 – – –
Maltose – rep1 1380 �8.60 – – –
Maltose – rep2 1500 �9.02 – – –
Maltotriose – rep1 568 �18.4 – – –
Maltotriose – rep2 569 �32.9 – – –
6 – rep1 1190 �34.1 109 �155 38.2
6 – rep2 1470 �27.3 225 �73.1 44.8
11 – rep1 683 �82.0 14.5 �1320 9.9
11 – rep2 740 �79.9 35.1 �427 7.7
17 – rep1 376 �128 2.07 �17,700 15.1
17 – rep2 307 �218 1.02 �29,000 8.2
43 – rep1 714 �27.5 200 �106 49.0
43 – rep2 556 �111 125 �417 31.1
64 – rep1 1710 �28.6 676 �53.3 37.3
64 – rep2 1600 �30.2 6.93 �2160 16.0
500 – rep1 2500 �19.8 132 �93.4 30.8
500 – rep2 1940 �17.3 198 �51.1 31.7
2000 – rep1 2700 �25.6 6.15 �333 2.1
2000 – rep2 2910 �34.5 0.35 �54,100 12.5
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Fig. 7. Structure of a ConA tetramer [20]. It consists of two pairs of dimers on top of
each other. Ca, Mn and S represent the calcium ion, manganese ion and substrate
binding sites, respectively. Each sub-unit is approximately 4 � 4 � 4 nm.

I. Benzeval et al. / European Journal of Pharmaceutics and Biopharmaceutics 80 (2012) 143–148 147
The interaction between ConA and dextran has been thermody-
namically investigated. It has been shown that a weak prediction of
the primary association constant can be made from the size of the
dextran molecule. No prediction of the enthalpic change of binding
is possible. Lectin binding sites are shallow compared to those of
enzymes and antibodies [23], with binding being enhanced by sec-
ondary effects of the molecule ‘‘lying’’ across the surface of the pro-
tein, reflecting the biological role of oligosaccharide recognition. As
the length of the dextran chain increases, the amount of additional
binding should increase, making the binding stronger. The reason
for this pattern not being more strongly confirmed by the ITC data
is that the length of the branches was not known.

There is a suggestion that the secondary binding is weaker than
the primary binding, implying negative cooperativity. This is likely
to be due to physical constraints, similar to those that prevent ter-
tiary and quaternary binding, rather than changes in chemical con-
formation. It is therefore possible to state that, should this work be
continued to test non-toxic proteins with dextran, the number of
monomers bound together is not the important factor - the relative
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position and distance between the saccharide binding sites is the
essential characteristic.
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