Carbohydrate Polymers 74 (2008) 372-378

Contents lists available at ScienceDirect @&
@&0““?5 /‘
&=
Carbohydrate Polymers e®
=

journal homepage: www.elsevier.com/locate/carbpol

Synthesis and characterization of blue dextrans

David VietP, Stephanie Beck-Candanedo ¢, Derek G. Gray **

2 Department of Chemistry, Pulp and Paper Research Centre, McGill University, Montréal, Qué., Canada H3A 2A7
PUMR 6517, CNRS et Universités Aix-Marseille I, Il and Ill Avenue Escadrille Normandie Niemen, Case 542, 13397 Marseille Cedex 20, France
€ Department of Chemical Pulping, FPInnovations Paprican, 570 Boulevard St.-Jean, Pointe-Claire, Qué., Canada H9R 3]9

ARTICLE INFO ABSTRACT

Article history:

Received 14 December 2007

Received in revised form 4 March 2008
Accepted 5 March 2008

Available online 12 March 2008

Keywords:

Dextran

Cibacron blue dye
Polyelectrolyte
Physicochemical properties
Intrinsic viscosity
Molecular weight

Blue dextrans of varying molecular weights and dye ligand densities have been synthesized and charac-
terized. Reaction conditions, particularly time and dye and base concentrations, have a significant effect
on the reaction products. Gel permeation chromatography (GPC) confirms the purity and narrow molec-
ular weight distribution of the products. Blue dextrans are polyelectrolytes due to the ionic dye ligands,
and this strongly influences their properties in aqueous solution. The intrinsic viscosity decreases with
increasing solvent ionic strength.
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1. Introduction

Dextran is a polymer of «-p-(1,6)-linked anhydroglucose con-
taining ~5% «-(1,3) branching, produced for commercial use by
strains of Leuconostoc mesenteroides bacteria (de Belder, 2003;
Evans & Hibbert, 1946). Blue dextran is a soluble dextran derivative
consisting of the triazinyl dye Cibacron blue F3GA covalently
bound to high molecular weight (2000 kDa) dextran (Sigma-
Aldrich, 1997). It was developed for use as a visible marker for void
volume in gel filtration chromatography columns (Dean & Watson,
1979; Subramanian, 1984). Other reactive dyes have also been
used to derivatize polysaccharides, including the triazine dyes of
the Procion series (Lowe & Pearson, 1984). Blue dextran and other
dextran derivatives such as FITC-dextran have recently been used
as easily-visualized macromolecules in studies of demixing (phase
separation) and partitioning phenomena for systems of rodlike col-
loidal particles (Beck-Candanedo, Viet, & Gray, 2006; Beck-Candan-
edo, Viet, & Gray, 2007; Dogic, Purdy, Grelet, Adams, & Fraden,
2004; Edgar & Gray, 2002).

Blue dextran preparation methods are adapted from those used
to couple dyes to support matrices such as cross-linked dextran
and agarose (Bohme, Kopperschldger, Schulz, & Hofmann, 1972;
Johansson & Andersson, 1984; Lowe & Pearson, 1984). The dye-
dextran coupling occurs as a nucleophilic substitution reaction
between the chlorine moiety of the triazine dye and the hydroxyl
groups of the dextran substrate in basic aqueous media (Stead,
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1982). Reaction conditions significantly affect the degree of dye
substitution which may be obtained with both cross-linked dex-
tran gels and dextran itself (Dean & Watson, 1979; Johansson &
Andersson, 1984; Lowe & Pearson, 1984; Mayes, Eisenthal, & Hub-
ble, 1992; Mayes, Moore, Eisenthal, & Hubble, 1990). Blue dextran
is produced commercially, but the effect of altering the reaction
conditions on the properties of the dextran-dye conjugate has
not been assessed.

The physico-chemical properties of unmodified dextrans have
been thoroughly studied. The molecular weight distribution of
native and fractionated dextrans (Antonini et al., 1964; Senti
et al., 1955), as well as the radius of gyration (Ioan, Aberle, &
Burchard, 2001; Nordmeier, Xing, & Lechner, 1993) have been
obtained by light scattering and other methods such as size exclu-
sion chromatography (Granath, 1958; Granath & Flodin, 1961).
Branching and dextran structure have been studied by several
methods (Covacevich & Richards, 1977; Jeanes & Wilham, 1950;
Rankin & Jeanes, 1954; Van Cleve, Schaefer, & Rist, 1956), yielding
conflicting data which suggest branches shorter than three glucose
units (Larm, Lindberg, & Svensson, 1971; Lindberg & Svensson,
1968) or as long as 50 units (Bovey, 1959; Senti et al., 1955).
Viscosity behavior of dextrans in various solvents has been
explored for a variety of molecular weight fractions (Antonini
et al., 1964; Granath, 1958; Rotureau, Dellacherie, & Durand,
2006; Senti et al., 1955). Dextran derivatives such as dextran
sulfates have also been characterized (Pasika & Cragg, 1962).

Perhaps not surprisingly given their principal use as bound
ligands for affinity chromatography, blue dextrans have been
characterized mainly with regard to degree of dye substitution
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(Mayes et al., 1990). The optical properties of blue dextran have
also been exploited in order to test an optical detection system
for molecular weight measurement of dye-labeled polysaccharides
by analytical ultracentrifugation, during which study the molecu-
lar weight of blue dextran 2000 was verified (Errington, Harding,
& Rowe, 1992).

In-depth studies of the physico-chemical properties of blue dex-
tran 2000 have not been performed (Ohta, Yamaguchi, Jikumaru, &
Kawahara, 1985). While dextran properties such as branching and
polydispersity remain unchanged upon binding the dye ligands to
the dextran chain, it is reasonable to assume that the nature of the
attached dye can significantly affect the physico-chemical proper-
ties of the polymer. The bound aromatic sulfonate dye introduces
both hydrophobic and ionic elements into the dextran macromol-
ecule, which will alter its properties and behavior in solution as
compared to unmodified dextrans. This article presents a first step
towards the optimization of the tailored synthesis of blue dextrans
of different molecular weights and provides an initial look at their
physico-chemical properties in solution. An understanding of the
effect of dye ligands on the properties of blue dextrans may ulti-
mately provide insight into their interactions (electrostatic, hydro-
phobic and steric) with other polyelectrolytes such as cellulose
nanocrystals with surface sulfate groups. It is hoped that this data
will be useful in elucidating the effects of charged and uncharged
dextrans on the phase behavior of aqueous cellulose nanocrystal
suspensions observed in the literature (Beck-Candanedo, Viet,
Gray, in press; Beck-Candanedo et al., 2006, 2007; Edgar & Gray,
2002).

2. Methods and materials
2.1. Chemicals

Dextrans T-70, T-110, T-500, T-2000 (nominal M,, = 70,000,
106,000, 532,000 and 2,000,000, respectively, manufacturer’s data)
were purchased from Pharmacia Fine Chemicals (Sweden). Blue
dextran 2000 (M,, ~ 2,000,000 with 0.1 mmol Reactive blue 2
dye per gram of dextran bonded randomly via an ether linkage
to the polymer backbone (Sigma-Aldrich, 1997) was purchased
from Aldrich. Cibacron blue 3 G-A (CB, 55% dye content) was pur-
chased from Aldrich and used without further purification; see
Scheme 1 for the structure. Sodium chloride (ACS reagent grade)
was purchased from Fisher Scientific. Sodium carbonate (ACS
reagent grade) was purchased from Anachemia. All reactions were
performed using water purified with a Millipore Milli-Q purifica-
tion system.

2.2. Preparation of blue dextrans

Blue dextrans of various molecular weights and degree of dye
substitution (Table 1) were prepared using methods adapted from
Mayes et al. (1990) and Tang, Zhang, Bowyer, Eisenthal, and Hub-
ble (2004) (Scheme 1). Blue dextran samples are denoted by their
molecular weight followed by a subscript number indicating the
degree of dye substitution per anhydroglucose repeat unit. How-
ever, according to convention, commercially available blue dextran
2000 purchased from Aldrich will be referred to as “blue dextran
2000 in the text, except where necessary for clarity.

A typical preparation is as follows: a solution of 4 g of dextran
T-2000 in 120 mL of water was mixed with solutions of 0.8 g of
Cibacron blue 3 G-A (55% dye content) in 40 mL of water and
0.2 g of Na,CO3 in 40 mL of water. The mixture was shaken in a
water bath at 45 °C. After around 75 h, the free reactive dye was
consumed (Mayes et al., 1990) and another 0.8 g of CB was added.
To precipitate the dextran-dye conjugate, an equal volume of eth-
anol was added to the mixture, which was allowed to stand at

Scheme 1. Speculative coupling of Cibacron blue 3G-A (I =R-Cl) with dextran (II)
to give blue dextran (IIl), showing examples of possible binding sites of the dye
(Dean & Watson, 1979).

—20°C for at least 60 min. The precipitate was then spun down
and rinsed with ethanol. Following resuspension in 40 mL of water,
the dextran was dialyzed (Spectrum Spectra/Por membrane,
molecular weight cutoff 12,000-14,000) against distilled water to
remove any traces of unreacted dye and salt. Cleavage of the chro-
mophore from the dextran chain has not been found to occur in
aqueous solution (Champ, Xue, & Huglin, 2000; Huglin & Yip,
1987); this was confirmed by gel filtration using Bio-Gel P-30 size
exclusion polyacrylamide gel (nominal exclusion limit 40 kDa, Bio-
Rad Laboratories), which indicated the absence of unreacted or free
dye. Solutions of the blue dextrans were filtered through glass
microfiber filters (Ahlstrom, 0.7 um pore size). The final product
was lyophilized and stored as a solid. Final yields were comparable
to literature values (Mayes et al., 1990).

2.3. Thermogravimetric analysis (TGA)

Moisture contents of the dextrans and dextran-dye conjugates
were determined by thermogravimetric analysis (TA Instruments
TGA Q500). The dextrans contained 10.5-11.5% water by mass,
and the blue dextrans contained 9-15% water by mass. All dextran
concentrations were calculated taking moisture contents into
account.

2.4. UV-visible spectroscopy

The dye content of the dextran-dye conjugates was determined
from UV-visible spectra measured with a Varian Cary 300 Bio
spectrophotometer. A calibration curve was obtained from solu-
tions of commercially-available blue dextran 2000. Adherence to
the Beer-Lambert’s law was established. The molar extinction
coefficient for blue dextran 2000 at 609 nm was found to be
8870 M 'cm~!'. The extinction coefficient at 620nm was
8970 M ' cm~'=0.823 g~' dm® cm™!, which agrees well with the
value of 0.812 g~' dm® cm™! found by Champ et al. (2000) for com-
mercially available blue dextran 2000. The ligand density was esti-
mated from absorbance measurements at 609 nm for solutions of
the dextran-dye conjugates, and calculated in terms of the degree
of substitution (DS) per anhydroglucose (AGU) repeat unit. Absor-
bance measurements in dilute aqueous solution and in 6 M HCl
(aq) (Chambers, 1977; Mayes et al., 1990) have shown that negli-
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Table 1
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Preparation conditions and dye ligand densities for blue dextrans

Dextran Reaction time (h) Dye/Dx ratio (mol:mol) [Na,COs] (M) Dye ligand density (DS per AGU?, 10~4) Yield blue dextran (%)
Blue Dx 200046 215 300 0.010 16 46
Blue Dx 200030 48.0 300 0.010 30 60
Blue Dx 200036 96.5 300 0.010 36 46
Blue Dx 200056 144.5 300 0.010 56 48
Blue Dx 2000;6; n/a® n/a® n/a® 161 n/a®
Blue Dx 2000, 48 150 0.018 7 22
Blue Dx 2000g 48 300 0.018 8 40
Blue Dx 20005 48 600 0.018 15 19
Blue Dx 2000, 48 300 0.036 12 72
Blue Dx 2000, 48 300 0.072 17 87
Blue Dx 2000;9 48 300 0.126 19 84
Blue Dx 5004, 24.0 300 0.008 11 39
Blue Dx 11053 24.0 300 0.040 23 28
Blue Dx 7065 144.0 10 0.189 66 47

@ Degree of substitution per anhydroglucose repeat unit.
> Commercially available blue dextran 2000 (Aldrich).

gible intramolecular dye stacking occurs at dye ligand densities
comparable to those reported in this article.

2.5. Viscosity

Viscosity measurements were carried out in a capillary viscom-
eter of Cannon-Fenske type at a temperature of 25 + 0.01 °C. Sol-
vent flow times were on the order of 10s; the kinetic energy
correction was performed. Each data point is the average of at least
three trials. Samples contained from 3 x 1074-2 x 1072 g/mL poly-
mer and were filtered with a 0.45-pym membrane prior to analysis.

The data were fitted to the Huggins equation

n
Mred :%: [’ﬂ + Ky - [’]]2 -C,

where 7, is the specific viscosity, given by (17 — #s)/ns where #; is the
viscosity of the solvent and 7 is the viscosity of the solution, and c is
the concentration of the polymer. Plotting the reduced viscosity,
Nred = sp/C against ¢ and extrapolating to ¢ = 0 allows us to calculate
the intrinsic viscosity [5], which gives an indication of the hydrody-
namic volume of the polymer coils. The slope of the plot yields the
empirical Huggins constant ky, which is a measure of the intermo-
lecular interactions for a given polymer-solvent system (Kulicke &
Clasen, 2004).

2.6. Gel permeation chromatography (GPC)

Blue dextrans (1 mg/mL) were dissolved in the eluent (pH 7,
0.8 M NaNOs and 0.01 M NaH,PO,4 containing 0.2% NaNs3) and fil-
tered using 0.45-pm membranes. Samples (100 uL) were injected
onto a GPC column (300 x 75 mm PL aquagel-OH mixed 8 pm,
100-1 x 107 Da separation, Polymer Laboratories) at a flow rate
of 1.0 mL/min using a Merck Hitachi AS-2000A autosampler and
Waters 510 HPLC pump. The column was coupled to a Wyatt Opti-
lab rEX IR detector and Wyatt Technology Corporation DAWN EOS
light scattering detector. Data were analyzed with Astra v5.3.0 18
software (Wyatt Technology Corporation).

2.7. Dynamic light scattering (DLS)

Hydrodynamic radii (Ry) were determined by dynamic light
scattering. Solutions of dextrans and blue dextrans (0.2-1.0 g/L)
were prepared in 0.200 M NaCl (aq). The solutions and solvents
were clarified by filtration through a nylon filter of pore size
0.2-um (Millipore); samples were filtered directly into the light
scattering cells. Light scattering measurements were made at

21-22 °C on a Brookhaven Research BI-200SM laser light scattering
goniometer and BI-2030AT digital correlator, using a polarized
incident beam of wavelength 632.8 nm from a He-Ne laser
(35 mW total power). DLS measurements were made at a 90° angle
with sample times of 20 pus over a duration of 15-30 s. Results are
the average of five or more measurements. The data were analyzed
with BI-2030AT software.

2.8. Static light scattering (SLS)

Molecular weights (My,M,), radii of gyration (Ry) and indices of
polydispersity (I,) were determined using a Wyatt Technology Cor-
poration DAWN EOS light scattering detector (690 nm) coupled to
the GPC column (Tables 6 and 7) Data were analyzed with Astra
v5.3.0 18 software (Wyatt Technology Corporation). Specific
refractive index increments, dn/dc, were measured at 690 nm by
injecting 2-mL samples of blue dextrans (0.05-0.60 mg/mL) in
0.8 M NaNOs and 0.01 M NaH,PO,4 solution containing 0.2% NaN3
(pH 7) into a Wyatt Optilab rEX IR detector.

3. Results and discussion
3.1. Effect of reaction conditions on blue dextran properties

According to Mayes et al. (1990), for a given set of initial reac-
tion conditions, increasing the reaction time increases the degree
of dye substitution of the final product, despite the decrease in
the rate of dye loading as the free dye reacts with both the dextran
and the hydroxyl group of the solvent water. Not unexpectedly,
increasing the initial dye-to-dextran molar ratio from 150:1 to
600:1 also increases the degree of dye substitution somewhat
(Table 1). Higher base concentrations appear to significantly
increase the yield of blue dextran obtained, perhaps by favoring
the nucleophilic dye-dextran reaction over the dye-water reaction
(Table 1).

3.2. Viscosity

In water, blue dextran 2000 shows typical polyelectrolyte
behavior (Fig. 1). As polymer concentrations decrease from high
to intermediate values (13-1 mg/mL), n.q levels off and then
increases with further decreasing concentration. At very low poly-
mer concentrations, n..q decreases once again. This rheological
behavior has been seen for other polyelectrolytes (Cohen & Priel,
1989; Vink, 1992). The sharp increase in reduced viscosity is attrib-
uted to expansion of the polyelectrolyte coils caused by gradually
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Fig. 1. Reduced viscosity n;eq as a function of concentration c for blue dextran 2000
in solutions of increasing ionic strength.

increasing dissociation of the ionic groups (dye ligands). Increasing
intramolecular coulomb repulsions between increasingly dissoci-
ated groups result in an expansion of the coil and increase its
hydrodynamic volume, leading to the maximum in 7.4 observed
at low polymer concentration. At concentrations below this maxi-
mum #.eq, the polymer is in a dilute state even for nearly fully ex-
panded polyelectrolyte coils, which reduces intermolecular
interactions to such an extent that the reduced viscosity decreases
again (Kulicke & Clasen, 2004). Although it is not shown, at high
concentrations (e.g., greater than those shown in Fig. 1), the re-
duced viscosity n.eq Should again increase with increasing polymer
concentration.

As the surrounding ionic strength increases, the shielding of in-
ter- and intramolecular coulomb forces by the additional counteri-
ons attenuates the increase of neq until at 0.200 M sodium
chloride the blue dextran behaves as a neutral polymer. Viscosity
measurements were performed in 0.200 M NaCl (aq) solutions to
allow the extrapolation of the reduced viscosity to ¢ — 0.

It is important to note that although the dye ligands contain io-
nic groups which tend to improve the polymer-solvent interac-

tions, their aromatic rings also impart a hydrophobic character to
the blue dextrans. Hydrophobic association in hydrophobically
modified polyelectrolytes, such as anionic polyvinyl alcohol (PVA™)
or polymethacrylic acid/ethyl acrylate (MAA/EA), has been found
to reduce the polyelectrolyte effect and lower the values of the re-
duced viscosity at low polymer concentrations, suggesting that the
chains are less expanded (Ng, Tam, & Jenkins, 1999; Knudsen, Lau-
ten, Kjeniksen, & Nystrom, 2004). A similar phenomenon may oc-
cur in blue dextran, with the result that the overall structure
may be more tightly coiled than an unmodified dextran of the
same molecular weight. In addition, substitution may result in a
decrease in solvation of the dextran hydroxyls, and steric hin-
drance may also affect chain conformation.

All viscometric measurements were performed in the dilute
solution regime, such that polymer-solvent interactions deter-
mined the flow properties. Experiments were performed at relative
viscosities e = ns/n between 1.2 and 2.0 to ensure accurate data.
Over the concentration range studied, both unmodified and blue
dextrans showed decreasing 5.4 With decreasing polymer concen-
tration (Fig. 2). This confirms that the 0.200-M NaCl was sufficient
to suppress the chain expansion which would occur during dilu-
tion of the polymer. The slopes of the plots increased with dextran
molecular weight; for a given dextran molecular weight, plots of
Nred VS. C are steeper for blue dextrans than for unmodified dex-
trans. The increase in intrinsic viscosity [#] with increasing dextran
molecular weight (Table 2) is attributed to the larger coil size of the
higher molecular weight polymers; dynamic light scattering data
supports this conclusion.

The differences in the [5] values shown in Table 2 indicate that
blue dextrans experience poorer polymer-solvent interactions
than their unmodified counterparts. This phenomenon can be ex-
plained by the presence of hydrophobic association of the aromatic
dye ligands in the blue dextran structure. The effect is particularly
noticeable in the most highly substituted blue dextran 2000, which
contains the most aromatic rings and shows a large decrease in
intrinsic viscosity [»] as compared to dextran T-2000. For a given
dextran molecular weight, the [5] values are smaller for blue dex-
trans because they are more tightly coiled.

These results differ from those obtained for branched and linear
dextran sulfates, where the intrinsic viscosity increased upon sulfa-
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Fig. 2. Reduced viscosity neq as a function of the concentration ¢ for unmodified dextrans (open symbols) and blue dextrans (filled symbols) in 0.200 M NacCl (aq). Values

were taken from the linear portion of the 5.eq Vs. ¢ curve.
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Table 2

Intrinsic viscosity [»] for unmodified and blue dextrans in 0.200 M NaCl (aq)
Dextran [n] (mL/g)
Dextran T-2000 34
Dextran T-500 26
Dextran T-110 17
Dextran T-70 13
Blue dextran 20006, 12
Blue dextran 500+ 16
Blue dextran 110,3 9
Blue dextran 70gg 7

tion and with increasing sulfation (see below) (Pasika & Cragg,
1962). However, sulfate groups are not hydrophobic and the intrin-
sic viscosity behavior is likely governed by the coil expansion
caused by repulsion of the charged sulfate groups.

Viscosity data taken in 0.200 M NacCl (aq) for blue dextrans 2000
with different degrees of substitution support this hypothesis
(Table 3). Intrinsic viscosity values decrease with increasing degree
of dye substitution, which would not be expected if only the ionic
groups on the dye ligands affected the viscometric behavior. Blue
dextran 2000g, with the lowest DS and therefore the lowest degree
of hydrophobicity, has the highest intrinsic viscosity. Blue Dx
200046 has a similar [5] value to that of dextran T-2000, suggesting
that at low degrees of substitution, the ionic character and coulom-
bic repulsion of the dye ligands dominates over the effect of hydro-
phobicity and causes coil expansion (cf. blue dextran 2000g), while
at higher dye substitutions, the coils shrink due to the hydrophobic
nature of the dye molecules.

That the ionic groups on the dye ligands do play a role in the
viscosity behavior of blue dextran is shown by the effect of increas-
ing the ionic strength of the solvent (Fig. 3). The hydrodynamic vol-
ume of each blue dextran coil depend on the electrostatic
interactions (and hydrophobic associations) present, which are
sensitive to the solvent ionic strength. The intrinsic viscosity of
blue dextran 2000 decreases monotonically with increasing ionic
strength (Table 4), indicating a decreasing coil expansion due to
further shielding of the coulomb repulsion forces between the
ionic sulfonate groups of the dye ligands (Goring & Rezanowich,
1960; Moan & Wolff, 1974). Ohta et al. (1985) also observed a
decrease in the so-called “charge effect” upon increasing the
solution ionic strength. Hydrodynamic radii of blue dextran 2000
in solutions of increasing ionic strength obtained by dynamic light
scattering support these data.

It is interesting to note that increasing the degree of dye substi-
tution of dextran blue 2000 in 0.200 M NaCl solution has an effect
of similar magnitude on the intrinsic viscosity to that of increasing
the ionic strength of solutions of blue dextran 2000,4; (compare
data in Tables 3 and 4). Specifically, increasing the dextran 2000
dye substitution from 16 x 107* to 56 x 10~ in 0.200 M NaCl
and increasing the ionic strength from 0.010 M to 0.025 M for blue
dextran 200067 both result in similar values of [n].

Table 3
Effect of increasing degree of dye substitution on intrinsic viscosity [] for blue
dextrans 2000 in 0.200 M NacCl (aq)

Dextran Dye ligand density (DS per AGU, 10~%) [#] (mL/g)
Dextran T-2000 0 34
Blue dextran 20005 8 36
Blue dextran 2000;¢ 16 34
Blue dextran 20003¢ 30 33
Blue dextran 200034 36 28
Blue dextran 2000s¢ 56 26
Blue dextran 20006, 161 12

100 [ 0.010 MNaCI

+ 0.025 MNaCl
80 |-|=0.050 MNaCl
= 0.100 MNaCl
@ 4 0.200 MNaCl
4 60
E
K
= 40

0 . . . . . .
0.000 0002 0.004 0006 0.008 0010 0012 0.014

c (g/mL)

Fig. 3. Reduced viscosity n.eq as a function of the concentration c for blue dextran
2000 in solutions of increasing ionic strength.

3.3. Refractive index increments

The refractive index increments dn/dc of the blue dextrans lie in
the range 0.120-0.175 at 690 nm (Table 5). It has been found that
the dn/dc of unmodified dextran increases slightly over a wide
range of molecular weights (Basedow, Ebert, & Ruland, 1978;
Nordmeier et al., 1993). For example, aqueous solutions of dex-
trans of molecular weight 80-7400 kDa have been found to have
dn/dc values of 0.150-0.154 at 436 nm (Nordmeier et al., 1993).
According to the Cauchy equation, the dn/dc for dextran at
690 nm should be slightly lower than these values (Huglin,
1972). The high salt content of the solvent will also tend to reduce
the dn/dc for unmodified dextrans below the typical values of
~0.15, owing to the increased refractive index of the solvent (Vink
& Dahlstrém, 1967). Table 5 shows that increasing dye substitution
increases the refractive index increment, which may explain the
anomalously high value obtained for blue dextran 70g¢. The refrac-
tive index increments were used in the molecular weight calcula-
tions from the GPC data.

3.4. Gel permeation chromatography

Ethanol precipitation/centrifugation and exhaustive dialysis
were used to purify blue dextrans and remove unreacted dye and

Table 4
Effect of solvent ionic strength, I, on intrinsic viscosity [7] and Ry values for blue
dextran 20006,

Ionic strength (M) [»] (mL/g) Ry (nm)

0.010 34 454+0.9
0.025 27 437+0.5
0.050 23 43.0+1.0
0.100 16 41.7+1.0
0.200 12 40.2+0.8

Table 5
Refractive index increments dn/dc at 690 nm for blue dextrans of various molecular
weights and dye loadings

Dextran Dye ligand density (DS per AGU, 10~4) dn/dc?

Blue dextran 2000, 12 0.124 £ 0.004
Blue dextran 200036 36 0.138 + 0.005
Blue dextran 2000sg 56 0.153 +0.005
Blue dextran 2000,6; 161 0.157 £ 0.006
Blue dextran 110,3 23 0.118 £0.015
Blue dextran 70gg 66 0.173 £ 0.005

2 In pH 7 0.80 M NaNOs and 0.01 M NaH,PO, (aq) with 0.2% NaNs.
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Table 6
Molecular weights and indices of polydispersity of blue dextrans

Dextran MS3'¢ (kDa) MGSPC (kDa) MGSPC (kDa) Ip

Blue dextran 2000s¢ 2060 2100 £ 20 1800 + 90 1.16

Blue dextran 11053 107 130+5 1307 1.03

Blue dextran 70gg 72 65+3 52+3 1.25

Table 7

Experimental and literature values of Ry and R for unmodified and blue dextrans

Dextran Dye ligand density Ry® (nm) Rg (nm)
(DS per AGU, 107%)

Blue dextran 2000,¢; 161 40.2 +£0.8 -

Blue dextran 2000s¢ 56 36.9+0.9 40.8 +2.0°

Blue dextran 2000s¢ 36 351+1.1 -

Blue dextran 20006 16 37.9+0.8 -

Blue dextran 2000, 12 408 £1.0 -

Dextran T-2000 0 37.7+0.8 34°¢

Blue dextran 500 11 18.4+0.7 -

Dextran T-500 0 17.8+£0.3 19.8%4

Blue dextran 1103 23 30.7 £3.1 163 +1.6°

Dextran T-110 0 7.7+13 9.7¢

Blue dextran 70gg 66 <10¢ <10¢

Dextran T-70 0 <10¢ 8.3¢

2 Measured by DLS in 0.200 M Nacl (aq).

> Measured by GPC-SLS in 0.80 M NaNO; and 0.01 M NaH,PO, (aq) with 0.2%
NaNs.

¢ Fishman, Damert, Phillips, and Barford (1987).

4 Nordmeier et al. (1993).

€ Isotropic scatterer; dimensions too small for measurement by light scattering.

residual sodium carbonate. GPC chromatograms confirm the purity
of the samples; peaks are sharp, indicating the absence of any
unreacted dextran (Fig. 4).

3.5. Molecular weights

Molecular weights were calculated for the blue dextrans using
nominal weight-average molecular weights for unmodified dex-
trans and dye loadings from UV-visible spectroscopy (see Table 1):

MS¢ — MPX[1 + Mcg(DS/Macu)]

where MS' is the calculated molecular weight, MY* is the nominal
molecular weight for unmodified dextran (manufacturer’s data),
Mcp = 840.12 Da is the molecular weight of the Cibacron blue dye,
DS is the degree of dye substitution per anhydroglucose unit of
the blue dextran and Magy = 162.2 Da is the molecular weight of
the anhydroglucose repeat unit.
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Fig. 4. Sample GPC chromatogram for blue dextran 2000+,.

The molecular weights and indices of polydispersity of the blue
dextrans were determined by GPC. Table 6 presents the calculated
molecular weights together with the weight- and number-average
molecular weights and indices of polydispersity, Ip, of several blue
dextrans. Masses calculated by GPC are in agreement with the cal-
culated molecular weights. The molar mass distribution is very
narrow, as indicated by the indices of polydispersity.

3.6. Hydrodynamic radii and radii of gyration

The hydrodynamic radii of unmodified and blue dextrans were
determined by DLS in 0.010-0.200 M NaCl solutions. Blue dextrans
were found to have larger hydrodynamic radii than the unmodified
dextrans owing to coulomb repulsion between the ionic dye ligands;
values decrease with decreasing dextran molecular weight (Table 7).
Our Ry value for dextran T-2000 (37.7 nm) is somewhat larger than
the value found by Nordmeier (1993) for dextran T-2000 in deionized
water at 25 °C (27 nm); values for the smaller dextrans are compara-
ble to literature values. Overall, the hydrodynamic radii of the blue
dextrans and unmodified dextrans lie in the same range, except for
bluedextran 110, whichhasamuchlargerradiusatthe givenconcen-
tration. (Note that Ry values were measured at finite blue dextran
concentrations, and not by extrapolation to zero concentration.)

Increasing the solution ionic strength from 0.010 to 0.200 M re-
sulted in a decrease of about 5 nm of the hydrodynamic radius of
blue dextran 2000 (Table 4). The increased shielding of electro-
static repulsions between the dye ligand sulfonate groups would
contribute to the observed coil shrinkage. No specific trend in the
hydrodynamic radius was observed among blue dextrans 2000 of
increasing DS (Table 7).

The radii of gyration of the blue dextrans were obtained with a
static light scattering detector in 0.8 M NaNO; and 0.01 M NaH,PO,4
(aq). Blue dextrans exhibit larger values of Rg as compared to their
unmodified counterparts. Values of R, for the unmodified dextrans
are comparable to literature values (Nordmeier et al., 1993; loan,
Aberle, & Burchard, 2000).

4. Conclusions

Measurements on Cibacron blue-labeled dextrans of varying
molecular weights and dye ligand densities indicate that the dye
labels influence the solution properties of these widely used
water-soluble polymers. In particular, viscosity measurements
show the polyelectrolyte character of blue dextrans in aqueous
media.
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