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1. Incorporation of the fluorophore 9-anthraldehyde onto chitosans has been 
considered as potentially advantageous in terms of visualisation both in 
biomedical applications and molecular characterisation. 2. the effect of increase 
in degree of substitution of the fluorophore has been investigated on 2 chitosans 
of differing degrees of acetylation by analytical ultracentrifugation. 3. homo- 
geneity and sedimentation coeffkient evaluations by sedimentation velocity and 
apparent molar mass measurements by sedimentation equilibrium suggest no 
change in molar mass, but a slight change in conformation to a more compact 
state. 4. accidentally produced ‘Toepler-Schlieren images’ have been generated 
using a new commercially available analytical ultracentrifuge equipped with only 
scanning absorption optics. Copyright 0 1996 Elsevier Science Ltd 

One of the problems encountered when attempting to 
visualise the presence of polysaccharides - either for 

characterisation purposes (such as by analytical ultra- 
centrifugation) or for detection purposes in their 
various applications - is that they are usually trans- 

parent to the visible and (useable) ultraviolet parts of 
the electromagnetic spectrum. One possible way of 
overcoming this invisibility is to label the poly- 

saccharide with a chromophore; a labelling procedure 
which has been widely used in the protein biochemistry 

field and recently extended to polysaccharides. For 
example, dextrans are widely used as blood plasma 
subsitutes and been considered for site-specific drug- 
delivery (Harboe et al., 1989); to visualise their distri- 
bution in the body a y-ray emitting label (di-iodotyr- 
osine) has been incorporated. Using the UV absorption 
of the tyrosine part, Errington et al. (1992) showed that 
the incorporation of the di-iodotyrosine label had de& 
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nite effects on the hydrodynamic properties of the 
dextran. A similar rationale is behind the present study. 
Chitosans are increasingly being considered in biomedi- 
cal and pharmaceutical applications (see, e.g. Fiebrig et 
al., 1994; Artursson et al., 1994) and to help visualise 
them in vivo, Kenne et al. (1995) have labelled chitosans 
at different degrees of acetylation with the fluorophore 
9-anthraldehyde (Fig. 1). This fluorophore has an 
absorption maxima at a wavelength of -250nm. The 
aim of this present study is to investigate the effect on 
hydrodynamic properties on two of these chitosans at 

Fig. 1. 9-anthraldehyde chitosan. 9-anthraldehyde was 
coupled to the chitosans by the process of reductive amination 

to an NH2 residue. 
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widely different degrees of acetylation [‘Chitosan 1’ of 
degree of acetylation, FA = 0.15 (15%) and ‘Chitosan 2’, 
FA = 0.611 in terms of the sedimentation coefficient and 
apparent weight average molar mass. The incorporation 
of the chromophore is particularly advantageous in that 
it allows the use of a new commercially available 
analytical ultracentrifuge which is equipped, at the 
present time, with only scanning absorption optics. 

SEDVEL which gives the apparent sedimentation coef- 
ficient SZO,b at a concentration c (mg/ml) and the radial 
dilution factor (Schachman, 1959 pp. 70-73). &,$, 
values, where the subscript ‘b’ means ‘in the buffer’ were 
corrected to standard conditions (to the case if the 
buffer had the same density and viscosity of water at 
20°C) using the well-known formula (see e.g. Tanford, 
1961): 

MATERULS AND METHODS 

(1 - w) 20,w % 
s(20~-9 = cl _ vp)T,b * 1720,w .STh 

Panthraldehyde chitosan 

Chitosans of differing degrees of acetylation (FA), 
‘Chitosan 1’ [FA = 0.15 (15%)] and [Chitosan 21 
[FA =0.61 (61%)] were labelled with the hydrophobic 
chromophore 9-anthraldehyde by the technique of 
reductive amination (Kenne et al., 1995). This was done 
for each chitosan to three degrees of substitution: 
-0.01, -0.1 and -l%, with the amount of label incor- 
porated assayed by its absorption at a wavelength of 
253.7nm, where the labelled chitosan has a strong 
absorption maximum. 

where p is the solvent density, n the solvent viscosity 
and v is the partial specific volume of the chitosan, 
taken to be 0.565 ml/g (Errington et al., 1993). 

Solutions 

An acetate buffer was initially made up with the 
following composition (Dawson et al., 1986): 0.04M 
CHsCOONa, 0.04~ CHsCOOH and 0.2 M NaCl. The 
chitosans were solubilised in deionised distilled water at 
double the desired stock concentration, and then an 
equal volume of buffer added to yield a final buffer pH 
of 4.1 and ionic strength slightly above 0.1 

For measurements on the Model E rotor speeds of 
48,000 rev/min and 56,000 rev/min were chosen, again at a 
temperature of 20°C. The following method of semi- 
automatic data capture was employed. Photographs were 
taken at 32 min intervals in each case, and negatives 
enlarged directly onto a graphics tablet interfaced to an 
IBM-PC. The resulting records of the position of the 
sedimenting boundaries could then be analysed using the 
QUICKBASIC algorithm MOD_EVEL (Colfen unpub- 
lished) to yield the (apparent) sedimentation coellicients 
sZO,b, which were then corrected to s20,w values according 
to eqn (1) above. As has been reported earlier (Colfen & 
Harding, 1995) it is possible to obtain in some cases 
Toepler-type Schlieren images from the XL-A ultra- 
centrifuge using the absorption optical system (without a 
proper knife-edge or phase-plate) under certain conditions 
and wavelengths away from absorption maxima: in this 
study advantage was taken of this feature to provide a 
further check on the s20,w values. 

Analytical ultracentrifugation 

Three analytical ultracentrifuges were used: The new 
Beckman Optima XL-A ultracentrifuge equipped with 
scanning absorption optics (Giebler, 1992) and two 
conventional Beckman Model E ultracentrifuges, one 
dedicated to classical phase-plate or ‘Philpot-Svensson’ 
optics, the other, equipped with a 5mW He-Ne laser, 
dedicated to Rayleigh interference optics (see, e.g. 
Lloyd, 1974) 

Because relative (i.e. as a function of the degree of 
substitution) rather than absolute effects were the object 
of this study (and also because of scarcity of material), 
s20,w values were measured at one single concentration 
of chitosan (2 mg/ml) and concentration dependencies 
were not investigated. 

In both cases (XL-A and Model E) samples were run 
in multiples of 3 using four-hole rotors (one hole used 
for the counterbalance/reference cell) and either the 
multiplexing system for the XL-A or the use of cells 
with wedge windows for the Beckman Model E. 

Sedimentation velocity Sedimentation equilibrium 

Sedimentation velocity experiments (homogeneity tests Used for determination of the apparent (i.e. at finite 
and sedimentation coefficient evaluations) were concentration) weight average molar masses. As above, 
performed on the Optima XL-A ultracentrifuge and the both absorption and refractometric optics were used, 
particular Model E dedicated to phase-plate Schlieren although with the latter, the Rayleigh interference opti- 
optics. For experiments using the absorption optical cal system rather than Schlieren was used because of its 
system of the Optima XL-A a rotor speed of 5OOOOrev/ greater precision and sensitivity for sedimentation equi- 
min, running temperature of 2O.O”C and scanning librium work. Apparent weight average molar masses 
wavelengths of 250 nm and 370 nm were employed. The were determined at a temperature of 20°C and concen- 
scans were analysed using a QUICKBASIC algorithm tration of 2 mg/ml in 1Omm optical path length double 
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sector cells, with dialysate in the reference sectors. As 
with other measurements on polysaccharides, because 
of the inherent polydispersity of the chitosans, the high 
speed or meniscus depletion method was avoided to 
ensure proper optical registration at the cell base 
(Creeth & Harding, 1982). Instead, the ‘intermediate 
speed’ method was used (Creeth & Harding, 1982), 
where the concentration at the meniscus remains finite 
and the absorption (absorption optics) or fringe displa- 
cement (Rayleigh optics) at the cell base is retained 
within the limits of optical registration. 

(a) 

Sedimentation equilibrium experiements were used 
for determination of apparent molar masses using the 
absorption optical system of the Optima XL-A; rotor 
speeds of 18,000 and 20,000 rev/min were used at scan- 
ning wavelength of 250nm. The absorption data were 
interpreted using the routine MSTARA (Harding et al., 
1992) now available in QUICKBASIC (Ciilfen & 
Harding, 1995). This, amongst other things, yields the 
apparent weight average molar mass, Mw,app from use 
of the operational point average known as M* (Creeth 
& Harding, 1982). 

For the determination of the apparent molar masses 
using the Rayleigh interference optical system of the 
Beckman Model E a rotor speed of 18,000 rev/min was 
employed. Solute distributions at sedimentation equili- 
brium were recorded photographically and then 
captured onto a PC by an Ultroscan (LKB, Bromma, 
Sweden) enhanced laser scanning densitometer. Fringe 
profiles were then converted into an accurate record of 
fringe displacement against radial displacement using a 
TURBO-PASCAL Fourier cosine series algorithm 
known as ANALYSER (Harding & Rowe, 1988; Rowe 
et al., 1992) and then interpreted using the routine 
MSTARI (Harding et al., 1992; Cijlfen & Harding, 
1995) which is the version of MSTARA (see above) 
written for the Rayleigh Optical System. 

O.:: 
RESULTS AND DISCUSSION 

Homogeneity 0 

From the sedimentation velocity scans at 250nm single 
sedimenting boundaries were observed for both chitosans 
at all three degrees of substitution, suggesting that any 
polydispersity present was of the quasi-continuous as 
opposed to the discrete type. For chitosan 1 and chitosan 
2 at 250 nm, conventional ‘sigmoidal’ absorption bound- 
aries were observed (Fig. 2a); for chitosan 2, Toepler- 
Schlieren images were visible for all 3 degrees of substi- 
tution (nominal 0.01, 0.1 and 1% 9-anthraldehyde) at 
wavelengths of 280 nm and 370nm (i.e. away from the 
absorption maxima), but again showing no evidence of 
discrete types of polydispersity (Fig. 2b,c) and consistent 
with the photographic records of conventional Philpott- 
Svensson phase-plate Schlieren boundaries obtained 

Fig. 2. Sedimentation velocity diagrams for Chitosan 2 
(F,.,=0.61) from the absorption optical system of the XL-A 
ultracentrifuge. (a) wavelength = 250 nm (b) wave- 
length = 280 nm (c) wavelength = 370 nm. Degree of substitu- 
tion = 1%. Rotor speed = 50,00Orev/min, temperature = 2O”C, 
loading concentration = 2 mg/ml, scan interval = 120 min. 

Direction of sedimentation is from left to right. 

from the Beckman Model E (Fig. 3). The height of the 
Toepler-Schlieren peaks was clearly wavelength depen- 
dent, whereas the position was not. Similar observations 
have been made on other polysaccharides (and bovine 
serum albumin) including an unlabelled chitosan (Cblfen 
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Fig. 3. Conventional phase-plate Schlieren images of chitosan 
2 at a rotor speed of 48,00Orev/min from the Model E ultra- 
centrifuge. Temperature = 20°C loading concentration = 2mg/ 
ml. The upper sedimentation diagram corresponds to a degree 
of substitution, DS = O.Ol%, the centre to DS = 0.1%. the 
lower to DS= 1%. Phase plate angle= 75”. Direction of sedi- 

mentation is from left to right. 

& Harding, 1995). Although the nature and generation of 
these type of Toepler-Schlieren images in the XL-A 
ultracentrifuge by macromolecules in general is the 
subject of a separate study (Colfen & Harding, 1995) it is 
worth commenting here that even though the sedimenting 
Schlieren boundaries do appear slightly in advance of the 
conventional absorption boundary (Fig. 4) - a feature 
of their ‘accidental’ as opposed to ‘designed’ production 
- they do give very similar sedimentation coefficients. 
For example the “Schlieren images” of Fig. 4 give an s20,W 
of 1.77 S and the conventional absorption traces a value 
of 1.70s. This adds to the view described earlier (Cdlfen 
& Harding, 1995) that the (so far) ‘accidental’ production 
of Schlieren images by the optical system of the XL-A 
ultracentrifuge could form the basis of a commercially 
designed Schlieren system for this ultracentrifuge. 

Sedimentation coeffkients, ~20,~ 

Tables 1 and 2 compare the sedimentation coefficients 
(at a loading concentration of 2 mg/ml) as a function of 
the degree of substituition of the chromophore for the 
two chitosans. As can be clearly seen, results from the 
XL-A are in excellent agreement with those from the 
‘conventional Schlieren’ optics of the Beckman Model 
E. Although this is not clear from the XL-A results, the 
more precise Model E data (Tables 1 and 2) suggest a 
subtle increase in the sedimentation coefficient with 
increase in degree of substitution for both chitosans: 
this would suggest an increase in the degree of 
compactness with increase in degree of substitution. 
This is consistent with the observed increase in the 
degree of boundary spreading (through increased diffu- 
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Fig. 4. Absorption and Toepler-Schlieren patterns derived 
with the XL-A absorption optics for chitosan 2, DS = 1% at 
wavelengths of 250 nm (normal absorption traces) and 280 nm 
(Toepler-Schlieren). The time delay between the scanning at 
the two wavelengths is negligible compared with the slow 
sedimentation. Time interval between scans = 120 min. Load- 

ing concentration = 2 mg/ml, rotor speed = 50,000 rev/min. 

Table 1. Sedimentation coefficients as a function of degree of 
substitution (DS) for chitosan 1 (FA =0.15). Loading concen- 

tration = 2mg/ml 

~20,~ (Svedbergs) s20,W (Svedbergs) 
XL-A data (+~2%) Mode1 E data (+~2%) 

DS-0.01% 1.41 1.43 
DS-0.1 % 1.49 1.49 
DS-1% 1.39 1.52 

Table 2. Sedimentation coefficients as a function of degree of 
substitution (DS) for cbitosan 2 (FA =0.61). Loading concen- 

tration = 2mg/ml 

s20,w (Svedbergs) s20,W (Svedbergs) 
XL-A data (?~2%) Model E data (f~2%) 

DS-0.01% 1.64 1.60 
DS-0. 1 % 1.61 1.62 
D&l% 1.74 1.69 

sion) (Fig. 3). An explanation for these phenomena is 
that the incorporation of the highly hydrophobic fluor- 
ophore causes a change in conformation to shield the 
fluorophore from the hydrophilic environment of the 
solvent. An alternative explanation is a change in mass 
of the chitosans caused by self-association or some 
other effect, but this later hypothesis is refuted by the 
results from sedimentation equilibrium. 

Sedimentation equilibrium: weight average molar masses, 
M w+PP 

In order to obtain absolute molar mass information 
on the substituted chitosans conventional intermediate 
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Table 3. Apparent molar masses at 2 mg/ml from sedimentation 
equilibrium on the Model E ultracentrifuge (Rayleigh inter- 

eference optics) as a function of degree of substitution (DS) 

M w,app (g/m4 K,app (g/m4 
Chitosan 1 (FA =0.15) Chitosan 2 (FA =0.61) 

DS=O.Ol% 26,000f2000 39,000f5000 
DS=O.l% 24,500f500 40,000+5000 
DS= 1% 23,000f1000 42,000f3000 

well-known strong non-ideality of chitosan solutions 
(see, e.g. Errington et al., 1993) are likely to be 
considerably lower than the “ideal values”. This 
feature is borne out in the strong downward curvature 
of plots of the log of the fringe displacement versus 
concentration squared (Fig. 5) and would account for 
the apparent discrepancy with the relative molar 
masses determined from viscosity measurements 
(Anthonsen et al., 1993) of -250000 (Chitosan 1) and 
-190000 (Chitosan 2) (Kenne et al., 1995). 

speed sedimentation equilibrium results using the In summary: 1. the increased incorporation of the 
Rayleigh interferece optical system of the Beckman fluorophore 9-anthtraldehyde, at least up to a degree 
Model E showed clearly (Table 3) that increase of the of substitution of 1% has no deleterious effect on the 
degree of substitution of the fluorophore has no molar mass of two chitosans of differing degrees of 
discernible effect on the apparent weight average acetylation. 2. There appears however to be a subtle 
molar mass, Mw,app at a loading concentration of change in conformation of both chitosans (on increas- 
2mg/ml. Thus we can reasonably say that incorpora- ing the degree of substitution of the highly hydro- 
tion of the fluorophore has no deleterious effects on phobic fluorophore) to a more compact state based on 
the mass of the two chitosans, making this derivative a small increase in sedimentation coefficient and 
suitable for applications in biology (i.e. visualisation increased boundary diffusion. 3. Incorporation of the 
of chitosans in tissue by fluorescence microscopy). fluorophore allows the use of the absorption optical 
The less-precise absorption optical system on the XL- system on an ultracentrifuge for evaluation of sedi- 
A on solutions at the same loading concentration mentation velocity properties (homogeneity, sedi- 
(2mg/ml) gave the same ball-park apparent molar mentation coefficient), although to a lower precision 
masses, but in one case only to within &.50%, compared to conventional phase-plate Schlieren optics: 
confirming that conventional Rayleigh interference this can miss subtle changes in conformation. Molar 
optics should still be the method of choice for molar mass evaluations using the absorption optical system 
mass determinations. (The presence of unbound on these molecules are less reliable than the conven- 
fluorophore in the solvent is probably not the expla- tional Rayleigh interference procedure. 4. This study 
nation for this, since this is normally taken into gives a further demonstration of the “accidental” 
account by overspeeding after the final equilibrium production of Toepler-Schlieren images from the 
distribution has been recorded to obtain a baseline.) It absorption optical system of the XL-A ultracentrifuge, 
should also be stressed that the molar masses quoted an observation which should have commercial value 
in Table 3 are apparent molar masses obtained at a for the design of a proper Schlieren system for this 
rather high loading concentration, and, because of the ultracentrifuge. 

(a) 
2.5, 

(h) 
., 

2- 

l- 

O- 

3 
-1 - 

VL’ 

-4 l I I I I 
0 0.2 0.4 0.6 0.8 I 0 

Fig. 5. Plot of the logarithm of the fringe displacement, J versus the normalised radial displacement squared parameter, 5, at a 
loading concentration of 2.0mg/ml. 5 = (r*-a’)/(b*- 2, a w h ere r is the radial displacement from the centre of the rotor of a given 
point in the ultracentrifuge cell, and a and b the corresponding radial positions of the solution/air meniscus and the cell base 

respectively. (a) chitosan 1, DS = O.Ol%, rotor speed = 18 000 rev/min. (b) chitosan 2, DS = 0.01 %, rotor speed = 18 000 rev/min. 
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