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Nanoscale structures of dextran esters
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Abstract

Multifunctional dextran esters with varying degrees of substitution by furoyl-, pyroglutamyl-, propyl-, and acetyl moieties are able to
self-assemble into regular nanospheres during a dialysis process. That means a controlled and slow exchange of the organic solvent N,N-
dimethylacetamide against water results in formation of biopolymer based nanoparticles with a size in the range of 90–520 nm. The size of
the nanospheres depends on the ratio of the introduced functional groups, the molecular weight of the polymers, and the preparation con-
ditions. A functionalization of a degree of substitution of at least 2.0 is necessary to get semisynthetic dextran derivatives that are able to
form these nanoparticles. According to the encapsulation of the Xuorescence probe pyrene, hydrophobic domains were veriWed inside the
dextran ester nanoparticle.
© 2007 Published by Elsevier Ltd.
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1. Introduction

The development of biodegradable nanoparticles as con-
trolled drug delivery systems was of considerable interest
over the past few decades (Lemarchand, Gref, & Couvreur,
2004). Beside both drug protection against in vivo degrada-
tion and deWned disposal of pharmacologic active agents,
eVective nanoparticles are requested for targeting on spe-
ciWc sites or cells, e.g., in human tissue. One major advan-
tage of polysaccharides as nanoparticle component is their
natural molecular recognition since they have speciWc
receptors in certain cells. Moreover, well-documented bio-
compatibility and biodegradability enable polysaccharides
to be used as biomaterial in medical applications (Dimitriu,
1996). Particularly dextran, consisting of mainly �(1! 6)
linked D-glucose units, represents a valuable biopolymer
that is widespread in medicine and pharmacy (blood
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plasma substitute, coating material to prevent protein
opsonization).

The formation of polymeric nanoparticles in water
results from self-assembling to regular nanospheres con-
taining hydrophobic domains inside the core and a more
hydrophilic shell. One approach to achieve such amphi-
philic structures is grafting of dextran with synthetic poly-
mers like poly(�-caprolactone) (Gref, Rodruiges, &
Couvreur, 2002), poly(lactide) (Nouvel et al., 2004),
poly(methyl methacrylate) (Sparnacci, Laus, Tondelli,
Magnani, & Bernardi, 2002), poly(isobutylcyanoacrylate)
(Chauvierre, Vauthier, Labarre, & Hommel, 2004), and
poly(ethylene glycole) (Coombes et al., 1997). A more sim-
ple path for the preparation of biopolymeric nanoparticles
is the modiWcation of dextran with hydrophobic functional
groups, e.g., esteriWcation with cholic acid (Nichifor, Lopes,
Carpov, & Melo, 1999), 4-hexyl benzoyl chloride (Apare-
cida Blaz Vieira, Salomao Moscardini, de Oliveira Tiera, &
Tiera, 2003), and fatty acids (Rodrigues, 2005). However,
only low substituted derivatives were investigated regard-
ing their nanoparticle formation up to now.

Recently, we have shown that even high functionalized
dextran derivatives are able to form spherical particles by a
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controlled and slow exchange of the organic solvent from
the polymer solution by water applying dialysis (Liebert,
Hornig, Hesse, & Heinze, 2005). The presence of the polar
carbonyl function and less polar moieties in the molecule is
necessary for the self-organization. The acylation of dex-
tran was used as an eYcient tool for the introduction of
functional groups. An interesting approach in this regard is
the deWned esteriWcation of dextran via in situ activation of
the carboxylic acid with N,N�-carbonyldiimidazole (CDI)
generating a number of highly functionalized derivatives
with diVerent functional groups and varying values of the
degree of substitution (DS) (Hornig, Liebert, & Heinze, in
press). In this way, tailored dextran esters with adjustable
properties can be obtained. The introduction of furoyl moi-
eties through reaction of dextran with furan-2-carboxylic
acid (Fur)/CDI leads to photo-crosslinkable derivatives.
Subsequent UV-irradiation decreases the solubility and can
consequently improve the mechanical strength (Liebert &
Heinze, 2005). The acylation with racemic or enantiomeric
pyroglutamic acid (Pyr) may enable the polymer for chiral
recognition. The functionalization with small hydrophobic
groups (acetate and propionate) via acid anhydrides can
subsequently tune the hydrophilic/hydrophobic balance of
the entire molecule, which is an important criterion for the
formation of nanoparticles (Hornig, Heinze, Hesse, & Lie-
bert, 2005).

In the present study, the synthesis of multifunctionalized
dextran esters bearing photo-crosslinkable and chiral moie-
ties with high degrees of substitution (DS) was investigated.
Dextran samples of diVerent molecular weight and origin
were used and examined concerning their self-assembly
behavior during dialysis.

2. Experimental

2.1. Materials

N,N�-Carbonyldiimidazole (CDI) was purchased from
Aldrich and N,N-dimethylaminopyridine (DMAP) from
Merck. Furan-2-carboxylic acid, pyroglutamic acid, and
dextran were received from Fluka. Dextran with the
weight-average molecular weight (Mw) of 54,800 g mol¡1

and a polydispersity index (PDI) of 1.56 is produced by
Leuconostoc mesenteroides strain no. NRRL B-512(F). The
other dextran samples originate from Leuconostoc ssp.
strains and possess a Mw (PDI) of 5400 (2.49); 18,100 (1.86);
454,400 (1.81); and 648,000 g mol¡1 (3.99). All chemicals
were used without further treatment. Reactions containing
a furoyl moiety have to be carried out in a dark environ-
ment to avoid undeWned cross-linking.

2.2. Measurements

NMR spectra were acquired on a Bruker AMX 250 and
DRX 400 spectrometer with 16 scans for 1H NMR (room
temperature) and 200,000 scans for 13C NMR (70 °C) mea-
surements (25 mg sample mL¡1 for 1H NMR and 100 mg
sample mL¡1 for 13C NMR studies). FTIR spectra were
recorded on a Nicolet AVATAR 370 DTGS spectrometer
with the KBr-technique. Elemental analyses were per-
formed by CHNS 932 Analyzer (Leco). Mw was estimated
by gel permeation chromatography (GPC) on a JASCO
system equipped with three columns (HEMA-Bio linear,
HEMA-Bio 1000, HEMA-Bio 100) and a refractive index
detector (RI-930) using an aqueous solution of 0.2 M
NaNO3/0.1 M NaH2PO4/0.05% H3PO4 as an eluent with a
Xow rate of 1.0 mL min¡1, by dextran and pullulan calibra-
tion at 30 °C. Measurements in DMSO were acquired with
a NOVEMA 300 column and a Xow rate of 0.3 mL min¡1 at
70 °C. For SEM studies, one droplet nanoparticle suspen-
sion on a mica surface was lyophilized and covered with
gold. The images were obtained with a SEM equipment
LEO-1 450 VP (LEO, Oberkochen, Germany) operating at
15 kV. For cryo-TEM, a volume of 4 mL of the dispersion
was placed onto a grid covered by a perforated carbon sup-
port foil (Quantifoil Micro Tools Jena, Germany). The fro-
zen sample was transferred with the Gatan-626 single tilt
cryotransfer system into the cryo-electron microscope Phi-
lips-CM120. The particle size of the nanospheres was deter-
mined by dynamic light scattering (DLS) study, using a
laser beam at 650 nm and a scattering angle of 177° (HOR-
IBA LB-550), and by a particle size distribution analyzer
(PSDA, Polymer Laboratories Ltd., Shropshire, UK) with a
Xow rate of 2.1 mL min¡1 and an injection volume of 20 �L
operating at pH 7.

2.3. Synthesis

2.3.1. Synthesis of dextran propionate 1 and subsequent 
peracetatylation, polymer 2

Pyridine (5 mL), 1.6 mL (12.4 mmol) propionic anhy-
dride and 50 mg DMAP were added to a solution of 1 g
(6.17 mmol) dextran (Mw 5400 g mol¡1) in 10 mL DMSO.
The mixture was allowed to react at 80 °C under stirring for
5 h and precipitated in 200 mL isopropanol, washed two
times with 50 mL ethanol and dried at 60 °C under vacuum.
Yield: 0.93 g (58.6%); Degree of substitution (DSPro): 1.70
(polymer 1, determined by means of 1H NMR spectroscopy
after peracetylation, polymer 2); 1H NMR (250 MHz,
DMSO-d6): �D 5.4–3.5 (H-AGU), 2.3 (CH2-propionate),
1.0 ppm (CH3-propionate); 13C NMR (400 MHz, DMSO-
d6): �D 172.9 (OACO), 98.4 (C1), 95.3 (C1�), 72.9–67.9
(C2AC5), 65.1 (C6), 54.7 (CH-pyroglutamate), 28.6,
24.3 ppm (CH2-pyroglutamate); FTIR (KBr): 3482 (OH),
2984 (CAH), 1750 (CBOEster), 1172 (CAO), 1084 cm¡1

(CAO).
Propionylation leading to sample 6 was carried out

according to this procedure except peracetylation.

2.3.2. Dextran propionate pyroglutamate 3
To a solution of 0.89 g (3.5 mmol) dextran propionate 1

(DSPro 1.70) in 10 mL DMSO, 1.75 g (13.5 mmol) DL-pyro-
glutamic acid, and 2.19 g (13.5 mmol) CDI were added. The
mixture was allowed to react at 80 °C under stirring for



282 S. Hornig, T. Heinze / Carbohydrate Polymers 68 (2007) 280–286
24 h. The polymer was precipitated in 400 mL water,
washed two times with 50 mL water and dried at 60 °C
under vacuum (polymer 3). Yield: 0.34 g (34.0%);
DSPropD1.70, DSPyrD0.26 (determined by elemental analy-
sis); 1H NMR (250 MHz, DMSO-d6): �D7.8 (NH), 5.4–3.3
(H-AGU), 4.1, 2.3, 2.1 ppm (CH-pyroglutamate), 2.3 (CH2-
propionate), 1.0 ppm (CH3-propionate); 13C NMR
(400 MHz, DMSO-d6): �D177.3 (COANH-pyrogluta-
mate), 173.3 (OACO), 95.9 (C1�), 73.2–65.5 (C-AGU), 55.2
(CH-pyroglutamate), 29.1 (CH2-pyroglutamate), 27.3
(CH2-propionate), 25.0 (CH2-pyroglutamate), 9.2 ppm
(CH3-propionate); FTIR (KBr): 3482 (OH), 2982 (CH),
2943 (CH), 1748 (CBOEster), 1175 (CAO), 1027 cm¡1

(CAO); Elemental analysis: C 45.41, H 5.42, N 1.95.
The samples 4 and 5 were prepared according to this

procedure using dextran of diVerent molecular weight.

2.3.3. Dextran pyroglutamate
To a solution of 0.5 g (3.1 mmol) dextran possessing a

Mw of 54,400 g mol¡1 in 10 mL DMSO, 2.19 g (9.3 mmol)
DL-pyroglutamic acid and 1.49 g (9.3 mmol) CDI were
added. The mixture was allowed to react at 80 °C for 20 h.
The mixture was then Wltered and the product was isolated
by precipitation in 250 mL ethanol, washed two times with
50 mL ethanol and dried at 60 °C under vacuum. Yield:
1.12 g (95.6%); DSPyrD1.96 (determined by elemental anal-
ysis); 1H NMR (250 MHz, DMSO-d6): �D8.0 (NH), 5.6–3.4
(H-AGU), 4.2, 2.3, 2.1 ppm (H-pyroglutamate); 13C NMR
(400 MHz, DMSO-d6): �D 176.9 (COANH), 172.2
(OACO), 98.4 (C1), 95.1 (C1�), 76.5–65.6 (C-AGU), 54.7
(CH-pyroglutamate), 28.6, 24.3 ppm (CH2-pyrogluta-
mate); FTIR (KBr): 3362 (OH, NH), 2925 (CAH), 1751
(CBOEster), 1693 (OCANH), 1205 (OCANH), 1017
(CAO) cm¡1; Elemental analysis: C 46.54, H 6.67, N 5.66.

Perpropionylation leads to polymer 7.

2.3.4. Synthesis of dextran furoate
To a solution of 0.5 g (3.1 mmol) dextran possessing a

Mw of 54,400 g mol¡1 in 20 mL DMSO, 1.04 g (9.3 mmol)
furan-2-carboxylic acid and 1.49 g (9.3 mmol) CDI were
added. The mixture was allowed to react at 60 °C under
stirring for 5 h. The product was isolated by precipitation in
250 mL ethanol, washed two times with 50 mL ethanol and
dried at 60 °C under vacuum. Yield: 0.49 g (61.3%);
DSFurD 1.87 (determined by means of 1H NMR spectros-
copy); 1H NMR (250 MHz, DMSO-d6): �D 7.9, 7.2, 6.6 (H-
furoyl), 5.5–3.5 ppm (H-AGU); 13C NMR (400 MHz,
DMSO-d6): �D157.8 (OACO), 147.9, 144.2, 118.9, 112.6
(C-furoyl), 99.1 (C1), 96.1 (C1�), 77.0–65.7 ppm (C-AGU);
FTIR (KBr): 3409 (OH), 2925 (CH), 1723 (CBOEster), 1577
(CAHFur), 1103 (CAO), 1077 (CAO), 1052 cm¡1 (CAO).

Perpropionylation leads to polymer 8.

2.3.5. EsteriWcation of dextran with pyroglutamic- and furan-
2-carboxylic acid

In a typical synthesis, 1.99 g (14.4 mmol) DL-pyroglu-
tamic acid, 1.73 g (15.4 mmol) furan-2-carboxylic acid, and
4.98 g (30.8 mmol) CDI were added to a solution of dextran
(1 g, 6.2 mmol) possessing a Mw of 5400 g mol¡1 in 40 mL
DMSO (molar ratio AGU:Fur:Pyr:CDID1:2.5:2.5:5) and
the mixture was allowed to react for 22 h at 80 °C under
stirring. The product was isolated by precipitation in
350 mL ethanol, washed two times with 50 mL ethanol and
dried at 60 °C under vacuum, polymer 9. Yield: 1.38 g
(60.3%); DSFurD0.79 (determined by means of 1H-NMR),
DSPyr: 1.27 (determined by elemental analysis); 1H NMR
(250 MHz, DMSO-d6): �D 7.9, 7.2, 6.7 (H-furoyl), 7.2 (NH),
5.6–3.5 (H-AGU), 4.2, 2.3, 2.1 ppm (H-pyroglutamate); 13C
NMR (400 MHz, DMSO-d6): �D 176.6 (COANH-pyroglu-
tamate), 171.9 (OACO-pyroglutamate), 156.5 (OACO-
furoyl), 147.9, 144.3, 120.7, 112.0, (C-furoyl), 98.3 (C1), 95.4
(C1�), 76.2–65.1 (C-AGU), 54.6 (CH-pyroglutamate), 28.5,
24.2 ppm (CH2-pyroglutamate); FTIR (KBr): 3373 (OH),
3144 (NH), 2943 (CH), 1725 (CBOEster), 1577 (CAHFur),
1298 (CH), 1181 (CAO), 1112 cm¡1 (CAO); Elemental
analysis: C 50.32, H 4.69, N 4.55.

Perpropionylation leads to polymer 10. Samples 11 to 15
were synthesized according to the described procedure
using dextran of diVerent molecular weight and a molar
ratio of AGU:Fur:Pyr:CDID1:1:2:3.

2.3.6. Peracylation of the dextran esters, general procedure
To determine the DS of the dextran ester by means of 1H

NMR spectroscopy, peracylation with acetic- or propionic
anhydride was carried out. For this purpose, 0.2 g of sample
in 6 mL pyridine was allowed to react with 6 mL of the cor-
responding anhydride in the presence of 50 mg of DMAP as
catalyst for 24 h at 80 °C. The polymer was precipitated and
washed with ethanol (250 mL) two times and dried at 60 °C.
The sample was reprecipitated from 3 mL chloroform in
100 mL ethanol followed by Wltration and drying at 60 °C
under vacuum. FTIR (KBr): no �(OH).

2.4. Nanoparticle preparation

Preparation of the nanoparticles was carried out by a
dialysis process. Forty milligram of dextran ester was dis-
solved in 10 mL puriWed DMAc and was dialyzed against
distilled water (Spectra/Por® membrane, molecular weight
cut-oV 3500 g mol¡1) for 4 d. The deionized water was
exchanged 5 times in a period of three days. For SEM
images, a droplet of approximately 0.2 mL was placed on a
mica surface. The system was lyophilized for 6 h and sput-
tered with gold.

2.5. Fluorescence spectroscopic study

A stock solution of pyrene (6£ 10¡6 mol L¡1) in acetone
was added to 10 mL of various concentrations of nanopar-
ticle suspension to give a Wnal pyrene concentration of
6£ 10¡7 mol L¡1. The mixture was heated at 60 °C for 3 h to
remove acetone. The Xuorescence intensity was measured
by a Xuorometer (Fluorolog Jobin Yvon-Spex, ISA Horiba
Group) applying an emission wavelength of 335 nm. The
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excitation and emission bandwidths were 1.0 and 1.0 nm,
respectively.

3. Results and discussion

Applying the synthesis concept of the deWned introduc-
tion of multiple functionalities via in situ activation of car-
boxylic acids, a large variety of dextran derivatives bearing
furoate-, pyroglutamate-, propionate-, and acetate groups
in diVerent ratios is accessible. Dextran propionate, -propi-
onate pyroglutamate (Fig. 1a), -furoate pyroglutamate
(Fig. 1b), perpropionylated dextran furoate, -pyrogluta-
mate (Fig. 1c), -furoate pyroglutamate, and peracetylated
dextran propionate are potential derivatives for the prepa-
ration of nanoscale particles. During dialysis of the dextran
derivatives, an exchange of the solvent N,N-dimethylaceta-
mide (DMAc) against water occurs, while the formation of
nanoparticles is based on the self-assembly of highly func-
tionalized dextran molecules. It is important that a certain
balance of a polar, i.e., the carbonyl function and nonpolar
moiety is introduced into the polymer backbone. The char-
acter of functional groups, the DS, the course of reaction,
and consequently the distribution of the substituents inXu-
ences the size of the resulting nanoparticles. It should be
mentioned that under the conditions of peracylation a N-
acylation of pyroglutamyl moieties takes place (compare
Figs. 1a and c) (Bernardi et al., 2002).

Five diVerent dextran samples relating to their origin
and molecular weight distribution were used in our studies
for the biopolymer preparation. The structure determina-
tion was carried out extensively by NMR spectroscopy, IR
spectroscopy, elemental analysis, and gel permeation chro-
matography. Table 1 shows an assortment of dextran deriv-
atives that form nanoparticles after dialysis of DMAc
solutions against water.

The results demonstrate that a degree of functionaliza-
tion of at least 2 by the mentioned substituents is necessary
for the organisation into regular spheres. For example,
Fig. 1. Schematic structures of dextran derivatives and corresponding images (SEM for a and b, cryo-TEM for c) of the nanoparticles formed by dialysis
(DMAc/H O); (a) dextran propionate pyroglutamate (sample 3, d D 384 nm); (b) dextran furoate pyroglutamate (sample 9, d D 520 nm); (c) perpropiony-
2

lated dextran pyroglutamate (sample 7, d D 87 nm).
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mainly irregular particles of diVerent size were obtained
after dialysis of a dextran furoate pyroglutamate (DSFur
0.12, DSPyr 1.13) as revealed by means of SEM. After per-
propionylation, i.e., after complete modiWcation of the
remaining hydroxyl groups, regular nanoparticles with
460 nm in diameter are accessible (sample 11) as discussed
in (Hornig et al., 2005). However, a derivative, which pos-
sesses a degree on pyroglutamyl groups in the same range
as polymer 11 but possessing a higher degree on furoyl moi-
eties, generates nanoparticles before (sample 9) and after
perpropionylation (sample 10).

The nanoparticles formed in aqueous suspensions were
analyzed regarding their size and shape by dynamic light
scattering (DLS), by particle size distribution analyses
(PSDA), scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM). Nanospheres in the
range of 87–520 nm possessing a narrow size distribution

Table 1
Molecular weight (Mw) of starting dextran, degree of substitution (DS) of
functionalized dextran with furoyl- (DSFur), pyroglutamyl- (DSPyr), pro-
pyl- (DSProp), and acetyl moieties (DSAc), and mean diameters of the
resulting nanoparticles after dialysis (DMAc/H2O) determined by
dynamic light scattering (DLS) or a particle size distribution analyzer
(PSDA)

a Determined by GPC.
b Determined by means of 1H NMR spectroscopy after perpropionyla-

tion.
c Determined by elemental analysis.

No. Mw dextrana 
in g mol¡1

DSFur
b DSPyr

c DSProp DSAc Mean diameter in nm

by DLS by PSDA

2 5,400 – – 1.70 1.30 128 –
3 5,400 – 0.26 1.70 – 384 –
4 18,100 – 0.33 2.20 – 413 –
5 54,400 – 0.26 2.16 – 446 –
6 54,400 – – 2.16 – 360 –
7 54,400 – 1.96 3.00 – 87 –
8 54,400 1.02 – 1.98 – 101 –
9 5,400 0.79 1.27 – – – 520

10 5,400 0.79 1.27 2.21 – – 498
11 5,400 0.12 1.13 1.87 – – 460
12 18,100 0.31 1.20 2.69 – 399 –
13 54,400 0.22 1.34 2.78 – – 267
14 454,400 0.32 0.72 2.68 – 247 –
15 648,000 0.35 0.84 2.65 – 197 –
are detectable. The nanoparticle suspensions are stable
under neutral conditions for at least 3 weeks. Particles
below 200 nm do not agglomerate and sediment even up to
one year after the preparation.

Another inXuence on the size of dextran ester nanoparti-
cles is the molecular weight (Mw) of the dextran derivatives.
One major advantage of the conversion of carboxylic acids
via in situ activation with CDI is that no polymer degrada-
tion or side reactions take place leading to intermolecular
linkages of polymer chains (Heinze, Liebert, Heublein, &
Hornig, 2006). A comparison of the particle sizes of dextran
propionate pyroglutamate, possessing similar DS values
but prepared from dextran of diVerent Mw (samples 3–5),
shows an increase in size with decreasing Mw. Otherwise,
nanoparticles composed of perpropionylated dextran furo-
ate pyroglutamate (samples 11–15) become smaller with
increasing Mw. Nevertheless, a direct correlation between
the size of the nanospheres and the Mw of the starting dex-
tran and, thus, the Mw of the dextran derivative is hardly
feasible because even small changes in the DS can inXuence
the particle size signiWcantly.

The formation of the nanoparticles during dialysis is
based upon the slow exchange of the organic solvent
against the nonsolvent water. Dimethylsulfoxide (DMSO)
and DMAc are appropriate solvents regarding the pre-
pared dextran derivatives. DMSO is less toxic than DMAc
and, thus, seems to be more suitable for biological applica-
tions. Nevertheless, a comparison of the solvents shows that
a nanoparticle suspension prepared from a DMSO solution
still contains residues of the organic solvent leading to a
change of the structure of the particles after freeze drying
(Fig. 2). The absence of residual DMAc is evidenced by 1H
NMR spectroscopy and elemental analysis of freeze dried
nanoparticles prepared from a DMAc solution. Nanoparti-
cles of polymer 11 prepared in DMSO are in the range of
374 nm, which are on the average about 85 nm smaller than
after preparation in DMAc.

Pyrene was used as hydrophobic probe for Xuorescence
spectroscopy to investigate the structure of the dextran
ester nanoparticles (Rodrigues, 2005; Winnik & Regis-
mond, 1996). The vibrational structure of the Xuorescence
bands of pyrene is known to be sensitive to the local polar-
Fig. 2. SEM images of perpropionylated dextran furoate pyroglutamate nanoparticles (sample 11) prepared by dialysis of (a) DMAc against water

(d D 460 nm) and (b) DMSO against water (d D 374 nm).
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ity of the microenvironment (Kalyanasundaram &
Thomas, 1977). Fig. 3 shows the change in total Xuores-
cence intensity depending on polymer concentrations rang-
ing from 10¡3 to 1 mg ml¡1. A nanoparticle suspension of
perpropionylated dextran pyroglutamate (DSPyr 1.96, sam-
ple 7), possessing a mean diameter of 87 nm, was used for
this Xuorescence study. The nanoparticle suspension itself
shows no Xuorescence (graph 6, Fig. 3). At low concentra-
tions (10¡3 mg ml¡1), the change in Xuorescence intensity is
negligible compared to the aqueous pyrene solution with-
out nanoparticles (graph 5, Fig. 3). With an increased con-
centration, an increase in the total Xuorescence intensity
and a red shift of the I1 (372.5 nm) and I3 (384 nm) band can
be observed. This fact indicates the transfer of pyrene from
the aqueous media to the less polar microdomains. The
peak ratio I1/I3 increases with increasing dipole moment
(Karpovich & Blanchard, 1995) and exhibits values of
approximately 1.3 at polymer concentrations of 10¡2 to
1 mg ml¡1. Consequently, it is lower than the values of
water (I1/I3t 1.87) or aqueous solutions of unmodiWed dex-
tran (I1/I3t 1.8–1.9) (Aparecida Blaz Vieira et al., 2003;
Winnik & Regismond, 1996) and just slightly more polar
than the interior of anionic sodium dodecyl sulphate
micelles (I1/I3t 1.15). The polarity of the nanoparticle core
is comparable to hydrophobically modiWed dextran- and
cellulose micellar systems in aqueous solutions (Aparecida
Blaz Vieira et al., 2003; Evertsson & Nilsson, 1999). The
presence of a hydrophobic core enables the dextran deriva-
tives examined for the encapsulation of nonpolar sub-
stances for potential applications as controlled, e.g., drug
delivery systems. They may be a suitable biopolymer based
alternative to commonly used biodegradable synthetic
block-copolymers (Brannon-Peppas, 1995).

4. Conclusions

Self-assembling nanoparticles were prepared using mul-
tifunctionalized dextran bearing furoyl-, pyroglutamyl-,
propyl-, and acetyl moieties in varying proportions. The
slow exchange of water against DMAc (as organic solvent)

Fig. 3. Fluorescence emission spectra of pyrene (6 £ 10¡7 mol L¡1) in the
presence of decreasing concentrations of perpropionylated dextran pyrog-
lutamate (DSPyr 1.96, DSPro 3.00, sample 7) with the excitation at 335 nm.
via dialysis results in the formation of regular nanospheres
of the respective semisynthetic biopolymer derivative. The
size of the nanospheres depends on the ratio of the intro-
duced functional groups, the molecular weight of the poly-
mer, and the preparation conditions. The ability to design
dextran ester nanoparticles by a dialysis process does not
result from a particular substituent but from a certain bal-
ance of functional groups with an inherent diVerence in
polarity. Less polar microdomains in the core of the nano-
spheres can be used for the encapsulation of hydrophobic
drugs. The substituents may be valuable for certain molecu-
lar recognition or subsequent modiWcation to improve the
stability and aVect drug release properties.

Acknowledgements

The authors gratefully acknowledge the Wnancial sup-
port of the “Deutsche Forschungsgemeinschaft”, Project
He 2054/8-1. We are also indebted to Dr. St. Hesse-Ertelt, I.
Herrmann (EMZ Jena) for technical assistance with the
SEM equipment, F. Steiniger (EMZ Jena) for cryo-TEM
studies, Dr. J. Schaller (TITK Rudolstadt) for the particle
size analyses, A. Graefe (Institute for Physical Chemistry,
FSU Jena) for the assistance in Xuorescence studies, and
Dr. T. Liebert for helpful discussions. T.H. gratefully
acknowledges the general Wnancial support of the “Fonds
der Chemischen Industrie”.

References

Aparecida Blaz Vieira, N., Salomao Moscardini, M., de Oliveira Tiera, V.
A., & Tiera, M. J. (2003). Aggregation behavior of hydrophobically
modiWed dextran in aqueous solution: a Xuorescence probe study. Car-
bohydrate Polymers, 53, 137–143.

Bernardi, F., Garavelli, M., Scatizzi, M., Tomasini, C., Trigari, V., Crisma,
M., et al. (2002). Pseudopeptide foldamers: the homo-oligomers of
pyroglutamic acid. Chemistry, A European Journal, 8, 2516–2525.

Brannon-Peppas, L. (1995). Recent advances on the use of biodegradable
microparticles and nanoparticles in controlled drug delivery. Interna-
tional Journal of Pharmaceutics, 116, 1–9.

Chauvierre, C., Vauthier, C., Labarre, D., & Hommel, H. (2004). Evalua-
tion of the surface properties of dextran-coated poly(isobutylcyanoac-
rylate) nanoparticles by spin-labelling coupled with electron resonance
spectroscopy. Colloid and Polymer Science, 282, 1016–1025.

Coombes, A. G., Tasker, S., Lindblad, M., Holmgren, J., Hoste, K., Ton-
cheva, V., et al. (1997). Biodegradable polymeric microparticles for
drug delivery and vaccine formulation: the surface attachment of
hydrophilic species using the concept of poly(ethylene glycol) anchor-
ing segments. Biomaterials, 18, 1153–1161.

Dimitriu, S. (1996). Polysaccharides in medical applications. New York:
Marcel Dekker.

Evertsson, H., & Nilsson, S. (1999). Microstructures formed in aqueous
solutions of hydrophobically modiWed nonionic cellulose derivative
and sodium dodecyl sulphate: a Xuorescence probe investigation. Car-
bohydrate Polymers, 40, 293–298.

Gref, R., Rodruiges, J., & Couvreur, P. (2002). Polysaccharides grafted
with polyesters: novel amphiphilic copolymers for biomedical applica-
tions. Macromolecules, 35, 9861–9867.

Heinze, T., Liebert, T., Heublein, B., & Hornig, S. (2006). Functional poly-
mers based on dextran. Advances in Polymer Science. In D. Klemm
(Ed.), Polysaccharide II, Advances in Polymer Science (Vol. 205, pp.
199–291). Berlin, Heidelberg: Springer Verlag.



286 S. Hornig, T. Heinze / Carbohydrate Polymers 68 (2007) 280–286
Hornig, S., Liebert, T., & Heinze, T. Structure design of multifunctional
furoate and pyroglutamate esters of dextran by polymer analogue
reactions. Macromolecular Bioscience, in press, mabi.200600189.

Hornig, S., Heinze, T., Hesse, S., & Liebert, T. (2005). Novel nanoparticles
based on dextran esters with unsaturated moieties. Macromolecular
Rapid Communications, 26, 1908–1912.

Kalyanasundaram, K., & Thomas, J. K. (1977). Environmental eVects on
vibronic band intensities in pyrene monomer Xuorescence and their
application in studies of micellar systems. Journal of the American
Chemical Society, 99, 2039–2044.

Karpovich, D. S., & Blanchard, G. J. (1995). Relating the polarity-depen-
dent Xuorescence response of pyrene to vibronic coupling: achieving a
fundamental understanding of the py polarity scale. The Journal of
Physical Chemistry, 99, 3951–3958.

Lemarchand, C., Gref, R., & Couvreur, P. (2004). Polysaccharide-deco-
rated nanoparticles. European Journal of Pharmacy and Biopharmacy,
58, 327–341.

Liebert, T., & Heinze, T. (2005). Tailored cellulose esters: synthesis and
structure determination. Biomacromolecules, 6, 333–340.
Liebert, T., Hornig, S., Hesse, S., & Heinze, T. (2005). Nanoparticles on the
basis of highly functionalized dextrans. Journal of the American Chem-
ical Society, 127, 10484–10485.

Nichifor, M., Lopes, A., Carpov, A., & Melo, E. (1999). Aggregation in
water of dextran hydrophobically modiWed with bile acids. Macromol-
ecules, 32, 7078–7085.

Nouvel, C., Frochot, C., Sadtler, V., Dubois, P., Dellacherie, E., & Six, J.-L.
(2004). Polylactide-grafted dextrans: synthesis and properties at inter-
faces and in solution. Macromolecules, 37, 4981–4988.

Rodrigues, M. R. (2005). Synthesis and investigation of chitosan deriva-
tives formed by reaction with acyl chlorides. Journal of Carbohydrate
Chemistry, 24, 41–54.

Sparnacci, K., Laus, M., Tondelli, L., Magnani, L., & Bernardi, C.
(2002). Core-shell microspheres by dispersion polymerization as
drug delivery systems. Macromolecular Chemistry and Physics, 203,
1364–1369.

Winnik, F. M., & Regismond, S. T. A. (1996). Fluorescence methods in the
study of the interactions of surfactants with polymers. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 118, 1–39.


	Nanoscale structures of dextran esters
	Introduction
	Experimental
	Materials
	Measurements
	Synthesis
	Synthesis of dextran propionate 1 and subsequent peracetatylation, polymer 2
	Dextran propionate pyroglutamate 3
	Dextran pyroglutamate
	Synthesis of dextran furoate
	Esterification of dextran with pyroglutamic- and furan-2-carboxylic acid
	Peracylation of the dextran esters, general procedure

	Nanoparticle preparation
	Fluorescence spectroscopic study

	Results and discussion
	Conclusions
	Acknowledgements
	References


