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a  b  s  t  r  a  c  t

The  objective  of  this  study  was  to investigate  the  suitability  of carbohydrate  plasma  volume  expanders  as
a novel  polymer  platform  for  tumor  targeting.  Many  synthetic  polymers  have already  been  synthesized  for
targeted  tumor  therapy,  but potential  advantages  of  these  carbohydrates  include  inexpensive  synthesis,
constant  availability,  a good  safety  profile,  biodegradability  and  the  long  clinical  use  as  plasma  expanders.
Three  polymers  have  been  tested  for cytotoxicity  and  cytokine  activation  in cell cultures  and  conjugated
with  a  near-infrared  fluorescent  dye:  hydroxyethyl  starches  (HES  200  kDa  and  HES 450  kDa)  and  dextran
eywords:
ydroxyethyl starch
ES
ultispectral optical imaging

umor accumulation
assive tumor targeting
ytokine induction

(DEX 500  kDa).  Particle  size  and molecular  weight  distribution  were  determined  by  asymmetric  flow
field-flow  fractionation  (AF4).  The  biodistribution  was  investigated  non-invasively  in nude  mice  using
multispectral  optical  imaging.  The  most  promising  polymer  conjugate  was  characterized  in  human  colon
carcinoma  xenograft  bearing  nude  mice.  A  tumor  specific  accumulation  of  HES  450  was  observed,  which
proves  it’s  potential  as  carrier  for passive  tumor  targeting.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Synthetic polymers have been investigated as drug carriers
or the delivery of active compounds for years (Haag & Kratz,
006; Ulbrich et al., 2000; Vicent, Ringsdorf, & Duncan, 2009).
he most considerable advantages of polymer–drug conjugates
ompared to the free drug are reduced side effects, higher solu-
ility and bioavailability, as well as improved biodistribution and
tability (Garnett, 2001). The controlled delivery of anti-tumor
gents has especially attracted attention in the field of poly-
er  therapeutics (Duncan, 2009; Kopecek & Kopeckova, 2010;

ammers & Ulbrich, 2010; Maeda, 2001). Copolymers based on N-
2-hydroxypropyl)methacrylamide (HPMA), as water soluble and
on-particulate synthetic polymer carriers, have been particularly

ntensively investigated for the controlled delivery of covalently
ound cytotoxic drugs to tumor tissue, but other polymers have

een also considered (Bae & Kataoka, 2009; Gillies & Frechet, 2005).
t has been shown that high-molecular-weight polymers can lead
o passive accumulation in the tumor tissue due to the enhanced

∗ Corresponding author. Tel.: +49 345 55 25 167; fax: +49 345 55 27 029.
E-mail address: karsten.maeder@pharmazie.uni-halle.de (K. Mäder).
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permeability and retention (EPR) effect (Maeda & Matsumura,
2011; Matsumura & Maeda, 1986). Although several polymers have
been synthesized for this purpose in the last decades and promising
results have been obtained in preclinical animal studies, only few
entered clinical trials and even less resulted in approved market
products (Vicent et al., 2009; Duncan, Ringsdorf, & Satchi-Fainaro,
2006). Disadvantages of new synthetic polymers are often com-
plex synthesis conditions that are difficult to control, resulting in
usually only small amounts of products and high costs. Even more
important is that the polymers often do not have regulatory sta-
tus. Therefore extensive toxicity and biocompatibility studies are
necessary to proceed from the preclinical to the clinical phase of
drug development. Polymers from natural sources are often less
expensive and available in a large scale. In the last years, several car-
bohydrates have attracted attention as building blocks for nanopar-
ticles (Mizrahy & Peer, 2012). In addition, the potential of some
carbohydrate drug conjugates has been already demonstrated for
polysaccharides of lower molecular weight (Goodarzi, Varshochian,
Kamalinia, Atyabi, & Dinarvand, 2012). As a high-molecular-weight

carbohydrate for tumor therapy, hyaluronic acid (HA) has been
intensively investigated in the last years and some HA–drug conju-
gates have entered already clinical trials. HA-Irinotecan (Alchemia),
for instance, is currently investigated in Phase III for the treatment

dx.doi.org/10.1016/j.carbpol.2013.03.033
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.03.033&domain=pdf
mailto:karsten.maeder@pharmazie.uni-halle.de
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f colorectal cancer. Plasma volume expanders based on glucose
onomers, like hydroxyethyl starch (HES) and dextran (DEX),

re known to be well tolerated and biocompatible. High doses of
hese materials have been used in the clinic for decades (Bowman,
953; Lee, Cooper, Weidner, & Murner, 1968) and there are several
pproved products on the market, for instance HyperHES® (Fre-
enius Kabi), Venofundin® (B. Braun) and Vitafusal® (Serumwerk
ernburg). The production of these polymers is well established
nd possible in large scales under GMP  conditions. Furthermore,
ES is presently used to develop new drug delivery systems for par-
nteral application (Wöhl-Bruhn, Badar, et al., 2012; Wöhl-Bruhn,
ertz, et al., 2012), for gene delivery (Noga et al., 2012), and it
lso attracted attention as commercial technology (HESylation®)
o improve the solubility and to prolong the circulation time of cer-
ain active compounds (Hey, Knoller, & Vorstheim, 2011). In our
tudy, three commercially available glucose-based polymers have
een investigated with respect to the influence of their molecu-

ar weight distribution on the biodistribution and on the long term
n vivo fate: hydroxyethyl starch 200 kDa (HES 200) and 450 kDa
HES 450) and Dextran 500 kDa (DEX 500). We  are aware of the
afety issues of high-molecular-weight hydroxyethyl starches in
ertain severe diseased patients that have been recently discussed
Perner et al., 2012; Navickis, Haynes, & Wilkes, 2012). However
he difference in using HES as plasma volume expander (infusion of
omparatively large volumes) or in tumor therapy needs to be taken
nto account. Nevertheless, cytotoxicity and immunogenicity of the
arbohydrates evaluated in this study were characterized in hepa-
ocellular carcinoma cells (HepG2) and in human peripheral blood

ononuclear cells (PBMC’s). For in vivo visualization, the polymers
ere covalently conjugated with a near-infrared (NIR) fluorescent
ye (IR800CW) after amine-modification, which influenced their
olecular weight distribution. The in vivo fate was  investigated in

ude mice by non-invasive multispectral optical imaging over sev-
ral weeks and by ex vivo imaging of autopsied organs. Recently,
he powerful possibilities to characterize the in vivo fate of poly-

ers using multispectral optical imaging have been demonstrated
or HPMA copolymers and other nanoscaled drug delivery sys-
ems (Hoffmann et al., 2012; Schädlich et al., 2012). Advantages
f optical imaging are the overall simple setup (e.g. no radioactive
abels are necessary) and the possibility of long-term observation
or up to several months. The use of a NIR fluorescent dye pro-
ides high sensitivity and detection of fluorescent signals also in
eep tissues like liver and spleen, due to comparatively low tissue
bsorbance of light in this spectral range (Leblond, Davis, Valdes, &
ogue, 2010). In our study, elimination and biodistribution of the
hree carbohydrate polymer carriers was characterized in vivo over
everal weeks by use of multispectral fluorescence imaging. Fur-
hermore, the potential of the most promising polymer for passive
umor targeting was confirmed in vivo in human xenograft colon
arcinomas.

. Material and methods

.1. Materials

The polysaccharide polymers HES 200/0.5 (batch 0473), HES
50/0.7 (batch 00209) and dextran 500 (batch 241/03) were kindly
rovided by Serumwerk Bernburg AG, Germany. The near-infrared
uorescent dye IR800CW was purchased from LI-COR, US. Ethy-

ene diamine, p-toluenesulfonyl chloride and deuterium oxide,
ipopolysaccharide (LPS) from Escherichia coli 055:B5 and cell cul-

ure supplements were obtained from Sigma–Aldrich, Germany.
ymphocyte separation medium (LSM 1077), sodium pyruvate
olution and MEM  cell culture medium containing phenol red
ere from PAA Laboratories, Austria. Gibco® MEM  without phenol
olymers 95 (2013) 404– 413 405

red was  purchased from Life Technologies, USA. HepG2 cells were
purchased from the Leibnitz Institute DSMZ-German Collection
of Microorganisms and Cell Cultures, Germany. BD CBA human
inflammatory cytokines kit was  bought from Becton, Dickinson
and Company, USA. Dimethylformamide (DMF) and triethylamine
were HPLC grade and used as received from VWR, Germany.
Water was bi-distilled before use. The dialysis membrane (MWCO
3.5 kDa) for product purification was purchased from Spectrum
Labs, USA. Sterile filters (0.2 �m)  were obtained from Millipore,
USA. Isoflurane (Forane®) was  purchased from Abbott, Germany.
All other chemicals and materials were used as received.

2.2. In vitro toxicity in HepG2 cells

The cytotoxicity of the polysaccharide solutions was investi-
gated by the MTT  assay. The polymers were dissolved in phosphate
buffered saline (PBS) at stock concentrations of 200 mg/mL and
20 mg/mL. The solutions were diluted 1:10 (v/v) with MEM  medium
with Earl’s salt and phenol red (supplemented with 10 % FBS,
sodium pyruvate solution, non-essential amino acid solution and
gentamicin–glutamine solution). HepG2 cells (3 × 104 cells/well)
were grown at 37 ◦C and 5% CO2 atmosphere in a 96-well plate
in the same supplemented MEM  medium with Earl’s salt and phe-
nol red. After 24 h, the medium was removed and 100 �L polymer
solution were added to each well. After incubation for 24 h or
48 h, the supernatant was  removed and cells were incubated with
100 �L solution of MTT  (500 �g/mL) in indicator-free MEM  medium
without supplements for 3 h. Cells were lysed subsequently with
100 �L lysis buffer (5 g sodium dodecylsulfate, 0.3 mL  acetic acid
and 49.7 mL  DMSO) for 1 h and absorption was measured with a
microplate reader (BMG Labtech Polarstar Omega) at 570 nm.  Non-
treated cells were used as a reference (positive control) and cells
treated with 100 �L DMSO (30%, v/v in MEM)  were the negative
control.

2.3. In vitro cytokine induction assay

Stimulation of inflammatory cytokines was investigated in
human peripheral blood monocyte cells (PBMC’s). Heparinized
blood was  obtained from 3 healthy donors and PBMC’s were iso-
lated by density gradient centrifugation (2000 × g, Heraeus Biofuge
Stratos) on lymphocyte separation medium (LSM 1077). After
washing with PBS, cells were resuspended in RPMI 1640 medium
containing 10% inactivated human serum from the same donor and
seeded in a 24-well plate at a concentration of 5 × 105 cells per
well. 10 �L of polymer solution (200 mg/mL in PBS) were added to
the sample wells. 20 �L solution of lipopolysaccharide from E. coli
(LPS, 1 �g/mL) were used as positive control and 10 �L PBS as nega-
tive control. RPMI 1640 medium containing 10% inactivated human
serum was  added to the wells to give a total volume of 1 mL  per
well and the cells were incubated at 37 ◦C and 5% CO2 atmosphere.
After incubation for 4 h or 24 h, supernatants were aspirated, cen-
trifuged 3 min  at 18,500 × g (Hettich Mikro 200R) and immediately
frozen in liquid nitrogen. Cell viability was  checked after 4 h and
24 h by Trypan blue exclusion and always found to be >95%. Inflam-
matory cytokines (IL-1�, IL-6, IL-8, IL-10, IL-12p70 and TNF) were
analyzed by a cytometric multibead assay using the BD CBA human
inflammatory cytokines kit and following the kit instructions. A
10-point calibration curve was measured between 20 pg/mL and
5000 pg/mL. Measurements of the beads were performed on a BD
LSR II FortessaTM Cell Analyzer on FL2 and FL3 channel using the

FACS DivaTM Software and the results were analyzed using FCAP
ArrayTM Software (Version 3.0). All measurements were performed
in independent duplicates and the results are given as a mean of
duplicate measurements from 3 different blood samples.
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.4. Synthesis of stable polymer–dye conjugates

Amine functions were introduced to all three polymers prior
o conjugation with the dye IR800CW to provide a stable amide
ond. For this purpose all polymers were activated with p-
oluenesulfonyl chloride based on a previously described method
Besheer, Hertel, Kressler, Mäder, & Pietzsch, 2009). 1 g of HES 200
nd HES 450 were each dissolved in 20 mL  DMF. 1 g of Dextran 500
as dissolved in 20 mL  borax buffer (pH 10) as the reaction in DMF
id not work here. Tosyl-activation in aqueous media was  already
reviously described (Morita, Nakatsuji, Misaki, & Tanabe, 2005).
ll solutions were cooled to 2–4 ◦C and 2 mL  triethylamine were
dded. 0.3 g (HES 200 and 450) and 0.2 g (DEX 500) toluenesulfonyl
hloride were dissolved in 2 mL  DMF  in the dark and dropwisely
dded to each polymer solution, which was then stirred for 2 h
n the dark at 2–4 ◦C. The polymers were precipitated by pour-
ng the solutions into 100 mL  cold acetone (4 ◦C), washed 3 times

ith each 20 mL  cold acetone, dried, dissolved in 30 mL  water and
ialysed against 1.5 L water for 72 h (3.5 kDa membrane, medium
as changed 5 times). The resulting solutions were lyophilized

fterwards and the reaction success was evaluated by 1H-NMR.
00 mg  of the tosyl-activated polymers were dissolved in 50 mL
f a mixture of borax buffer (pH 9.5) and DMF  (2:1 v/v). 1.5 g of
thylene diamine (500 fold molar excess) were added and the solu-
ion was stirred for 2 days at 40 ◦C (HES 200 and HES 450) or for 1
ay at 70 ◦C (DEX 500) in the dark. The amine-modified polymers
ere precipitated in a mixture of methanol and 2-propanol (1:1,

/v; 200 mL), washed 3 times with 20 mL  methanol/2-propanol,
ried, dissolved in 30 mL  water, dialysed against water for 72 h
s described above and lyophilized. 100 mg  of the amine-modified
olymers were dissolved in bi-distilled water (50 mL)  and reacted
ith 0.6 mg  dye IR800CW-NHS ester in the dark for 2 h at 4 ◦C and a
H of 8.5 and subsequently dialysed against water and lyophilized
fterwards. Unmodified dextran 500 (60 mg)  was conjugated with
.4 mg  IR800CW-NHS ester to serve as an ester control using the
ame reaction parameters. The polymer solution was  frozen in
iquid nitrogen immediately after the reaction and subsequently
yophilized to avoid ester hydrolysis.

.5. Nuclear magnetic resonance spectroscopy

Success of the activation and of the cleavage of the tosyl func-
ions was proven by 1H-NMR. 7 mg  of polymer were dissolved in
00 �L D2O and 1H-NMR spectra were recorded at 400 MHz using

 Gemini 2000 spectrometer (Varian Inc.).

.6. Particle size and molecular weight distribution

Particle size distributions of all polymers were measured by
ynamic light scattering (DLS, Zetasizer nano, Malvern). Sam-
les were dissolved in bi-distilled water (10 mg/mL) and filtered
0.45 �m)  prior to measurement at 25 ◦C (n = 4). To confirm the
esults and to determine the molecular weight distribution, asym-
etric flow field-flow fractionation (AF4, Eclipse) combined with

 multi-angle light scattering detector (MALLS, DAWN EOS) and an
I detector (Shodex 101) was applied (channel length: 265 mm,
eight 350 �m,  membrane: polyethersulfone MWCO 5k from
yatt (Germany), carrier liquid: PBS preserved with 0.02% sodium

zide and filtered through 0.1 �m).  100 �L of polymer solution
1 mg/mL) in PBS were injected over 2 min  (focus flow 2 mL/min)
nd then eluted with a constant detector flow (1 mL/min) and
ecreasing cross flow (2 mL/min to 0.1 mL/min in 20 min  and

.1 mL/min to 0 mL/min in 20 min). The molecular weight distri-
utions of the polymers were calculated with the ASTRA software
version 4.90, Wyatt, Germany) based on the light scattering and
he RI signals (RI signals were baseline corrected), using the Debye
olymers 95 (2013) 404– 413

fit method (5th order polynomial). The incremental change of the
refractive index (dn/dc), which is needed to calculate the concen-
tration at each elution time and thus the molecular weight, was
determined in PBS at 25 ◦C by injection of different concentrations
in the range of 0.2 mg/mL  to 1 mg/mL  to the RI detector. It was calcu-
lated to be 0.142 mL/g (HES 200), 0.146 (HES 450) and 0.145 mL/g
(DEX 500), which is in very good agreement with literature data
(Kulicke, Kaiser, Schwengers, & Lemmes, 1991). The polymer sizes
were calculated as z-average mean square diameters (DZ) and the
molecular weights were calculated as weight averaged molar mass
(MW). All measurements were carried out in triplicate and results
are given as average.

2.7. Dye loading

The efficiency of the conjugation with the fluorescent dye was
quantified using the Maestro® Fluorescence Imager (Cambridge
Research and Instrumentation, USA). Calibration of the emitted
fluorescence intensity was carried out with free dye in a concentra-
tion range between 0.1 and 0.6 �g/mL in water. 3 mg  of conjugated
polymer were dissolved in 1 mL  bi-distilled water and diluted with
bi-distilled water 1:40 (v/v) resulting in a polymer concentration of
75 �g/mL. Fluorescence intensity was measured and the dye con-
tent was calculated based on the calibration curve.

2.8. In vivo fluorescence imaging in healthy mice

Biodistribution and elimination of the polymers was investi-
gated over several months in nude female mice (SKH1-Hrhr from
Charles River Lab, 3–5 months old at the beginning). All mice
were kept under controlled conditions (12 h day/night cycle, 24 ◦C).
The mice were anesthetised with 1.5–2.5% isoflurane (Forane®,
Abbott) in oxygen at a flow of 2 L/min for the imaging process.
Fluorescence imaging was  carried out with the Maestro® Fluores-
cence Imager (Cambridge Research and Instrumentation, US) using
a 710–760 nm excitation filter and a 800 nm long-pass emission
filter. During the imaging process, mice were placed on a tem-
pered plate (35 ◦C) and the isoflurane concentration was adjusted
individually. All images were automatically exposed to avoid over-
exposure and the maestro software (version: 2.10.0) was  used to
deconvolute the spectral component of the infrared fluorescent dye
based on previously recorded spectra of the polymers in bi-distilled
water. A total of 15 mg  of each polymer was dissolved in 1 mL  iso-
tonic sorbitol solution. The solution was sterile-filtered (0.2 �m
Millex, Millipore, US) and 100 �L were injected into the tail vein of
each mouse (n = 4, according 1.5 mg  polymer per mouse). A mouse
of each group was sacrificed and autopsied one day after injection
of the polymer solution to obtain a detailed view on the organ dis-
tribution of the polymers. All experiments complied with regional
standards and regulations and were approved by the local authority
in Saxony-Anhalt.

2.9. In vivo fluorescence imaging in tumor bearing mice

Tumor accumulation of HES 450 was observed in 3 male
athymic nude mice (Hsd1Cpb:NMRI-Foxn1, 5 weeks old, from Har-
lan Winkelmann). After two weeks of setting in period, human
colon carcinoma cells were injected to the left (HT-29, 5 × 106 cells)
and right (DLD-1, 5 × 106 cells) flank of the mice. Mouse weight
and tumor size was continuously measured and the tumor vol-
ume  was estimated by measurement of tumor length (l) and width

(w) (Euhus, Hudd, Laregina, & Johnson, 1986; Tomayko & Reynolds,
1989). The volume was  calculated using the equation:

V = l × w2 × �

6
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NIR-HES 450 (1.5 mg  in 100 �L) in isotonic sorbitol solution was
njected into the tail vein of the mice 21 days after tumor cell inocu-
ation (sterile-filtered before injection). At this time, the tumors had

 volume of 0.57 ± 0.18 cm3 (HT-29) and 1.05 ± 0.29 cm3 (DLD-1).
he imaging procedure was the same as described for the healthy
ice and the experiments complied with regional standards and

egulations and were approved by the local authority in Saxony-
nhalt.

. Results and discussion

.1. In vitro cytotoxicity and immunogenicity

As the polymers used in this study have been used in medicine
n high doses as plasma volume expanders, they can generally be
onsidered to be biocompatible and safe. To support this, cytotoxic-
ty was assessed by MTT-assay in HepG2 cells after treatment with
olutions containing 2 mg/mL  or 20 mg/mL  polymer. The viability
f non-treated cells served as control and was defined to be 100 %.
o significant decrease of cell viability could be observed after the

ncubation for 24 and 48 h (Fig. 1, n = 16 each).
As lipopolysaccharides from various sources are known to

e strong inductors of cytokine production, the polysaccharide
olymers were also investigated for the production of pro- and
nti-inflammatory cytokines. Human PBMC’s were isolated and
reated with polymer solutions (2 mg/mL). 6 relevant inflammatory
ytokines were analyzed by cytometric bead array flow cytometry
fter incubation for 4 h or 24 h (Fig. 1). The concentration of inflam-
atory IL-12p70 and of anti-inflammatory IL-10 was  determined

o be lower than 10 pg/mL in all samples and controls. The positive
ontrol (20 ng/mL LPS) showed a tremendous increase of the other
ro-inflammatory cytokines (IL-1�, IL-6, IL-8, and TNF), whereas
he concentration in the samples treated with HES 450 (2 mg/mL)
as comparable to the non-treated control. The cell supernatants

reated with HES 200 and DEX 500 showed a slightly increased
ytokine concentration compared to the non-treated control, espe-
ially for IL-8, which is an activator of neutrophils and mediator of
ngiogenesis, but also binds to erythrocytes (Baggiolini & Clark-
ewis, 1992; Koch et al., 1992). However, the concentration of IL-8
n cell supernatants from the LPS treated control was  much higher
nd exceeded the upper detection limit of 23,000 pg/mL. IL-8 was
lso produced in the negative control (160 pg/mL ± 113 pg/mL).
n consistency with numerous studies investigating the immuno-
enicity of hydroxyethyl starches, the polymers used in this study
an be regarded as safe and biocompatible (Collis et al., 1994; Lv,
hou, Zhang, & Xu, 2005; Tian, Lin, Li, & Xu, 2005; Vincent, 2007).

.2. Synthesis of stable polymer–dye conjugates

All three polymers were conjugated with a fluorescence dye as a
reparatory step for the in vivo studies by optical imaging (Fig. 2A).

 NIR fluorescent probe was chosen for conjugation because of good
ight penetration in the “optical window”, which provides infor-

ation also from deep tissues (Leblond et al., 2010; Weissleder,
001). To form a stable and physiologically noncleavable amide
ond (Brinkley, 1992), the polymers were amine-modified prior to
ye conjugation. Therefore, HES 200 and HES 450 were activated
ith p-toluenesulfonyl chloride, using a modified method based on

 previously described protocol (Besheer et al., 2009). Dextran was
ctivated with p-toluenesulfonyl chloride in water, as the previous
ethod did not work for DEX 500 because of insufficient solubil-
ty in DMF. Success of the reactions was monitored by 1H-NMR in
2O after purification by dialysis and lyophilization (Fig. 2B). The

ubstitution degree with toluenesulfonyl esters was determined to
e about 2 % per anhydrous glucose unit (AGU) for all polymers
olymers 95 (2013) 404– 413 407

by calculation of the peak ratio of the aromatic protons (� 7.4 and
7.75) to the proton at the alpha-carbon atom (C1, � 5–6) of the AGU
(Besheer et al., 2009):

DS[%] = area(7.4  ppm) + area(7.75 ppm)
4 protons × area(C1 − proton peaks)

.

In  the following step, the activated polymer was  then exposed
to 500-fold molar excess of ethylene diamine in a mixture of borax
buffer/DMF (pH 9.5) to prevent cross-linking reactions. Reaction
success was  proven by the disappearance of the signal of aro-
matic protons in the 1H-NMR spectra after sample purification. The
succinimidyl activated fluorescent dye IR800CW (NHS-ester) was
conjugated to the amine-modified polymers in bi-distilled water
via an amide bond. The amount of dye conjugated to the polymers
was determined afterwards by fluorescence imaging (Fig. 2C). The
conjugation efficiencies were determined to be 90% (HES 200), 80%
(HES 450) and 75% (DEX 500).

3.3. Particle size and molecular weight distribution

The particle size and molecular weight distribution were char-
acterized for the three polymers before and after modification.
DLS measurements from unmodified polymers indicated a broad
distribution of particle sizes (Table 1). The broad molecular
weight distribution was confirmed by AF4 measurements (MW/MN

between 3.6 and 4.4, n = 3). AF4 has the advantage that the poly-
mers are separated according to their size before they are detected
in the light scattering detector. Therefore monomodal size distri-
butions are measured at each time point during sample elution,
which results in precise distribution results. By combining the light
scattering signal with the sample concentration, which is obtained
from the RI signal, the molecular weight can be calculated (Folta-
Stogniew & Williams, 1999). The AF4 results are summarized in
Table 2 and also indicate the presence of a fraction with lower
molecular weight in all polymers (Fig. 3A–C). Generally, the z-
average diameters measured by dynamic light scattering (n = 4)
were smaller than those determined by AF4, but the trend that poly-
mers with higher molecular weight have also a larger particle size
was comparable for all polymers. The results show the influence of
the syntheses on the molecular weight distribution of the polymers.
Competing processes can be discussed as reason: First degrada-
tion reactions are likely to occur during the amine-modification
(pH ∼10). Especially DEX 500, which was reacted at 70 ◦C, showed
a strong decrease of the molecular weight after this step. Second,
the polymers can self-aggregate during the reaction which could
explain the increased molecular weight of HES 450. Furthermore,
using ethylene diamine, cross-linking of molecules might occur,
although 500-fold molar excess was used. It was  unfortunately
not possible to determine the molecular weight distribution of the
dye-conjugates by DLS and AF4/MALLS due to interferences of the
fluorescent dye with the instrument’s laser. However, the NHS-
ester of the fluorescent dye cannot lead to cross linking reactions
and enhanced self-assembly of the molecules is unlikely due to the
hydrophilic and highly negatively charged nature of the dye. Also,
the AF4 elution profile was  not altered compared to those of the
respective amine-modified polymers (RI-detector) and therefore
a significant change in the molecular weight distribution is very
unlikely. The broad molecular weight distributions of the plasma
expanders can generally be regarded as a disadvantage compared
to synthetic polymers, which often have more narrow distributions

and low polydispersities, given the synthesis is well controlled. On
the other hand, polysaccharide based polymers are available at a
very large scale inexpensively and still could be further processed
or fractionated to obtain polymers with narrow molecular weight
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Fig. 1. Top: cell viability of hepatocellular carcinoma cells (HepG2) after incubation with polymer solutions (data represents mean ± SD, n = 16). Bottom: cytokine concen-
tration  measured in cell supernatants of human PBMC’s after incubation with polymer solutions (data represents mean ± SD, n = 3).

Fig. 2. (A) Representative part of the structure of NIR fluorescent hydroxyethyl starch. (B) Representative NMR  spectrum of the tosyl-activated precursor (Tosyl-HES
450).  (C) Calibration Curve of the fluorescent dye (n = 3), which was used for quantification of conjugation efficiency. (D) Normalized spectra of fluorescence from IR800,
autofluorescence and background fluorescence.
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Table  1
Particle size and polydispersity of the carbohydrates obtained from DLS. DZ: z-average mean square diameter, n = 4.

Polymer HES 200/0.5 HES 450/0.7 Dextran 500

DZ 18 nm ± 0.2 nm 24 nm ± 0.4 nm 33 nm ± 0.5 nm
Polydispersity index 0.24 ± 0.01 0.29 ± 0.03 0.41 ± 0.02

Table 2
AF4 results of the polysaccharide-based polymers. DZ: z-average mean square diameter; MW: weight-average molar mass; MN: number-average molar mass; MW/MN:
polydispersity.

Polymer Unmodified polymers AF4 results Amine-modified polymers AF4 results IR800CW

DZ (nm) MW (kDa) MW/MN DZ (nm) MW (kDa) MW/MN Content (%m/m)

HES 200/0.5 26 ± 2 230 ± 5 3.6 33.6 ± 5 128 ± 7 2.0 0.55
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HES  450/0.7 36 ± 1 383 ± 18 4.4 

Dextran 500 50 ± 5 486 ± 38 3.6 

istribution. However, the non-fractionated material was  used in
ur experiments.

.4. Biodistribution studies

The biodistribution of the conjugated polymers was  investi-
ated in nude mice by multispectral optical imaging. Four mice
f each group were injected intravenously with 1.5 mg polymer
n 100 �L isotonic solution (sorbitol). The background signal and
he autofluorescence of the mice were subtracted from the emitted
uorescence by the Maestro® software and the total fluorescence
ignal was compared to the total initial fluorescence after injec-
ion. Dextran accumulated strongly and rapidly in the liver of the

ice, whereas the hydroxyethyl starches were distributed much
ore homogeneously (Fig. 4A). All polymers – and especially dex-
ran – accumulated also in regions of lymph nodes. Investigations
f the autopsied organs confirmed the strong liver accumulation of
EX 500, whereas no particular accumulation of both hydroxyethyl

tarches was found (Fig. 4B). Liver accumulation is undesired as it

ig. 3. (A–C) Elution profile of HES 200, HES 450 and DEX 500. The RI signal corresponds wi
olecular weight distribution of unmodified HES 200, HES 450 and DEX 500.
49.1 ± 5 623 ± 3 4.8 0.43
75.5 ± 17 104 ± 10 2.0 0.37

will lead to increased elimination and liver toxicity (Gaur et al.,
2000; Storm, Belliot, Daemen, & Lasic, 1995). It could occur due to
receptor mediated uptake into hepatocytes (Nishikawa et al., 1993)
and/or RES mediated uptake into the Kupffer cells. The uptake by
macrophages and Kupffer cells in liver and spleen is dependent
on the structure, size, charge and surface polarity of the particles
(Adams, Lavasanifar, & Kwon, 2003; De Jong et al., 2008; Owens
& Peppas, 2006). It is clearly an advantage of the hydroxyethyl
starches not to accumulate in the liver or spleen, which can be
probably attributed to the very hydrophilic surface that prevents
the recognition and removal from the blood stream by the retic-
uloendothelian system. All polymers were detectable in mice for
several days, whereas the fluorescence intensity from an ester of
dextran 500 with the same dye (control) decreased to 3% of the ini-
tial fluorescence intensity within 1 day, probably due to the rapid

cleavage of the ester in the blood stream. No liver-accumulation
was observed after the injection of the dextran-ester, which leads
to the conclusion that the rapid cleavage of the ester happened
faster than the liver-accumulation of dextran. All polymers showed

th polymer concentration. All polymers showed a broad distribution. (D) Cumulative
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Fig. 4. (A) Representative in vivo images after injection of 1.5 mg  polymer–NIR conjugate. Bladder signal indicates renal excretion. Strong liver accumulation can be seen for
dextran.  (B) Ex vivo images of the autopsied organs from one mouse of each group 1 day after injection. For each image from left to right–top: fat, liver, heart; middle: spleen,
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allbladder, lung; bottom: intestine, kidneys, ovaries. (C) Decrease of fluorescence 

ean  ± min/max, n = 3).

 rapid initial decrease of the fluorescence intensity that can be
xplained by the rather broad molecular weight distribution. The
ower molecular weight fraction – below renal excretion thresh-
ld – is rapidly excreted with the urine, which is also evident in

 strong bladder signal in the first hours after injection (Fig. 4A).
e exclude the presence of esters that might have been formed

heoretically during the reaction as a side product because amines
re much better nucleophiles than hydroxyl-groups. HES 450 was
xcreted very slowly compared to the other polymers, which can
e attributed to the higher molecular weight compared to HES 200
n the one hand and to the higher degree of substitution with
ydroxyethyl groups (HES 450:0.7/AGU; HES 200:0.5/AGU) reduc-

ng enzymatic degradation on the other hand (Kulicke, Roessner,
 Kull, 1993). Especially substitution at C2 and high substitution
egrees are known to slow down enzymatic degradation effec-
ively (Treib et al., 1995). These results are in good agreement with

 study in humans (Ferber, Nitsch, & Förster, 1985). The fluores-
ence intensity from HES 450 did not decrease below 5% of the
nitial fluorescence intensity up to 22 days after injection (Fig. 4C).
he elimination kinetics was not only dependent on the molecu-
ar weight distribution, but also on the structure of the polymers.

extran 500 (DZ: ≈100 kDa) was slower eliminated than HES 200

DZ: ≈130 kDa), which can be explained on the one hand with the
ncreased liver uptake and accumulation and on the other hand

ith the more branched structure of dextran.
ity over several days indicates a slow elimination of the polymers (data represents

3.5. Tumor accumulation in xenografts

Previous experiments with synthetic HPMA copolymers sug-
gested that EPR-based accumulation of polymers in colon
carcinomas is time dependent in the scale of days (Hoffmann et al.,
2012). Due to the long circulation time and rather slow initial
decrease of the fluorescence intensity, HES 450 was chosen as the
most suitable candidate for a possible tumor targeted delivery.
Mice were imaged in vivo for 42 h and sacrificed afterwards with
respect to the tumor burden (Fig. 5A). Apart from a stronger sig-
nal at the tumor rim (rim-effect), the distribution of HES 450 in
the tumors was rather homogeneous. A rim-effect in both colon
carcinoma xenografts was  already observed by MRI  (Caysa, Metz,
Mäder, & Mueller, 2011). It can be explained by various histological
differences in the tumor structure compared to the central region
(Matsubayashi et al., 2000). No particular difference in tumor accu-
mulation between the two  xenograft models was  observed, which
is in agreement with results obtained with HPMA copolymers
(Hoffmann et al., 2012). For better comparability of the fluorescence
images, a “tumor accumulation value” (TAV) was calculated, which
is a comparable number describing the increased intensity in the

tumor compared to that in the remaining mouse body (Hoffmann
et al., 2012). Analysing the TAV, the time dependent tumor accumu-
lation of HES 450, which is independent from the tested xenograft
model, was confirmed (Fig. 5B). With HES 450, at least a comparable
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ig. 5. (A) In vivo images of one colon carcinoma xenograft bearing mouse after inje
alue  was calculated from the images for both tumors. (C) The fluorescence intensit
mages  of autopsied xenograft colon carcinomas from 3 mice 2 days after injection 

umor accumulation as described for 200 kDa HPMA copolymers
DLD-1: 2.02 ± 0.22 and HT-29: 2.05 ± 0.11 after 49 h) was achieved
lready after 42 h (DLD-1: 2.69 ± 0.65 and HT-29: 2.90 ± 0.42). As
he number of animals in this pilot study was small, this result
eeds further confirmation. All mice were sacrificed 42 hours after

njection. The tumors and other organs were autopsied to explore
istribution within the tumors (Fig. 5D). Comparing the fluores-
ence intensity from the tumors with other autopsied mouse
rgans a specific high local accumulation in the tumors could be
onfirmed (Fig. 5C). The highest fluorescence intensity was mea-
ured in both tumors, followed by liver, spleen and testes. The
olymer presence in liver and spleen can be explained by a com-
ination of nonspecific RES-uptake and the comparably high blood
ontent of these organs. A high concentration of 14C-HES (165 kDa)
n the testis after intravenous injection into rabbits has already
een reported (Yoshida, Amino, & Kishikawa, 1984), but the mech-
nism has not been investigated so far. The high concentration in
he testes could not be observed in our previous biodistribution
tudies as female mice were used here. However, potential accu-
ulation in testes should be investigated in more detail in further

tudies.

. Conclusion

Polysaccharide-based polymers are an interesting alternative to

ynthetic polymers for polymer therapeutics or diagnostics. They
re inexpensive and available in large quantities with a broad
ange of molecular weights and substitution degrees (Mizrahy

 Peer, 2012; Goodarzi et al., 2012). The polymers used in this
 of 1.5 mg  HES 450. Left: HT-29, right DLD-1. (B) A comparable tumor accumulation
sured from organs that were extracted 2 days after injection of HES 450. (D) Ex vivo

 450.

study are generally accepted as safe for use in humans and have
been used in high doses as plasma volume expanders for many
years in the clinic. We  demonstrated that these polymers are
nontoxic to hepatocellular carcinoma cells (HepG2) and have low
immunogenic potential, which is consistent with previous liter-
ature reports. Further, we  showed that it is basically possible to
develop polymeric drug delivery systems for tumor targeted drug
delivery based on these polymers with varying elimination kinet-
ics. All polymers showed a broad molecular weight distribution,
which presents a certain disadvantage compared to synthetic poly-
mers. Amine-modification had a notable effect on the molecular
weight distribution, which has to be investigated in more detail
in further studies. The highly cross-linked dextran accumulated
much more in the liver compared to the hydroxyethyl starches.
Moreover, dextran was  excreted slower than the larger HES 200
(amine-modified polymers), which could be ascribed to the pro-
nounced liver uptake. For the hydroxyethyl starches, no specific
accumulation in liver or spleen was found. This is an advantage over
most nanoparticles or nanocapsules, even when they are coated
with hydrophilic polymers (Schädlich et al., 2011). Based on the
in vivo data in healthy mice, the most promising polymer (HES
450) was  used to demonstrate the EPR-based passive accumulation
in xenograft colon carcinomas. A comparable tumor accumulation
was measured as it was  recently reported for HPMA copolymers
in the same tumor models. Our results emphasize the potential of

polysaccharide-based polymers as contrast agent for solid tumor or
metastasis detection or possible drug delivery systems for tumor
therapy and prove that tumor accumulation is possible using this
class of well-known polymers.
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