
T
n

G
a

b

a

A
R
R
A
A

K
D
N
T
P
A

1

b
a
f
o
S
&
B
l
d
(
2
e
f
V
M
p
o
G
M

0
h

Carbohydrate Polymers 91 (2013) 58– 67

Contents lists available at SciVerse ScienceDirect

Carbohydrate  Polymers

jou rn al hom epa ge: www.elsev ier .com/ locate /carbpol

rimethyl  and  carboxymethyl  chitosan  carriers  for  bio-active  polymer–inorganic
anocomposites

eorg  Geisbergera, Emina  Besic  Gyengeb,  Caroline  Maakeb, Greta  R.  Patzkea,∗

Institute of Inorganic Chemistry, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland
Institute of Anatomy, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 15 May  2012
eceived in revised form 17 July 2012
ccepted 4 August 2012
vailable online 10 August 2012

eywords:
rug carriers

a  b  s  t  r  a  c  t

The  carrier  properties  of carboxymethyl  chitosan  (CMC)  and  trimethyl  chitosan  (TMC)  in combination
with  polyoxometalates  (POMs)  as  inorganic  drug  prototypes  are  compared  with  respect  to the  influence
of polymer  matrix  charge  and  structure  on  the  emerging  composites.  A direct crosslinking  approach  with
TMC  and  K6H2[CoW11TiO40]·13H2O ({CoW11TiO40})  as  a representative  anticancer  POM affords  nanocom-
posites  with  a  size  range  of  50–90  nm.  The  obtained  POM–chitosan  composites  are  characterized  with  a
wide range  of  analytical  methods,  and  POM  encapsulation  into  positively  charged  TMC  brings  forward  dif-
ferent  nanocomposite  morphologies  and  properties  than  CMC  as  a  carrier material.  Furthermore,  uptake
anocomposites
rimethyl chitosan
olyoxometalates
nticancer drugs

of fluorescein  isothiocyanate  (FITC)  labeled  POM–CMC  and  POM–TMC  by  HeLa  cells  was  monitored,  and
the  influence  of chlorpromazine  (CP)  as  inhibitor  of  the  clathrin  mediated  pathway  revealed  different
cellular  uptake  behavior  of composites  and  pristine  carriers.  TMC/{CoW11TiO40}  nanocomposites  are
taken  up  by  HeLa  cells  after  short  incubation  times  around  30 min  at low  concentrations.  The  anticancer
activity  of pristine  {CoW11TiO40} and  its TMC-nanocomposites  was  investigated  in vitro  with  MTT  assays

nce  P
and  compared  to  a refere

. Introduction

Drug delivery techniques with abundant, biodegradable and
iocompatible polymers are important for efficient therapeutic
pproaches. Among these carrier matrices, chitosan can be widely
unctionalized (Andrade et al., 2011; Sonia & Sharma, 2011) for
ptimal polymer–drug interactions and release properties (Gaspar,
ousa, Queiroz, & Correia, 2011; Janes, Fresneau, Marazuela, Fabra,

 Alonso, 2001; Pahwa et al., 2012; van der Lubben, Verhoef,
orchard, & Junginger, 2001). Controlled release of the encapsu-

ated drugs from chitosan derivatives is facilitated through their
egradation by ubiquitous enzymes, e.g. chitosanase and lysozyme
Khor, 2001; Nam et al., 2009; Peng, Tseng, Ho, Wei, Liao, & Sung,
011). Tailored chitosan derivatives open up the way  to safe deliv-
ry of new drug prototypes, such as the flexible and growing
amily of transition metal oxide clusters (preferably of W,  Mo  and
) (Borras-Almenar, Coronado, Müller, & Pope, 2004; Hill, 1998;
iras et al., 2010) known as polyoxometalates (POMs). Over the

ast decades, the antiviral, antibacterial and anticancer properties

f POMs have been extensively reported on (Fluetsch, Schroeder,
ruetter, & Patzke, 2011; Hasenknopf, 2005; Judd et al., 2001;
enon et al., 2011; Pope & Mueller, 1994; Rhule, Hill, & Judd,

∗ Corresponding author. Tel.: +41 44 635 4691; fax: +41 44 635 6802.
E-mail address: greta.patzke@aci.uzh.ch (G.R. Patzke).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.08.009
OM.
© 2012 Elsevier Ltd. All rights reserved.

1998; Shigeta, Mori, Yamase, Yamamoto, & Yamamoto, 2006). In
sharp contrast to their high bio-medical potential that resulted, for
example, in a first round of clinical tests against HIV (Moskovitz,
1988), the biochemical pathways (Hungerford, Suhling, & Green,
2008; Ni et al., 1996; Prudent et al., 2008; Zhang et al., 2007) of
POMs remain widely unexplored, because their direct monitoring
in cells is a considerable challenge. As manifold phenomenolog-
ical studies on bio-active POMs and composites thereof (Menon
et al., 2011) continue to appear (Fluetsch, Schroeder, Gruetter, &
Patzke, 2011; Hasenknopf, 2005; Judd et al., 2001; Menon et al.,
2011; Pope & Mueller, 1994; Rhule, Hill, & Judd, 1998; Shigeta
et al., 2006), while the according pharmaceutical applications still
remain to be developed, fundamental studies into the metabolic
behavior of POMs are now required. Additionally, the potential
adverse effects of POMs, such as cytotoxicity, need to be reduced
for their further exploration as interesting candidates for tuneable
and low-cost drugs, e.g. through encapsulation techniques (Han
et al., 2011; Meissner et al., 2006). Recently, we have established a
new chitosan-based drug carrier approach for POMs that addresses
the issues of both POM cytotoxicity and cellular tracking in a dual
manner (Geisberger, Paulus, Carraro, Bonchio, & Patzke, 2011).
POM nanocomposites with carboxymethyl chitosan (CMC) (Chen

& Park, 2003; Jeong et al., 2010; Shi, Du, Yang, Zhang, & Sun, 2006)
were formed via a gelation approach and have been proven non-
cyctotoxic. Moreover, their fluorescent labeling permitted the first
precise localization of intact POM composites within HeLa cells,

dx.doi.org/10.1016/j.carbpol.2012.08.009
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:greta.patzke@aci.uzh.ch
dx.doi.org/10.1016/j.carbpol.2012.08.009
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here they quickly assemble in the perinuclear region (Geisberger,
aulus, Gyenge, Maake, & Patzke, 2011). As POMs have been iden-
ified as potent enhancing agents for antiviral (Shigeta et al., 1997)
nd antibacterial drugs (Inoue et al., 2006), the growing family of
hitosan derivatives offer new opportunities for targeted delivery
trategies.

In this study, we introduce a new nanocomposite type of
OMs with trimethyl chitosan (TMC) (Mourya & Inamdar, 2009).
he positive charge of TMC  is favorable for high solubility
t neutral and slightly basic pH values and furthermore per-
its a direct electrostatic encapsulation of highly negatively

harged POM polyanions. This is an advantage over the nega-
ively charged CMC  polymer matrix which requires an additional
aCl2-mediated gelation step to incorporate POMs. Given that
he surface charge of nanoparticles exerts a tremendous effect
n their uptake properties (Huang, Fong, Khor, & Lim, 2005;
ailaender & Landfester, 2009; Verma & Stellacci, 2010) and

hat positively nanoparticular drug carriers frequently display
uperior uptake properties (Harush-Frenkel, Debotton, Benita,

 Altschuler, 2007) we here explore the multiple functions of
MC  as a stabilizer, shuttle and charge compensating carrier for
OMs.

TMC  keeps attracting considerable research interest for a wide
pectrum of drug delivery applications encompassing vaccines, var-
ous drugs, e.g. insulin (Mi et al., 2008) or desmopressin (Polnok,
erhoef, Borchard, Sarisuta, & Junginger, 2004), small molecules
nd DNA (Mourya & Inamdar, 2009). TMC  is suitable for open-
ng tight junctions (van der Merwe, Verhoef, Verheijden, Kotzé, &
unginger, 2004) and thus facilitates drug delivery in physiological

edia (Mourya & Inamdar, 2009) or brain drug delivery with low
oxicity (Wang et al., 2010). Additionally, TMC  opens up manifold
hemical routes toward N-alkyl and N-aryl TMCs with individual
io-active profiles, such as antibacterial activity (Jia, Shen, & Xu,
001). Currently, such compounds are further subjected to graft-

ng processes with other polymers (e.g. PEG) (Liang, Sun, Duan, &
heng, 2012), thereby paving the way to a new arsenal of copoly-
eric drug delivery vehicles, and TMC-based crosslinked polymers

re used in various nasal vaccination strategies (Slütter & Jiskoot,
010). The internalization pathways of chitosan-based nanoscale
rug carriers often follow diverse endocytosis mechanisms (Park
t al., 2010). As a consequence, non-toxic TMC-based polymer shut-
les are interesting candidates for the controlled delivery of POMs
n order to obtain the long sought-after insight into their behav-
or under physiological conditions that is still missing for their
harmacological evaluation. Vice versa, POMs serve as model com-
ounds for the interaction of TMC  matrices with negatively charged
uest molecules.

Inspired by reports on successful anticancer drug delivery with
MC  (Liu et al., 2010) and its promising biocompatibility and anti-
umoral carrier properties in vivo (Guan et al., 2012), we  studied
MC  nanocomposites with K6H2[CoW11TiO40]·13H2O (henceforth
bbreviated as {CoW11TiO40}) as a representative POM with proven
iological and antitumoral activity (Mueller et al., 2006; Wang,
iu, & Pope, 2003; Yang, He, Wang, Li, & Liu, 2004). {CoW11TiO40}
s furthermore suitable for anticancer composite formation with
iposome (Wang, Li, Liu, & Pope, 2005; Yang et al., 2004) and
tarch (Wang et al., 2003; Zhai, Li, Zhang, Wang, & Li, 2008) as
arriers. In the following, we compare the influence of CMC  and
MC  polymer matrices on the particle size, morphology and sur-
ace charge of the resulting hybrid nanocomposites. The influence
f the different polymer charges on the uptake efficiency and
echanisms of their respective POM composites is investigated.
urthermore, cellular uptake of FITC-labeled {CoW11TiO40}–TMC
anocomposites is monitored and the anticancer activity of
he new nanomaterials is compared to reference POM–TMC
omposites.
e Polymers 91 (2013) 58– 67 59

2. Experimental

2.1. Materials

Chitosan (LMW,  20 kDa, degree of deacetylation > 85%) was
purchased from Sigma–Aldrich. All other used reagents were pur-
chased from Sigma–Aldrich or Acros as ACS reagents and used as
received.

2.2. Synthesis of POMs

K7H[Nb6O19], �2-K10[P2W17O61]·20H2O and
K14[Na(H2O)P5W30O110]·31H2O were synthesized according
to refs. (Alizadeh, Harmalker, Jeannin, Martinfrere, & Pope, 1985;
Dickman, Gama, Kim, & Pope, 1996; Edlund, Saxton, Lyon, & Finke,
1988; Ginsberg, 1990).

�2-K7[P2W17(NbO2)O61]·13H2O (Judd et al., 2001):
K7H[Nb6O19] (55 mg, 0.475 mmol) was  dissolved in an aque-
ous H2O2 solution (7.00 mL, 1.5%). HCl (0.20 mL,  4 M)  and
�2-K10[P2W17O61]·20H2O (0.66 g, 0.145 mmol) in H2O2 (20 mL,
1.5%) were added. HCl (4 M)  was  added to adjust the pH to 1.1
and KCl (1.0 g, 12.4 mmol) was  added. The volume of the solution
was reduced in a stream of nitrogen for 12 h. Yellow crystals were
formed after the solution was  stored for 24 h at 4 ◦C. The crystals
were collected by filtration. Yield: 80 mg  (13%).

K6H2[CoW11TiO40]·13H2O (Chen and Liu, 1997):
Na2WO4·2H2O (1.8256 g, 5.5 mmol) was  dissolved in water
(10 mL). The pH was  adjusted to 6.31 with glacial acetic acid and
a solution of Co(CH3COO)2·4 H2O (0.1228 g, 0.52 mmol) in water
(1 mL)  was added dropwise. Afterwards, TiOSO4 (0.16 g, 1.0 mmol)
dissolved in 0.1 M H2SO4 (1 mL)  was added dropwise. The mixture
was heated to reflux for 1 h and was  then allowed to cool to room
temperature. KCl (0.6 g) was  added in small portions until no
further precipitation was  observed. The precipitate was  collected
by filtration and recrystallized twice from hot water. The product
was obtained as blue crystals. Yield: 0.25 g (15%).

2.3. Synthesis and FITC labeling of carboxymethyl chitosan (CMC)

CMC  with a degree of substitution of 1.4 per sugar unit and
a molecular weight of 20 kDa was prepared as described in ref.
(Geisberger, Paulus, Carraro, et al., 2011).

CMC: NaOH (6.75 g) was  dissolved in a mixture of deionized
water and isopropanol (1:4, 50 mL). Chitosan (5 g) was  added and
alkalized in this mixture at 50 ◦C for 1 h. Monochloroacetic acid
(7.5 g) was  dissolved in isopropanol (10 mL)  and slowly added to the
reaction mixture over 30 min  at 50 ◦C. The reaction was quenched
after 4 h of stirring at 50 ◦C by addition of ethanol (70%, 100 mL)
to the reaction mixture. After collection by filtration the product
was extensively washed with 70–94% ethanol to remove residual
amounts of salt and water, dialyzed for two  days against distilled
water and dried by lyophilization. Yield: 10.75 g, white solid.

FITC–CMC: CMC  (30 mg)  was  dissolved in 3 mL  distilled H2O,
and a solution of FITC (3 mg)  in dry MeOH (4.5 mL) was added, yield-
ing a fluorescent orange mixture which was stirred for 4 h in the
dark at room temperature. Afterwards, the solvent was reduced to
1 mL  under vacuum and an orange solid precipitated upon addition
of ethanol. The solid was washed thoroughly with ethanol until the
washing solution showed no more fluorescence. The product was
dried under high vacuum and stored in the dark at 4 ◦C.

2.4. Synthesis and FITC labeling of trimethyl chitosan (TMC)
O-methylated trimethyl chitosan with a degree of quaterniza-
tion of 20% and a molecular weight of 20 kDa was  prepared as
described in ref. (Verheul et al., 2008). Chitosan (0.50 g) and sodium
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odide (1.20 g) were suspended in NMP  (20 mL). A NaOH solution
3 mL,  15% v/w) was added and the mixture was heated to 60 ◦C
or 20 min. Subsequently, methyl iodide (3 mL)  was added and the
eaction mixture was heated to 60 ◦C for 60 min. The reaction was
uenched by pouring the reaction mixture into a mixture of diethyl
ther and ethanol (100 mL,  1:1). The obtained precipitate was  col-
ected by filtration and washed with diethyl ether. Ion exchange

as performed by dissolving the precipitate in water (50 mL)  and a
ubsequent dialysis against a 1% NaCl solution for two days. After-
ards, the solution was dialyzed against distilled water for two
ays. The pure product was obtained by lyophilization.

FITC–TMC: TMC  (30 mg)  was dissolved in 3 mL  distilled H2O, and
 solution of FITC (3 mg)  in dry MeOH (4.5 mL)  was added, yielding
 fluorescent orange mixture which was stirred for 4 h in the dark
t room temperature. Afterwards, the solvent was reduced to 1 mL
nder vacuum and an orange solid precipitated upon addition of
thanol. The solid was washed thoroughly with ethanol until the
ashing solution showed no more fluorescence. The product was
ried under high vacuum and stored in the dark at 4 ◦C.

.5. Synthesis of POM–CMC nanoparticles

A typical synthesis of POM–CMC nanoparticles proceeds as fol-
ows: low molecular weight CMC  (2 mg)  was dissolved in distilled

2O (4 mL). The pH was adjusted to 7 with HCl (0.02 M)  and the
espective POM (0.4–2 �mol) was added. Stirring was  continued
or at least 30 min  to distribute the POM homogeneously in solu-
ion. Afterwards, an aqueous CaCl2 solution (2 mg/mL, 0.5 mL) was
dded dropwise over 3 min. The solution turned opalescent as an
ndication of nanoparticle formation.

.6. Synthesis of POM–TMC nanoparticles

A solution of the respective POM (0.01–0.6 �mol) was
dded dropwise to a solution of TMC  in 1 mL  distilled water
0.25–1.0 mg/mL) until the desired TMC/POM ratio was reached.
he dropwise addition of the POM solution has to be carried out
ery carefully over at least 10 min  depending on the amount of
OM solution added. During the whole time the TMC solution has
o be stirred vigorously or sonicated. The formation of nanoparti-
les is indicated by a slight opalescence of the solution. For all DLS
easurements a TMC  to POM ratio of 1:0.05 was applied.

.7. Cultivation of HeLa cells

HeLa cells were cultivated in Dulbecco’s Modified Eagle Medium
DMEM, Sigma–Aldrich) containing 4500 mg/L glucose, 5 mM l-
lutamine, 1 mM sodium pyruvate and 1 mM sodium bicarbonate,
upplemented with 10% heat inactivated FCS (Fetal Calf Serum,
igma–Aldrich) in a humidified atmosphere at 37 ◦C and 5% CO2.
he passage of the adherent monolayer cells was performed after
he cells reached a confluence of approximately 80% by trypsiniza-
ion with 0.1% trypsin-EDTA (0.05% trypsin and 0.02% EDTA in PBS,
H 7.3, Sigma–Aldrich).

.8. Cellular uptake tests

HeLa cells were seeded onto 96-well plates (Corning) at a den-
ity of 3000 cells per well in DMEM and incubated over night under
tandard conditions (37 ◦C, 5 % CO2, humidified atmosphere). The
edium was replaced by different DMEM solutions containing the

anocomposites in various concentrations (6.25, 12.5, 25 �g/mL,

MC/POM ratio = 1:0.1, CMC/POM ratio = 5:0.1) and the cells were
ncubated in these solutions for 15 min  and 1, 3, 7, 24 h. After-

ards, the solutions were removed and the cells were washed
ve times with PBS to remove particles which were not located
e Polymers 91 (2013) 58– 67

inside the cells. The fluorescence was  recorded at 530 nm using a
microplate luminometer (synergy2, BioTek). Solutions of FITC–TMC
and FITC–CMC with equal concentrations were used as references.
For inhibition tests HeLa cells were pre-incubated with chlorpro-
mazine (10 �g/mL) for 60 min. Sextets were performed for each
concentration and incubation time to determine the standard devi-
ation.

2.9. MTT  assay

HeLa cells were seeded onto 96-well plates (Corning) at a den-
sity of 3000 cells per well in DMEM and incubated over night
under standard conditions (37 ◦C, 5 % CO2, humidified atmosphere).
The medium was replaced by different DMEM solutions containing
either TMC, nanocomposites or POMs in different concentrations
(12.5, 25, 50 �g/mL, TMC/POM ratio = 1:0.1) and the cells were incu-
bated in these solutions for 1, 2, 5 and 24 h. After removing the
solutions, DMEM containing MTT  (0.5 mg/mL) was  added to the
cells. During an additional incubation time of 3 h MTT  is converted
by the living cells. The metabolic product formazan was  solubilized
by replacing the MTT  containing medium against dimethyl sulfox-
ide. After mixing, the optical density was  recorded at 565 nm using
a microplate luminometer (synergy2, BioTek). For each concentra-
tion and incubation time sextets were performed to determine the
standard deviation. Results are expressed as means ± SD. Data was
analyzed by one-way ANOVA with the post hoc Tukey’s test applied
for paired comparisons (p < 0.05; Prism3).

2.10. Stability tests

Two solutions were prepared, containing either {CoW11TiO40}
(100 �g/mL) or TMC/{CoW11TiO40} composites (TMC/POM
ratio = 1:0.1, {CoW11TiO40} content 100 �g/mL), respectively.
UV/vis spectra (225–325 nm)  for both solutions were recorded
daily at the same time over a period of 4 d. The character-
istic W O W absorption band around 260 nm was  used to
demonstrate the degradation of the pristine POMs versus the
nanocomposites.

2.11. Encapsulation

For the measurement of the encapsulation efficiency the absorp-
tions of three nanoparticle solutions with different TMC  to POM
ratios (1:0.5, 1:0.2, 1:0.1) were recorded on a PerkinElmer Lambda
650S UV/Vis spectrometer. Afterwards, the solutions were cen-
trifuged at 13,200 rpm and a temperature of 4 ◦C for 30 min. The
pellets were removed and the absorption of the supernatant liquid
after centrifugation was  recorded. Encapsulation efficiency was  cal-
culated from absorption differences before and after centrifugation,
based on the absorption value at 625 nm.

2.12. Release study

TMC/{CoW11TiO40} composites were prepared as described
above and the release study was  performed as described in (Zhang &
Neau, 2001). For the in vitro release of {CoW11TiO40}, 5 mL of a 0.1 M
acetate buffer solution containing the nanocomposites (1 mg/mL,
pH 6, TMC/POM ratio = 1:0.1) and ˇ-glucosidase (0.05% w/v) were
introduced into a dialysis tube (Snakeskin, MWCO  3500) which was
placed in 20 mL  of 0.1 M acetate buffer release media. The media
was stirred at 37 ◦C and at predetermined time intervals (1, 2, 3, 4,

5, 6, 7, 8, 9, 24, 48 h) aliquots were collected from the media outside
the dialysis tube and the amount of cobalt was  determined with a
Varian AA240FS atomic absorption spectrometer equipped with a
graphite furnace.
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ues of −17.3 and −18.7 mV,  respectively. Likewise, the positively
charged trimethylamino functionalities of TMC  lead to positive zeta
potential values of 55.4 and 61.6 mV  (Table 1). Figs. S1 and S2 show
representative size distributions and zeta potential measurements.

Table 1
Particle sizes with polydispersity indices (PdI) and zeta potentials with standard
deviation of POM–CMC and POM–TMC composites.

POM–CMC POM–TMC

Particle size/nm (PdI)
{CoW TiO } 131.3 (0.127) 61.1 (0.102)
Fig. 1. Electrostatic interaction of CMC  (a) and T

.13. Analytical characterization of nanocomposites

Fourier transform infrared (FT-IR) spectra were recorded on a
erkin-Elmer BXII spectrometer with KBr pellets. Analytical sam-
les were prepared by centrifugation of the nanoparticle solution at
3,200 rpm for 30 min  at a temperature of 4 ◦C. To remove an excess
f POMs, several centrifugation runs were performed, followed by
yophilization.

UV/vis spectra were recorded on a PerkinElmer Lambda 650S
V/Vis spectrometer with a 10 mm cuvette. Particle size and zeta
otential were measured with dynamic light scattering on a Zeta-
izer Nano ZS90 (ZEN3690, Malvern Instruments) using a quartz
uvette containing 1 mL  of the solution under investigation. For
eta potential measurements the quartz cuvette was  additionally
quipped with a Universal Dip cell (ZEN1002, Malvern Instru-
ents). TEM measurements were performed using the negative

ontrast method. 300 mesh copper grids were rendered hydrophilic
y glow discharge, followed by immediate treatment with the
anoparticle solution for 1 min. The solution was removed and TEM

nvestigations were performed on a FEI Tecnai G2 Spirit transmis-
ion electron microscope (120 kV, LaB6).

. Results and discussion

.1. Formation of POM–TMC nanocomposites

POM–TMC nanoparticles are obtained from the direct elec-
rostatic interaction of positively charged TMC  with negatively
harged POMs (Fig. 1), whereas POM–CMC composite formation
roceeds via a CaCl2-mediated gelation approach (cf. Section 2)
Geisberger, Paulus, Carraro, et al., 2011). The TMC  crosslinking pro-

ess is more straightforward: POM solutions are slowly dropped
nto a stirred or sonicated (Delmas et al., 2011) TMC  solution to
istribute the POMs evenly and to prevent particle aggregation.
he particle size of the POM–TMC composites can furthermore be
) biopolymer matrices with encapsulated POMs.

addressed via the preparative parameters, especially the rate of
POM addition, stirring and sonication. As expected, POM–TMC com-
posites formed under the influence of sonication generally exhibit
smaller particle sizes and more homogeneous particle size distribu-
tions in comparison with products obtained from stirred reaction
mixtures.

3.2. Particle size and zeta potential determinations

Particles sizes of POM–CMC and POM–TMC nanocomposites
were measured with dynamic light scattering (DLS). The combi-
nation of CMC  with POMs displays a trend toward larger particles
sizes than POM–TMC (Table 1). This may  be due to the different
crosslinking strategy employed for the synthesis of POM–TMCs.
The more direct electrostatic interactions between POM  and TMC
in comparison with CMC  (cf. Fig. 1) might give rise to a different
nucleation process during composite formation. The zeta potential
of the POM–TMC and POM–CMC nanocomposites strongly depends
on the biopolymer matrix. The presence of carboxylic groups in
CMC  shifts the zeta potential of the composites to negative val-
11 40

{NbO2P2W17O61} 173.3 (0.141) 80.7 (0.177)
Zeta potential/mV (deviation/mV)

{CoW11TiO40} −17.3 (5.78) 55.4 (6.16)
{NbO2P2W17O61} −18.7 (4.11) 61.6 (5.01)
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Table 2
Particle size and polydispersity indices (PdI) for different initial TMC/POM ratios.

POM (�mol) TMC/POM ratio (mg)/(�mol) Particle size (nm) PdI

0.02 1:0.02 78.1 0.294
0.05  1:0.05 54.8 0.224
0.1  1:0.1 61.9 0.131
0.15  1:0.15 55.1 0.094
0.2  1:0.2 61.1 0.102
0.3  1:0.3 63.7 0.094
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0.4  1:0.4 114.0 0.090
0.5  1:0.5 85.3 0.055
0.6  1:0.6 84.4 0.090

.3. Particle size trends

The average particle size range of POM–TMC nanocom-
osites investigated in the present study ({CoW11TiO40} and
7[P2W17(NbO2)O61]·13H2O ({NbO2P2W17O61}) as a reference)
as determined as 50–90 nm with DLS measurements. Detailed
arameter studies were performed with {CoW11TiO40} as a bio-
ctive POM (cf. sections below) over a range of TMC/POM ratios
etween 1:0.02 and 1:0.6 (Table 2). No clear trend among the par-
icle sizes could be observed for TMC/POM ratios up to 1:0.3 while
igher POM contents led to increased particle sizes. POM–TMC
omposites obtained from an initial 1:0.3 ratio were stable in solu-
ion over several days up to several weeks without any aggregation
ffects. The amount of encapsulated POMs within the TMC  matrix is
a. 6-fold higher than the POM:CMC ratios observed in the course
f our previous studies (Geisberger, Paulus, Carraro, et al., 2011).
his is probably resulting from the facile and direct electrostatic
OM–TMC interaction (Fig. 1).

As the stability of bio-active POMs under physiological condi-
ions is relevant for their application potential, we  have performed
ccording tests on selected target POMs of the present study.
CoW11TiO40} has been classified as stable in the pH range 4.7–6.7
Wang et al., 2003), and preceding UV/vis studies at pH 7.4
eported stability for min. 50% of a {CoW11TiO40} sample after 24 h
Mueller et al., 2006). We  have thus compared the UV/vis spec-
ra of {CoW11TiO40} and TMC/{CoW11TiO40} over a period of 4 d
t pH 7.4 (Fig. 2). Whereas the pristine POM undergoes a shift of
he characteristic W O W absorption band around 260 nm,  the
omposite displays only minor changes of the absorption charac-
eristics over the entire period, thus indicating a high degree of
OM stability after encapsulation. Given that composite formation

f negatively charged POMs with the positively charged TMC  matrix
Fig. 1b) is a very rapid process, the TMC  matrix is capable of trap-
ing intact {CoW11TiO40} to form stable composites (Figs. 2 and 3).
dditional 31P NMR  investigations on a representative phosphorus

ig. 2. UV/vis stability tests (PBS buffer, pH 7.4) of {CoW11TiO40} (red) and
MC/{CoW11TiO40} (black) over 4 d (top to bottom line: 1 d–4 d).
Fig. 3. FT-IR spectra of (1) {CoW11TiO40}, (2) CMC, (3) TMC, (4) CMC/{CoW11TiO40},
(5) TMC/{CoW11TiO40}; CMC:POM and TMC:POM ratio = 2:0.1.

containing POM (K14[Na(H2O)P5W30O110]·31H2O) show no signif-
icant differences between pristine and encapsulated POM, thus
providing further evidence for the incorporation of intact POMs by
TMC  and CMC  (Fig. S3).

3.4. Spectroscopic and electron microscopy comparison of
POM–CMC and POM–TMC composite formation

The encapsulation of {CoW11TiO40} is evident from FT-IR
spectra (Fig. 3). The characteristic peaks in the IR spectrum of
{CoW11TiO40} at 443, 762, 869, and 935 cm−1 can be clearly
assigned to (Co O2), (W O1 W),  (W O4 W),  and (W O3),
respectively (Kraus, Stephan, Rollich, Matejka, & Reck, 2005). CMC
can be identified through key vibrations at 1069 cm−1 (CH OH
stretch), 1327 cm−1 (CH2 wagging), 1404 cm−1 (carboxyl group
symmetric stretch), and 1600 cm−1 (carboxyl group asymmet-
ric stretch) (Mourya, Inamdar, & Tiwari, 2010). The IR spectrum
of TMC  contains characteristic peaks at 1063 cm−1 (CH OH
stretch), 1475 cm−1 (C H of methyl groups, asymmetric angular
deformation), 1556 cm−1 (NH2, non-methylated), and 1647 cm−1

(quaternary ammonium salt) (Mourya & Inamdar, 2009).
All characteristic absorption bands of the POM as well as of

the CMC  and TMC  matrix materials do not display significant
shifts, thereby indicating that the encapsulation process does not
affect the structure of the components. According FT-IR spectra for
{NbO2P2W17O61} are shown in Fig. S4.

The encapsulation efficiency for TMC  was  investigated with
UV/vis spectroscopy (characteristic band between 550 and

680 nm), and Fig. 4 shows representative results for different
TMC/{CoW11TiO40} ratios with increasing POM contents. The
degree of POM encapsulation was determined from the difference
in absorption intensities at 625 nm before and after centrifugation.
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Fig. 4. Representative UV/vis spectra of TMC/{CoW11TiO40} formation showing the
encapsulation efficiency for different TMC/{CoW11TiO40} ratios: (a) 1:0.5, (b) 1:0.2,
(c) 1:0.1, (d) absorption after centrifugation.
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Fig. 6. (a) Uptake of FITC-TMC-POM nanocomposites and (b) pristine FITC-TMC by
HeLa cells in the presence and absence of chlorpromazine (CP) at different incubation
times and concentrations; (c) uptake of FITC-CMC-POM nanocomposites and pris-
tine  FITC-CMC by HeLa cells in the presence and absence of CP at different incubation
s the residual POM absorption in the supernatant liquid vanishes
ntirely after centrifugation of the composites, they are quantita-
ively encapsulated (ca. 99%) in the biopolymeric matrix, which is
n line with our previously reported quantitative uptake of POMs
y CMC  (Geisberger, Paulus, Carraro, et al., 2011).

Transmission electron microscopy (TEM) investigations were
erformed to complement DLS measurements with morphology
haracterizations. Representative results on {CoW11TiO40}-based
omposites are shown in Fig. 5, and the particle sizes deter-
ined from TEM micrographs generally agree well with those

etermined from DLS (Tables 1 and 2). Interestingly, the com-
osite morphology depends strongly on the biopolymer: the
ajority of the as-synthesized POM–TMC composites are below

00 nm in size and exhibit less regular morphologies than we  had
bserved for spherical POM–CMC composites (Geisberger, Paulus,
arraro, et al., 2011). This also corresponds to previous reports
n inhomogeneous morphologies of TMC- and chitosan-based
aterials (Peng et al., 2011; Wan, Sun, Li, & Li, 2008). Reference

xperiments concerning the influence of drug carrier type and
rosslinker on the particle shape showed that crosslinking of TMC
ith sodium triphosphate affords homogeneous spherical particles

Fig. S5), while chitosan-based materials with sodium triphosphate
nd POMs as crosslinkers exhibit inhomogeneous morphologies

Fig. S6). times (control = pristine HeLa cells in the absence of POMs and biopolymer).

Fig. 5. Representative TEM images of (a) CMC/{CoW11TiO40} composites and (b) TMC/{CoW11TiO40} composites.
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.5. POM–CMC vs. POM–TMC composites: fluorescence
onitoring

Both TMC  and CMC  were labeled with fluorescein isothiocyanate
FITC) for monitoring of their cellular uptake with confocal laser
canning microscopy. {NbO2P2W17O61}-composites were selected
s a reference system with a non-cytotoxic antiviral POM (Judd
t al., 2001) and they were incubated with HeLa cells at various
oncentrations for different incubation times (Fig. 6). Furthermore,
elected samples were pre-incubated with chlorpromazine (CP) to
nvestigate the role of clathrin mediated pathways in the overall
omposite uptake process.

Generally, the incorporation of TMC  and its composites by HeLa
ells is superior to the CMC  analogs which require 10–20 fold higher
oncentrations to achieve uptake of comparable particle amounts.
OM–TMC composites and pristine TMC  exhibit a steady uptake
ehavior up to 24 h, while the uptake of POM–CMC particles as
ell as of pristine CMC  reaches a maximum after 7 h (Fig. 6). Pris-

ine CMC  is taken up more readily by the cells than the composites
or the first 7 h, followed by decline of the fluorescence signal.

hereas the POM–TMC uptake proceeds continuously, maximum
oncentrations of POM–CMC nanoparticles are already reached
fter 1 h. The significant uptake differences between POM–TMC
nd POM–CMC nanocomposites are due to the above-mentioned
ifferences in particle charge, size and morphology. This is in line

ith previous studies on the interaction of nanoparticles with

ells (Mailaender & Landfester, 2009) which demonstrate a sig-
ificant dependence of cellular uptake on surface properties and
harge of the respective nanoparticles (Huang et al., 2005; Verma

ig. 7. Uptake of FITC labeled TMC/{CoW11TiO40} nanocomposites monitored with confo
imes  (scale bar = 10 �m;  nucleus = blue; nanocomposites = green): (a) 25 �g/mL, 2 h; (b) 2
eferences to color in this figure legend, the reader is referred to the web version of the a
e Polymers 91 (2013) 58– 67

& Stellacci, 2010). Negatively charged particles, for example, are
often less readily taken up by cells which corresponds with our
observation that positively charged POM–TMC composites display
better uptake behavior than negatively charged POM–CMC parti-
cles (Table 1) (Huang et al., 2005). To the best of our knowledge,
no data on the influence of CP on the cellular uptake behavior of
CMC, TMC  and composites thereof are available to date. Interest-
ingly, the cellular uptake of POM–TMC and POM–CMC  composites
is not hindered by CP addition (Fig. 6). While POM–CMC uptake
remains more or less constant, POM–TMC uptake is significantly
enhanced in comparison with CP-free experiments. The inhibition
of the clathrin mediated pathway by CP might promote other mech-
anisms which in turn facilitate POM–TMC nanoparticle uptake.
However, the uptake behavior of pristine CMC  differs entirely from
POM–CMC composites: CMC  uptake is partially inhibited by CP,
particularly for incubation times > 1 h. Likewise, uptake of pristine
TMC  is hindered by CP addition, following a comparable timescale.
These results indicate that the biopolymeric drug carrier matri-
ces are probably partially incorporated via the clathrin mediated
endocytosis pathway, while the POM–composites follow a different
metabolic route. Macropinocytosis and caveolae-mediated path-
ways are probably involved in nanoparticle uptake as indicated by
recent studies on FITC-chitosan-based gene delivery vectors (Peng
et al., 2011).
3.6. CLSM monitoring of POM–TMC nanocomposites

TMC/{CoW11TiO40} nanocomposites were selected as a bio-
active model system for uptake investigations with HeLa cancer

cal laser scanning microscopy for different concentrations after various incubation
5 �g/mL, 0.5 h; (c) 12.5 �g/mL, 2 h; (d) 12.5 �g/mL, 0.5 h. (For interpretation of the

rticle.)
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Fig. 9. (a) MTT  assay of TMC/{CoW11TiO40} composites, pristine {CoW11TiO40} and
pristine TMC  for different concentrations (TMC/POM ratio = 1:0.1); (b) MTT  assay
ig. 8. In vitro release profile of {CoW11TiO40} from TMC/{CoW11TiO40} conjugates
AAS monitoring).

ells using confocal laser scanning microscopy. Fig. 7 shows HeLa
ells incubated with TMC/{CoW11TiO40} after 30 min  and 2 h,
espectively. Cellular uptake of a 25 �g/mL nanoparticle solution
fter 2 h and 30 min  is shown in Fig. 7a and b, while Fig. 7c and

 illustrate the uptake of a 12.5 �g/mL composite solution after
he same incubation times. Cellular uptake of TMC/{CoW11TiO40}
roceeds rapidly as can be seen from the considerable amounts of
articles detected within the cells after 30 min  at rather low con-
entrations, which points to a high uptake efficiency. Interestingly,
he cells display rounding and loss of adhesion after 30 min  which

ight indicate the onset of cell death (Zhai et al., 2008).
This affection of HeLa cells was not observed for pristine POM or

MC (Fig. S7)  and can thus be ascribed either to POM release or to
ew composite properties arising from combination of TMC  with
CoW11TiO40}. A steady uptake of FITC-labeled TMC/{CoW11TiO40}
anocomposites over 24 h was observed for all concentrations with
aximum overall uptake values around 15% (Fig. S8).

.7. Drug release from TMC/{CoW11TiO40} composites

The biodegradation properties of a given polymer matrix are
ecisive for its drug delivery applications: while Mv of the poly-
ers should be in the appropriate range for renal clearance,

egradation of the polymer is crucial for the release of the encap-
ulated drug. Chitosan and its derivatives are degraded through
he hydrolyzation of glycosidic bonds by specific enzymes, such
s lysozyme, chitosanase and ˇ-glucosidase (Kean & Thanou,
010; Zhang & Neau, 2001). The release of {CoW11TiO40} from
MC/{CoW11TiO40} nanocomposites was studied with dialysis
ethods. TMC/{CoW11TiO40} was incubated with ˇ-glucosidase

nd the cobalt content of aliquots of the release media was  mon-
tored with AAS after predetermined time intervals (Fig. 8) at pH
, i.e. within the reported stability range for {CoW11TiO40} (Wang
t al., 2003; Yang et al., 2004).

Ca. 10% of {CoW11TiO40} were released within the initial 3 h,
ollowed by a slow but steady release over 24 h (Fig. 8). The
nset of POM release is faster than that of {CoW11TiO40}–liposome
omplexes which slows down only after 14 h (Yang et al., 2004).
CoW11TiO40}–starch complexes, however, undergo decomposi-
ion within several hours (Wang et al., 2003).

.8. In vitro cytotoxicity studies with TMC/{CoW11TiO40}
omposites

Previous studies identified TMC  with a degree of quaterniza-
ion around 20% as non-toxic and biocompatible which renders it

 convenient drug carrier (Kean & Thanou, 2010; Verheul et al.,

008). Cytotoxicity of TMC/{CoW11TiO40} composites was inves-
igated with MTT  assays and compared to pristine {CoW11TiO40}
nd TMC  references. HeLa cells were incubated for 1, 2, 5 and
4 h with different concentrations (50, 25 and 12.5 �g) of the
of  TMC/{NbO2P2W17O61} composites and pristine {NbO2P2W17O61} for different
concentrations (TMC/POM ratio = 1:0.1).

compounds (Fig. 9). {CoW11TiO40} alone does not affect the via-
bility of HeLa cells, and this result differs clearly from previous
observations on the significant anticancer activity of {CoW11TiO40}
under related experimental conditions (Wang et al., 2003; Yang
et al., 2004). Pristine TMC  lowers the cell viability only slightly
after 24 h with no significant overall changes. TMC/{CoW11TiO40}
nanocomposites, however, significantly reduce HeLa cell viability
after short treatment (1 h), and only 50% of the HeLa cells sur-
vive 5 h of exposition (Fig. 9). Longer incubation times did not
lead to further changes in the cell viability. Reference experiments
with {NbO2P2W17O61} as an antiviral POM with no reported anti-
cancer activity clearly demonstrate the full biocompatibility of both
pristine {NbO2P2W17O61} and TMC/{NbO2P2W17O61} composites
(Fig. 9b), thereby emphasizing the significant anticancer fea-
tures of TMC/{CoW11TiO40}. Drug release from TMC/{CoW11TiO40}
nanocomposites showed a sharp release of 10% during the first
3 h and continued slowly and steadily afterwards (Fig. 8). Rapid
uptake of TMC/{CoW11TiO40} by HeLa cells at low composite con-
centrations was  observed with final uptake values around 15%.
Furthermore, micrographs of HeLa cells after incubation with
TMC/{CoW11TiO40} showed rounding effects that indicate a possi-
ble onset of cell death (Fig. 7). These observations in their entirety
are in line with the reduction of HeLa cell viability to 50% after
5 h of treatment with TMC/{CoW11TiO40} nanocomposites (Fig. 9).
Composite-induced cell death proceeds more quickly in the initial
hours of treatment, corresponding with faster POM release during

the first 3–4 h (Fig. 8). The moderate absolute anticancer activity of
TMC/{CoW11TiO40} furthermore corresponds to slow overall POM
release of ca. 20% over 24 h (Fig. 8).



6 hydrat

{
c
t
e
s
o
t
i
e
w

4

s
d
e
n
p
P
p
v
b
c
v
a
d
i
t
o
a
w
P
p
d
c
P
p
a
c
d
u

A

t
f
t
Z
T
p
U

A

f
j

R

A

6 G. Geisberger et al. / Carbo

Surprisingly, the reported anticancer activity of pristine
CoW11TiO40} (Wang et al., 2003; Yang et al., 2004) could not be
onfirmed under comparable experimental conditions. However,
his points to an enhanced antitumoral effect of the POM through
ncapsulation into the TMC  drug carrier matrix. Note that a higher
olution stability at pH 7.4 for TMC/{CoW11TiO40} composites was
bserved than for pristine {CoW11TiO40} (Fig. 2), which might con-
ribute to the superior anticancer activity of the nanocomposites
n comparison with the pristine POM. As mentioned above, uptake
xperiments in the presence of CP point to a different uptake path-
ay of POM–TMC composites in comparison with pristine TMC.

. Conclusion

The present study demonstrates that both TMC  and CMC  are
uitable drug carriers to encapsulate intact bio-active POMs. The
ifferent charges of the biopolymeric matrices significantly influ-
nce the properties of the resulting POM–CMC and POM–TMC
anocomposites. POM–CMC composites display negative zeta
otentials and larger particle sizes than the positively charged
OM–TMC composites. CMC  favors the formation of spherical mor-
hologies while TMC  induces irregular particle shapes. Charge
ariations and morphological differences between CMC- and TMC-
ased nanoparticles lead to their different cellular uptake by HeLa
ells. Whereas POM–TMC composites enter HeLa cells already at
ery low concentrations, 20-fold higher POM–CMC concentrations
re required for a comparable extent of cellular uptake, probably
ue to the charge and morphology differences of both compos-

te types. The favorable uptake properties of TMC  matrices could
hus be transferred upon new hybrid nanocomposites. Inhibition
f the clathrin mediated pathway by chlorpromazine did not exert
ny negative effects on POM–CMC or POM–TMC composite uptake,
hile pristine CMC  and TMC  uptake, respectively, were hindered.

re-incubation of HeLa cells with chlorpromazine, however, even
romotes POM–TMC uptake, thus pointing to an alternative size-
ependent uptake pathway. All in all, we have demonstrated that
hemical tuning of chitosan-derived biopolymeric drug carriers for
OMs can be applied to tune both physico-chemical and bio-active
roperties of the resulting nanocomposites. The multiple function-
lities of TMC  as a stabilizer, cellular shuttle and charge-inverting
arrier for bio-active POMs open up new perspectives for the safe
elivery of encapsulated POMs and for the exploration of their
nknown metabolic pathways on the way to new inorganic drugs.
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