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a b s t r a c t

Hydrophobized dextrin, randomly substituted by long alkyl chain (C16), forms stable
hydrogel nanoparticles by self-assembling in water. Hydrophobic chains, distributed along
the polymer backbone, promote the formation of hydrophobic microdomains within the
nanoparticles. The influence of degree of substitution with hydrophobic chains (DSC16)
on nanoparticles size, colloidal stability, density, aggregation number and nanoparticle
weight was studied. Size distribution was also evaluated at different pH, urea concentra-
tion and ionic strength conditions. As shown by dynamic light scattering and transmission
electron microscopy, the particles are spherical having a diameter of about 20 nm. The
more substituted polymer forms more densely packed hydrophobic microdomains, such
that the colloidal stability (in water and PBS buffer) of nanoparticles is increased. The
knowledge of the aggregate building process and the characteristics of the nanoparticles
are crucial for the design of drug delivery systems.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Self-assembled hydrogel nanoparticles have potential
biomedical and pharmaceutical application due to their
biomimetic properties, i.e., their resemblance to biological
macromolecules. Amphiphilicity is one of the important
factors for the molecular self-organization in water.
Various amphiphilic polymers, such as block copolymers
[1–5] and hydrophobized polymers [6,7], have been syn-
thesized and studied. Water-soluble polymers hydropho-
bically modified with hydrophobes grafted to the side
chains have special interest. The hydrophobic chains lead
to a self-assembly of the polymer, in water, promoting
the formation of microdomains within the hydrogel nano-
particles. The microdomains solubilise therapeutic agents,
namely hydrophobic drugs. Therefore, they can be used
as drug delivery systems.

The attention of the researchers has mainly focused on
the preparation of drug-loaded polymeric nanoparticles by
. All rights reserved.

x: +351 253678 986.
ama).
varying the polymer/drug ratio, and analysing the drug
loading content, entrapment efficiency and drug release
profiles. Less attention has been paid to the aggregate
building process and to the characterisation of the aggre-
gates. Such assemblies of amphiphilic macromolecules
are of interest both for understanding of supramolecular
assembly in nature and for designing new materials in bio-
technology and medicine. The size, density and stability of
the hydrogel nanoparticles may be controlled by changing
the hydrophobic group, and also the degree of substitution
[8,9]. Akiyoshi and others developed a variety of nanogels
made of hydrophobized polysaccharides such as pullulan,
mannan and dextran [10–12].

In this work, dextrin derivatives were used for the prep-
aration of self-assembled hydrogel nanoparticles, a new
system reported in a previous work [13]. The hydrophob-
ized polysaccharide form relatively monodisperse and
colloidally stable nanoparticles (�20 nm), in water, upon
self-aggregation. The nanoparticles characteristics depend
on the polymer concentration, degree of substitution with
hydrophobic chains (C16), ionic strength and additives. One
of the most fundamental and important structural

https://core.ac.uk/display/55609385?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:fmgama@deb.uminho.pt
http://www.sciencedirect.com/science/journal/00143057
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parameters of micellar aggregates is the aggregation
number, the average number of hydrophobic molecules
in a micelle unit [14,15]. The aim of the present work is
to study the aggregate building process and the character-
istics of the nanoparticles formed. This fundamental
information enables us to design a useful nanosized deliv-
ery system suitable for carrier of hydrophobic drugs.
2. Experimental part

2.1. Materials

Dextrin-VA-SC16 (dexC16) was synthesized as described
previously [13]. In this work, dextrin-VA with 20 acrylate
groups per 100 dextrin glucopyranoside residues (DSVA

20%) was used.
Pyrene (Py) and cetylpyridinium bromide (CPB) were

obtained from Aldrich. Pyrene was used after recrystalliza-
tion. Ultra-pure water (Milli Q) was used for the prepara-
tion of aqueous solutions.

2.2. Preparation of self-assembled nanoparticles

Lyophilized dexC16 was dissolved in ultra-pure water
under stirring, at 50 �C, and then further sonicated for
20 min until a clear solution was obtained. The solution
of self-assembled nanoparticles was then filtrated through
a 0.20 lm filter and stored at room temperature.

2.3. Size distribution and zeta potential

The size distribution, zeta potential and nanoparticle
weight were determined with a Malvern Zetasizer, NANO
ZS (Malvern Instruments Limited, UK), using a He–Ne laser
(wavelength of 633 nm) and a detector angle of 173�. Size
distribution and zeta potential were determined by dy-
namic light scattering (DLS).

For size distribution measurements, a dispersion of
nanoparticles in ultra-pure water or PBS buffer (1 mL)
was analysed at 25 �C in a polystyrene cell. The concentra-
tion of nanoparticles was adjusted by dilution with ultra-
pure water of concentrated nanoparticle dispersion.

The DLS cumulants analysis provides the characteriza-
tion of a sample through the mean value (z-average) for
the size, and a width parameter known as the polydisper-
sity, or polydispersity index (PdI). The z-average diameter
is the mean hydrodynamic diameter, determined from
the intensity of scattered light. The fundamental size dis-
tribution generated by DLS is an intensity distribution, this
can be converted, using Mie theory, to a volume distribu-
tion. This volume distribution can also be further con-
verted to a number distribution. In the present work, we
will consider the z-average as the best approach to the ac-
tual nanoparticles size.

For zeta potential measurements, the aqueous solutions
of nanoparticles at different pH values were obtained by
dissolving dexC16 with DSC16 6.1% (0.1 gdL�1) in phos-
phate-citrate buffer (pH 2.2–8.0). Each sample was ana-
lysed in a folded capillary cell. The zeta potential values
were calculated using the Smoluchowski equation. Re-
peated measurements were performed (3 times) and the
values reported are average values.
2.4. Static light scattering

Nanoparticle weight was determined by static light
scattering (SLS). The intensity of scattered light produced
by macromolecules is proportional to the product of the
weight–average nanoparticle weight and the concentra-
tion of the macromolecule. For molecules that show no
angular dependence in the light scattering (when mole-
cules are not large enough to accommodate multiple pho-
ton scattering), the relationship between the intensity of
scattered light and the molecular weight is given by the
Rayleigh equation. In the present study the nanoparticle
weight will be evaluated using the follow equation:

KC
Rh
¼ 1

NPw
þ 2A2C

� �
ð1Þ

NPw is the weight–average nanoparticle weight, A2 is
the second virial coefficient and C is the sample concentra-
tion, K is an optical constant as defined below:

K ¼ 2p2

k4
0NA

n0
dn
dc

� �2

ð2Þ

NA, Avogadro‘s constant; k0, laser wavelength; n0, sol-
vent refractive index; dn/dc, differencial refractive index
increment.

Rh is the Rayleigh ratio – the ratio of scattered light to
incident light of the sample. The standard approach for
weight measurements is to first measure the scattering
intensity of the analyte used relative to that of a well
described ‘‘standard” pure liquid with a known Rayleigh
ratio. Toluene was used as standard. The refractive index
increment (dn/dc) used in SLS measurements was mea-
sured in a differencial refractometer. For the present
polymer dn/dc of 0.140 mL g�1 was obtained. In the plot
of KC/Rh versus C (known as Debye plot) the intercept is
equivalent to 1/NPw and the slope allows the calculation
of the second virial coefficient A2. The second virial coeffi-
cient is a property describing the interaction strength
between the nanoparticles and the solvent. For samples
where A2 > 0, the nanoparticles are stable in solution.
When A2 = 0, the nanoparticle–solvent interaction is equiv-
alent to the nanoparticle–nanoparticle interaction and the
solvent is described as a theta solvent. When A2 < 0, the
nanoparticles are unstable, and aggregate.

A glass cell was used for nanoparticle weight measure-
ments. All dispersions were filtered using disposable
0.20 lm filters. This filtration has a significant effect on
the size distribution, reducing the polydispersity index. A
larger PdI being observed when a 0.45 lm filter was used.

2.5. Transmission electron microscopy

For visualization by transmission electron miscroscopy
(50 kV; Zeiss EM 902C), nanoparticles were adsorbed to
glow-discharged carbon-coated collodion film on 400-
mesh copper grids. Grids were washed with deionized
water and stained with 0.75% uranyl acetate.
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2.6. Fluorescence spectroscopy

Fluorescence measurements were performed on a VAR-
IAN Cary Eclipse fluorescence spectrofluorometer using a
quartz cell. Experiments were performed with Py as a fluo-
rescent probe (1 � 10�6 M) and CPB as a quencher (0.01–
0.1 mM). A stock solution of CPB (1 mM in methanol)
was prepared, and aliquots of this solution were added to
empty flasks in the amount required for the final CPB con-
centration. Methanol was evaporated and then a polymer
solution with a 0.3 g dL�1 concentration, prepared in
1 � 10�6 M Py, was added to each flask. The mixtures were
left to equilibrate under mild shaking for 24 h. The pyrene
spectra were obtained using an excitation wavelength of
337 nm, and recording the emission over the range 350–
500 nm, at a scan rate of 20 nm min�1. The slit width was
set at 20 nm for the excitation and 2.5 nm for the emission.

3. Results and discussion

3.1. Size of the dexC16 self-aggregates

Several samples of dexC16 were prepared, as reported
previously, with DSC16 (C16 groups per 100 dextrin gluco-
pyranoside residues) of 3.4, 4.8, 6.0, 8.8 and 10.0%. The size
and size distribution of the self-assembled hydrogel nano-
particles in aqueous medium were measured by DLS. Fig. 1
shows the particle size of the samples at different polymer
concentrations. The concentration range is above critical
micelle concentration (�0.0008 g dL�1) and below the sol-
ubility limit (�1 g dL�1) [13].

The average of the obtained z values, for samples with
DSC16 4.8, 6.0, 8.8 and 10.0%, was 20.0 ± 1.2, 19.6 ± 1.1,
22.7 ± 1.1 and 22.6 ± 0.7 nm, respectively (±confidence
interval at 95%), with corresponding average polydisper-
sity index of 0.390, 0.354, 0,559 and 0.306. These results
indicate that the particle size of the self-assembled hydro-
gel nanoparticles is only slightly influenced by the DSC16 or
polymer concentration.

As can be seen in Fig. 2, the size distribution of hydro-
phobized polysaccharide in water, upon self-aggregation,
is relatively monodisperse. The intensity distribution is
rather influenced by the presence of larger particles, while
the volume distribution provides a better approach to
characterize the more representative population.
Fig. 1. Z-average analysis of self-assembled hydrogel nanoparticles with
DSC16 4.8, 6.0, 8.8 and 10.0%.
In addition, the self-assembled nanoparticles were ob-
served using transmission electron microscopy (TEM).
Fig. 3 reveals spherical nanoparticles with a predominant
population with diameters of about 20 nm for dexC16 with
DSC16 8.8%. The TEM results are in good agreement with
DLS results presented above.

3.2. Aggregation number (Hydrophobic groups in the
microdomains)

Fluorescence quenching is a common method for the
measurement of the aggregation number. The method is
based on the quenching of a probe’s emission using a spe-
cific quencher (Q). Both probe and quencher should have a
high affinity for the nanoparticles. Considering a well-de-
fined but unknown microdomains concentration [MD]
and a concentration of quencher [Q], selected such that it
resides exclusively in the nanoparticles, then Q will be dis-
tributed among the available nanoparticles. If a fluorescent
molecule P, which is also entirely associated with nanopar-
ticles, is now added to the system, P will partition between
nanoparticles containing Q and the ‘‘empty” nanoparticles.
A Poisson distribution of the P and Q among the nanopar-
ticles may be assumed. If P is fluorescent only when it
occupies an empty nanoparticle, then the measured ratio
of fluorescence intensities (I/I0), obtained in the presence
(I) or absence (I0) of Q, is related by the equation:

I
I0

� �
¼ exp � ½Q �½MD�

� �
() ln

I0

I

� �
¼ ½Q �½MD� ð3Þ

In this work, CPB was used as the pyrene quencher. We
used a low concentration of CPB (0.01–0.1 mM) to mini-
mize a possible aggregation of this pyridinium surfactant
(critical micelle concentration of CPB is about 0.6 mM).
For the quenching experiments, the polymer concentration
used was in the range where saturation with pyrene takes
place, that is, where a constant value for the ratio I3/I1 is
reached [13].

The plots of ln(I0/I) versus [Q] give straight lines (Fig. 4)
allowing the calculation of [MD] and then Nagg, according
to Eq. (4):

Nagg ¼
cH

½MD� ð4Þ

where cH is the hydrophobic groups concentration, in
mM.

The fluorescence quenching study reveals that the
hydrophobic microdomains (MD) have a number of alkyl
chains that increases with DSC16, from 4 to 18, in the range
of the DSC16 values analysed (Fig. 5).

The more substituted polymer forms more densely
packed hydrophobic microdomains, due to an increase in
the number of alkyl chains. However, the nanoparticle
diameter is not significantly influenced. The higher Nagg

of the more substituted material (higher DSC16) probably
corresponds to nanoparticles with improved stability, due
to the increased hydrophobic interaction on the microdo-
mains. The stability of nanoparticles obtained with DSC16

4.8 and 8.7% was evaluated up to 7 days. Aqueous disper-
sions (0.1 g dL�1) were stored in the DLS polystyrene cell,
at room temperature. The size distribution was constant,



Fig. 2. Size distribution in (a) intensity (%) and (b) volume (%), of aqueous dispersion 0.02 g dL�1 of dexC16 with DSC16 8.8%.

Fig. 3. Transmission electron microscopy of negatively stained nanopar-
ticles with DSC16 8.8%.

Fig. 4. Variation of ln(I0/I) as a function of CPB concentration, for different
degree of substitution of the polymer.
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for DSC16 8.7%, with low polydispersity index (<0.5), up to 7
days. In the case of DSC16 4.8% some aggregates are de-
tected in the first day of the assay (�500 nm), but the main
peak was conserved. The stability was also evaluated for
DSC16 8.7% in PBS (0.1 g dL�1). The sample was highly sta-
ble, since no aggregates were detected and the low poly-
dispersity index was also conserved. Indeed, as expected,
the more substituted dexC16 forms more compact hydro-
phobic microdomains, such that the colloidal stability of
nanoparticles is increased.



Fig. 5. Aggregation number (Nagg) of the microdomains as a function of
the degree of substitution, for a polymer concentration of 0.3 g dL�1.
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3.3. Weight of the dexC16 self-aggregates (SLS assays)

The nanoparticle weight (NPw) and the second virial
coefficient (A2) of the dexC16 self-aggregates were studied,
for different degrees of substitution, using the Debye plot.
The second virial coefficient (A2) of the nanoparticles is
positive, revealing stability in aqueous medium. The value
obtained, divided by the molecular weight of a single poly-
mer chain, provide the number of polymer (dexC16) mole-
cules within a nanoparticle. Thus, using the aggregation
number determined by quenching experiments, a compre-
hensive characterization of nanoparticle is possible,
namely the estimation of the number of polymer mole-
cules (molecules/NP) and hydrophobic moieties per nano-
particle (C16/NP), number of hydrophobic molecules within
one hydrophobic microdomain (Nagg) and number of
hydrophobic microdomains (MD/NP). The results are pre-
sented in Table 1. As shown, dexC16 used for the nanopar-
ticle weight determination has not the same DSC16 as one
used for Nagg determination (see Fig. 5). Therefore, the val-
ues of Nagg used for nanoparticle characterization (Table 1)
were obtained using the trend line shown in Fig. 5.

The nanoparticle weight determination (by SLS) allows
an estimation of the number of polymer molecules, per
nanoparticle, in the range 151–216 (Table 1), depending
on the degree of substitution.

The Nagg value has been calculated under the assump-
tion that all hydrophobes are involved in hydrophobic
microdomains. This assumption might be true for poly-
mers with higher degrees of substitution [8], where the
density of the side alkyl chains is high enough. Therefore,
Nagg corresponds to the maximum number of hydrophobes
that can exist within microdomain.

From the experimental hydrodynamic radius (RH) and
NPw values, one can calculate the average polymer density
(uH) within a nanoparticle, as defined by Eq. (5), where NA

is Avogadro’s number.

/H ¼
NPw

NA

� �
4
3
pR3

H

� ��1

ð5Þ

The average polymer density, for samples with DSC16 4.8,
6.0, 8.8 and 10.0%, was 0.14, 0.17, 0.11 and 0.15 g mL�1,
respectively. These results indicate that the nanoparticles
have about 85–90 wt% of water; they may be considered
hydrogel-like structures.
3.4. Influence of pH, urea and ionic strength

The magnitude of the zeta potential gives an indication
of the stability of the colloidal system. If particles in a sus-
pension have a large zeta potential value, negative or posi-
tive, then they will repeal each other and the particles do
not aggregate. However, if the particles have a low zeta po-
tential value (close to zero), then there is no electrostatic
force to prevent the particles to aggregate. The most
important factor that affects zeta potential is pH. The var-
iation of hydrodynamic diameter and zeta-potential of
nanoparticles with the pH was studied.

Fig. 6 shows that the nanoparticles size is not sensitive
to the medium pH. In the pH range studied, the zeta poten-
tial is almost constant and close to zero. Indeed, the poly-
mer is made of glucose, and the hydroxyl glucose residues
have a high pKa (12.35), and thus the material is expected
to be poorly ionized in the analysed pH range. Although the
low zeta potential, the nanoparticles are stable. The stabil-
ity can be attributed to the solvation forces. Typically, sol-
vation forces are ignored in colloidal analysis, because they
are difficult to access and quantify. It has been noted that
solvation forces can be comparable to, or greater than,
van der Waals forces [16].

In order to further understand the nature of the associ-
ations exhibited by dexC16 in aqueous medium, the effects
of urea and salt (NaCl) on nanoparticle size was studied.

Urea can produce twofold effects: firstly, urea may
break intra-molecular hydrogen bond, an effect that may
lead to the uncoiling of dextrin molecules, which would as-
sume a more extended conformation. Secondly, urea can
severely disturb the hydrophobic interactions. It was found
that particle size slightly increases with the urea concen-
tration. Using DSC16 8.8% (0.1 g dL�1), the nanoparticles
size increase from 25.8 to 31.3 nm, corresponding to an
urea concentration up to 7 M. Thus, urea seems to perturb
the hydrophobic interactions inducing the nanoparticles to
‘‘swell”, although it is noticeable that the size increase is
not dramatic. Indeed, the driving force for hydrophobic
association in aqueous systems is partially attributed to
the need for the hydrophobic moieties to minimize the
surface area of contact with water, and consequently min-
imize the amount of water that must be ‘‘structured” in or-
der to solubilise them. The addition of urea to aqueous
solutions disrupts the structuring ability of water, thereby
weakening the hydrophobic interactions in the solution
[17]. Therefore, urea may hinder the formation of hydro-
phobic domains, although it does not prevent the forma-
tion of nanoparticles.

The effect of NaCl concentration on the hydrodynamic
diameter of nanoparticles obtained with DSC16 9.0%
(0.1 g dL�1) was also studied. An increase of the average
particle size, in the same range as observed with urea,
may be observed. Nanoparticles size increase from 23.7
to 35.5 nm, corresponding to NaCl concentration in the
range 0–0.6 M. Since nanoparticles bears a rather low
charge, considering the zeta potential, the size increase is
not likely to arise from the double layer compression and
subsequent aggregation.

The interaction forces between colloidal nanoparticles
determine the dispersion and stability of their suspensions.



Table 1
Nanoparticles characterization with different DS

DSC16 (%) C16/moleculea Mw dexC16 (Da)a NPw
b (kDa) A2 mL mol/g2b Molecule/NP C16/NP Nagg calcc MD/NP Molecules/MD

3.4 0.4 2231 336 4.75e-4 151 60 5 12 13
4.8 0.6 2278 346 4.95e-4 152 91 6 15 10
6.0 0.8 2318 411 3.82e-4 177 142 7 20 9
8.8 1.1 2412 418 4.93e-4 173 190 11 17 10

10.0 1.3 2452 530 2.53e-4 216 281 13 22 10

a MWðdexC16Þ ¼ 2106þ ð%DSC16
100 � 258:1Þ þ ð%DSVA

100 � 54:1Þ, assuming Mw(dextrin) = 2106 Da, determined previously by chromatography.
b Determined by static light scattering.
c Determined by: Naggcalc ¼ 0:1094� ðDSC16Þ2 � 0:2206� DSC16 þ 4:299 (trend line equation in Fig. 5).

Fig. 6. Particle size and zeta potential of nanoparticles with DSC16 6.1%
(0.1 g dL�1) as a function of solution pH.
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Electrostatic, van der Waals, depletion, and solvation forces
exist between solid particles suspended in a liquid. How-
ever, for nanoparticles, the absolute and relative magni-
tudes of these forces are not well-known. It is difficult to
measure forces acting upon nanoparticles, experimentally.

The general conclusion that may be drawn from these
results is that the nanoparticles have a slightly higher size
when prepared in buffer (irrespective of the pH), in the
presence of a salt or urea (irrespective of the concentra-
tion). The rather high stability of these nanoparticles must
be remarked.

4. Conclusions

In the present study we evaluated the influence of the
degree of substitution on the self-assembly process of a
hydrophobized dextrin polymer, dexC16. The size of self-
assembled hydrogel nanoparticles was evaluated as a
function of DSC16. The nanoparticles size is only slightly
influenced by DSC16 or polymer concentration. The fluores-
cence quenching study reveals that the more substituted
polymer forms more densely packed hydrophobic micro-
domains, such that colloidal stability (in water and PBS)
of nanoparticles is increased. The nanoparticles are stable
in the presence of urea and at different pH and ionic
strength. Small size, low density and high stability of the
nanoparticles obtained can promote a stable entrapment
of bioactive and hydrophobic molecules, and allow them
to circulate in the blood long enough to reach the desired
therapeutic effects.
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