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In this study we investigate the interactions between cationic nanoparticles and anionic starch, where the starch was 

composed of 20 wt% of amylose, a linear polymer, and 80 wt% of amylopectin, a branched polymer. The mechanism of 

aggregation was investigated by scattering techniques. It was found that the cationic particles formed large aggregates 

with the starch as a result of selective adsorption of the amylopectin. Amylose did not participate significantly in the 

aggregate formation even when the charge ratio of starch to particles was <1. For starch to particles ratio >1 stabilization 

was recovered mostly due to the large hindrance brought about by the highly branched amylopectin. This results in a shift 

of stabilization mechanism from electrostatic to electrosteric. The internal structure of the aggregates was composed of 

primary particles with starch coils adsorbed on the surface. This information supports the proposed aggregation 

mechanism, which is based on adsorption of the negatively charged starch in patches on the positively charged 

nanoparticles causing attractive interaction between the particles.  

Introduction 

The combination of polyelectrolytes (PEs) with charged 
colloids is a topic of high relevance for many industrial 
applications. The need for understanding the interaction 
between PEs and colloidal particles has generated a large 
number of studies focusing on the behaviour of the particles in 
presence of PEs and on understanding how the adsorption of 
PEs at the surface of the particles can influence the behaviour 
of the colloidal suspension.1-5 The adsorption of PEs at colloidal 
particle surfaces carrying an opposite charge has been 
investigated for many types of systems. The colloidal particle 
has typically been a latex or silica nanoparticles and the PE has 
been DNA, polyacrylamide, polystyrene sulfonate, polyvinyl 
amine, polyacrylic acid, and many more. Anionic nanoparticles 
combined with a cationic polymer has been a particularly 
popular combination,2, 4, 6-8 owing to the natural abundance of 
negatively charged colloids.1   

When a polyelectrolyte is added to a suspension of 
oppositely charged particles it adsorbs at the particle surface, 
mostly due to electrostatic attraction. This adsorption reduces 
the entropy of the polymer, which is energetically 
unfavourable, but the adsorption can be seen as an ion 
exchange process in which the large polyelectrolyte replaces 

small inorganic ions as counterions around the surface. There 
is a strong entropy gain in this type of ion exchange and the 
overall result is that the system’s entropy is increased.9-11 
Unlike the situation with simple salts, where the aggregation 
of charged particles is caused by screening of the repulsive 
forces between the particles when the ionic strength 
increases, and where further salt addition will not restore 
stability, the aggregation of charged particles by the 
adsorption of an oppositely charged PE can be reversible,7 
since the colloidal behaviour depends strongly on the PE 
concentration. At low PE concentration, the surface charge 
first decreases. Under these conditions, aggregation occurs 
through bridge or patchwise flocculation. Further addition of 
PE can cause reversal of the surface charge. The polymer 
adsorption on the particle surface is then driven by non-
electrostatic attractive interactions,12 such as van der Waals 
interactions, eventually leading to an overload of PE on the 
particle surface. This charge reversal may, under certain 
conditions, lead to restabilization of the PE-particle complexes. 
In most of the systems previously studied, involving cationic 
particles and anionic PE, as well as the reverse, the focus has 
been on how the nature of the PE (molecular weight and 
charge density), the pH and the ionic strength affect the 
aggregation behaviour.  

There is a plethora of important applications of PE-particle 
interactions, ranging from consumer products such as 
pharmaceutics, food and personal care formulations to 
industrial processes such as coatings, water treatment, mineral 
ore processing and papermaking. The stability of the 
suspension, the rheology and the adhesion properties are 
often tuned by the PE-particle interaction.13-16 This type of 
interaction is particularly important in the paper making 
process. Combinations of negatively charged nanoparticles and 
cationic PEs are commonly used for flocculation, retention 
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enhancement and strengthening purposes.17-19 Latex/PE 
systems are used for surface hydrophobation of paper, 
referred to as surface sizing. In the latter process starch is 
commonly used in combination with positively or negatively 
charged latexes. The starch and the latex are usually premixed 
and then applied on the paper surface in the dry-end of the 
paper machine.20, 21 Typical concentrations are around a few 
percent starch and around 0.1 % particles.  

In this work we have studied the aggregate formation 
mechanism for the system anionic starch-positively charged 
particles by investigating the aggregation behaviour against PE 
concentration and the internal structure of the formed 
aggregates. The aggregation formation path has been 
investigated by variation of the order of addition. The effect of 
particle concentration has been evaluated and the impact of 
the starch composition has been demonstrated by comparing 
results from regular starch with those from waxy starch.  

We have used different scattering techniques; dynamic light 
scattering (DLS), static light scattering (SLS) and small angle 
light scattering (SAXS) to study the aggregation process in the 
presence of starch for different length scales. 

Experimental section 

Materials  

The starch powders, oxidized regular potato starch and 
oxidized waxy potato starch, were both from Avebe, The 
Netherlands, and used as received. The cationic particles, 
denoted SP+, were synthesized as described in a previous 
paper.21 Milli-Q water (resistivity > 18 MΩ) was used for the 
preparation of the aqueous solutions. 
 

Methods 

 Starch cooking  

3.5 g of starch powder was suspended in 100 ml Milli-Q 
water under stirring. The suspension was boiled for 10 minutes 
rendering a clear, slightly pale yellow starch solution. The 
cooled starch solution was diluted to a final concentration of 
3 wt% calculated on dry weight of the starch.  

 
Particle size determination by light scattering  

A multi angle light scattering instrument ALV/CGS-8F was 
used in order to perform dynamic and static light scattering 
measurement on the SP+ particles and on the particle-starch 
aggregates. The instrument was equipped with a laser source 
of 150 mW and a wavelength λ= 532 nm. The temperature was 
controlled by a thermostat bath to within ± 0.2 °C. 
Measurements were made at angles of observation (θ) 
between 12 and 155 degrees. For the particle size 
measurement of the cationic particle suspension a sample was 
prepared by diluting the particle suspension in Milli-Q to a 
concentration of 0.05 wt%. The sample was filtered with a 
0.2 µm hydrophilic syringe filter (Sartorius) before 
measurement. For the particle size measurements of the 
cationic particle suspension in combination with the anionic 
starch the SP+ concentration was 0.1 wt%. The 3 wt% starch 
solution was added in different amounts to the particle 
suspension. Both SP+ and the starch were filtered with 0.2 µm 
hydrophilic syringe filter (Sartorius) before mixing. After 5 min 
waiting time the samples were measured. 

  
Static light scattering, SLS  

The relative scattering intensity (Ir) was calculated as the 
intensity minus the solvent scattering divided by the scattering 
intensity of toluene at 20 °C. In dilute solutions Ir is related to 
the weight average molar mass (Mw) and the structure factor 
(S(q)) of the solute.22 

 
In this study, a Rayleigh constant of 1.35x10-5 cm-1 for 

toluene was used. The z-average radius of gyration (RGz) was 
determined from the initial q-dependence of S(q). 

The dn/dc for SP+ was experimentally determined to 
0.0209 mL/g. 

 
Dynamic light scattering, DLS 

The intensity autocorrelation function measured with DLS is 
related to the normalized electric field correlation function, 
g1(t), by the Siegert relation.22 g1(t) was analyzed in terms of a 
distribution of relaxation time, since in dilute solutions the 
relaxation is caused by self-diffusion of the particles. The 
hydrodynamic radius (RH) was calculated from the diffusion 
coefficient using the Stokes-Einstein equation. The z-average 
hydrodynamic radius (RHz) was determined from the average 
diffusion coefficient. 
 

ζζζζ potential 

The ζ potential was measured using a Malvern Nano 
instrument and disposable measuring cells. ζ potential was 
calculated using the in-build software that employs similar 
models as for phase analysis light scattering.23 For the 

ζ potential measurements on the cationic particle suspension, 
a sample was prepared by diluting the particle suspension to a 
concentration of 0.05 wt%. The sample was filtered with 
0.2 µm hydrophilic syringe filter (Sartorius) before 
measurement. For the ζ potential measurements on the 
cationic particle suspension in combination with the anionic 
starch the SP+ concentration was 0.1 wt% and a 3 wt% starch 
solution was added in different amounts to the particle 
suspension. Both the SP+ and the starch were filtered with 
0.2 µm hydrophilic syringe filter (Sartorius) before mixing. The 
samples were analyzed 5 min after the starch addition and no 
background electrolyte was used. pH remained constant 
throughout the titration around 4.0. 
 

Particle charge density titration 

Particle charge density titration was performed using a Particle 
Charge Detector, CAS Charge Analyzing System (AFG, Analytic 
GMBH). The method is an electrokinetic technique where the 
charge distribution is determined by measuring the streaming 
potential.24, 25 The sample was titrated with a titrant carrying 
the opposite charge and the amount of titrant required for 
charge neutralization at a macroscopic level, is used for 
calculating the charge ratio. The samples were filtered with 
0.2 µm hydrophilic syringe filter (Sartorius) before 
measurement. A charge titration of the cationic particles with 
the anionic starch as the titrant was performed in order to 
investigate the particle to starch ratio at charge neutralization.  
 
Turbidity 
The turbidity measurements were performed on an Agilent 
Cary 60 UV/Vis instrument using a quartz cuvette. The baseline 
was recorded in Milli-Q water. The value of the absorbance at 
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400 nm was used as a measure of the turbidity. The particle 
suspension, 0.1 wt%, was filtered with 0.2 µm hydrophilic 
syringe filter (Sartorius) before 2 mL sample was transferred to 
the cuvette. The starch solution was also filtered with 0.2 µm 
hydrophilic syringe filter (Sartorius) before titration. The 
titrations were carried out as follows. To 2 mL sample in a 
cuvette 20 µL aliquots of a 3 wt% starch solution were 
successively added.  

In addition, titrations were also performed during stirring. A 
beaker with 20 mL of filtered sample of 0.1 wt% particle 
suspension was put on a magnetic stirrer plate. 500 µl aliquots 
of a 3 wt% starch solution were successively added to the 
vortex of the particle suspension. After a mixing time of 30 
seconds a 2 mL sample was taken from the mixture and 
transferred to the cuvette for UV/Vis measurement. After the 
measurement the 2 mL sample was returned to the beaker 
and a new addition of starch was done. 

To examine the effect of the titration, where the starch was 
successively added in small aliquots, another series was 
performed where the starch was added in larger amounts to 
individual particle samples, i.e. to 2 mL samples of SP+, 
0.1 wt%, was added 50, 100, 150, 200, 300, 400 or 500 µl of 
the 3 wt% starch solution. 

Finally the importance of the order of addition was 
assessed. To 1 mL starch with increasing concentrations 1 mL 
of 0.2 wt% particle suspension was added yielding a final 
concentration of 0.1 wt% particles. To be able to compare with 
the results where starch was added to the 2 mL particle 
suspension water was added to reach the same dilution.  
 

Small angle X-Ray scattering, SAXS 

Small angle X-ray scattering (SAXS) experiments were carried 
out at the I911-4 beamline of the MAX-Lab laboratory 
synchrotron using a wavelength of 0.91 Å. The samples were 
analyzed in capillaries maintained at 20 °C and were prepared 
24 h prior to the measurements. The SP+ and starch mixtures 
were prepared by adding different amounts of the 3 wt% 
starch solution to samples of 2 mL of a 0.1 wt% SP+ 
suspension. The particle suspension and the starch solution 
were filtered with 0.2 µm hydrophilic syringe filter (Sartorius) 
before addition. 

For each sample, the scattering of pure solvent (Milli-Q 
water) was also measured. Two-dimensional SAXS images 
were recorded using a PILATUS 1 M detector (Dectris) with an 
exposure time of 120 s. The scattering vector q (q = 4π sin θ/λ, 
where λ is the wavelength and 2θ is the scattering angle) was 
calibrated with a silver behenate sample. Reported scattering 
profiles I(q) were obtained as the difference of the radial 
averaged SAXS 2D images from the sample and solvent. Data 
reduction was processed using Nika package on Igor pro.26 
SEC-MALS/RI 

A Size Exclusion Chromatography system with Multiple Angle 
Light Scattering and Refractive Index (SEC-MALS/RI) detector 
from Wyatt Technology was used to analyze the concentration 
and molecular weight distribution for starch in solution. The RI 
detector was an Optilab T-rEX and the MALS detector was a 
Dawn Heleos-II. Injections were done with a Waters 717plus 
Autosampler and an in-line degasser from Waters for 
degassing the mobile phase was used. The separation column 
was a TSKgel GMPWXL with the dimensions of 
7.8 mm x 30.0 cm and with a particle size of 13.0 µm from 
Tosch Bioscience. The mobile phase was 

10 mM NaCl+0.02 wt% NaN3 and it was filtered and degassed 
before used in the SEC system. The flow rate was 0.5 ml/min 
and the elution time was 30 min. In the sequence, the mobile 
phase was used as blank and a Pullulan standard was used for 
quality control. Triple injections of the samples were done. 

The samples for the SEC analysis were prepared as follows. 
A 3 wt% starch solution was cooked as described above. The 
starch and the 0.1 wt% SP+ suspension were filtered with 
0.2 µm hydrophilic syringe filter (Sartorius) before mixing. The 
samples were prepared by adding starch in different amounts 
to a 10 mL SP+, 0.1 wt% sample. After the starch addition the 
samples were shaken and thereafter let to equilibrate for at 
least 15 min. For centrifugation 6 g of each sample was 
transferred to tubes and put in the centrifuge (Universal 32 
from Hettich); 9000 rpm for 2x10 min. After the centrifugation 
of the SP+ and starch mixtures the supernatant was removed 
and filtered through a 0.1 µm filter (PALL Acrodisc). To verify 
that the starch in solution was not affected by the 
centrifugation or the filtration step, a starch sample diluted 
with Milli-Q was prepared and treated the same way as the 
particles+starch samples. The filtrates were then injected in 
the SEC-MALS/RI after dilution 1:1 with Milli-Q water. Also 
included in the SEC analysis was a starch sample diluted with 
Milli-Q without any further treatment to be used as reference. 
The dn/dc value was set to 0.151 mL/g according to 
literature.27 

Results and discussion 

Description of the system studied 

Starch is a biopolymer with glucose as the repeating unit 
connected through α (1→4)-glycosidic bonds. The 
polyanhydroglucose chain can form two types of polymers: 
amylose and amylopectin. The amylose chains are linear and 
relatively short while the amylopectin is highly branched and 
of high molecular weight. Different types of native starch have 
different proportions of amylopectin and amylose in the 
granules. The composition of regular potato starch is typically 
20 wt% amylose and 80 wt% amylopectin.28 In contrast, a waxy 
starch contains only amylopectin. Native starch has a very high 
average molecular weight and gives rise to very high viscosity 
when dissolved in water. Therefore the starch is often oxidized 
in order to decrease the molecular weight, which leads to 
reduced solution viscosity. This oxidation is typically done with 
sodium hypochlorite (NaClO). The starch granules are first 
dispersed in a sodium hydroxide solution at pH 9.5 and NaClO 
is then added. The process leads to depolymerization of the 
starch and at the same time oxidation of hydroxyl groups on 
the anhydroglucose rings to carboxylic groups.29 Thus, oxidized 
starch will have lower molecular weight and carry an anionic 
charge, which will be pH dependent. The charge density 
depends on the amount of NaClO added, and typical values of 
degree of substitution (carboxyl groups) are 0.03-0.05 for 
oxidized potato starch. For the regular starch used in this work 
the weight average molecular weight (Mw) was determined to 
870 kDa with a Mw/Mn of 4.3. Radius of gyration (RG) was 
7 nm. The Mw for the waxy starch was determined to 3090 
kDa and the Mw/Mn was 2.3. The higher Mw/Mn ratio for the 
regular starch is due to the presence of short chained amylose 
molecules. RG was also measured to be 7 nm. 

Page 3 of 12 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

The cationic particles, SP+, used in this study consist of a 
hydrophobic core of styrene-acrylate copolymer. Colloidal 
stability is achieved by a cationic stabilizer. The cationic 
stabilizer is a copolymer of styrene and quaternary ammonium 
monomers.21 SP+ has a hydrodynamic radius of 22 nm and a RG 
of 14 nm, with a ζ potential of +53 mV. Starch has very low 
scattering intensity; therefore values of ζ potential could not 
be obtained.  

Using a particle charge detector, PCD, the charge ratio 
between starch and particles was determined. The anionic 
starch was used as the titrant for the cationic particles in order 
to examine the amount of starch needed for charge 
neutralization of the particles. The anionic demand for 1 mg of 
SP+ particles was 2.1 mg starch, i.e. a 1:2.1 mass ratio was 
needed to obtain 1:1 in charge ratio. The amount of starch 
added to the particle suspensions in this study was converted 
to actual charge ratio using this relation and the charge ratio 
will in the following be used for describing the relation 
between the particles and the starch. 
 

Aggregate formation 

Formation of aggregates at different PE concentrations was 
monitored by measuring the turbidity of a 0.1 wt% particle 
suspension with an UV-visible spectrophotometer at 400 nm. 
The titrations were carried out by adding small fractions of 
anionic starch to the dispersion using an equilibration time of 
5 minutes.  

Figure 1 shows the turbidity of the suspension of SP+ 
plotted against starch addition. First, the addition of starch 
induced a dramatic increase in turbidity due to formation of 
aggregates in the system. The aggregation took place even at 
very low starch to particle ratio, showing that the stability of 
the cationic particle suspension was strongly affected by the 
oppositely charged polyelectrolyte. The turbidity increased 
further with increasing addition of starch. This is in accordance 
with previous studies of similar systems.2, 3, 7, 8, 30 The turbidity 
increased to a maximum at a starch to particle charge ratio of 
1.1:1. Further addition of starch partially restored the stability 
of the dispersion, as is evident from the decrease in turbidity 
above this charge ratio. However, the turbidity did not return 
to the initial value for the bare cationic particles, indicating 
that even under the presence of an excess of starch, there are 
still aggregates in the suspension.  

The aggregation behaviour was further investigated by using 
different particle concentrations, different ways of mixing and 
different addition orders. The stirring rate31, 32 and the addition 
order6, 33, 34 have in previous studies been found to have a 
crucial impact on the aggregate formation.  
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Fig. 1 Turbidity of the cationic particle (SP+) suspension vs. 
starch to SP+ charge ratio. Two different particle 
concentrations were used; 0.1 wt% (squares), 0.05 wt% 
(triangles). Note the break in the x axis. 

Most of the work was performed with a SP+ concentration 
of 0.1 wt%. To verify that aggregation occurs also at higher and 
lower SP+ concentrations, titrations were performed with SP+ 
concentrations of 0.05 wt%, 0.2 wt% and 0.5 wt%. It was found 
that the aggregation behaviour was very similar for all the 
particle concentrations. This is illustrated in Figure 1, which 
shows titration curves for SP+ and starch using a particle 
concentration of either 0.1 wt% or 0.05 wt%. The turbidity 
profiles were the same and it is only the intensity of the 
turbidity that was affected by the initial particle concentration. 
The radius of the formed aggregates at the particle 
concentrations 0.05 wt% and 0.1 wt% was similar, 65 nm and 
56 nm, respectively. Thus, the aggregate size was not 
concentration dependent within the range used in this study.  

Different ways of addition were also investigated. The 
reference method consists of adding starch to the particle 
suspension in a cuvette, hand shaking and then measuring 
after 5 minutes. Addition of the starch to the particle 
suspension during intensive stirring was also tested and gave 
the same turbidity curve as the reference method. The mixing 
rate and mixing time have previously been reported to have an 
impact on formation of polyelectrolyte complexes,31, 32, 35 but 
for the system studied here with small cationic nanoparticles 
and an anionic polymer of relatively high molecular weight the 
stirring rate seemed to have no effect on the size of the 
formed aggregates. 

The order of addition, i.e. adding the polyelectrolyte to the 
particle suspension or vice versa, has been reported to have an 
impact on the aggregation behaviour.6, 33-35 The two modes of 
addition were tested and the results are shown in Figure 2. 
The figure shows that the aggregation behaviour, as 
manifested by a turbidity increase, was the same.  
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Fig. 2 Turbidity curves for different orders of addition, 

starch to particles and particles to starch. Starch solution 
added to SP+ suspension (squares) and SP+ suspension added 
to starch solution (triangles). 

 
The long term stability of the suspension of aggregates was 

evaluated by measuring the turbidity after storing the samples 
for two weeks at room temperature. It was found that the 
turbidity values were the same as before storage. Thus, the 
aggregate suspension seemed to have reasonable storage 
stability.  
 

Aggregate characterization 

The formed aggregates were investigated further by 

dynamic light scattering and ζ potential measurements. 
Different particle to starch ratios were analyzed by adding 
varying amounts of a 3 wt% starch solution to 2 mL of the 
0.1 wt% particle suspension. The results with respect to 
ζ potential, hydrodynamic radius and turbidity as function of 
the starch to particle charge ratio, are shown in Figure 3. As 
can be seen, the size, as determined with DLS, followed rather 
well the turbidity curve at low starch to particle ratios. Both 
curves exhibited a maximum at a charge ratio of around 1. 
Beyond the maximum the particle size curve deviated from the 
turbidity curve, however. Whereas the hydrodynamic radius 
levelled out around 45 nm, the absorbance decreased 
continuously. The reason for this apparent discrepancy will be 
discussed below. DLS measurements were also carried out on 
pure starch. However, these experiments did not give 
satisfactory scattering signals, which mean that there was no 
information about the starch size. Furthermore, it was found 
that starch only, at the relevant concentration, influenced the 
viscosity of the formulation to a negligible extent. 
The ζ potential is a measure of the neutralization of the 
positive charge of the particles through adsorption of the 
anionic starch, a process that will lead to loss of electrostatic 
stabilization. When anionic starch was successively added to 

the cationic particle suspension the ζ potential decreased and 
reached zero at the same starch to particle charge ratio as 
gave the optimum in turbidity and particle size. The ζ potential 
then levelled out at around -8 mV. This is a low negative 
charge and it is unlikely that electrostatic interactions only 
could provide proper stability of the aggregates.36 It is likely 
that the branched starch molecules provide an additional 
steric component to the stabilization of the colloidal system. 
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Fig. 3 Plot of hydrodynamic radius (circles) and zeta potential 
(triangles) (left y-axis) and turbidity (squares) (right y-axis) vs. 
starch to particle charge ratio.  

 
According to Figure 3 maximum turbidity, maximum particle 

size and the cross-over from positive to negative ζ potential all 
occur at a starch to particle charge ratio of 1:1 or slightly 
above, i.e. close to unity.  

Several authors have demonstrated that on addition of a 
polyelectrolyte to a suspension of oppositely charged colloidal 
particles there is a minimum in stability at a certain amount of 
added polyelectrolyte.2, 8, 30, 37, 38 This is in accordance with the 
turbidity results in this study, the maximum in turbidity 
corresponding to the most destabilized particle system.   

The study of the size of the aggregates by DLS was 
complemented by static light scattering (SLS) measurements at 
different starch to particle ratios. The measurements were 
performed on diluted systems where the size determination is 
independent of the concentration. The RG for the bare 
particles was obtained from SAXS since the SLS data were not 
satisfactory. Figure 4 shows the change in the ratio between 
radius of gyration (RG), obtained from SAXS or SLS, and radius 
of hydration (RH) determined by DLS when the starch to 
particle ratio was varied.  

The value before starch addition corresponds well to what is 
expected for particles stabilized by a layer of polymer as used 
in the present work.39 On addition of starch, the RG/RH ratio 
first reached a plateau value at around 1. At a starch to 
particles charge ratio of around 1, i.e. the ratio corresponding 
to the maximum in turbidity, the RG/RH ratio started to 
decrease. A plausible explanation for this change in RG/RH ratio 
is that the aggregates changed structure from dense, hard 
spheres towards a gel, as has been described for similar 
systems before.40 This explanation is in accordance with the 
observation that RH, as determined by DLS, remained at a 
plateau upon restabilization of the suspension by addition of 
an excess of anionic starch (see Figure 3). It is also in line with 
the fact that the turbidity decreased on addition of starch 
beyond the 1:1 charge ratio of starch to SP+ (Figure 3). The 
turbidity measurements record the overall density of the 
aggregates and since they are in a gel-like state the intensity is 
reduced.  
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Fig. 4 Ratio of radius of gyration, RG, to radius of hydration, RH, 
vs. starch to particle charge ratio. Note that RG for the primary 
particles was obtained from SAXS. 

Internal structure of the aggregates  

While the RG/RH ratios provide valuable information on the 
macroscopic structure of the aggregates a small angle X-ray 
scattering (SAXS) investigation was performed to study the 
internal structure, i.e. the microscopic structure, of the formed 
aggregates. Scattering data were collected from samples of 
SP+ particles at 0.1 wt%, from the anionic starch at 3 wt% and 
from the combination of SP+ particles and the starch at various 
charge ratios. Two types of starch were used, a regular potato 
starch composed of 20 wt% amylose and 80 wt% amylopectin 
and a refined potato starch composed entirely of amylopectin. 
The latter is an example of a “waxy” starch. 

The unified equation has been used to model the scattered 
intensity.41 This is an approximated term that describes a 
complex morphology over a wide range of q in term of 
structural levels. A structural level in scattering is described by 
Guiniers’s law and a structurally limited power law, which on a 
log-log plot is reflected by a knee and a linear region.  

Intensity is modelled using the formula:  

I�q� = ∑ G�	exp 
�������
� ����� + B�exp 
����������

� � ×
�
� !"����/√%&�'

� (
)�

 (1) 

where n is the number of structural levels, i=1 refers to the 
largest size structure, and (i+1) to the structure of the sub-
particle. G is the Guinier prefactor and B is a prefactor specific 
to this type of power-law scattering. B is defined according to 
the regime in which the exponent P falls. Generally, for surface 
fractals 4 > P > 3, for mass fractals P < 3 and for diffuse 
interfaces P > 4. 

The q range used in this study, 0.006-0.4 Å-1, gives 
information in a size range matching the primary particles.  
Log-log plots of the scattering intensity I(q) as a function of the 
scattering wave vector q for the particles, as well as for the 
starches, in solution are shown in Figure 5. For both systems, 
the scattering profile was composed of a single structure level 
where a Guinier regime at low q value, followed by a power 
law at high q value, was observed. The data obtained from the 

fitting are reported in Table 1. The radius of gyration (RG) of 
the SP+ particles was found to be 14 nm. The value of P = 3.8 
showed that the particle presents a rough fractal surface. This 
can be explained by the core-shell structure of the SP+ 
particles where the polymeric stabilizer acts like polymer 
brushes on the surface.42 The two starches had the same 
scattering profile. The fit to equation (1) yields RG = 7 nm and 
P = 2.2. This indicates that the scattering data for the regular 
starch was dominated by the amylopectin fraction. The size of 
7 nm for the amylopectin is in good agreement with literature 
values for fractionated amylopectin.43 The value of P is also in 
line with the value of the fractal dimension of amylopectin rich 
starch which has been found to lie between P = 2.5 (analogous 
to non-swollen cross-linked cluster) and P = 2 (fully swollen 
cluster).44 

The structure of the aggregates formed from combinations 
of starch and SP+ particles were characterized by SAXS within 
the charge ratio interval 0.19:1 to 3.8:1. 

SAXS data, plotted in a log-log diagram of I(q) vs q, are 
shown in Figure 6. The data were fitted to the unified function 
(eq. 1). It contains two structure levels (n=2), in which four 
distinguishable features are observed according to their I(q) 
and q position. At lowest q, a plateau of I(q) value is found and 
the RG1 parameter could be determined. In the scaling regime, 
the slope of the power law decay P1 is observed, which gives 
the fractal dimension of the aggregates. It follows another 
plateau of I(q) from where we can determine RG2. At high q 
value, another power law decay is observed which gives the 
value of P2. These observable structure levels are modelled 
with an 8 parameters function: G1, G2, B1, B2, RG1 RG2, P1, P2. 
The reported error values were taken from the statistical 
errors in the experimental data. The values are shown in 
table 1. 
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Fig. 5 Log-log plot of SAXS data from SP+ (a) and from regular 
and waxy starch (b). 
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Table 1 RG and P data for SP+, starch and the SP+ and starch 
mixture from SAXS. (*) Fitted from a single parameter model 
(RG, P). As we hypothesize in the double parameter system 
that RG2 and P belong to the starch contribution they are 
placed in the corresponding column for the sake of clarity. 

 

 
The first structure level corresponds to the SP+ particles 

with adsorbed starch. The size of the aggregate is increasing 
with increasing starch addition. This means that more and 
more starch is adsorbed on the surface of the particle, which 
reaches a maximum size at the starch addition that 
corresponds to 1:1 in charge ratio. Above this ratio, a slight 
decrease of RG1 followed by a plateau can be observed with 
increasing starch concentration. This is reasonable because 
when charge neutralization is reached, the driving force for the 
adsorption is diminished. 

The value of the slope P1 for this level is between 
2.6 < P1 < 4, which shows that the aggregate still has a rough 
fractal surface covered by starch. However, an overall 
decreasing trend can be found. One may speculate that this 
change is caused by a surface densification by closer packing of 
the starch coils due to minor starch adsorption above the 
neutralization point. It is likely that this also contributes to the 
restabilization of the system. 

The second structure level corresponds to a branched 
system with a fractal dimension value P2 between 2 and 3 and 
a RG2 of 6-7 nm. This value is well in line with the value 
measured for the starch and tends to show that the 
conformation of the polyelectrolyte is preserved in the 
presence of the oppositely charge particles. However, it is 
difficult to confirm that this conformation is derived solely 
from adsorbed starch, since starch remaining in solution can 
also contribute.  

The SAXS study shows that more and more starch is 
adsorbed onto the primary SP+ particles up to charge 
neutralization. This means that the starch is penetrating into 
the aggregates, not only adsorbing on the outer surface of the 
aggregates. Further starch additions do not significantly affect 
the size of RG1, i.e. the starch covered SP+ particles remain 
intact even though the overall aggregate is now carrying a net 
anionic charge. As is seen from the turbidity measurement and 
the changes in RG/RH ratio, the overall aggregate size and 
structure are affected when an excess of starch, in terms of 
charge ratio, is added to the SP+ particles. This is probably due 
to additional adsorption of starch on the more accessible, 

outer surface of the aggregates, giving rise to the anionic 
charge that induces repulsion between the aggregates, which 
give a gel-like structure and a decrease in size. The fact that 
the size of the starch covered primary particles (RG1) is 
constant even though the overall aggregates are overcharged 
may contribute to the stabilization of the aggregates. The 
aggregates remain stable after weeks of storage. 
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Fig. 6 Log-log plot of SAXS data for combination of starch and 
SP+ at different charge ratios (R) indicated in the figure. Lines 
are unified fits to the data.  

 
Adsorption behaviour of amylose and amylopectin during 

aggregation 

As described earlier, starch consists of two types of 
macromolecules with very different molecular weight, amylose 
and amylopectin. Size exclusion chromatography, SEC, was 
employed in order to investigate the possibility of preferential 
adsorption of one of these components during the aggregation 
process. A combination of refractive index, RI, and multiple 
angle light scattering detectors were used, allowing 
determination of the absolute molecular weight and the 
molecular weight distribution. 
In Figure 7 the RI chromatograms for regular and waxy starch 
are shown. The regular starch had a bimodal size distribution. 
The lower molecular weight peak (the peak to the right) is due 
to amylose chains, and the high molecular weight peak (the 
peak to the left) is due to amylopectin. The waxy starch only 

Sample Ratio RG1 (Å) P1 RG2 (Å) P2 

SP+ - 140 ± 1 3.8 - - 

Regular starch - - - 70 ±7 (*) 2.2 (*) 

Waxy starch - - - 70 ±7 (*) 2.2 (*) 

Starch : SP+ charge ratio 0.19:1 207 ± 20 4.0 60 ±1 1.6 

Starch : SP+ charge ratio 0.38:1 219 ± 22 3.8 62 ±2 2.4 

Starch : SP+ charge ratio 0.75:1 233 ± 3 3.3 63 ±2 2.3 

Starch : SP+ charge ratio  1.1:1 238 ± 15 3.9 65 ±2 2.2 

Starch : SP+ charge ratio  1.9:1 235 ± 3 3.2 63 ±1 2.2 

Starch : SP+ charge ratio  3.75:1 230 ± 4 2.6 63 ±10 2.3 
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shows the amylopectin peak. The small amount of low 
molecular weight compounds in the waxy starch is probably 
due to depolymerization during the oxidation process. The RI 
response for the regular starch is in accordance with previous 
studies, where SEC was used for determining the molecular 
weight distribution of starch.45  
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Fig. 7 RI chromatograms for regular and waxy starch (solid 
lines) and for the starch remaining in solution after 
aggregation with positively charged particles, SP+, using a 
starch to particle charge ratio of 1:1 (dashed lines). 

 
In order to determine the composition of the starch that 

had participated in the aggregation process, varying amounts 
of a 3 wt% starch solution (regular or waxy) were added to a 
0.1 wt% particle suspension. The experiments were designed 
so that the charge ratio that gave maximum turbidity (1:1, see 
Figure 3) was covered. After each addition the mixture was 
centrifuged and the supernatant filtered before analysis by 
SEC. As reference, a starch solution was centrifuged, filtered 
and analysed in the SEC system. With this method the starch 
remaining in solution, i.e. the starch that is not taking part in 
the aggregation with the cationic particles, is determined.  

The SEC analyses of the samples revealed an interesting 
pattern. For the starch-particle combinations where charged 
neutralization was not yet obtained, i.e. at low starch to 
particle ratio, the RI chromatogram showed that the fraction 
corresponding to higher molecular weights, i.e. the 
amylopectin, had disappeared. For the regular starch, which 
contains a mixture of amylose and amylopectin, it was found 
that a significant part of the lower molecular weight fraction of 
the starch, i.e. the amylose, remained in solution even though 
the starch was in deficit. Thus, it seems that only the 
amylopectin fraction of the regular starch took part in the 
aggregation with the oppositely charged particles. The fact 
that the amylose fraction did not much contribute, at 
equilibrium, to the aggregation is interesting. It could be due 
to lower charge density of amylose than of amylopectin. 
However, that is unlikely because both amylose and 
amylopectin consist of anhydroglucose rings and their 
tendency to generate carboxylate groups during the NaClO 
oxidation should be approximately the same.45, 46 Initially the 
amylose chains might adsorb on the particle surface before the 
amylopectin chains due to faster diffusion of the shorter 
amylose47 and the higher molecular weight amylopectin may 

subsequently gradually replace the amylose on the surface. 
However, such a competitive adsorption between the two 
starch components,48 could not be observed in the this study 
since the measurements were made after equilibration. 

Figure 7 also shows that for the waxy starch, which contains 
only amylopectin, only the lower molecular weight fraction, 
which may originate from depolymerization during the 
oxidation stage, see above, is found in solution after the 
aggregation.  

The observation that it is the amylopectin fraction of the 
starch that is responsible for the aggregation is interesting and 
can help explaining why the formed aggregates are stable 
despite their low charge density. There is not much 
electrostatic stabilization left but the highly branched and 
negatively charged amylopectin molecules that cover the 
positively charged particles are likely to give good steric 
stabilization. This is a proper example of so-called electrosteric 
repulsion.47  
 

Mechanism of aggregation 

Possible mechanisms for polyelectrolyte-induced 
aggregation of colloidal particles of opposite charge are 
extensively discussed in the literature and two different 
mechanisms are in focus. Bridging flocculation can occur when 
one part of the polymer chain is adsorbed on one particle 
surface while the rest of the polymer chain remains in the bulk 
from where it may eventually adsorb onto another particle 
surface, thereby forming a bridge between the particles.49 This 
aggregation mechanism requires concentrated suspensions 
and high molecular weight polymers.37 The other important 
aggregation mechanism that is discussed in the literature is 
patchwise flocculation.4, 5, 7, 30, 50-53 A charged polymer chain 
adsorbs onto the particle surface due to electrostatic 
attraction. This leads to a local charge reversal on the part of 
the particle surface that has been covered; thus, the particle 
surface now contains patches of opposite charge. This may 
lead to electrostatic attraction between covered patches on 
one particle and uncovered patches on another particle.  
Regular starch, which is used in the present study, can be 
regarded as a mixture of two rather dissimilar polyelectrolytes, 
the linear and low molecular weight amylose and the branched 
and high molecular weight amylopectin. The SEC results 
discussed above showed that it is mainly the amylopectin 
fraction that participates in the aggregation process. Figure 8 is 
an attempt to visualize the aggregation.  

 
The turbidity data indicate that aggregation starts already at 

a low ratio between the anionic starch and the positively 
charged particles. At this stage the primary particles, as well as 
the aggregates formed, will carry a positive net charge. As 
demonstrated by the SEC experiments, amylopectin molecules 
have started to adsorb on the positively charged particles and 
it is this adsorption that is responsible for the aggregation. As 
discussed above, there are two main aggregation mechanisms, 
bridging flocculation and patch-wise flocculation.  

 
Since the particle concentration used in the present series 

of experiments is low, 0.1 wt%, and the molecular weight of 
the PE is also relatively low, bridging flocculation is less likely. 
It is therefore probable that the aggregation is due to patch-
wise flocculation. This means that sites on the particles that 
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are covered with adsorbed amylopectin will undergo charge 
reversal and become negative. Such sites will be attracted by 
the positively charged sites of naked surface of other particles. 
Aggregation will take place, as is reflected by the increase in 
size of the aggregates as measured by DLS and by the lowering 
of the ζ potential indicating gradual neutralization of the 
complexes. In addition, the SEC results show that, even though 
starch is in deficit, a substantial amount of the amylose 
fraction does not participate in the aggregation but remains in 
solution.  

 

 
 

Fig. 8 Tentative mechanism for aggregation of regular starch, 
which is negatively charged and consists of a mixture of 
amylose and amylopectin, and positively charged particles.  

 
This is well reflected by the data from the SAXS fitting that 

indicates that during the aggregate formation two distinct 
regimes can be observed, one corresponding to a coiled 
polymer, i.e. the amylopectin (RG2) and one to a larger 
structure, i.e. the aggregates formed by SP+ and starch (RG1). 
The latter structure keeps increasing, as expected for particles 
onto which increasing amount of polymer has adsorbed. 
Furthermore, a densification of the aggregates is observed. 

 
At the point of charge reversal, the particle surface is 

covered by coiled starch chains to the extent that the cationic 
charges are fully neutralized and the particle suspension is 
then totally destabilized. The coverage is also reflected by the 
SAXS data, since the RG1 is reaching a plateau around the point 
of charge reversal. 

At starch concentrations above the 1:1 charge ratio the 
turbidity starts to decrease. This is in accordance with the drop 
in the RG/RH ratio. At high starch concentrations this ratio 
decreases, indicating a change from a hard sphere to a gel 
structure. This transformation gives rise to a less dense 
structure, as seen by a decrease in turbidity. From the SAXS 
data it was found that the structure and size of the starch 
covered primary particles remain more or less unchanged. The 
SEC data show that amylopectin is still adsorbing on the 
particle surfaces even though the neutralization point is 
exceeded. This is confirmed by the ζ potential data. At a starch 
to particle charge ratio above 1, the ζ potential is negative and 
levels out at -8 mV. Thus, the aggregates have undergone 
charge reversal and do now carry a negative net charge. A 
value of -8 mV is small, however, and will not lead to strong 
electrostatic stabilization. Yet, the system exhibits a very high 
colloidal stability. One may therefore assume that the 

adsorption of amylopectin, owing to its branched nature, gives 
rise to effective electrosteric stabilization.  

Conclusion 

The aggregation of cationic nanoparticles and anionic starch, 
composed of 20 wt% amylose and 80 wt% amylopectin, was 
monitored by turbidity, DLS, SLS, SAXS and SEC. From the 
turbidity studies the aggregation behaviour was determined. A 
small addition of the starch induced aggregation of the 
cationic particles with the oppositely charged polymer, until a 
1:1 charge ratio was reached. At higher charge ratio, the 
aggregates regained stability. This phenomenon has been 
studied for many systems before, but the analytical techniques 
used here reveal the structure and composition of the formed 
aggregates.  
    In this study it was demonstrated that the charge of the 
aggregated system was only partially reversed when starch 
was added in excess. Even at high starch concentration the 
aggregates were stable in solution, as a result of the starch 
adsorbing on the particle surfaces. The addition order did not 
change the aggregation behaviour. 

The SEC study showed that it is mostly the branched 
amylopectin component of the starch that gives rise to the 
aggregation with the cationic particles. The low molecular 
weight amylose remains in solution. This indicates a change of 
stabilization mechanism from electrostatic (for the primary 
particles) to electrosteric. This is confirmed with SAXS where a 
densification of the starch layer within the aggregates was 
seen after charge neutralization leading to restabilization of 
the system. Furthermore the SAXS measurements showed that 
the amylopectin conformation was partly preserved. This 
confirms a patchwise aggregation mechanism where the 
starch chains locally change the surface charge from cationic 
to anionic. The negatively charged sites will be attracted by the 
positively charged sites of naked surface of other particles, 
leading to aggregation.  

The aggregation behaviour and the selective adsorption of 
the highly branched amylopectin when cationic nanoparticles 
and anionic starch are combined can give insight and 
knowledge relevant for the practical applications of these 
systems. 
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