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Aggregation of layered double hydroxide
nanoparticles in the presence of heparin: towards
highly stable delivery systemst

Marko Pavlovic,? Li Li,? Francois Dits,? Zi Gu,” Monika Adok-Sipiczki®
and Istvan Szilagyi*®

The effect of heparin adsorption on the colloidal stability of layered double hydroxide particles as potential
drug delivery agents was studied in aqueous suspensions. The lamellar structures were prepared by the co-
precipitation method and composed of magnesium(i) and aluminium(in) mixed hydroxide as the layers and
carbonate anions between the layers. Stable and positively charged particles were observed at low heparin
concentrations and low ionic strengths where the surface charge was only partially neutralized by the
oppositely charged natural polyelectrolyte adsorbed on the surface. Increasing the heparin dose resulted
in charge neutralization and subsequent charge reversal at appropriate doses. The particles aggregated
rapidly in the absence of sufficient surface charge, however, remarkably stable dispersions were obtained
when the particles were completely covered by heparin. The latter coating process gave rise to two-
times higher surface charge density in magnitude and about 20-times higher critical coagulation
concentration than for the bare particles. The significant stabilization effect due to the heparin-coating
resulted from repulsive interparticle forces of electrostatic and steric origin. On the basis of these
findings, efficient delivery systems can be designed where the colloid stability of the carrier particles is
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Introduction

Inorganic nanoparticles have been widely used as efficient gene
and drug delivery agents.” Among them, layered double
hydroxides (LDHs) are popular nanocarriers due to their ionic
exchange property which allows intercalation of negatively
charged bioactive substances between the layers as well as
adsorption on the surface.**™ LDHs can be readily synthe-
sized'>" and their size can be tuned to achieve the desired cellular
uptake and drug release in the delivery process."**” Similarly to
other nanoparticles used in biomedical processes,'® the colloidal
stability of LDH-based carriers is a critical issue, since aggregation
of the particles can prevent the successful delivery of the target
molecules. Despite its importance, stabilization of LDH particles
in aqueous dispersions has not been yet investigated in detail and
the first systems describing highly stable protein or polymer
modified platelets have been reported only recently.">
Polyelectrolytes have been proved as effective stabilizing
agents for nanoparticles to be wused in biochemical

“Department of Inorganic and Analytical Chemistry, University of Geneva, Geneva,
CH-1205, Switzerland. E-mail: istvan.szilagyi@unige.ch; Tel: +41 22 3796031
*Australian Institute for Bioengineering and Nanotechnology, The University of
Queensland, Brisbane, QLD-4072, Australia

T Electronic  supplementary
10.1039/c5ra26072h

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2016

enhanced by coating with a biocompatible polyelectrolyte.

processes.”*?* In particular, low molecular weight heparin,
a biocompatible sulfated polysaccharide which can be consid-
ered as natural polyelectrolyte, is a powerful injectable antico-
agulant for numerous biomedical applications, because of its
highest negative line charge density among the known biolog-
ical molecules.? The effect of heparin adsorption on stability of
nanoparticles has been investigated in certain systems. For
instance, aggregation of gold nanoparticles was found to be
sensitive to the heparin concentration.*® This discovery led to
the development of optical sensor to determine the concentra-
tion of the macromolecules based on the different visible
spectra of the gold aggregates of different size.””*® Aggregation
of drug nanocapsules was also prevented by using heparin
during synthesis,” and nanogels composed of heparin and
positively charged polyelectrolytes were used successfully in
gene delivery for cancer treatment.** Apart from the applica-
tions as stabilizing agent or building block for carrier nano-
materials, heparin was also delivered as drug in biomedical
treatments.***

Loading LDH with heparin has been studied mainly from the
point of view of intercalation between the LDH layers. This type
of composite materials can be used as drugs for clinical appli-
cations.* Such immobilization and the resulted structure of the
nanocomposite have been investigated by both experimental®*
and theoretical®* methods. Accordingly, successful intercalation
was reported among the layers if heparin was present together
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with the chloride salts of magnesium(u) and aluminium(im) ions
in the co-precipitation process where the pH was increased to
form heparin-LDH lamellar material.®** A computational
modelling study revealed that attractive electrostatic forces were
responsible for the adsorption and strong immobilization on
the lamellae and the heparin helices were oriented in parallel
with the LDH layers due to structural deformation of the poly-
electrolytes upon intercalation.*® Self-diffusion of water and
heparin and kinetics of drug release were also addressed in
these papers. In addition, ultrathin biomimetic film composed
of delaminated LDH nanosheets and heparin layers was
prepared by the layer-by-layer method utilizing the high affinity
of the heparin to the oppositely charged platelets.*® The ob-
tained film showed enhanced strength and good blood
biocompatibility which can be beneficial in certain medical
applications. Apart from these papers, studies on colloid
stability of LDH particles in the presence of heparin have not
been reported so far.

Therefore, in this research we carried out the investigation
on the effect of heparin adsorption on aggregation of LDH
particles of different sizes in detail. First of all, charging and
stability of LDH particles, composed of magnesium(u) and
aluminium(m) hydroxide and carbonate anions in the gallery,
were studied in aqueous dispersions without and with
heparin. The lamellar structure of the particles was deter-
mined by X-ray diffraction (XRD) and the colloidal properties
were explored in electrophoretic and time-resolved dynamic
light scattering (DLS) experiments. The orientation of the
particles in stable and aggregated samples was finally exam-
ined by transmission electron microscopy (TEM). The results
of the present work revealed that the speed of particle aggre-
gation and related dispersion stability of the LDH-heparin
colloids can be tuned by changing the experimental condi-
tions such as polyelectrolyte dose, particle concentration and
ionic strength. In this way, highly stable samples can be
designed and applied as biocompatible carrier systems in
further biomedical applications, especially in drug and gene
delivery processes.

Experimental section
Materials

Low molecular weight sodium heparin was purchased from
Acros Organics and used for sample preparation without
further purification. The manufacturer reported an average
molecular weight of about 13.5 kg mol~'. Other chemicals
such as MgCl,, AlCl;, Na,CO3z, NaOH, HCI and NacCl (all from
Sigma-Aldrich) used in the experiments were analytical grade
or higher quality. Ultrapure water (Millipore) was used for
solution preparations which were adjusted to pH (7.0 &+ 0.5)
for all stock solutions and dispersions before mixing them
together. The experiments were carried out at a temperature of
(25 £ 0.2) °C.

LDH particles were prepared by the co-precipitation method
followed by hydrothermal treatment.’’~*° Briefly, a mixture of
0.6 M MgCl, and 0.2 M AICl; solution (10 mL) was quickly added
to 40 mL of mixed solution containing 0.40 M NaOH and 0.04 M
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Na,CO; under vigorous stirring. After mixing for 10 min, the
LDH slurry was collected and washed twice. Then the particles
were manually re-suspended in 40 mL deionized water. The
inhomogeneous suspension was transferred to an autoclave
(stainless steel with Teflon lining) and heated in an oven at 100
°C for 16 h (sample LDH1) or at 150 °C for 16 h (LDH2). After
this hydrothermal treatment, a transparent and homogenous
LDH suspension was obtained with the mass concentrations of
9.3 and 8.0 g L' for LDH1 and LDH2, respectively. To
completely cover the nanoparticles with heparin, 100 mg
macromolecule was adsorbed on 1 g of LDH under the desired
experimental conditions, as detailed later.

Electrophoresis

The electrokinetic potential was converted from the electro-
phoretic mobility which was measured with a ZetaNano ZS
(Malvern) device using an electric field of 4 kv m™'. The
experiments were performed in plastic capillary cells (Malvern)
cleaned with 2% Hellmanex (Hellma) solution and rinsed with
ultrapure water. In each measurement, 5 mL dispersion was
prepared as follows. A calculated amount of heparin stock
solution was mixed with NaCl solution and water to obtain the
desired polyelectrolyte dose and ionic strength. The sample
preparation was finalized by adding 0.5 mL of the particle stock
dispersion of about 93 and 80 mg L™ " (diluted from the original
suspensions) for samples LDH1 and LDH2, respectively. The
suspensions were equilibrated overnight at room temperature
and their electrophoretic mobility was measured five times and
the averaged. The method of conversion to electrokinetic
potential is detailed in the ESL.}

Light scattering

The aggregation of the LDH particles was followed in time-
resolved DLS experiments which were carried out with
a compact goniometer system (ALV/CGS-3) at 90° scattering
angle. The instrument was equipped with a He/Ne laser oper-
ating at 633 nm as a light source and an avalanche photodiode
as a detector. To determine the hydrodynamic radius (R},) of the
LDH particles, the correlation function was accumulated for 20
seconds and a second cumulant fit was used.** The R, measured
for the platelet-like LDH particles is equal to the radius of an
equivalent sphere. As shown in Fig. 1 for some examples, the R},
values were recorded in time-resolved measurements for 15-20
minutes depending on the speed of the aggregation. The
increase in R;, was always linear in these experiments, indi-
cating early stages of the aggregation. The slopes in the Ry
versus time plots were used to calculate the stability ratio (W) via
the following equation:****

dRy (1)
ds t—0,fast
W= dRy (1) (1)
dr |,

where fast refers to rapid aggregation in the sample which was
achieved in 1 M NaCl solutions where the particles undergo
diffusion controlled aggregation. Note that W is close to unity in
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Fig.1 Hydrodynamic radii of LDH1 particles versus time measured in
time-resolved DLS experiments at 9.3 mg L~ particle concentration
and different ionic strengths adjusted with NaCl.

case of fast aggregation, but a higher value points to a slower
aggregation and a more stable dispersion. The sample prepa-
ration was very similar to the electrophoretic measurements,
i.e., the dose of heparin, ionic strength and particle concen-
tration were the same in both studies, but the total volume was
2 mL for the aggregation measurement. The time-resolved DLS
experiments were initiated by injecting the LDH stock disper-
sion which was previously subjected to ultrasound treatment to
minimize the initial aggregation. Such experimental conditions
allowed us to directly compare surface charge properties with
aggregation behaviour of the LDH particles under identical
experimental conditions. The light scattering measurements
were performed in borosilicate glass cuvettes (Kimble Chase)
cleaned with the mixture of concentrated H,SO, (Carlo Erba)
and 30% H,O0, (Reactolab) at a volume ratio of 3 : 1 and washed
with water followed by drying in a dust-free oven. Further
information on the DLS measurements can be found in
the ESLT

X-ray diffraction

Powder XRD patterns of solid LDH samples were registered in
the 2-theta range of 3-80° on a Stadi-P (Stoe) instrument. This
device uses CuKa (4 = 0.15406 nm) radiation in Bragg-Brentano
geometry. Positions of the peaks and full widths at half
maximum (FWHM) were determined by applying Gaussian fits.
More details about the interpretation of the XRD spectra are
provided in the ESLT

Transmission electron microscopy

TEM imaging was carried out with a Tecnai G2 electron
microscope (FEI) operating at 120 kV. During sample prepara-
tion, 3 pL of the particle dispersion was placed on carbon coated
400-mesh copper grids, left for 30 seconds and drained off the
excess liquid with filter paper and dried. The same experimental
conditions (e.g., particle concentration, pH and heparin dose)
were applied for the original TEM samples as those used in
electrophoretic and aggregation studies.

This journal is © The Royal Society of Chemistry 2016
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Results and discussion
Particle characteristics

We observed seven different peaks in the XRD pattern of both
LDH1 and LDH2 (Fig. 2). Comparing them to the diffraction
pattern of other carbonate LDHs,** we can unambiguously
confirm the formation of the lamellar structure typical for this
kind of LDHs. However, the minor peaks observed at 19° indi-
cates the presence of a small amount of Mg(OH), side phase.
We could assign Miller indexes to each peak and use some of
them to calculate lattice parameters which are necessary to
describe a unit cell (Table 1). From the position of the first peak
003, a doos parameter of 0.77 nm was calculated for both LDH
particles. This value represents the thickness of one hydroxide
layer and one interlayer spacing together. From the d,; value,
the unit cell (c = 2.31 nm) was calculated for LDH1 and LDH2.
Another important lattice parameter is the shortest distance
between two cations in one hydroxide layer expressed by
parameter a, which can be calculated as twice the d-spacing of
the 110 reflection. The same a value (0.31 nm) was obtained for
both particles. In addition, the average thickness of the particles
(v) along the ¢ axis was found to be 18.2 and 17.3 nm for LDH1
and LDH2, respectively. This implies that the particles were
constituted by about 20-25 brucite-like hydroxide layers. DLS
measurements yielded hydrodynamic radii of 136.1 and 316.2
nm in stable dispersions for LDH1 and LDH2, respectively. The
particles were slightly polydisperse, as indicated by their poly-
dispersity index (PDI) values determined in the DLS experi-
ments (Table 1).

Charging of LDH in the presence of heparin

Surface charge of LDH1 was investigated first with electropho-
resis. The particles possessed positive charges (electrokinetic
potential was about 40 mV in aqueous dispersion without
added polyelectrolyte at low ionic strength) due to their struc-
tural properties while the heparin is negatively charged at the

003
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0718
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Relative Intensity (a.u.)

10 20 30 40 50 60
2-Theta (°)

Fig. 2 Powder XRD pattern of the LDH particles, composed of mag-
nesium(il) and aluminium(i) cations and carbonate interlayer anions,
synthesized by co-precipitation. The peak at 19° could be due to the
001 peak of Mg(OH), that was formed from soluble magnesium(i) and
hydroxide ions after drying.
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Table 1 Characteristic structural and size data of the LDHs deter-
mined by XRD in solid state and by DLS in dispersion

Peak

position”

©) Calculated parameters (nm) Size?

003 110  dgos° die a® Y R, (nm) PDI
LDH1 11.6 60.8 0.77 0.15 0.31 2.31 18.2 136.1 0.274
LDH2 11.6 60.8 0.77 0.15 0.31 231 17.3 316.2 0.265

“ Obtained from the XRD spectra. ” Hydrodynamic radius and
polydispersity index were measured by DLS. ¢ Calculated with eqn (S8)
(see ESI). ¢ shortest distance between two cations in the layer and a =
2d11o. ¢ The width of a unit cell and ¢ = 3d;3. fAverage particle
thickness, calculated with eqn (S9) (see ESI).

pH used (7.0 = 0.5). In the individual experiments, particle
concentration, ionic strength and pH were kept constant while
the heparin concentration was varied. Such measurements were
repeated at different ionic strength (1, 10 and 100 mM adjusted
by NacCl) to explore the adsorption mechanism.

In general, the electrokinetic potentials were positive at low
polyelectrolyte concentrations (0-1 mg g~ ', and the mg g~ " unit

101

Potential (mV)

-204

-301

-404

-504

T T T
1 10 100
Heparin Dose (mg/g)

100

100 mM

109 1 mM

Stability Ratio

1 10 100
Heparin Dose (mg/g)

Fig. 3 Electrokinetic potential (a) and stability ratio (b) values for LDH1
in the presence of heparin at different ionic strengths. Stability ratios
close to unity indicate rapid particle aggregation while higher values
point to more stable dispersions. The mg g~* unit refer to mg heparin
per gram of LDH. The lines are just to guide the eyes.
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refers to mg heparin per one gram of particle) indicating the
positive charge of the bare platelets (Fig. 3a). Increasing the
heparin dose, the potential values decreased due to the heparin
adsorption on the oppositely charged surface. This process gave
rise to charge neutralization at the isoelectric point (IEP) when
the heparin concentration reached the range of 12-26 mg g~
depending on the ionic strength applied. The IEP corresponds
to the dose where the overall charge of the particle is zero.
Further adding heparin to the samples, charge reversal**>°
occurred, indicating the continuous adsorption of heparin on
the LDH1 platelet surface.”* Similar charge reversal has been
already observed in several dispersions containing colloidal
particles and polyelectrolytes**>*>=* or multivalent ions**>*
and also in other systems of similar charge balance.*>** Mono-
valent anions can also cause such charge reversal of LDHs, but
in a much smaller extent indicating the significantly higher
affinity of the negatively charged polyelectrolytes (e.g., heparin)
to the oppositely charged particle surface.

The potential versus heparin dose curves saturated at high
concentrations indicating full coverage of the LDH particle
surface with the polyelectrolyte under these experimental
conditions. Additional heparin molecules remained dissolved
in solution after this concentration. Such saturation took place
around 100 mg g~ " polyelectrolyte dose regardless of the ionic
strength. However, the magnitude of the electrokinetic poten-
tial was sensitive to the ionic strength. At low heparin concen-
trations (0-3 mg g~ '), where the positive charge of the particles
was only partially compensated by the adsorbed molecules of
opposite charge, the potential values decreased at higher salt
level (100 mM) due to the screening effect of the counterions on
the surface charge. Once the heparin dose was high enough
(100-300 mg g '), the ionic strength dependence of the
potentials reflected the surface charge characteristics of the
coated LDH1 at different salt levels as discussed later. Multi-
valent organic anions containing carboxylate groups showed
similar adsorption properties on carbonate and chloride
LDHs.”* Accordingly, charge neutralization and subsequent
charge reversal were reported on the basis of zeta potential
measurements, but such processes took place in a much higher
concentration range in those measurements due to the higher
particle concentrations applied.

Aggregation in the presence of heparin

Time-resolved DLS experiments were performed to follow the
aggregation processes under the same experimental conditions
as in the charge investigation above. At a low ionic strength (1
mM), stability ratios close to unity indicated unstable disper-
sions near the dose corresponding to the IEP (Fig. 3b). The
aggregation slowed down, ie., the stability ratios increased, at
low and high heparin doses. This behaviour can be well-
explained by the classical theory developed by Derjaguin,
Landau, Verwey and Overbeek (DLVO).*® Accordingly, the
repulsive electrical double layer forces between the particles
vanish in the absence of surface charge and the attractive van
der Waals forces will destabilize the particle colloids at the IEP.
Significantly below or above this dose, the particles have

This journal is © The Royal Society of Chemistry 2016
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sufficient charge (Fig. 3a) and hence, electrical double layers
form around the LDH, giving rise to repulsive forces and more
stable dispersions. Such U-shaped curves are typical for
polyelectrolyte-induced particle aggregation and found earlier
in case of latex,** titanate**** or silica®* colloids in the
presence of oppositely charged macromolecules.

The effect of ionic strength on particle aggregation was more
pronounced at low heparin doses. The relatively narrow stability
ratio versus dose curve at 1 mM salt level became larger at 10
mM. The dispersions possessed only limited stability at 100 mM
NaCl, as indicated by stability ratios less than 3 (meaning that
each third collision of the particles results in dimer formation)
at very low heparin concentrations. The stability ratio values
overlap within the experimental error at high doses and the
transition between slow and fast aggregation was very abrupt
(i.e., the slopes were very steep) in this regime indicating that
the charge reversal-induced restabilization of the dispersions is
not very sensitive to the ionic strength. The dependence of the
aggregation rates on the salt level is in line with the DLVO
theory and can be explained with screening the surface charge
with the counterions, which leads to smaller Debye lengths and
weaker repulsive double layer forces at high salt levels.
However, the heparin coated LDH1 was stable even at high ionic
strengths, indicating an extremely high surface charge density
or the presence of additional repulsive forces of non-DLVO
origin.®***® This issue will be further explored shortly.

The stability of the dispersions and the structure of aggre-
gates were studied by recording TEM images with the same
samples used for the electrophoretic and time-resolved DLS
experiments. Such images were taken at the low heparin dose
(Fig. 4a), near the IEP (Fig. 4b) and at the high polyelectrolyte
concentration (Fig. 4c). In the last case, the LDH1 particles
should be completely covered by heparin. Note that the samples
were dried during the TEM images, which could also induce
some aggregation. Nevertheless, well-separated particles were
observed at the low heparin dose indicating stable samples.
Aggregation was observed close to the IEP, in good agreement
with the stability study. Similar to other LDH systems,**”® the
platelets prefer face-to-face orientation in the aggregates. Other
types of orientation such as face-to-edge”™ or edge-to-edge’”*
were not observed in the TEM images. Stable samples and
separated particles were imaged at the high heparin dose where

View Article Online
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the aggregation was prevented by the adsorbed polyelectrolyte
layer.

Effect of particle size

The changing trend in potentials (Fig. 5a) and stability ratios
(Fig. 5b) was found to be similar for LDH2 particles of larger size
by increasing the heparin concentration, indicating similar
adsorption mechanism and interparticle forces as for the LDH1
of smaller size. However, differences can still be observed if one
interprets the ionic strength dependence. At 100 mM NaCl
concentration, the charge of the particles was close to zero at
low heparin doses due to the enhanced screening effect of the
counterions on the surface charge. Such low potentials led to
unstable samples, indicated by stability ratios close to one in
this regime. Similarly to the LDH1 system, the aggregation rates
were sensitive to the electrolyte concentration mostly at low
heparin doses, while stable dispersions were obtained at higher
polyelectrolyte concentrations irrespectively from the ionic
strength. TEM images, recorded with stable and unstable
samples, confirm these findings (see Fig. S1 in ESIt). Accord-
ingly, primary particles were found at low (1 mg g~ ") and high
(30 mg g~ ") doses, while aggregates were imaged near the IEP (5
mg g '). The LDH2 platelets also show face-to-face orientation
in the aggregates.

Although intercalation of heparin between the layers of
certain LDHs has been published earlier,** we did not find any
evidences for such process in our experiments. This is most
likely due to the different conditions used in the reported study
and our systems. The heparin is immobilized between the
lamellae through the competition with chloride anions in the
co-precipitation process in the report (where heparin has much
higher affinity for LDH than chloride). However, the intercala-
tion could occur only through exchange with carbonate (with
high affinity for LDH) in our samples where it is also unlikely to
introduce bulky macromolecules into the lamellar structure.

Stability of bare and coated particles

The effect of heparin coating on colloidal stability was explored
by comparing charging and aggregation of bare and fully
covered particles at different salt levels. To achieve such
coating, a heparin dose of 100 mg g ' was applied for both

Fig.4 TEM images of LDH1 particles at different heparin doses: 1 mg g~* which refers to low dose and stable samples (a), 15 mg g~ near the IEP
with aggregated samples (b) and 30 mg g~! where the particles reversed their charge and form stable dispersion (c).

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Electrokinetic potential (a) and stability ratio (b) values for LDH2
in the presence of heparin at different ionic strengths. The mg g~* unit
refer to mg heparin per gram of LDH. The lines are just to guide the
eyes.

particles, since this concentration was slightly above the satu-
ration limit observed in the electrophoretic mobility curves
(Fig. 3a and 5a). The ionic strength dependence on the elec-
trokinetic potentials and stability ratios were determined over
a wide range of NaCl concentration (Fig. 6).

Slightly different potentials were obtained at low ionic
strengths for the bare LDH1 and LDH2 particles, but they were
the same within the experimental error at higher salt levels
(Fig. 6a). The electrokinetic potentials decreased with the ionic
strength due to the screening effect of the counterions on the
particle surface and remained positive, although very close to
zero at the higher electrolyte concentrations, in the entire
concentration range investigated. This finding is in line with
the results of our other study, in which we found that C1~ ions
adsorb only weakly on LDHs, while more hydrophobic mono-
valent anions showed higher affinity and stronger adsorption
on the surface.”

Heparin adsorption at the dose of 100 mg g resulted in
negatively charged particles as predicted by the results of the
previous section. Similarly to the bare LDHs, the potentials of
the coated ones deviated at low salt levels, while they showed
good agreement at higher NaCl concentrations where the
screening effect on the surface charges became important. Note
that the sodium ions were the counterions in these systems. The
effect of ionic strength on the potentials was similar again,

1
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Fig. 6 Electrokinetic potential (a) and stability ratio (b) values for the
bare (filled symbols) and heparin coated (empty symbols, at a dose of
100 mg g~} LDH1 and LDH2 particles at different ionic strengths. The
solid lines in (a) indicates the potentials calculated using the Debye—
Huckel model. The surface charge densities are also indicated.

namely, they decreased with increasing the salt concentration,
but remained negative even at high electrolyte levels. Such
change in the potential or related electrophoretic mobility is
typical for bare or polyelectrolyte coated colloidal particles of
significant charge.®>” Theoretical potentials were calculated
using the Debye-Hiickel approximation (eqn (S2) in ESIT).**
This theory is valid at high ionic strengths and significant
differences can be observed at lower salt levels. The best fit to
the experimental values was found with +15 and —30 mC m ">
surface charge densities for the bare and heparin coated parti-
cles, respectively. These data indicate that the polyelectrolyte
coverage resulted in two-time higher surface charge in magni-
tude compared to the LDH1 and LDH2 bare particles.

Stability ratios determined at different ionic strengths for the
bare and coated particles showed similar trend in general
(Fig. 6b). Accordingly, the dispersions were stable at low NaCl
levels, while stability ratios close to one indicated rapidly
aggregating dispersions at higher ionic strengths. The slow and
fast aggregation regimes were separated by the well-defined
critical coagulation concentration (CCC) value. Such behav-
iour is typical for charged colloidal particles and can be
explained by the DLVO theory. The interparticle forces are the
superposition of attractive van der Waals and repulsive double
layer forces and the latter ones decrease with the ionic strength

This journal is © The Royal Society of Chemistry 2016
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due to the progressively screened electrical double layer around
the particles, leading to unstable particle dispersions at high
salt levels.

Some differences can be observed in the stability ratio versus
ionic strength curves for the bare particles. The CCC values felt
in the same range, but slightly deviated (60 and 39 mM for
LDH1 and LDH2, respectively). Such values are similar to those
determined for LDH particles in the presence of simple
monovalent anions (e.g., CI~ and NO; ), which are the coun-
terions in these systems. However, complex and more hydro-
phobic anions (e.g., SCN™) tend to adsorb stronger on the
particles and shift the CCC towards lower concentrations.”™ In
addition, the slopes in the slow aggregation regime are signifi-
cantly different. For larger LDH2 particles, the stability ratios
were smaller at the same NaCl concentrations, leading to
smaller slopes at low ionic strengths compared to LDH1. Such
deviation can be originated from the different sizes, since the
attractive van der Waals forces are proportional to the Hamaker
constant and the size of the particles.>»*** The Hamaker
constant is related to the composition of the materials and
hence, should be the same for both particles. However, the size
dependence on the strength of the attractive van der Waals
forces results in a stronger attraction for larger particles,
leading to a lower CCC and a lower stability ratio before the
CCC, in good agreement with the present results obtained with
the bare systems.

For the heparin coated particles, the stability curves agreed
within the experimental error and a common CCC around 1100
mM ionic strength was determined. Note that the sodium ions
are the counterions in this system and they are responsible for
the destabilization by electrostatic screening of the surface
charge. The effect of monovalent cations on aggregation of
colloidal particles is usually very small or negligible.” This value
is about 20-time larger than that for the bare LDHs, indicating
an enormous stabilization effect of the heparin layer adsorbed
on the platelets. Such polyelectrolyte-induced stabilization has
been reported earlier for LDH**** and other colloidal parti-
cles.”*”>777% Since the size of the coated LDH1 particles is
smaller than the LDH2 covered by heparin, different van der
Waals forces can be expected and they should lead to different
CCCs and slopes in the slow aggregation regime, similar to the
bare particles discussed above. Nevertheless, the situation here
is obviously different. The shape of the stability curves definitely
indicates the presence of DLVO-type forces, but the extremely
high CCC and the lack of differences in the stability ratios at
lower ionic strength should be the sign of other types of
repulsive interparticle forces. Polyelectrolyte layers adsorbed on
oppositely charged surfaces are typically flat at low salt levels,
but they are swollen at higher electrolyte concentrations.” The
swelling leads to the formation of polyelectrolyte tails and loops
around the particles and steric repulsion between the hairy
particles can become important.®>***® Our results can also be
explained with the presence of repulsive steric forces between
the adsorbed polyelectrolyte chains which are the most
pronounced at high ionic strength due to the extended heparin
layer around the platelets. As a result, these interparticle forces
give rise to highly stable dispersions, which are potential
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candidates as carriers in delivery processes even at high salt
levels where the bare particles would rapidly aggregate. In
particular, the polyelectrolyte covered particles are stable at the
physiological ionic strength (150 mM in blood), which is higher
than the CCCs of the bare particles. Accordingly, intercalation
of the lamellar particles with a desired drug molecule and
coating with the appropriate dose of heparin will certainly result
in delivery systems which can pass the critical part of living
organisms without any unwanted aggregation of the carrier
nanoplatelets.

Conclusions

Electrophoretic experiments revealed that heparin adsorption
on oppositely charged LDH particles led to charge neutraliza-
tion at the IEP and subsequent charge reversal at appropriate
polyelectrolyte concentrations. The latter process led to two-
time higher surface charge density in magnitude compared to
the bare platelets. The electrokinetic potentials were sensitive to
the ionic strength especially at low heparin doses due to the
screening effect of the counterions on the LDH surface. Results
of time-resolved DLS experiments showed that the samples were
moderately stable at low polyelectrolyte concentrations.
However, increasing the ionic strength gave rise to unstable
dispersions in this regime and also near the IEP regardless of
the salt level. Face-to-face orientation of the particles was found
in TEM images recorded for the aggregated samples. Further
increasing the heparin dose, the particles were restabilized
where they possessed sufficiently high negative charge due to
the charge reversal process. Highly stable LDH dispersions were
obtained by completely covering their surface with the heparin
macromolecules. Such stabilizing effect led to about 20-time
increase in the CCC of the coated particles, indicating a signif-
icant resistance against aggregation even at higher electrolyte
concentrations. These results allow designing efficient delivery
systems where aggregation of nanocarrier LDH platelets can be
tuned with biocompatible heparin macromolecules.
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