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A B S T R A C T

Adsorption of polyelectrolytes (PEs) is a common strategy for stabilizing nanoparticles and customizing their
properties. Although scarcely explored for layered double hydroxide nanoparticles (LDH-NPs), it can be used to
increase their functionality in pharmaceutical and biomedical applications, among others. In this work, LDH-NPs
intercalated with chloride, ibuprofen and ketoprofen were synthesized and modified with carboxylate containing
PEs with different structures and physicochemical properties. The PEs adsorption mechanism on LDH-NPs and its
effect on the aggregation of the obtained hybrids were studied by zeta potential and hydrodynamic diameter
determinations on chloride intercalated LDH-NPs dispersions in the presence of polyacrylate (PA) at different
concentrations. PA adsorption behavior was compared to that of citrate anion to contrast the adsorption me-
chanism of PEs and anions. Afterwards, the study was extended to other PEs (alginate and carbomer) as well as
to drug intercalated LDH-NPs. PA adsorbed at the surface of LDH-NPs with high affinity: at low concentrations,
PA was irreversibly adsorbed due to the positive structural charge of LDH-NPs and the flexible and negatively
charged structure of PA. This high affinity caused a particle charge inversion, which results in negatively charged
LDH-NPs stabilized by both electrostatic interactions and steric hindrance. Due to their structure, alginate and
carbomer showed a lower affinity and, consequently, a lower capacity to produce LDH-NPs disaggregation.
Finally, PEs adsorption allowed enhancing the disaggregation and modifying the interfacial properties of both
ibuprofen and ketoprofen intercalated LDH-NPs producing only a small release of the drug loading.
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1. Introduction

Adsorption of polymers and, particularly, polyelectrolytes (PEs), is a
common strategy to prevent the aggregation of nanoparticles (NPs) and
to customize their physicochemical and biological properties (particle
charge, reactivity, chemical stability or toxicity) [1,2]. Several ap-
proaches have been developed to prepare NPs@PE hybrids [3,4], but
physical adsorption is the most simple and it produces a fast and stable
interaction between NPs and PEs [5,6]. PEs adsorption is determined by
their own properties (molecular weight, structure, type of functional
groups, concentration, etc.), the solution conditions (pH and ionic
strength), and the nanoparticle characteristics (mainly their surface
charge and size).

Layered double hydroxides (LDHs) are lamellar compounds whose
structure can be described as brucite (Mg(OH)2)-like layers with iso-
morphic substitution of divalent by trivalent metal ions. Consequently,
they present a structural positive charge that allows the intercalation
and exchange of anions, including drugs (anti-inflammatory, antibiotics
and anticancer) and biomolecules (DNA, siRNA or proteins) [7,8]. LDHs
can be synthesized as nanoparticles (LDH-NPs) with sizes between 50
and 200 nm by simple methods that involve separate nucleation and
growth [9–11]. LDH-NPs aggregation is prevented by their highly po-
sitive zeta potential [12,13] but they aggregate in high ionic strength
media or by the adsorption of anions that decrease the charge or in-
crease the hydrophobicity of their surface [14–16].

Controlling LDH-NPs aggregation is of great importance for many of
their applications and, particularly, for the biomedical and pharma-
ceutical ones. Thus, it is essential to determine their behavior in bio-
logical media or to customize their performance in liquid and semisolid
pharmaceutical formulations. Although PEs adsorption is expected to
be a versatile route to disaggregate LDH-NPs and increase their col-
loidal stability, there is scarce information about the subject
[14,17,18]. LDH-NPs present a positive charge at pH lower than 12
[19] and, consequently, they present electrostatic interactions with
anions and anionic PEs, as metal oxides do below their isoelectric point
(iep) [1]. Polymers containing carboxylate, sulfonate or phosphonate
groups are thus expected to adsorb on LDH-NPs [20].

Carboxylate containing PEs are extensively used for pharmaceutical
applications and present a great variety of chain structures and physi-
cochemical properties (Supplementary Material, Fig. S1). Thus, poly-
acrylate (PA) has been studied as component of drug delivery systems
[21,22] and, due to its simple chemical formula, it is an ideal model to
study the PEs adsorption mechanism on LDH-NPs. Carbomer (Carb) is
used as gelling agent and presents mucoadhesive properties [23] that
makes it appealing as drug carrier [24] for ophthalmic, nasal and oral
formulations. Finally, Alginate (Alg) is used in cell encapsulation, tissue
engineering and has also been proposed for the delivery of drugs and
biomolecules [25–27]. Also, the inclusion of LDH-NPs in calcium algi-
nate beads has been explored for the release of diclofenac [28].

In this work, LDH-NPs intercalated with chloride, ibuprofen and
ketoprofen were synthesized and modified with three carboxylate
containing PEs (PA, Carb and Alg). The PEs adsorption mechanism on
LDH-NPs and its effect on the nanoparticles aggregation were studied
by zeta potential and hydrodynamic diameter determinations with a
simple system: chloride intercalated LDH-NPs dispersed in PA solutions
at different concentrations. PA adsorption behavior was compared to
that of citrate anion to contrast the adsorption mechanism of PEs and
anions. Afterwards, the study was extended to other PEs (Alg and Carb)
as well as to drug intercalated LDH-NPs.

2. Materials and methods

Pharmaceutical grade ibuprofen and ketoprofen (Parafarm®, Buenos
Aires, Argentina), reagent grade metal chloride salts, citrate and sodium
hydroxide (Baker, Anedra) and commercial sodium polyacrylate
(Polacrin 40%w/w solution, Diransa, Argentina), sodium alginate

(Laboratorios Montreal, Argentina) and carbomer (Carbomer 934P NF,
BF Goodrich, USA) were used with no previous purification. All solu-
tions were prepared with purified water (18MΩ Milli Q, Millipore
System). Unless otherwise stated, all experiments were performed at
room temperature.

2.1. Synthesis and characterization of LDH-NPs

LDH-NPs intercalated with either chloride (LDH-Cl-NPs), ibuprofen
(LDH-Ibu-NPs) or ketoprofen (LDH-Ket-NPs) were synthesized by a
method involving separate nucleation and aging steps [29]. Briefly, a
0.1 L solution containing the metal salts ([Mg2+] = 0.3 mol L−1,
[Al3+] = 0.1 mol L−1) was quickly poured into a 0.1 L alkaline solu-
tion under vigorous stirring generated by an Ultraturrax T18 BASIC
agitator at 25000 rpm. The alkaline solution contained the stochio-
metric amount of: a) NaOH to produce the complete precipitation of the
metal ions ([OH−] = 0.8 mol L−1); b) sodium salt of the interlayer
anion (A− = Cl−, Ibu− or Ket−) to completely occupy all the exchange
sites ([A−] = 0.1 mol L−1). The prepared solid was immediately se-
parated from the supernatants by centrifugation in 85 mL poly-
carbonate tubes, performed in an Allegra 21 Beckman-Coulter cen-
trifugue, at 8000 rpm. Washing-centrifugation cycles were performed
until turbidity was observed in the supernatants. The solid was then
dispersed in water (0.2 L) and magnetically stirred for 24 h. Finally, the
prepared dispersions were aged in hydrothermal conditions (4 h,
90 °C).

The hydrodynamic apparent diameter (d) and zeta potential (ζ) of
the samples were determined using a Delsa Nano C instrument
(Beckman Coulter). The measurements were performed in 1 g L−1 dis-
persions of the corresponding samples, ultrasonically dispersed for
30 min d values were determined from the autocorrelation function
(g(2)) using the cumulants method and the size distributions were
evaluated by the CONTIN method, while electrophoretic mobilities
were converted to ζ using the Smoluchowski equation. Scanning elec-
tron microscopy (SEM) images were obtained in a FE-SEM Σigma in-
strument on samples covered with a Cr layer. 0.05 mL of 0.1 g L−1

dispersions of the samples were placed on the holder, which was
afterwards dried at 50 °C.

Portions of the samples dispersions were lyophilized and the ob-
tained powders were used to perform the structural characterization of
the samples. Mg and Al contents were determined by atomic absorption
spectrometry in a Varian AA240 instrument. The samples were dis-
solved in HNO3 and afterwards diluted to meet the calibration range.
Powder X-Ray diffraction (PXRD) patterns were recorded in a Phillips
X’pert Pro instrument using a CuKα lamp (λ = 1.5408 Å) at 40 kV and
40 mA in step mode (0.05°, 1.2 s). Thermogravimetric and differential
thermal analyses (TG/DTA) were carried out in a Shimadzu DTG 60
instrument in flowing air and at a heating rate of 10 °C/min. FT-IR
spectra were measured in a Bruker IFS28 instrument using KBr pellets
(1:100 sample:KBr ratio).

2.2. PEs adsorption on LDH-NPs

Due to the buffering capacity of LDH-NPs, experiments performed in
pure water presents pH values between 10.0 and 10.2, but this pH range
is of low relevance for LDH-NPs applications. Buffering the dispersion
medium is a viable way to study the aggregation of LDH-NPs in more
relevant pH conditions. Tris-HCl buffer (pH = 7.4; [Tris]
= 0.1 mol L−1) was selected due to the low charge of its components
(Tris, HTris+ and Cl−), which are consequently expected to present
weak electrostatic interactions with LDH-NPs surface.

1 g L−1 LDH-Cl-NPs dispersions in 0.1 mol L−1 Tris-HCl solutions
(pH = 7.4) with increasing citrate (Cit), polyacrylate (PA), carbomer
(Carb) and alginate (Alg) concentrations were prepared. These con-
centrations were converted to carboxylate groups concentration
([COO−], mol L−1) taking into account the chemical formula of the
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corresponding adsorbate. To obtain a deeper understanding of PA ad-
sorption mechanism, the experiments with this PE were repeated at
different LDH-Cl-NPs concentrations ([LDH] = 0.5, 1.0 and 2.0 g L−1,
the PA concentration being adjusted to maintain the same [COO−]/
[LDH] ratio) and [NaCl] (0, 0.1 and 0.3 mol L−1). In all cases, the
dispersions were equilibrated for 24 h under orbital shaking, and their d
and ζ values afterwards determined as previously described. For PA and
Cit series, PXRD patterns of the obtained solids were obtained the se-
dimentation stability of their dispersions was checked by taking images
of the dispersions at different settling times.

Finally, PE adsorption on LDH-Cl-NPs, LDH-Ibu-NPs and LDH-Ket-
NPs was studied in 1 g L−1 dispersions in water (to prevent anion ex-
change with chloride anions from Tris HCl buffer) and aqueous solu-
tions of the corresponding adsorbates (Cit, PA, Carb or Alg; [COO−]
= 3 mmol L−1). These dispersions were equilibrated for 24 h under
orbital shaking, and their d and ζ values afterwards determined as
previously described. Also, portions of LDH-Ibu-NPs and LDH-Ket-NPs
dispersions were filtrated and the UV spectra of the supernatants were
registered to determine the drug release (%D), which was calculated as:

=D D
D

% [ ]
[ ]max

where [D] was the drug concentration determined in the supernatants
and [D]max is the drug concentration for a complete release of the drug
cargo from the corresponding LDH-NPs.

3. Results and discussion

3.1. Synthesis and characterization of LDH-NPs

The size distributions of LDH-Cl-NPs, LDH-Ibu-NPs and LDH-Ket-
NPs (Fig. 1) showed maxima at 80, 160 and 180 nm, respectively. These
values were concordant with the size of the particles observed in the
SEM images. Nevertheless, d values determined by the cumulants
method (140 ± 50, 240 ± 70 nm and 300 ± 200 nm for LDH-Cl-
NPs and LDH-Ibu-NPs, LDH-Ket-NPs, respectively) were larger while
the polydispersity indexes were 0.14, 0.26 and 0.17. These results

indicated the presence of particles of larger size doe to a partial ag-
gregation of the particles.

Nevertheless, the LDH-NPs can be considered as mainly dis-
sagregated, which was due to their large, positive ζ (=46 ± 1,
49 ± 1 and 40 ± 1 mV, for LDH-Cl-NPs and LDH-Ibu-NPs, LDH-Ket-
NPs, respectively). The positive charging of LDH-NPs in aqueous media
is due to the weak electrostatic interactions that bind these anions to
the particle surface [12,13,16]. Therefore, the anions at the particle
surface were detached from the particle surface in aqueous media, and
the structural charge was not completely compensated, which gener-
ated a positive surface charge. Nevertheless, Ibu− and Ket− present a
larger affinity for the surface of LDH-NPs due to the hydrophobic in-
teractions between their hydrophobic tails. Adsorption of these drugs to
the surface of LDH-NPs diminish its charge and increase their hydro-
phobicity [30,31], leading to aggregation. Consequently, minimizing
their surface adsorption by repeatedly and thoroughly washing these
samples before their aging was important to prepare well dispersed,
nanometric LDH-NPs intercalated with Ket− and Ibu−.

Consequently, the exchange sites of LDH-NPs were not completely
occupied by neither Ibu− or Ket− anions. Consequently, the chemical
formulae of the samples (Table 1) pointed to an anion exchange capa-
city occupancy (% AEC) of 66 and 50% for LDH-Ibu-NPs and LDH-Ket-
NPs, respectively. Despite the incomplete occupation of the exchange
sites of drug intercalated LDH-NPs, the indexing of all PXRD patterns
(Supplementary Material, Fig. S2A) led to cell parameters (c = 24.0 Å,
66.0 Å and 67.6 Å for LDH-Cl-NPs and LDH-Ibu-NPs, LDH-Ket-NPs,
respectively; a= 3.06–3.08 Å in all cases) similar to those previously
obtained for LDHs intercalated with the same anions [32,33]. Also, the
FT-IR spectra (Supplementary Material, Fig. S2B) and the DTA/TGA
curves (Supplementary material, Fig. S2C) were similar to those pre-
viously determined for LDHs intercalated with the same anions [30].

The characterization of ζ and d dependence with ionic strength was
performed both in water and Tris-HCl buffer (Supplementary Material,
Fig. S3). As expected, LDH-Cl-NPs showed decreasing ζ and increasing d
with increasing ionic strength, showing d values above 1 μm in Tris
buffer and/or [NaCl] above 0.01 mol L−1 due to the decrease of the
electrostatic repulsions between LDH-Cl-NPs.

Fig. 1. Intensity size distribution (above) and SEM images (below) of
LDH-NPs samples intercalated with chloride (LDH-Cl-NPs), ibuprofen
(LDH-Ibu-NPs) and ketoprofen (LDH-Ket-NPs).
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3.2. Polymer adsorption on LDH-NPs

d and ζ vs. [eCOO−] curves were used to explore and compare Cit
and PA adsorption on LDH-NPs (Fig. 2A and B). A schematic re-
presentation of the mechanism of Cit and PA adsorption on LDH-NPs is
also provided (Fig. 2C) for further reference. Cit anion present three
carboxylate groups at pH = 7.4 and it was expected to present strong
electrostatic interactions with LDH-Cl-NPs. For Cit adsorption, ζ de-
creased as [eCOO−] increased until an isoelectric point (iep) was
reached at 5 10−4 mol L−1 approximately, which corresponded to ca.
15% AEC. The continuous ζ diminution and the low [eCOO−] of the
iep indicated that Cit was preferably adsorbed on the LDH-NPs surface
(Fig. 2A), similarly to that observed for dodecylsulfate uptake by
chloride intercalated LDHs [34]. Once the surface became negatively
charged, Cit anions adsorption was increasingly hindered by electro-
static repulsions. Therefore, Cit anions increasingly located between the
layers of LDH-Cl-NPs and a ζ plateau was reached at ca. [eCOO−] = 4
10−3 mol L−1, corresponding to near 120% AEC. The intercalation of
Cit anions reflected in the progressive widening and intensity dis-
minution of the (0 0 L) peaks of chloride- intercalated samples and the
presence of a peak at [eCOO−] = 4 103 mol L−1, corresponding to a
interplanar distance of 12 Å (Supplementary Material, Fig. S4). This
interplanar distance was similar to that found for citrate-intercalated
LDHs [35]. Regarding the effect of Cit incorporation to the particle size,
LDH-Cl-NPs maintained their high aggregation before the iep was
reached and d values above 1 103 nm were obtained. At larger
[eCOO−] values, the aggregation progressively diminished due to in-
creasing repulsive electrostatic forces between the particles and d va-
lues reached near 200 nm at the larger [eCOO−] value. The effects in
the aggregation of LDH-Cl-NPs were similar to those observed with
trivalent inorganic anions, such as phosphate [16].

In contrast with Cit anion, PA is a PE with a linear structure based
on acrylate (eCH2eCHeCOO−) monomers (Supplementary Material,
Fig. S1). Although it is a weakly acid PE, it presents mainly carboxylate
groups at pH = 7.4 [36] and, consequently, it was expected to strongly
adsorb to the oppositely charged surface of LDH-Cl-NPs. ζ (Fig. 2A)

showed a negligible change at [eCOO−] below 3 10−4 mol L−1, but it
abruptly diminished at larger [-COO−] values to reach an iep at a
[eCOO−] value close to that of Cit. This diminution continued until a
plateau was reached, at a [eCOO−] value lower than that of Cit anion
([eCOO−] = 6–7 10−4 mol L−1, corresponding to 20–25% of the
AEC). The low [eCOO−] of the plateau onset was related to the limited
capacity of PA chains to penetrate in the interlayer space of LDH-Cl-
NPs. These results indicated that PA was quantitatively adsorbed to the
surface of LDH-Cl-NPs at [eCOO−] values lower than the iep, which is
the general behavior for PEs adsorption on oppositely charged surfaces
[37], which is considered an irreversible process. Only after the iep,
electrostatic repulsions increase and a ζ plateau was reached without
significant PA intercalation. The PXRD patterns (Supplementary Mate-
rial, Fig. S4) showed a widening of the peaks corresponding to the
chloride intercalated phase, but, contrarily to the Cit-modified LDH-Cl-
NPs, no additional peak was registered even at the larger [COO−]
value.

The effect of PA adsorption on the aggregation of LDH-NPs was
explained by both DLVO and non-DLVO interactions. Thus, the ag-
gregation of PA-modified LDH-Cl-NPs was maintained at concentrations
below the iep due to the low electrostatic repulsions. Nevertheless, it
has been proposed that bridging interactions are concurrent for systems
such as metal oxide particles [5]. This mechanism is based on the
heterogeneus disposition PEs on the surface of NPs at low surface
coverages, which leads to the presence of oppositely charged patches
due to coated and uncoated areas. These patches interact with oppo-
sitely charged patches of neighboring particles, leading to reinforced
aggregation. Above the iep, the aggregation decreased greatly, reaching
values even lower to that of LDH-Cl-NPs dispersions in water. In this
section, the PA layer became more homogenous and swollen, as a
portion of the chains are not directly attached to the surface but in-
teracting with the aqueous side of the interface. This swollen PE layer
led to steric interactions [38,39] that prevented, together with elec-
trostatic repulsions, the aggregation of LDH-Cl-NPs.

The effect of PE adsorption on the aggregation of LDH-Cl-NPs re-
flected in the stability of the dispersions against sedimentation

Table 1
Elemental analysis and chemical formulae of LDH samples.

Sample %Mg %Al %C % H2Oa Chemical Formula

LDHeCl-NPs 22.8 9.0 N/A 13.5 Mg0.74Al0.26(OH)2Cl0.24·0.58H2O
LDH-Ibu-NPs 17.0 6.1 23.9 14.2 Mg0.76Al0.24(OH)2Ibu0.16Cl0.08·0.85H2O
LDH-Ket-NPs 17.2 6.8 22.3 12.0 Mg0.74Al0.26(OH)2Ket0.13Cl0.12·0.68H2O

a Obtained from the first weight loss of the thermogravimetric analysis curve.

Fig. 2. Zeta potential (ζ, A) and hydrodynamic diameter (d, B) vs.
carboxylate groups concentration ([-COO−]) provided by Cit and PA.
The experiments were performed in LDH-Cl-NPs dispersions in Tris-
HCl buffer (0.1 mol L−1, pH = 7.4) with increasing Cit and PA con-
centrations. Schematic representation of the proposed adsorption
mechanism as well as its effect on LDH-Cl-NPs aggregation (C).
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(Supplementary Material, Fig. S5). LDH-Cl-NPs showed increasing se-
dimentation stability with increasing [eCOO−] for both Cit and PA, but
the stabilizing effect of PA was obtained at lower [eCOO−]. Also, PA
containing dispersions presented, at t = 0, lower turbidity than the Cit
containing ones for all [eCOO−].

The study of PA adsorption on LDH-Cl-NPs was complemented with ζ
and d vs [-COO−] curves at different LDH-Cl-NPs ([LDH]) and NaCl
([NaCl]) concentrations (Fig. 3). The ζ vs [-COO−]/[LDH] curves
(Fig. 3A and B) were independent of both [LDH] and [NaCl]. The in-
dependence of ζ curves with the sorbent concentration is characteristic of
irreversible, quantitative adsorption, which completely removed the ad-
sorbate from solution [38,40]. In this case, the adsorbed amount is de-
termined exclusively by the amount of sorption sites available, which is
directly proportional to the sorbent concentration ([LDH] in this work).
Contrarily, when the adsorption is not quantitative and the adsorbate is
distributed between the solution and the particles, ζ vs [eCOO−]/[LDH]
would be determined not only by the number of sites available for ad-
sorption, but also by the affinity of the adsorbate for these sites.

On the other hand, the negligible effect of ionic strength on ζ values
was not concordant with that found for adsorption of highly-charged
polymers onto latex NPs [5]. For these systems, the beginning of the ζ
plateau is moved to larger PE concentration with increasing ionic
strength, which was assigned to a diminution of electrostatic repulsions
between the PE chains. This effect is significant because the adsorption
sites for PEs is relatively low. However, in the case of LDH-Cl-NPs, PA
adsorption was determined by their large surface concentration of ad-
sorption sites and the PE adsorption capacity increase due to increasing
ionic strength was negligible in comparison.

The d vs [eCOO−]/[LDH] curves (Fig. 3C and D) showed up to
[eCOO−]/[LDH] = 1 10−3 mol g−1 a stage of high agglomeration that
presented d values above 1 μm, This region included the first point of
the plateau of the ζ vs. [eCOO−]/[LDH] curves, which confirmed that
the main driving force for the disaggregation of LDH-Cl-NPs was not
electrostatic repulsions, but steric hindrance. At larger [eCOO−]/
[LDH] a second region was defined by d values lower than 500 nm that
decreased with increasing [LDH] and [eCOO−]/[LDH]It is a general
behavior of colloidal particles that the effect of particle concentration
on aggregation is negligible until a narrow concentration range where a
large aggregation increase is produced [39]. This concentration range is
usually designed as critical coagulation concentration (CCC). For LDH-

Cl-NPs, PA adsorption produced a CCC shifting to higher concentra-
tions, but d values increased as [LDH] increases, approaching to the
CCC. Moreover, the d values diminution indicated that additional PE
adsorption was produced at the plateau, increasing the thickness of the
PE layer and, consequently, the steric effects. The convergence of the
curves was consequently explained by this effect which produced a CCC
shifting to higher particle concentrations, diminishing the effect of
[LDH]. On the other hand, the dependence of d values with [NaCl] was
weaker, which confirmed once again that the incidence of electrostatic
repulsions in the stabilization of LDH-Cl-NPs was lower than that of
steric hindrance.

The PEs-NPs interaction is highly determined by the structure of the
PEs [37]. To study this effect, ζ and d vs. [eCOO−] curves were mea-
sured for two additional PEs: Carb and Alg (Fig. 4A and B). A schematic
representation of the proposed mechanism of Carb and Alg adsorption
on LDH-NPs is also provided (Fig. 4C) for further reference. Carb
showed a subtler ζ diminution with increasing [eCOO−] than PA
(Fig. 2A): the iep was displaced to [eCOO−] = 1 10−3 mol L−1 ap-
proximately, while the ζ plateau was reached at [eCOO−]
= 3·10−3 mol L−1. Also, disaggregation of LDH-Cl-NPs was produced
at larger [eCOO−] values, reaching d values below 1 μm only at
[eCOO−] = 1 10−2 mol L−1. On the other hand, ζ diminution was
produced at lower concentrations for Alg than for PA: the iep was
reached at [eCOO−] = 1.5 10−4 mol L−1, while the onset of the ζ
plateau was placed at [eCOO−] = 4 10−4 mol L−1. Nevertheless, the
aggregation diminution started at [eCOO−] values similar to that of
PA, but Alg adsorption produced d values around 500 nm.

The structure of these PEs (Supplementary Material, Fig. S1) caused
their different adsorption behavior. Carb is a crosslinked derivative of
polyacrylates and, due to its more rigid structure, many of its carbox-
ylate groups were not able to interact with LDH-Cl-NPs surface or are
compensated in the bulk of the PE. Consequently, they present a weaker
interaction with LDHs and, contrarily to PA, Carb was not quantita-
tively adsorbed to the surface of LDH-Cl-NPs. As a consequence, the ζ
diminution was gentler and the iep (as well as the LDH-Cl-NPs dis-
aggregation effect) is displaced to larger [eCOO−] values. On the other
hand, Alg is a block copolymer with a linear structure that combines β-
D-mannunorate and α-L-guluronate in different ratio depending on their
source of extraction. Due to its linear structure, Alg presented higher
affinity for the LDH-Cl-NPs aggregates than Carb, but it displayed a

Fig. 3. Zeta potential (ζ, A and B) and hydrodynamic diameter (d, C
and D) vs. the ratio between PA (expressed as carboxylate groups
concentration provided by this PE, ([-COO−]) and LDH-Cl-NPs con-
centrations ([LDH]) of LDH-Cl-NPs dispersions in Tris-HCl buffer
0.1 mol L−1, pH = 7.4) with increasing PA concentration. The ex-
periments were performed at fixed NaCl concentration ([NaCl] = 0)
and different LDH-Cl-NPs concentration ([LDH] = 0.5, 1.0 and
2.0 g L−1; Fig. 3A and C); and also at fixed [LDH] = 0.1 g L−1 and
different [NaCl] (=0, 0.1 mol L−1 and 0.3 mol L−1, Fig. 3B and D).
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lower affinity than PA due to their larger charge/mass ratio of the
latter. Consequently, Alg was not able to penetrate the LDH-Cl-NPs
aggregates at low concentrations. Instead, Alg coated the aggregates,
which explained the ζ diminution at lower [eCOO−] than for PA. On
the other hand, the disaggregation begins at [eCOO−] values similar to
that of PA but, due to its lower affinity, Alg did not produce d values
below 500 nm.

Finally, the effect of PE adsorption on the size, zeta potential and
drug release of Ibu− and Ket− containing LDH-NPs was assessed
(Fig. 5, where LDH-Cl-NPs data are also included to allow compar-
ison). To determine effect of PE adsorption on drug release from LDH-
Ibu-NPs and LDH-Ket-NPs, the experiments were performed in water,
as anion exchange would have been produced with Cl− anions of Tris
HCl buffer. Nevertheless, the effects on d and ζ upon PE adsorption
were similar to that observed for LDH-Cl-NPs in Tris HCl: ζ was re-
versed in all cases and the disaggregation capacity decreased in the
order PA > Cit > Alg ≈ Carb. Thus, PA was able to completely
disaggregate all LDH-NPs, obtaining d values (86 ± 5, 210 ± 50 nm
and 130 ± 10 for LDH-Cl-NPs, LDH-Ibu-NPs and LDH-Ket-NPs, re-
spectively) lower than that of the particles in water. On the other
hand, Carb and Alg produced only a partial disaggregation in all cases.
Both d and ζ values were independent of the intercalated anion, which
indicated that the charge and size of LDH-NPs was mainly determined
by the adsorpted PEs. Moreover, PEs adsorption produced a low drug
release from LDH-Ibu-NPs and LDH-Ket-NPs, less than 40% in all cases.
On the other hand, Cit coated LDH-Ibu-NPs and LDH-Ket-NPs pre-
sented the higher drug release (% D > 50%) due to its capacity to
intercalate between the layers of LDH-NPs. Both LDH-Ibu-NPs and
LDH-Ket-NPs showed% D values for PA than for Carb and Alg, which
suggested that PA had a slightly larger capacity than the other PEs to
intercalate between the LDH-NPs layers due to its linear, simple
structure.

4. Conclusions

LDH-NPs intercalated with chloride, ibuprofen and ketoprofen with
diameter below 200 nm were synthesized. They were stabilized by
electrostatic repulsions due to their high particle charge, but agglom-
erated with increasing ionic strength. Polyacrylate (PA) adsorbed at
their surface with great affinity: at low concentrations, PA adsorbed
irreversibly to the surface of LDH-NPs due to the large positive surface
charge of LDH-NPs and the flexible and charged structure of linear PEs.
This high affinity results in negatively charged LDH-NPs stabilized by
both electrostatic interactions and steric hindrance. The behavior of
other PEs, such as carbomer and alginate was affected by their struc-
ture. Although both adsorbed on LDH-NPs, the crosslinked, rigid
structure of the former and the lower charge density of the latter led to
a lower capacity of LDH-NPs disaggregation than PA. PEs interaction
with LDH-NPs determined the surface properties of both chloride and
drug intercalated LDH-NPs while the main portion of the interlayer
anion remains attached between the layers. This is then a promising
strategy to obtain drug carriers with tunable particle size and interfacial
properties, as well as increased functionality.

Fig. 4. Zeta potential (ζ, A) and hydrodynamic diameter (d, B) vs.
carboxylate groups concentration ([-COO−]) provided by PA, Carb
and Alg of LDH-Cl-NPs particles in Tris-HCl buffer with increasing PA,
Carb and Alg concentrations. Schematic representation of the ad-
sorption mechanism of Carbomer and Alginate as well as its effect in
LDH-Cl-NPs aggregation (C).

Fig. 5. Zeta potential (ζ, A), hydrodynamic diameter (d, B) and drug release percentage
(% D, C) of LDH-Cl-NPs (1 g L−1) dispersions in water (used as a control, Cont) and in 3
10−3 mol L−1 Cit, PA, Carb and Alg solutions in water.
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