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This work discusses the synthesis and the properties of magnetite modified LAPONITE® RD platelets (Lap).

Magnetized Lap (mLap) nanoparticles were synthesized by a co-precipitation method with different weight
ratios, X = FezO4/Lap (0—2). For characterization of the samples the particle size distributions and sedi-
mentation behavior in an external magnetic field were studied. Temperature sensible hydrogels based

on N-isopropylacrylamide cross-linked by mLap were synthesized. An increased aggregation of mlLap
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particles in aqueous suspensions has been revealed, but all the systems demonstrated high
sedimentation stability. Significant effects of the value of X on the rate of sedimentation mLap
particles in magnetic fields and on the swelling ability of hydrogels have been revealed. For

example at X = 2, an increase in swelling by ~2.7 was observed as compared with the swelling of

rsc.li/materials-advances

Introduction

Polymeric hydrogels are composed of hydrophilic polymer net-
works filled with large amounts of water (it can be more
than 90%). Due to their ability to absorb significant amounts
of water and biological fluids, softness, porosity and elasticity,
hydrogels resemble the tissues of the human body more
than any other synthetic biomaterial."”> In recent decades,
due to their high biocompatibility, polymeric hydrogels have
been successfully used in medicine and pharmaceutical
industries.*™ They are considered as intelligent materials®
for manufacturing of soft contact lenses,” devices for targeted
delivery and sustained release of drugs,® biosensors,’ anti-burn
and hemostatic dressings,'® materials for tissue engineering
and plastic surgery."

Nowadays great attention has been paid to polymeric hydro-
gels with stimuli responsiveness (pH, ionic strength, temperature,
light, electric, magnetic fields, etc.)."”>** For example, pH-sensitive
hydrogels containing carboxylic or amine functional groups can
be used for controlled release of selectively adsorbed drugs.'®

The very popular are hydrogels based on acrylic monomers
cross-linked using different chemical linkers.'®'” At room
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hydrogels based on pure Lap nanoparticles.

temperatures these temperature sensible hydrogels absorb a
considerable amount of water and have an expanded hydrated
conformation. However, under heating above ~305 K they
demonstrate transition into a compact dehydrated state.'®'®
The transition temperature is close to the temperature of the
human body and can be shifted to higher or lower tempera-
tures by copolymerization with hydrophilic or hydrophobic
monomers, respectively.'® This behaviour can be used to create
a thermoregulatory drug delivery system, in particular photo-
sensitizers.”® The main disadvantages of such hydrogels are
related to their low optical transparency, mechanical strength,
low response rate and swelling ability in water.

These disadvantages can be avoided using the additive of
platelets of LAPONITE® (Lap).?* Hydrogels cross-linked by
Lap nanoparticles have exhibited extraordinary mechanical
toughness, tensile moduli and tensile strengths** that were
almost proportional to the platelet content. Such hydrogels
have great potential for the fabrication of flexible pressure and
strain sensors.>® The shape anisotropy of Lap nanoparticles
and heterogeneity of surface charge distribution can lead to
complex self-assembly and networking inside such systems.>*
Lap-doped hydrogels based on acrylamide,?® acrylic acid,?®
N-isopropylacrylamide,?” and dimethyl-acrylamide® have been
already synthesized. As examples, Lap was used as an effective
cross-linker for preparing the poly(N,N-dimethylaminoethyl
methacrylate) based pH and temperature double-sensitive
hydrogels with homogeneous distribution of the cross-link

This journal is © The Royal Society of Chemistry 2020
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points along the gels.>® Lap has been used as a cross-linker for
preparation of stimuli-responsive hydrogels and cryogels based
on poly(N,N-dimethylaminoethyl methacrylate-co-2-acrylamido-
2-methyl propanosulfonic acid) copolymeric networks.>* Lap
based hydrogels demonstrated excellent mechanical strength
that could be adjusted by controlling the content of Lap.
Thermoresponsive hydrogel bioinks based on block copolymer
poly(2-methyl-2-oxazoline)-b-poly(2-n-propyl-2-oxazine) and Lap
were recently prepared.’’ The materials demonstrated
improved thermogelling and rheological properties beneficial
for extrusion-based 3D printing.

Particularly, temperature sensitive hydrogels based on
poly(N-isopropylacrylamide) (PNIPAAm) attract great attention
as they exhibit a reversible volume phase transition at
T ~ 34 °C close to the physiological temperature range.*> The
cross-linking of PNIPAAm by Lap allowed the preparation of
hydrogels with high transparency, and excellent swelling and
mechanical properties compared to chemically cross-linked
hydrogels.>® The strong interaction between silicate platelets
and PNIPAAm chains was explained by a combination of ionic
interactions and hydrogen bonding.>® Recently, a technique for
the preparation of anisotropic thermoresponsive hydrogels
based on PNIPAAm cross-linked by Lap has been reported.**
The hydrogels demonstrated anisotropic mechanical perfor-
mance and could be deformed anisotropically in response to
a temperature change. The content of Lap incorporated in
PNIPAAm can affect the storage modulus, phase transition
temperature and swelling/deswelling rates.?

Application of magnetized Lap particles can improve the
functionality of hydrogels. Different types of magnetite-covered
clay nanoparticles e.g., Fe;O,-montmorillonite,>® Fez0,-
rectorite,’” and Fe;O4-Lap®® were synthesized. Magnetic inter-
actions are very effective in controlling the spatial distribution
of colloidal particles39 and, unlike electrostatic interactions,
they can be carried out without direct contact between the
medium and the field. The use of a magnetic field allows
applying a number of strategies with various advantages to
enhance the functional properties of hydrogels.*® Recently,
temperature sensitive hydrogels based on PNIPAAm cross-
linked by magnetically modified Lap (mLap) nanoparticles have
been synthesized.*! The weight ratio of Fe;O, and Lap was fixed
at X = 1. The structure of mLap was characterized by scanning
electron microscopy and infrared spectroscopy. However,
detailed studies on the effects of magnetization Lap platelets
(value of X) and properties of temperature sensitive hydrogels
supported by magnetized Lap platelets have not yet been
performed.

This work discusses the synthesis and properties of mag-
netic Lap platelets (mLap) with different feed weight ratios
X = Fe;04/Lap in the interval between 0 and 2. For character-
ization of the samples, particle size distribution and sedimen-
tation of magnetic particles in an external magnetic field
applied in a vertical direction were studied. The temperature-
sensitive hydrogels based on poly(N-isopropylacrylamide)
(PNIPAAm) physically cross-linked by mLap were synthesized.
Their swelling was also discussed.

This journal is © The Royal Society of Chemistry 2020
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Materials and methods
Materials

LAPONITE®™ RD (Lap, Rockwood, Clay additives GmbH) is a
synthetic clay of the general formula SigMgs 45Liy sH,0,4Na, 5.
Lap is composed of disk-shaped crystals with a thickness of
h ~ 1 nm (0.92 nm) and diameter of d &~ 25 nm. It has density
of p =2.53 g cm™> and its specific area can be theoretically
estimated to be** S = 2/(ph) ~ 430 m> g~ . In aqueous media,
Lap has a tendency to degrade (dissolve), particularly under
acidic conditions.*™*® Increase in pH, and concentration of
Lap as well as that of salt resulted in a stabilizing effect against
degradation.*® The faces are charged negatively and at pH 10,
the edge surface is weakly positive.

Iron(u) sulfate heptahydrate FeSO,-7H,O (Merck, 99%), iron(im)
chloride FeCl; (Merck, 98%), ammonium NH3-H,O (Merck, 25%),
tetrasodium pyrophosphate Na,P,0, (TSPP, Merck, 95%),
ammonium persulfate (NH,),S,0g, (APS, Sigma, 98%), N,N,
N',N'-tetramethylenediamine, (TEMED, Merck, 99%), and tetra-
sodium pyrophosphate (TSPP, Merck) were used as received
without further purification. N-Isopropylacrylamide, NIPAAm,
(Sigma-Aldrich, 97%) was recrystallized from hexane and dried
under vacuum. More details on the chemicals used in this
paper are presented in ESI,{ Table S1.

Synthesis procedures

Magnetic Fe;04/Lap particles. Magnetic Fe;O,/Lap particles
(mLap) with different Fe;04 and Lap ratios X (=Fe;O,/Lap g g™ ")
between 0 and 2 were synthesized using a co-precipitation
method.*®*’

Initially, Lap was dispersed in distilled water degassed by N,
at 20 °C. The concentration of Lap was 1.5 wt% (hereinafter %).
The suspension was carefully mixed for 10 min using an
ultrasound clean bath operating at 25 kHz with a power of
140 W (Nitecore NFF01, China). A careful stirring procedure
was applied for good exfoliation of Lap tacktoids in water.>**®
Then, the temperature was increased up to 70 °C, the solutions
containing certain amounts of FeSO,-7H,O and FeCl; of dis-
tilled water were added to the suspension of Lap, and the
mixtures were stirred at 250 rpm by using a magnetic stirrer
(Heidolp MR 3004 S) in an N, atmosphere for 10 min. Ammonia
solution (NH3H,0) was added drop-wise to prepare iron oxides.
The pH of the final mixture was about 10. The obtained
mixtures were aged at 70 °C for 2 hours. Finally, the mLap
particles were separated from the aqueous suspension using a
magnet. After magnetic separation the suspensions of mLap
particles (1:1) were washed several times with distilled water.
Commonly after the first three washings the suspension pH
attained the neutral value pH 7. Then the samples were dried at
room temperature until the final moisture content of <1% and
the obtained mLap particles were used for the preparation of
thermosensitive NIPAA-based hydrogels.

The mLap synthesis procedure is schematically presented in
Fig. la. It can be assumed that because of the high ion
exchange capacity of Lap, the iron ions are adsorbed on Lap
surfaces. It can result in the formation of nanomagnetite spots

Mater. Adv., 2020, 1,2994-2999 | 2995
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Fig. 1 Preparation schemes of magnetic Lap (mLap) nanoparticles (a) and
temperature-sensitive hydrogels based on poly(N-isopropylacrylamide)
(PNIPAAM) physically cross-linked by mLap (b). Structural formulae of
NIIPAAmM, TSPP, APS and TEMED are presented in ESI,{ Table S1.

on the surface of Lap (Fig. 1a). However, formation of some
quantity of Fe;O, nanoparticles in partially exfoliated galleries
of Lap and individual Fe;O, nanoparticles cannot be excluded.

The interactions between Fe;O, and Lap species in magne-
tized mLap samples were supported by a noticeable shift of the
Fe-O vibration band of magnetite in FTIR spectra and changes
in TGA traces (Fig. S1 and S2 in ESI¥).

The previous SEM studies of Fe;O, + Lap composites in powder
state revealed the presence of spherical particles of 5-10 nm in size
attributed to the formed structure of magnetite in magnetic
composites.*’

Temperature sensitive magnetic hydrogels. Temperature
sensitive hydrogels based on NIPAAm were cross-linked using
mLap particles at fixed Lap/NIPAAm = 0.5 ratio and different
values of X. The synthesis procedure was similar to that
described in ref. 27 and it is schematically presented in
Fig. 1b. The gel formation can be explained by anchoring
NIPAAm chains to the Lap platelets and decoration of their
surfaces. The composite mLap powder (with different values of
X) and NIPAAm were dispersed in aqueous TSPP solution and
treated in an ultrasonic bath operating at 25 kHz with a power
of 140 W (Nitecore NFF01, China) for 1 min. Then the compo-
nents of the oxidation-reduction initiating system were added
(aqueous solutions of APS and TEMED), the mixture was purged
with N, for 3 min, and poured into the space between two glasses
separated by spacers with a thickness of 0.7 mm. More details on
the synthesis procedure are presented in ref. 41.

Methods. The particle size distributions were measured by a
light scattering technique using a Mastersizer 3000 (Malvern
Instruments, United Kingdom). Before these experiments the
aqueous suspensions of mLap (0.3% weight to measure particle
size distribution) were treated using an ultrasonic liquid pro-
cessor Sonicator XL2020 (Misonix Inc., Japan, 500 W, 22 kHz)
for 3 min.

The sedimentation stability of mLap aqueous suspensions
in the absence and presence of external magnetic fields was
evaluated by the spectrophotometric method using a photo-
electrocolorimeter KFK-2MP (Zagorsky Optical-Mechanical
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Plant, Russia) at a wavelength of 540 nm. The magnetic field
was induced by a AINiCo500 magnet (50 x 25 x 8 mm, residual
flux density 1210 mT, Poland) placed at the bottom of the
cuvette. The time dependence of optical transmission, 7,(¢), was
measured.

The swelling ability S of hydrogels, defined as S = mgy/mq — 1
(here, ms, and my are the masses of the swollen (after 24 hours
of swelling) and dry hydrogels, respectively) was studied
in distilled water by the gravimetric method. The samples
were weighed with an accuracy up to 10™* g using an analytical
balance “Axis” (Poland).

All measurements were conducted at approximately the
same value, pH =~ 6.

Statistical analysis. Each experiment was repeated at
least three times. The error bars, presented on the figures,
correspond to the standard deviations. One-way analysis of
variance (ANOVA) was used to determine significant differences
(p < 0.05) among the samples with the help of an OriginPro 8.5
(developed by OriginLab Corporation, Northampton, USA).
Differences between means were detected using Tukey’s test.

Results and discussion

Fig. 2 shows different examples of the separation of mLap
aqueous suspensions by interaction with a magnet. The pre-
liminary studies have shown that there exists a certain critical
threshold of X (x0.05) above which the effects of magnet on
the separation of the suspension become observable. However,
for X > 0.125 after relatively long time (¢ ~ 15 min), practically
all mLap particles can be separated from the aqueous suspen-
sion using a magnet.

t=15 min

Fig. 2 Different examples of the separation of mLap aqueous suspensions
by interaction with a magnet for weight ratios of FesO,4 and Lap X = 0.25
and X = 2 (t = 15min) (a) and X = 1 for t = 0.5 and t = 15 min (b).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 shows the examples of particle size distribution
functions f(d) for samples with different contents of magnetite
X (Fe304/Lap). For the highest content of magnetite (X = 2), the
largest aggregates of mLap nanoparticles were formed with the
peak of f(d) function located at d,,, ~ 361 nm. A decrease in X
resulted in a decrease in d,, and finally, for the smallest content
of magnetite (X = 0.125) the peak of f(d) function was located at
dm =~ 85 nm. It corresponded to the formation of aggregates of
several mLap nanoparticles. Inset in Fig. 3 shows the dp,(X)
dependence.

Therefore, the coverage of Lap particles by nanomagnetite
can cause formation of relatively large aggregates of magnetic
particles. Moreover, the heterocoagulation between individual
Lap platelets and magnetite can also result in the formation of
large aggregates. This heterocoagulation may be supported by
differences in surfaces charges of Lap*® and nanomagnetite>°
particles. Such heterocoagulation was observed in the sedimen-
tation behavior in magnetic fields for mechanical mixtures of
nanometric magnetite and micron-sized sodium montmorillo-
nite particles.*®

Nevertheless all these aggregates in mLap suspensions were
relatively small and overall, the suspensions preserved their
sedimentation stability owing to the thermal energy.

The magnetic properties of the magnetized mLap nano-
particles were investigated indirectly using sedimentation ana-
lysis. The effects of a magnetic field on sedimentation stability
can be illustrated by changes in the optical transmission of the
suspension. Similar experiments were performed for mixtures
of nanomagnetite and sodium montmorillonite.*®

Examples of time dependences of the normalized optical
transmission T.*(t) = T.(¢)/TY" (here Tt is a maximum (satura-
tion) transmission at long time of sedimentation) for different
X are presented in Fig. 4a. The presented dependencies
evidenced the existence of a long delay time before starting
sedimentation. The derivative d7,*(¢)/d log ¢ can be used for the
calculation of the characteristic sedimentation time t (Fig. 4b).
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Fig. 3 Particle size distribution functions f(d) for 0.3% aqueous suspen-
sions of Lap and mLap at different values of X (=FezO4/Lap). Inset shows
the position of peak maximum d,, versus X. For particular case of X = 1, the
observed bimodal size distribution (with an insignificant peak at d =~
50 nm) can reflect the presence of some inhomogeneity of mLap particles.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Normalized optical transmission T,* versus the deposition time t in
an external magnetic field for suspensions of mLap at different values of X
(=FesO4/Lap) (a) and characteristic sedimentation time t versus the X (b).
Inset in (b) presents examples of T,*(t) and derivative dT,*(t)/dlogt for a
sample with X = 0.5 that was used for the derivation of .

Note that in the absence of a magnetic field, the suspensions
of mLap were rather stable and very slow sedimentation for
several days was observed. In the presence of a magnetic field
the sedimentation was more accelerated at high values of X. For
example, the characteristic sedimentation time was ~ 4.6 hours
at X = 0.125 and decreased up to ~30 s at X = 2.

Such a significant effect of the magnetic field on sedimenta-
tion can reflect a direct effect of magnetic field on the magnetic
particles and formation of big flocculi in the suspension due
to the dipole-dipole magnetic attractions between magnetite-
covered clay platelets.*® The noticeable retardation in sedimen-
tation for X below 0.5 (Fig. 4b) can reflect the high stability of
suspensions for small-sized aggregates (<100 nm, Fig. 3) and
weakening of the magnetic field effects on the deposition
processes.

Stimuli-sensitive hydrogels (e.g., chemical, pH and tempera-
ture sensitive) have attracted considerable attention in the
pharmaceutical field due to the possibility of their applications
as a biosensor and in the drug release process.>>' Physical
cross-linking of hydrogels by magnetically modified Lap platelets

Mater. Adv., 2020, 1,2994-2999 | 2997
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Fig. 5 Temperature dependence of the swelling degree of NIPAA-mLap
(Lap) S at different values of X (=FesO4/Lap). In all hydrogels the same ratio
Lap/NIPAAmM = 0.5 was used. The time of swelling at T = 277 K was 24
hours. Inset shows the maximum swelling ratio S,7g at T = 278 K versus X
dependence.

can open new perspectives for supplementary physical stimuli
in these promising applications.

The studied physically cross-linked by Lap platelet hydrogel
is negative temperature-sensitive;’> it has a lower critical
solution temperature and contracts upon heating in the range
of 304-308 K (dashed area in Fig. 5). It reflects the ability of the
system to exhibit hydrophilic nature at low temperatures and
hydrophobic nature above some critical temperatures. Such
hydrogels can be used for temperature-modulated drug release
by bulk squeezing and surface regulation.>® Magnetic modifi-
cation of Lap significantly affected the hydrophilic properties of
NIPAA-based temperature sensitive hydrogels. It should be
noted that magnetic modification practically has no effect on
the transition temperature.

Inset in Fig. 5 shows that magnetization of Lap led to an
increase in the swelling ability in the low temperature range.
For example, at 7= 278 K and X = 2 an increase by ~2.7 was
observed as compared with the swelling ability of hydrogels
based on pure Lap nanoparticles. Therefore, the degree of
magnetization of Lap particles can significantly affect the
hydrophilic properties of the hydrogel.

The swelling behavior of magnetic hydrogels can reflect the
mechanism of hydrogel formation and nature of magnetic
nanoparticles. For example, in magnetic alginate hydrogels
(consisting of magnetic iron particles embedded within the
alginate network), prepared by a special two-step protocol, the
swelling capacity was not affected by the presence or content
of the magnetic particles.> This was explained by the insignif-
icant effects of magnetic particles on the porosity of the
hydrogels. Similar insignificant effects of magnetic particles
on the swelling ability of poly(2-oxazoline)-based magnetic
hydrogels were also observed.”® However, the mechanism of
Lap magnetization on the swelling of magnetic hydrogels is not
completely clear. It can be speculated that the observed effects
can reflect the significant effects of Lap magnetisation on the
structure and porosity of hydrogels.

2998 | Mater. Adv., 2020, 1, 2994-2999
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Note that the physical cross-linking supported by silicate
platelets enhance the mechanical properties of the hydrogels.>*
Covering Lap by nanomagnetite and formation of aggregates of
mLap can affect the rigidity of the polymeric chains without
breakdown of the total networks. Therefore, more thorough
studies are desirable in future to elucidate the effects of mLap on
mechanical and rheological properties of magnetic hydrogels.

Conclusions

Hybrid magnetic particles based on the platelets of Lap (mLap
particles) covered by magnetite with different weight ratios
X = Fe;0,/Lap (X = 0-2) have been prepared and used for the
synthesis of the temperature-sensitive hydrogels (PNIPAAm)
physically cross-linked by mLap. The analysis of the particle
size distributions revealed an increased aggregation of mLap
particles in aqueous suspensions, but all the systems demon-
strated high sedimentation stability. Sedimentation behavior in
magnetic fields of magnetite-covered Lap particles evidenced
the presence of a significant effect of the value of X on the rate
of sedimentation. Moreover, temperature sensitive hydrogels
cross-linked by mLap particles demonstrated the presence of
a significant increase in the swelling ability. For example at
X =2 an increase by ~2.7 was observed as compared with the
swelling ability of hydrogels based on pure Lap nanoparticles.
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