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Introduction

Magnetically triggered release of molecular
cargo from iron oxide nanoparticle loaded
microcapsulest

Susana Carregal-Romero,1*® Pablo Guardia, ¢ Xiang Yu,® Raimo Hartmann,?
Teresa Pellegrino*© and Wolfgang J. Parak*®®

Photothermal release of cargo molecules has been extensively studied for bioapplications. For instance,
microcapsules decorated with plasmonic nanoparticles have been widely used in in vitro assays. However,
some concerns about their suitability for some in vivo applications cannot be easily overcome, in particu-
lar the limited penetration depth of light (even infrared). Magnetic nanoparticles are alternative heat-
mediators for local heating, which can be triggered by applying an alternating magnetic field (AMF). AMFs
are much less absorbed by tissue than light and thus can penetrate deeper overcoming the above men-
tioned limitations. Here we present iron oxide nanocube-modified microcapsules as a platform for mag-
netically triggered molecular release. Layer-by-layer assembled polyelectrolyte microcapsules with
4.6 pm diameter, which had 18 nm diameter iron oxide nanocubes integrated in their walls, were syn-
thesized. The microcapsules were further loaded with an organic fluorescent polymer (Cascade Blue-
labelled dextran), which was used as a model of molecular cargo. Through an AMF the magnetic nano-
particles were able to heat their surroundings and destroy the microcapsule walls, leading to a final
release of the embedded cargo to the surrounding solution. The cargo release was monitored in solution
by measuring the increase in both absorbance and fluorescence signal after the exposure to an AMF. Our
results demonstrate that magnetothermal release of the encapsulated material is possible using magnetic
nanoparticles with a high heating performance.

release from such microcapsules has been demonstrated
in vitro using a large variety of different stimuli including

For the in vitro and in vivo delivery of functional molecular
cargo (such as drugs or enzymes) it is often beneficial to
encapsulate the cargo. Encapsulation can be used to protect
the cargo from enzymatic degradation," to alter the intracellu-
lar distribution of the cargo within cells, as well as the biodis-
tribution within animals,>* and to control the release of the
cargo.”® Polyelectrolyte capsules fabricated by layer-by-layer
(LbL) assembly offers a convenient approach for cargo encap-
sulation.® Hitherto, this approach has been mainly optimized
for in vitro assays, whereby a capsule size on the micrometre
scale is beneficial.”® However, in vivo applications, for
instance vaccination, have also been reported.'®!" Controlled
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pH,"” redox potential,"® enzymatic degradation," ultrasound,"*
microwaves,"> and photothermal local heating.'®° For exter-
nally triggered release, photothermal heating has shown to be
of great interest as it can be remotely controlled.

Photothermal heating, i.e. the local generation of heat upon
optical resonant excitation of plasmonic nanoparticles (NPs),>*
has nowadays reached a high level of control and is used in a
variety of biological applications.”*>* As an example, photo-
thermal therapy preferentially induces apoptosis in cells by
local heating (hyperthermia) of the NPs’ surrounding.**>°
However this is a delicate process since an elevated power dis-
sipation will lead to a high increase of the temperature and
thus (above 100 °C) to the formation of bubbles through water
evaporation.”” In such a scenario cells would be destroyed by
mechanical effects rather than by apoptosis.’®?® It is worth
underlining that intracellular effects triggered by light acti-
vation of plasmonic NPs are not exclusively/solely based on
heat generation, but also on the generation of reactive oxygen
species.”® Finally, photothermal heating has also been used
for light-triggered destruction of carrier matrixes in which
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plasmonic NPs are embedded, which can be used for the
release of encapsulated molecules.*® Besides polymer capsules
and particles, liposomes have also been used as carrier
matrixes.?! Such light-triggered release has reached a degree of
control that allows for opening of individual capsules inside
cells,”® and thus the subsequent in vitro release of different
molecular cargo inside cells.” However, regarding potential
in vivo applications, photothermal heating of plasmonic NPs
by optical excitation shows a significant drawback due to the
strong absorption of light by tissues, slightly reduced in the
so-called biological window in the near infrared range.***?
This issue definitively restricts the use of plasmonic NPs for
in vivo applications.

Besides plasmonic NPs, magnetic NPs are extensively used
as heat-mediators for magnetically induced hyperthermia, in
which the heat is produced via an alternating magnetic field
(AMF).>*7” Technically both modes of excitation are based on
the excitation through an electromagnetic field but at different
frequencies. While for optical heating the frequency of the
electromagnetic field is in the visible and the infrared (IR)
range, in the case of magnetic NPs the frequency is in the
radiofrequency (RF) range. Similar to plasmonic NPs, the
capability of magnetic NPs to act as heat-mediators®®?°
has been exploited for magnetically mediated hyperthermia
treatment** > as well as for controlled drug delivery.*>**
However, magnetic NPs have so far been less exploited to
trigger release from carrier matrixes such as polyelectrolyte
capsules.? In this direction permeability changes of the poly-
meric walls of capsules with embedded magnetic NPs and
drug release upon application of an AMF have already been
reported.”>*® Besides heat, AMFs can produce mechanical
vibrations of magnetic nanoparticles and stretching of the
polymers in close proximity. This non-heating effect has been
exploited as well to control the enzymatic activity in nanocom-
posites.”” However, the low heating performance shown by
magnetic NPs synthesized by conventional methods so far has
set limits to the promising concept of remotely controlled
delivery of drugs by magnetothermal heating,*® which requires
magnetic NPs with a high heating performance. Recent
advances in the synthesis of novel magnetic NPs* have
resulted in iron oxide nanocubes as efficient heat-mediators
for magnetically induced hyperthermia.”® Such cubic iron
oxide NPs are preferentially prepared in organic solvents, but
can be easily transferred to polar solvents,®* which will further
allow for their integration into polyelectrolyte capsules. Owing
to the high heating capability of these magnetic NPs, they are
appealing to be used to trigger the release of molecular cargo
from polyelectrolyte capsules and other carrier matrixes via
magnetothermal heating. Higher heating capability required
the use of less nanoparticles, as the highly uniform size distri-
bution of the nanocubes warrants that most nanoparticles lie
within the required (size-dependent) resonance frequency,
thus contributing towards heating. The concept of remotely
controlled release of encapsulated molecules via magnetother-
mal heating has recently been demonstrated for liposomes
and hybrid capsules containing a fluorescent probe within the
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lipidic layer of the capsule wall.’*** While the proof of this
concept has already been made, for a more general applica-
bility it still needs to be extended to other types of matrixes as
well as improved nanoparticles, which is the objective of this
report.

Here we present a proof of concept of magnetically trig-
gered release of a model molecule using polyelectrolyte micro-
capsules as carrier matrixes. Polyelectrolyte microcapsules
bearing iron oxide nanocubes as magnetic NPs in their walls
were loaded with Cascade Blue-labelled dextran and the latter
released by applying an AMF.

Materials and methods
Magnetic nanoparticle synthesis

Synthesis of water-soluble iron oxide nanocubes with a core
size of 18 + 2 nm were synthesized according to a previously
published protocol.”" Iron(m) acetylacetonate (99%), decanoic
acid (99%) and dibenzyl ether (99%) were purchased from
Acros. Squalane (98%) was purchased from Alfa Aesar. Milli-Q
water (18.2 MQ, filtered with filter pore size 0.22 pM) was from
Millipore. All solvents used were of analytical grade and were
purchased from Sigma-Aldrich. All chemicals were used as
received. Briefly, in a 50 mL three-necked round bottom flask
equipped with a water cooled-condenser connected to a stan-
dard Schlenk line, 0.353 g (1 mmol) of iron(m) acetylacetonate
and 0.78 g (4.5 mmol) of decanoic acid were dissolved in
18 mL of dibenzyl ether (DBE) and 7 mL of squalane. After
degassing for 120 minutes at 65 °C, the mixture was heated up
to 200 °C (3 °C min~") and maintained at this temperature for
2.5 h. Finally the temperature was increased (7 °C min™") up to
310 °C and maintained at this temperature for 1 h. After
cooling down to room temperature, 60 mL of acetone were
added and the solution was centrifuged at 8500 rpm. The col-
lected black precipitate was dispersed in 2-3 mL of chloroform
and then washed repeatedly at least two more times. Finally
the collected particles were dispersed in 15 mL of chloroform.
For the water transfer, 15 mL of gallol-modified polyethylene
glycol (GA-PEG, M,, ~ 3 kDa)*’ solution (0.1 M in chloroform
containing 1 mL triethylamine) were added to a solution of the
NPs in chloroform and stirred overnight at room temperature.
Then, 10 mL of de-ionized water were added resulting in the
formation of two phases. After emulsification by means of
shaking, the two phases were allowed to separate and the
aqueous phase containing the GA-PEG coated magnetic NPs
was collected. This step was repeated until all NPs were trans-
ferred to water. The excess of GA-PEG was removed by dialysis
overnight at room temperature in a de-ionized water bath
using a cellulose membrane tubing (molecular weight cut off
(MWCO) of 50 kDa). This step was repeated 5 times. Finally,
the aqueous solution containing the NPs was concentrated by
centrifugation using a centrifuge filter (MWCO of 100 kDa) to
obtain an iron concentration of about 15-16 g L™" (as deter-
mined by Induced Coupled Plasma - Atomic Emission Spec-
troscopy, ICP-AES, Thermo Fisher).
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Synthesis of capsules

Template microparticles of CaCO; were obtained by mixing
aqueous solutions of CacCl, (5 mL, 0.33 M) and Na,CO3 (5 mL,
0.33 M) under magnetic stirring at room temperature.” Poly-
electrolyte walls were assembled around the CaCO; template
cores (~4.5 pm diameter, 10 mL, 165 mg) by LbL coating of
alternating layers of poly(allylamine hydrochloride) (PAH,
M,, ~ 56 kDa) as the positive polyelectrolyte and poly(styrene
sulfonate) (PSS, M,, =~ 70 kDa) as the negative polyelectrolyte, using
standard protocols reported in the literature.”* For the LbL
assembly the CaCO; particles were mixed with 5 mL of 2 mg
mL™" polymer solutions made in Milli-Q water, with 0.5 M of
NaCl. As the 4th layer a stronger positively charged poly-
mer, poly(acrylamide-co-diallyl-dimethylammonium chloride)
(P(Am-DDA)), was assembled on the LbL wall. P(Am-DDA)
improves the attachment of magnetic NPs.>® In this regard,
1 mL of magnetic NP solution (c(Fe) = 15.65 g L") was added
to the capsule solution. The concentration of magnetic NPs
within the capsule shell can be tailored by decreasing the con-
centration of this NP solution.>® Magnetic NPs were attached
to the capsule wall on the positive layer of P(Am-DDA) via their
negative charge (zeta potential of the magnetic NPs { = —20.9 +
0.3 mV) and subsequently LbL coatings of alternating layers of
PAH and PSS were added. The final architecture of the LbL
wall was (PSS/PAH)(PSS/P(Am-DDA))-NPs (PAH)-(PSS/PAH),.
After dissolution of the CaCOj; core by adding 10 mL of ethyle-
nediamine-tetraacetic acid disodium (EDTA) solution (0.2 M,
pH 7) the capsules were filled with Cascade Blue-labelled
dextran (10 kDa) via post-loading and further temperature
shrinking of the LbL wall at 65 °C for one hour.*® For this
purpose 2 mL of an aqueous solution of 1 mg per mL of
Cascade Blue-labelled dextran were mixed for 30 minutes with
a concentrated solution of capsules (2 mL). The calculated per-
centage of loading by determining the residual amount of
non-encapsulated Blue-labelled dextran via UV-vis spec-
troscopy was around 60%. The final concentration was 3.3 x
10° capsules mL™" (in 5 mL) measured with a hemocytometer
and 1.6 ¢ L' of the Fe content (4.8 x 10~"> g Fe per capsule).
The packing fraction, defined as the total volume occupied by
the nanocubes divided by the volume within the capsule shell
in which the NPs are distributed, is around 100%, as the nano-
cubes are bigger than the polymer part of the shell. For the cal-
culation we refer to the ESIT and Abbasi et al.>® The capsules
were characterized by optical microscopy, transmission elec-
tron microscopy (TEM), and dynamic light scattering (DLS) (¢f.
Fig. 1). The capsule diameter was obtained by analysing
optical microscopy images with the software UTHSCSA Image
Tool (version 3.0).

Cargo release via magnetothermal heating

For the magnetothermal heating experiments a commercially
available set-up was used (DM100 Series, nanoScale Biomag-
netics Corp.). Experiments were performed on a concentrated
(three times) capsule solution with an iron content of 4.8 g L™"
(9.9 x 10® capsules mL™"; 4.8 x 107'* g Fe per capsule). For a
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more detailed explanation about the iron concentration used
we refer to the ESL.¥ Before heating experiments, the capsule
solution was purified from Cascade Blue-labelled dextran,
which has leaked out of the capsules. For this purpose 350 pL
of capsule solution were placed on top of a magnet (0.2 T) for
20 minutes and the capsules were collected (due to the mag-
netic NPs in their walls) at the bottom, while the supernatant
was discarded. Then 350 pL of fresh Milli-Q water was added
to the precipitate, followed by careful shaking, in order to
redisperse capsules in solution. In order to quantify the poss-
ible presence of free Cascade Blue-labelled dextran, after
adding fresh Milli-Q water, the solution was again placed on
top of a magnet for 20 minutes. After this the capsules were
collected at the bottom, the supernatant was withdrawn, and
its absorption spectrum was recorded, which did not show sig-
nificant leaching of Cascade Blue-labelled dextran. The sample
was then split into two aliquots: 250 pL of the test-sample to
be treated and 100 pL as the control sample. The test-sample
was placed under an AMF (300 kHz, 24 kA m™") for 90 minutes
and the temperature of the solution was monitored (cf. Fig. 2).
The control sample was kept at room temperature for
90 minutes. Both samples were again placed on a magnet for
20 minutes to collect the capsules. Then supernatants were
collected and filtered using microcentrifuge spin cups and
columns (MWCO cut-off 100 kDa), in order to remove capsule
fragments from the supernatant, which may not have precipi-
tated. Absorption and fluorescence emission spectra of the
supernatants were recorded using quartz cuvettes (¢f. Fig. 3).
In addition TEM images of the precipitate containing the cap-
sules were recorded (cf. the ESIf).

Results and discussion

Capsules of 4.6 + 0.4 pm diameter with a zeta potential of { =
+12.05 + 0.5 mV and decorated with iron oxide nanocubes
were successfully synthesized using an LbL approach (Fig. 1A).
The presence of iron oxide nanocubes (18 + 2 nm NP diameter)
accounts for the strong interaction of the capsules with a static
magnetic field (after less than 5 minutes most of the sample
was collected when placed under a magnet of 0.2 T). Despite
the incorporation of the magnetic NPs at a high concentration,
the geometry of the capsules was rather spherical. The pres-
ence of magnetic NPs and the loading of the capsules with
Cascade Blue-labelled dextran were confirmed by TEM images
and optical microscopy, respectively (¢f. Fig. 1 and the ESIf).
Because iron oxide nanocubes have shown very efficient
heating performances,®® it should be possible to trigger the
release of encapsulated Cascade Blue-labelled dextran by an
AMF via thermal destruction of the capsule wall in which the
nanoparticles are embedded. In order to demonstrate magne-
tothermal heating, a solution containing capsules with an iron
concentration of 4.8 g L~' was exposed to an AMF for
90 minutes. Upon exposure to the AMF, the used capsule con-
centration ensured a final temperature of about 90 °C in
dynamic equilibrium (¢f Fig. 2). In fact, under the same

This journal is © The Royal Society of Chemistry 2015
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(A) Sketch of one polyelectrolyte capsule comprising Cascade Blue-labelled dextran as fluorescent cargo in the cavity and magnetic NPs in

the wall. (B) Optical microscopy image of capsules dispersed in water showing the bright field and blue fluorescence channel (excitation 365/50 nm,
beam splitter 395 nm and emission 445/50 nm) corresponding to the emission of Cascade Blue-labelled dextran. The scale bar corresponds
to 20 pm. (C) TEM image of dried capsules. The scale bar corresponds to 1 pm. (D) Histogram of the size distribution fitted with a Gaussian curve.
(E) {-potential measurements of the polyelectrolyte capsules in water. The values are the results of three independent measurements.

experimental magnetic field conditions the final temperature
reached clearly did depend on the capsule (i.e. iron) concen-
tration. Lower concentrations lead to lower final temperatures
(¢f the ESIY). For instance, a capsule solution with a Fe
content of 1.5 g L' raised the temperature only to 40 °C,
whereas with a Fe content of 2.8 g L™" temperature could be
raised to 62 °C. Thus control of the capsules/iron concen-
tration is of paramount importance, as the final temperature
plays an important role in the opening of the capsules. It is
worth underlining that the final temperature depends not only
on the concentration of microcapsules, but also on their
heating efficiency, which could be different with respect to
“free” iron oxide nanocubes. In this regard, the specific
absorption rate (SAR) was calculated from the temperature vs.
time curves leading to a value of 427 W gg.~" (at 300 kHz and

This journal is © The Royal Society of Chemistry 2015

24 kA m™"). This SAR value is below the value for “free” iron
oxide nanocubes (824 W gp. " at 300 kHz and 24 kA m™").>
The lower performance can be explained as a result of a low
thermal conductivity due to the polymer coating as well as due
to magnetic dipole-dipole interactions.®*” In addition it is
worth underlining that the SAR value decreases while decreas-
ing the concentration of microcapsules in solution (c¢f. the
ESIY).

In order to evaluate the influence that the AMF had on the
capsules, and hence the temperature increase, TEM images of
the aliquots of the solution with AMF exposed capsules and
the control sample were compared (¢f the ESIT). In the AMF
treated capsules some damage in the form of partially broken
walls could be observed, together with the presence of some
free magnetic NPs which had been released from the capsule

Nanoscale, 2015, 7, 570-576 | 573
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Fig. 2 Bulk temperature T(t) as a function of time of a solution of cap-

sules [4.8 g L™ of Fe] placed under an AMF (300 kHz and 24 kA m™) for

90 minutes. During the experiment the solution was removed from the

cavity and the AMF was applied (dips in the curve at 1500 s and 2250 s)
in order to control and shake the solution.

T[°C]

walls. Both effects could not be found in the control capsules.
However, even if some pieces of evidence of the effect of AMF
exposure were observed, these results are clearly purely quali-
tative and the observable difference between both samples is
at best relatively small. We thus performed an additional study
based on recording the absorption and fluorescence spectra of
the supernatant, in order to probe release of Cascade Blue-
labelled dextran from the capsules upon AMF exposure (cf.
Fig. 3). Note that before experiments eventually leached dye
had been removed and in an additional control no significant
further leaching was observed on the time scale of experi-
ments. For the control sample, after 90 minutes at room
temperature (no AMF) a rather small enhancement in the

A)S.O

2.5
2.0
<15
1.0
0.5
00f =
200 300 400 500 600 700 800
A [nm]

e AMIF

Control (no AMF)
Cascade Blue-labelled
dextran

Fig. 3

View Article Online

Nanoscale

absorption and fluorescence spectra was observed, which is
likely ascribed to a slow leakage of Cascade Blue-labelled
dextran from the capsules (¢f Fig. 3). On the other hand, in
the case of AMF exposure remarkable changes in the absorp-
tion and fluorescence signals of the supernatant were
observed. The fluorescence peak was centred at 420 nm,
corresponding to the spectral feature of the fluorescence
signal of free Cascade Blue-labelled dextran. In absorption
however, for the AMF exposed sample, there was a strong and
broad signal with a peak at 270 nm, and the characteristic
absorption peaks of the free Cascade Blue-labelled dextran
were partially hidden under this signal. This signal was clearly
not present in the spectra of the control sample and not in the
initial supernatant. The absorption peak at 270 nm might be
attributed to the presence of small polymeric fragments
derived from the broken capsule walls, which show a strong
absorption below 300 nm (c¢f the ESIT). Indeed, this hypo-
thesis is supported by the TEM images of the AMF treated
capsules in which a surface damage was observed. We thus
conclude that, besides the release of Cascade Blue-labelled
dextran, as observed by the fluorescence spectra, the heat gen-
erated under an AMF by the magnetic NPs in the capsule walls
might also partially damage the polymeric wall in a way that
polymer fragments, which absorb in the UV region, are
released. In this context, Lu et al. studied the change of per-
meability of polyelectrolyte capsules containing magnetic
nanoparticles using frequencies from 100 to 1000 Hz, while
keeping the strength of the magnetic field constant at 95.5 kA
m~.** They observed that low frequency AMFs (150 Hz, 95.5
kA m™', 30 minutes) increased the permeability of the poly-
electrolyte walls and the temperature up to 50 °C. However, fre-
quencies beyond 300 Hz did not increase the permeability
even after 1 hour of irradiation. The change of permeability
was associated with NP agitation at low frequency AMFs and
temporal disturbance of the polyelectrolyte wall. The temperature

B)

= AMF

80 F Control (no AMF) =
K Cascade Blue-labelled|
dextran
—
5 60 A, = 280 nm .

450
A [nm]

(A) UV-vis absorption spectra, and (B) fluorescence emission spectra (at Aexc = 280 nm excitation) of: (i) free Cascade Blue-labelled dextran

(black line), (i) the supernatant of a capsule solution which had been treated for 90 minutes under an AMF (300 kHz and 24 kA m™) (red line), and
(i) the supernatant of a control sample of capsules which had been kept at room temperature for 90 minutes and thus had not been exposed to an

AMF (blue line).
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effect on the permeability was dismissed after performing
control experiments with capsules heated at 50 °C. In contrast,
in our experiments the capsules released cargo molecules after
irradiation with an AMF of 300 Hz and the disruption of the
wall must be ascribed to the higher heat production (90 °C)
due to the presence of iron nanocubes and the rupture of the
polymeric wall observed in TEM images.

Finally, the fluorescence intensities of the capsules before
and after treatment of AMF irradiation were recorded with con-
focal microscopy. In a population of over 400 capsules an
evident decrease of the mean fluorescence intensity was
observed for the AMF treated capsules as compared to the
control sample (¢f. the ESIT). However, the AMF treatment did
not release all the cargo molecules within the polyelectrolyte
capsules, as observed in photothermal controlled release
in vitro.?® This is due to the structure of the polyelectrolyte cap-
sules. Polyelectrolyte capsules made on CaCO; templates can
be described as a gel-like matrix, as (due to the porosity of
CaCO;) polyelectrolytes permeate within the template during
the LbL assembly, and after the core dissolution a polyelectro-
lyte matrix is formed within the inner cavity of the capsules.’®
Some cargo molecules can stay attached to the charged poly-
electrolytes of the matrix, even after disruption of the wall. The
decrease of fluorescence upon AMF exposure measured with
confocal microscopy is an additional indication of the release
of Cascade Blue-labelled dextran to the environment.

Conclusions

The proof-of-concept experiment shown in this study suggests
that release of the molecular cargo from polyelectrolyte cap-
sules by NP-mediated heating is not only possible by light-
irradiation of plasmonic NPs, but also by AMF-irradiation of
magnetic NPs. Owing to the high heating performance of iron
oxide nanocubes, damage in the polymer wall was prompted
through an AMF, which allowed for the release of the encapsu-
lated molecular cargo. For successful remotely controlled
release of cargo by magnetothermal heating the content of
magnetic NPs has to be carefully tuned. In our case iron con-
centrations above 2.7 ¢ L' (4.8 g L") allowed for a suitable
temperature increase for opening the wall of the capsules. In
comparison with optical excitation, AMF excitation is barely
absorbed by tissues, which should allow for convenient exter-
nally triggered release. This issue opens up new and exciting
possibilities of cargo release for in vivo applications, though
the geometry of the capsules would need to be optimized
towards such applications. In this regard, the future direction
of this research should deal with the requirement of in vivo
applications which preferentially will involve smaller capsules
that can be fabricated using the LbL technique.>**°
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