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Local and temporal control of drug release has for long been a main focus in the development of novel drug
carriers. Polymersomes, which can load both hydrophilic and hydrophobic species and, at the same time, be
tailored to respond to a desired stimulus, have drawn much attention over the last decade. Here we describe
polymersomes able to encapsulate up to 6% (w/w) of doxorubicin (DOX) together with 30% (w/w) of
superparamagnetic iron oxide nanoparticles (USPIO; <y-Fe,0O3). Upon internalization in Hela cells and
when a high frequency AC magnetic field (14 mT at 750 kHz) was applied, the developed delivery system e-
licited an 18% increase in cell toxicity, associated with augmented DOX release kinetics. In order to ensure
that the observed cytotoxicity arose from the increased doxorubicin release and not from a pure magnetic hy-
perthermia effect, polymersomes loaded with magnetic nanoparticles alone were also tested. In this case, no
increased toxicity was observed. We hypothesize that the magnetic field is inducing a very local hyperther-
mia effect at the level of the polymersome membrane, increasing drug release. This approach opens new per-
spectives in the development of smart delivery systems able to release drug upon demand and therefore,
improving treatment control.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

During the last decades a lot of efforts have been devoted to the de-
velopment of more efficient cancer therapies. The nanotechnology ap-
proach has been leading the way, aiming at reduced side effects and
superior outcomes. Part of this work has been focused on polymeric
vesicles, also called polymersomes, which are presented as promising
and versatile drug delivery systems due to their unique characteristics,
i.e. compartmentalization, chemical and structure plasticity, ease to en-
capsulate different species, mechanical integrity and colloidal stability
[1,2]. Indeed, since they were first reported [3], extensive work has
been performed regarding their preparation and physicochemical prop-
erties, leading to superior structure refinements. “Smart” polymersomes,
containing stimuli-sensitive components, able to respond to internal
(physio-pathological driven stimuli) and externally applied triggers
have emerged [4-6], and hold promise for the development of a new
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generation of therapeutic tools [7]. An example of such external trigger
application is the magnetically driven drug delivery, initially proposed
in 1960 by Freeman et al. [8]. One can envisage a nano-delivery system
that, following intravenous administration, releases its payload at the
site of interest upon application of a local high frequency alternating
magnetic field (HAMF).

Several inorganic magnetic cores are currently available with po-
tential use in magnetically induced drug delivery [9]. Nevertheless,
superparamagnetic iron oxide nanoparticles still constitute the better
compromise between magnetic properties and biocompatibility, due
to their excellent biodegradability and lack of toxicity [10]. When in-
corporated in polymer composite systems, they can be used to mag-
netically guide nanoparticles at the tumor site [11], or release a
drug in a controlled manner upon deformation in a magnetic field
or due to hyperthermia in a HAMF [12]. It was previously demonstrat-
ed, using a combination of mesoporous silica nanoparticles and
zinc-doped iron oxide nanocrystals, loaded with doxorubicin (DOX),
that exposition to a HAMF translates to an increase in cell death
[13]. In a recent work, the team of Chen also elegantly demonstrated
that capsules prepared by a double emulsion method could accom-
modate both anticancer drugs and magnetite nanoparticles and lead
to increased cell toxicity upon internalization and exposure to a
HAMEF [14]. In both cases, the measured effect was due to a combina-
tion of a hyperthermic effect and the increased DOX release kinetics.
The mechanism of drug controlled release was based on the so-called
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magnetic hyperthermia effect, where the superparamagnetic cores
submitted to a HAMF produce a very local heating through dynamic
hysteresis losses induced by Néel and Brownian relaxation processes
[15-17]. Our group has also focused on this release strategy and de-
veloped polymersomes loaded with both maghemite ultrasmall
superparamagnetic iron oxide nanoparticles (USPIO; y-Fe;03) and
DOX [18]. Upon the application of a HAMF (500 kHz, 2.12 kA m 1),
the drug release kinetics was significantly increased. Since no signifi-
cant macroscopic temperature increase was detected, we hypothe-
sized that a local heating, at the nanometric scale, leads to a
permeation of the polymersome membrane facilitating DOX libera-
tion. Here we demonstrate the applicability of such a system in an
in cellulo scenario. In order to validate the magnetic induced intracel-
lular delivery of DOX, HelLa cells were pre-exposed to the DOX and
USPIO loaded polymersomes and subjected to a HAMF (750 kHz). In-
deed, this HAMF was able to elicit a significant increase in cell toxic-
ity, associated with enhanced DOX release kinetics.

2. Materials and methods
2.1. Materials

Fluorescein isothiocyanate (FITC), N,N-diisopropylethylamine
(DIPEA) and anhydrous dimethyl sulfoxide (DMSO) were purchased
from Aldrich and used as received. Doxorubicin hydrochloride was pur-
chased from Discovery Fine Chemicals (Wimborne, UK) and used as
received.

Poly(trimethylene carbonate)-block-poly(L-glutamic acid) (PTMC-
b-PGA) copolymer was synthesized by ring opening polymerization as
previously described [19,20]. All the experiments were conducted on a
PTMCz;,-b-PGA14 (Mn=5000 g/mol) block copolymer which presents
a hydrophilic weight fraction of 35 wt.% and a molar mass dispersity of
1.2. To allow in cellulo observations, PTMC-b-PGA was fluorescently la-
beled with fluorescein. Therefore, 250 mg of copolymer was dissolved
in 5 mL anhydrous DMSO and 100 L (1 eq. per acid function) DIPEA
was added. After 5 min stirring, 18 mg (1 eq.) of FITC was added and
the mixture was stirred overnight at room temperature. The resulting
product (PTMC-b-PGA-FITC) was dialyzed against ultrapure water for
three days and freeze-dried. A labeling efficiency of 6 mol% was mea-
sured by absorbance (485 nm).

Maghemite USPIOs (y-Fe,O3) were synthesized as previously de-
scribed [21]. Then, USPIOs were sorted according to their size by frac-
tionated phase separation and characterized along the sorting process
by vibrating sample magnetometry (VSM) and on the final sample by
scattering techniques (static and dynamic light scattering and small
angle neutron scattering). Finally, they were grafted with the anionic
surfactant Beycostat NBO9 (CECA, Arkema Group, France) as de-
scribed elsewhere [22], in order to allow their inclusion in the
polymersome hydrophobic reservoir. The final USPIOs presented a di-
ameter of 9+ 1 nm.

2.2. Polymersome production

USPIO loaded polymersomes (Np-Fe) were obtained by the
nanoprecipitation method, also named solvent assisted dispersion
[23]. First, the copolymer labeling was adjusted to 0.2 mol% by adding
unlabelled PTMC-b-PGA; a solution in DMSO at 10 mg/mL was pre-
pared. Hydrophobically coated USPIO nanoparticles (30% FWR)
were added to the copolymer solution. The feed weight ratio (FWR)
determines the ration between the mass of the engaged species
(here USPIO nanoparticles) and the total copolymer mass. This solu-
tion was mixed with carbonate buffer (50 mM, pH 10.5) using a vor-
tex homogenizer (DMSO:buffer, 1:9 vol:vol). Nanoparticle was
purified by extensive dialysis (3.5 kDa, Spectrum Labs) against phos-
phate buffer, 50 mM, pH 7.4.

USPIO and DOX loaded polymersomes (Np-Fe-DOX) were
obtained by a similar process. In this case, DOX was included in the
initial DMSO mixture at 20% FWR. Total solid content was determined
by differential weighting of the sample before and after drying for 2 h
at 80 °C. The total iron content was assessed by spectrophotometry
(Amax =350 nm), after dissolution of the USPIOs into ferric ions in
HCl 5 M [24]. DOX concentration was determined by spectrophotom-
etry (Amax =485 nm) using a DOX calibration curve. To take into ac-
count absorption of iron oxide, the absorbance of Np-Fe of same size
was first subtracted from the measured absorbance of Np-Fe-DOX
and the DOX concentration was then calculated using a calibration
curve in water.

Drug FWR and loading content (LC) were defined as follows:

mass engaged drug

feed weight ratio (FWR) = mass of polymer

x 100 (1)

loading content (LC) = maS;;ZCZ?SZZfiefrug x 100. (2)

2.3. Polymersome characterization

Zeta potential and hydrodynamic size of the polymersomes were
measured using a Zetasizer Nano ZS90 (Malvern, UK) with an automatic
adjustment of attenuation and measurement time. Smoluchowski equa-
tion was applied for zeta potential determination and cumulant analysis
was used for mean hydrodynamic diameter determination. All mea-
surements were performed in triplicate, at 25 °C, in phosphate buffer
50 mM, pH 7.4.

2.4. Cell culture

HeLa (Human cervical carcinoma) cell line was routinely cul-
tured in Dulbecco's Modified Eagle Medium (DMEM) with Glutamax,
supplemented with 10% (v/v) fetal bovine serum (FBS). All reagents
were supplied by GIBCO, Life Technologies (UK). Cells were maintained
at 37 °Cin a 5% CO, humidified incubator. HeLa cells were plated at
15x 10> cells/cm? for all experiments.

2.5. Cytotoxicity assay

To assess the viability, cells were exposed to the different formula-
tions at designated times and concentrations and then incubated with
MTT (0.5 mg/mL, Sigma) at 37 °C for 3 h [25]. Subsequently, the me-
dium was discarded, and the same volume of DMSO was added to dis-
solve the formed formazan crystals. The optical density of the
supernatant was read at 540 nm using a microplate spectrophotome-
ter (Synergy HT, Biotek, USA). Results were expressed as the percent-
age of the metabolic activity of treated cells relative to untreated cells.

2.6. Cell internalization studies

Hela cells were sub-cultured in 24-well plates for 24 h and then
exposed to polymersomes at 0.10 mg/mL for 24, 48 and 72 h. Cells
were then trypsinized and analyzed by flow cytometry using a
FACSCanto II cytometer (BD Biosciences, USA). Twenty thousand
gated events were measured for each replicate and analyzed by histo-
gram for green fluorescence using the FlowJo software (version 8.3.7,
USA). For microscopy analysis, cells were exposed to polymersomes
at 0.10 mg/mL for 24 h and then washed with PBS, fixed with
p-formaldehyde 3.3% (w/v) in PBS for 20 min at 37 °C. Images were
acquired using the Leica TCS SP5 confocal microscope (Leica,
Germany).
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2.7. Exposure to high frequency AC magnetic field

2.7.1. Release studies

In order to determine drug release kinetics from the developed sys-
tem, 900 pL of drug-loaded vesicles were placed into a dialysis tube
(Float-A-Lyzer, 20,000 g/mol MWCO, 1 mL volume, Spectra/Por) and
introduced in a Falcon tube containing 50 mL of phosphate buffer
(50 mM pH 7.4). This reservoir was immersed in a water bath stabilized
at 37 °C. The upper part (containing the sample in the dialysis cassette)
was exposed to a HAMF for 10 min, 3 times a day (2 hour interval be-
tween exposures) during 72 h, by means of a 4-turn 5.5 cm inductor
coil (at radiofrequency of 750 kHz and intensity of 14 mT; Seit
Elettronica, Italy). At the defined sampling points, a spectrophotometric
measurement at \p,.x =485 nm was performed on an aliquot taken
from the dialysis bag. To take into account optical absorption by iron
oxide and turbidity due to the large size of the vesicles, the DOX concen-
tration was calculated from the measured absorbance using a calibra-
tion curve in buffer after subtracting the absorbance value of similar
USPIO-loaded vesicles.

2.7.2. Temperature variation assessment

In order to determine if a macroscopic heating is generated by the
iron oxide loaded formulations, the temperature variation was deter-
mined upon exposure to HAMF. Briefly, polymersomes were dis-
persed in complete culture media to a final USPIO concentration of
125 pg/mL (corresponding to the same polymersomes concentration
used for in cellulo studies with HAMF). Medium alone was used as
control with the purpose of assessing the influence of the eddy cur-
rents coming from the electrical conductivity of the high ionic
strength buffer. The aforementioned media were placed in cell cul-
ture plates (35 mm diameter), positioned in an adiabatic glass cham-
ber with a double-wall where a silicone oil of low electrical and
thermal conductivities (Rhodorsil 47v100) thermostated at 37 °C
was circulating. Such a chamber could fit 3 cell culture plates of
35 mm diameter, filled with 2.4 mL of DMEM supplemented with
10% serum. They were exposed to a HAMF (as previously described)
for 10 min. Temperature was recorded every 2 s during 10 min
using an optical fiber thermometer (Opsens, Québec, Canada).

2.7.3. In cellulo studies

Hela cells were sub-cultured in 35 mm diameter plates during
24 h and then exposed to polymersomes for another 24 h period. Af-
terwards, cell media was replaced with 2.4 mL of fresh media and
plates were placed in the adiabatic glass chamber thermostated at
37 °C. Cells were then exposed to a HAMF, as previously described,
for 10 min, 3 times a day (with a 2 hour interval between two expo-
sures) during 2 days. Cell viability was finally evaluated by MTT 72 h
after the addition of the polymersomes.
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Fig. 1. Schematic representation of a doxorubicin/USPIO loaded and FITC grafted
polymersome (Np-Fe-DOX) structure (A). Polymersome characterization in terms of
size (nm), polydispersity index, zeta potential (mV) and doxorubicin loading content
(w/w %) in phosphate buffer (50 mM pH 7.4) is shown in B (average 4+ SD, n=3).

2.8. Statistical analysis

Statistically significant differences between two groups were ana-
lyzed by non-parametric Mann-Whitney test, using the GraphPad
Prism 5.0 software. A p value lower than 0.05 was considered statisti-
cally significant.

3. Results and discussion

Hybrid polymersomes and drug loaded hybrid polymersomes were
thoroughly characterized; their main properties are presented in Fig. 1.
The vesicular structures containing USPIOs and DOX, and fluorescently
labeled with FITC present similar hydrodynamic diameters as previ-
ously described [23,26]. The loading of DOX did not significantly influ-
ence the size or size dispersity of polymersomes, both formulations
presented a rather low polydispersity with mean hydrodynamic diam-
eters below 200 nm. Consistent with previous reports, no significant
differences in surface charges were observed between the two formula-
tions, with zeta potential values near —30 mV [18,23]. Drug loaded
polymersomes presented a DOX loading content (as defined by
Eq. (2)) of 5.6%, corresponding to a loading efficiency of 28%.

As a means to assess the influence of the exposure of Np-Fe-
DOX to a HAMF, a doxorubicin release study was performed
(expressed as cumulative release, %). As observed in Fig. 2, an
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Fig. 2. Cumulative drug release from USPIO and doxorubicin loaded polymersomes (Np-Fe-DOX) when exposed (or not) to a high frequency alternating magnetic field (indicated
by the arrows) at 37 °C in phosphate buffer (50 mM, pH 7.4; A). Polymersome characterization in terms of size (nm) and polydispersity index towards time, upon exposure to a
high frequency alternating magnetic field (indicated by the arrows; B). Results represent average 4 SD, n=3.
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Fig. 3. MTT assay of HelLa cells at 72 h post exposure to USPIO loaded polymersomes
(Np-Fe), USPIO and doxorubicin loaded polymersomes (Np-Fe-DOX) or free doxorubicin
(Free DOX) for different doxorubicin final doses (average 4 SD, n=3).

increase of drug release was observed when the sample was ex-
posed to the HAMF.

This release rate increase is in line with work previously reported by
our group [18], where similar polymeric vesicles were able to enhance
their drug release by nearly two fold upon exposure to an oscillating
magnetic field (500 kHz) [18]. Additionally, and as observed in Fig. 2B,
the polymersome size and polydispersity index were maintained all
along the study.

In order to determine an optimal dose for the HAMF release studies,
the toxicity of polymersomes formulations was initially assessed in HeLa
cells, using a wide range of concentrations (i.e. 1.2,4, 12,and 40 pg/mLof
DOX). As expected, we observed that the encapsulation of DOX drasti-
cally decreased cell toxicity (Fig. 3), supporting polymersome stability
and the slow drug release rate. A similar behavior was previously de-
scribed for other vesicular delivery systems [27,28], where DOX encap-
sulation in the vesicular structures reduces the amount of available
drug, what may potentially diminish unwanted off-target effects [29]
and inhibit multi drug resistance [30]. Np-Fe alone did not significantly
affect metabolic activity of HeLa cells at the tested conditions, although
a dose-response effect was observed for the 2 largest concentrations
(see Fig. 3).

Based on these data, the concentration of 12 ug/mL of DOX was
established for further studies. Indeed, Np-Fe-DOX polymersomes at
the selected dose have shown a clear toxic effect but additional
toxicity could be evaluated if, as hypothesized, HAMF induction im-
proves drug release.
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Fig. 4. Internalization of USPIOs loaded polymersomes (Np-Fe) in HeLa cells by confo-
cal fluorescence microscopy (after 24 h of exposition, scale bar=10 um) (A) or FACS
analysis at 24, 48 and 72 h (B).
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Fig. 5. Temperature variation assessment of cell culture media, including (red) or not
(black) USPIO loaded polymersomes (Np-Fe), exposed to high frequency alternating
magnetic field for 10 min.

Due to the negative zeta potential and small size of the developed
systems we initially expected low internalization kinetics. To confirm
the efficient internalization of the developed systems by HeLa cells,
uptake studies using confocal fluorescent microscopy and flow cy-
tometry (FACS) were performed. As observed in Fig. 4A, at 24 h
post exposure, polymeric vesicles were observed in the intracellular
milieu of HelLa cells (green signal). The internalization kinetics was
then assessed by FACS. Fig. 4B shows that the number of FITC positive
cells increases with time, attaining nearly 62% of the cell population at
72 h post-exposure. Nevertheless, a significant internalization was
reached at 24 h post-exposure. This time point was used thereafter
for the assessment of intracellular drug release triggered by HAMF,
in order to avoid the potential polluting effect of an extracellular re-
lease of DOX.

Since the aim of this work was focused on magneto-chemotherapy,
the final USPIO concentration used (0.125 mg/mL of USPIOs in culture
medium) was much lower than what was reported to achieve hyper-
thermia induced cell toxicity [31,32]. Nevertheless, we measured the
temperature increase obtained when exposing USPIOs to a HAMF in
our experimental conditions. Complete cell culture media were
supplemented with Np-Fe and exposed to HAMF during 10 min. As ob-
served in Fig. 5, no significant temperature variation was observed as
compared to media alone. The macroscopic temperature increase dur-
ing the time of experiment (5.4 °C) being independent of the
presence of the USPIOs, was then associated to an eddy current effect
coming from the electrical conductivity of the high ionic strength buffer.
Moreover, we have previously shown that no significant drug leakage
occurred when DOX loaded polymersomes were incubated between
37 °Cand 45 °Ceven for long periods of time [23]. We can therefore ex-
clude any premature increase of DOX release due to the macroscopic
heating associated with exposition to HAMF.
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Fig. 6. MTT assay of HeLa cells after 72 h of exposure (24 h of incubation followed by 48 h
with or without exposure to the high frequency alternating magnetic field) to USPIO load-
ed polymersomes (Np-Fe), USPIO and doxorubicin loaded polymersomes (Np-Fe-DOX)
or free doxorubicin (Free DOX) at a final dose of 12 ng/mL of doxorubicin (* denotes
p<0.05; average 4 SD, n=3).
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In order to assess the effect of a HAMF on the intracellular release
of DOX, cells were exposed to the polymersomes for 24 h and then
media were refreshed. Cells were then exposed to HAMF during the
following 48 h, as described in the Materials and methods section.
As observed in Fig. 6, Np-Fe with or without exposure to the magnetic
field had no significant influence on cell viability. Conversely, Np-Fe-
DOX exposed to HAMF induced a significant increase in cell toxicity as
compared to the Np-Fe-DOX without exposure to the magnetic field.
Again - and as expected - the Np-Fe-DOX exerted only a small
fraction of the toxicity of free DOX at the same dose, indicating that
DOX is released in a gradual, controlled manner.

Taken together with the release studies (Fig. 2), the results
presented in Fig. 6 show that upon cell internalization and exposure
to a HAMF, Np-Fe-DOX is able to boost the release of DOX to the in-
tracellular compartment and increase cell toxicity. Importantly, no
cytotoxic effect was observed on control cells, exposed to the same
intensity and duration of HAMF, showing that the protocol used did
not induce toxicity. Indeed, as described previously, a few minutes
exposure to a temperature of 42 °C had minimal influence on Hela
cells viability [33].

In summary, under the influence of a high-frequency alternating
magnetic field, USPIOs can generate heat through dynamic hysteresis
losses induced by Néel and Brownian relaxation processes [15-17].
Although these two dissipation mechanisms contribute to the heating
rate [16], it is usually believed that in the highly crowded intracellular
environment, the USPIO particles being associated with intracellular
compartments that impair their free rotation, the Brownian relaxa-
tion mode can be neglected [32]. We put forward that upon exposure
to the oscillating magnetic field a very localized heating occurs by
Néel relaxation, at the level of the polymersome structure, increasing
the release rate of DOX, either by a poration effect or an increased
permeability of the polymersome membrane [18]. Indeed, and as ob-
served in Fig. 2B, the polymersome structure maintains its integrity
upon exposure to HAMF leading us to exclude polymersome disrup-
tion or destabilization as the driving force for augmented drug
delivery.

4. Conclusions

USPIOs have great potential for both therapeutic (e.g. hyperthermia)
and diagnostic (e.g. MRI) applications; they appear especially promising
for cancer treatment [34]. When immersed in the polymersome hydro-
phobic layer, USPIOs may serve as tools to trigger drug release when ex-
posed to a HAMF. Additionally, one may envisage the simultaneous
imaging of such carriers, in vivo, enabling unprecedented control
over the therapeutic approach. The multi-compartment character of
polymeric vesicles, allowing the encapsulation of both hydrophobic and
hydrophilic components in separate reservoirs, enables the design of
complex drug delivery systems in a simple fashion [35]. Additionally,
polymersomes have shown to be able to accommodate very high levels
of drug (i.e. 12% DOX LC) together with USPIOs (i.e. 50% LC) [18], as com-
pared with other systems, like double emulsion capsules where only 2.4%
(w/w) DOX LC was obtained [14]. The straightforward polymersome
preparation method is another key factor to be considered for potential
scale-up of the synthesis. Additionally, due to their chemical plasticity
one can envisage the grafting of targeting moieties as a means to modu-
late their biodistribution, reducing unwanted side effects, as well as en-
abling them as potential diagnostic tools. Polymersomes also provide a
robust and less leaky membrane than liposomes, making passive release
of entrapped drugs a limitation in most cases. We used this limitation as
an opportunity in order to achieve spatial and temporal control of drug
release by means of an external trigger. This is, to our knowledge, the
first report of an increased cytotoxic effect driven by a polymersome-
based system able to increase drug release upon exposure to HAMF.
This novel approach towards controlled drug delivery opens new per-
spectives regarding future applications in nanomedicine.

Acknowledgments

This work was supported by funding from the European Commission
under the seventh framework within the frame of the NanoTher project
(Integration of novel NANOparticle based technology for THERapeutics
and diagnosis of different types of cancer CP-IP 213631-2). The authors
would also like to thank ESF P2M, COST actions TD1003 and TD1007,
and CNRS-MI G3N (“NanoBlast”) programs for support.

References

[1] ].S. Lee, ]. Feijen, Polymersomes for drug delivery: design, formation and charac-

terization, J. Control. Release 161 (2) (2012) 473-483.

F. Meng, Z. Zhong, ]J. Feijen, Stimuli-responsive polymersomes for programmed

drug delivery, Biomacromolecules 10 (2) (2009) 197-209.

B.M. Discher, Y.Y. Won, D.S. Ege, ].CM. Lee, ES. Bates, D.E. Discher, D.A. Hammer,

Polymersomes: tough vesicles made from diblock copolymers, Science 284 (5417)

(1999) 1143-1146.

M.-H. Li, P. Keller, Stimuli-responsive polymer vesicles, Soft Matter 5 (5) (2009)

927-937.

J. Du, RK. O'Reilly, Advances and challenges in smart and functional polymer ves-

icles, Soft Matter 5 (19) (2009) 3544-3561.

W. Chen, F. Meng, R. Cheng, Z. Zhong, pH-sensitive degradable polymersomes for

triggered release of anticancer drugs: a comparative study with micelles, J. Con-

trol. Release 142 (1) (2010) 40-46.

[7] H. De Oliveira, J. Thevenot, S. Lecommandoux, Smart polymersomes for therapy
and diagnosis: fast progress toward multifunctional biomimetic nanomedicines,
Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 4 (5) (2012) 525-546.

[8] M.W. Freeman, A. Arrott, ].H.L. Watson, Magnetism in medicine, J. Appl. Phys. 5

(1960) S404-S405.

V.I. Shubayev, T.R. Pisanic Ii, S. Jin, Magnetic nanoparticles for theragnostics, Adv.

Drug Deliv. Rev. 61 (6) (2009) 467-477.

[10] J.W.M. Bulte, D.L. Kraitchman, Iron oxide MR contrast agents for molecular and
cellular imaging, NMR Biomed. 17 (7) (2004) 484-499.

[11] J.L. Arias, LH. Reddy, M. Othman, B. Gillet, D. Desmaele, F. Zouhiri, F. Dosio, R. Gref,
P. Couvreur, Squalene based nanocomposites: a new platform for the design of
multifunctional pharmaceutical theragnostics, ACS Nano 5 (2) (2011)
1513-1521.

[12] LH. Reddy, ].L. Arias, ]. Nicolas, P. Couvreur, Magnetic nanoparticles: design and
characterization, toxicity and biocompatibility, pharmaceutical and biomedical
applications, Chem. Rev. 112 (11) (2012) 5818-5878.

[13] C.R.Thomas, D.P. Ferris, J.H. Lee, E. Choi, M.H. Cho, E.S. Kim, J.F. Stoddart, J.S. Shin,
J. Cheon, ].I. Zink, Noninvasive remote-controlled release of drug molecules in
vitro using magnetic actuation of mechanized nanoparticles, J. Am. Chem. Soc.
132 (31) (2010) 10623-10625.

[14] SH. Hu, BJ. Liao, CS. Chiang, PJ. Chen, LW. Chen, S.\Y. Chen, Core-shell
nanocapsules stabilized by single-component polymer and nanoparticles for
magneto-chemotherapy/hyperthermia with multiple drugs, Adv. Mater. 24 (27)
(2012) 3627-3632.

[15] A. Jordan, P. Wust, H. Fahling, W. John, A. Hinz, R. Felix, Inductive heating of fer-
rimagnetic particles and magnetic fluids: physical evaluation of their potential for
hyperthermia, Int. J. Hyperthermia 25 (7) (2009) 499-511.

[16] RE. Rosensweig, Heating magnetic fluid with alternating magnetic field, J. Magn.
Magn. Mater. 252 (2002) 370-374.

[17] J.-P.Fortin, C. Wilhelm, J. Servais, C. Menager, ].-C. Bacri, F. Gazeau, Size-sorted an-
ionic iron oxide nanomagnets as colloidal mediators for magnetic hyperthermia,
J. Am. Chem. Soc. 129 (9) (2007) 2628-2635.

[18] C. Sanson, O. Diou, J. Thévenot, E. Ibarboure, A. Soum, A. Brilet, S. Miraux, E.
Thiaudiére, S. Tan, A. Brisson, V. Dupuis, O. Sandre, S. Lecommandoux, Doxorubi-
cin loaded magnetic polymersomes: theranostic nanocarriers for MR imaging and
magneto-chemotherapy, ACS Nano 5 (2) (2011) 1122-1140.

[19] M. Le Hellaye, N. Fortin, J. Guilloteau, A. Soum, S. Lecommandoux, S.M. Guillaume,
Biodegradable polycarbonate-b-polypeptide and polyester-b-polypeptide block
copolymers: synthesis and nanoparticle formation towards biomaterials,
Biomacromolecules 9 (7) (2008) 1924-1933.

[20] C.Sanson, C.Schatz, ].-F. Le Meins, A. Briilet, A. Soum, S. Lecommandoux, Biocompat-
ible and biodegradable poly(trimethylene carbonate)-b-poly(L-glutamic acid)
polymersomes: size control and stability, Langmuir 26 (4) (2009) 2751-2760.

[21] R. Massart, E. Dubois, V. Cabuil, E. Hasmonay, Preparation and properties of
monodisperse magnetic fluids, J. Magn. Magn. Mater. 149 (1) (1995) 1-5.

[22] C.Da Cruz, O. Sandre, V. Cabuil, Phase behavior of nanoparticles in a thermotropic
liquid crystal, J. Phys. Chem. B 109 (30) (2005) 14292-14299.

[23] C. Sanson, C. Schatz, ].F. Le Meins, A. Soum, ]. Thévenot, E. Garanger, S.
Lecommandoux, A simple method to achieve high doxorubicin loading in biode-
gradable polymersomes, ]. Control. Release 147 (3) (2010) 428-435.

[24] A.M. Rad, B. Janic, A.S. Iskander, H. Soltanian-Zadeh, A.S. Arbab, Measurement
of quantity of iron in magnetically labeled cells: comparison among different
UV/VIS spectrometric methods, Biotechniques 43 (5) (2007) 627-628, (30,
32).

[25] T. Mosmann, Rapid colorimetric assay for cellular growth and survival: applica-
tion to proliferation and cytotoxicity assays, ]. Immunol. Methods 65 (1-2)
(1983) 55-63.

2

3

[4

5

6

[9




170

(26]

[27]

(28]

[29]

(30]

H. Oliveira et al. / Journal of Controlled Release 169 (2013) 165-170

C. Sanson, J.F. Le Meins, C. Schatz, A. Soum, S. Lecommandoux, Temperature re-
sponsive poly(trimethylene carbonate)-block-poly(L-glutamic acid) copolymer:
polymersomes fusion and fission, Soft Matter 6 (8) (2010) 1722-1730.

X.Q. Yang, J.J. Grailer, LJ. Rowland, A. Javadi, S.A. Hurley, V.Z. Matson, D.A. Steeber, S.Q.
Gong, Multifunctional stable and pH-responsive polymer vesicles formed by
heterofunctional triblock copolymer for targeted anticancer drug delivery and
ultrasensitive MR imaging, ACS Nano 4 (11) (2010) 6805-6817.

X.Q. Yang, JJ. Grailer, IJ. Rowland, A. Javadi, S.A. Hurley, D.A. Steeber, S.Q. Gong,
Multifunctional SPIO/DOX-loaded wormlike polymer vesicles for cancer therapy
and MR imaging, Biomaterials 31 (34) (2010) 9065-9073.

R.D. Olson, P.S. Mushlin, D.E. Brenner, S. Fleischer, BJ. Cusack, B.K. Chang, R].
Boucek, Doxorubicin cardiotoxicity may be caused by its metabolite,
doxorubicinol, Proc. Natl. Acad. Sci. U. S. A. 85 (10) (1988) 3585-3589.

G. Szakacs, J.K. Paterson, J.A. Ludwig, C. Booth-Genthe, M.M. Gottesman, Targeting
multidrug resistance in cancer, Nat. Rev. Drug Discov. 5 (3) (2006) 219-234.

[31]

H.L. Rodriguez-Luccioni, M. Latorre-Esteves, J. Mendez-Vega, O. Soto, AR.
Rodriguez, C. Rinaldi, M. Torres-Lugo, Enhanced reduction in cell viability by hy-
perthermia induced by magnetic nanoparticles, Int. ]. Nanomedicine 6 (2011)
373-380.

[32] J.-P. Fortin, F. Gazeau, C. Wilhelm, Intracellular heating of living cells through Néel

[33]

[34]

[35]

relaxation of magnetic nanoparticles, Eur. Biophys. J. 37 (2) (2008) 223-228.
E.W. Gerner, R. Boone, W.G. Connor, J.A. Hicks, M.LM. Boone, A transient
thermotolerant survival response produced by single thermal doses in HelLa
cells, Cancer Res. 36 (3) (1976) 1035-1040.

M.J. Sailor, ].H. Park, Hybrid nanoparticles for detection and treatment of cancer,
Adv. Mater. 24 (28) (2012) 3779-3802.

M. Marguet, C. Bonduelle, S. Lecommandoux, Multicompartmentalized polymeric
systems: towards biomimetic cellular structure and function, Chem. Soc. Rev. 42
(2013) 512-529.



	Magnetic field triggered drug release from polymersomes for cancer therapeutics
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Polymersome production
	2.3. Polymersome characterization
	2.4. Cell culture
	2.5. Cytotoxicity assay
	2.6. Cell internalization studies
	2.7. Exposure to high frequency AC magnetic field
	2.7.1. Release studies
	2.7.2. Temperature variation assessment
	2.7.3. In cellulo studies

	2.8. Statistical analysis

	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References


