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Magnetic iron oxide nanoparticles (IONPs) are under inves-
tigation for several biomedical applications,!'! including drug
delivery,”) magnetic resonance imaging (MRI),"! and hyper-
thermia therapy.” Indeed, the application of an external
alternating magnetic field (AMF) to IONPs induces produc-
tion of thermal energy, by Neel and/or Brownian relaxation,
that can be used to generate local heating for tumor
repression.[**! TONPs have been also proposed as controlled
delivery systems in which remote release of suitable ther-
apeutic agents is stimulated by the heat generated upon AMF
exposure.”® In the design of ligands that allow simple and
efficient functionalization of IONPs with a desired moiety,
cycloaddition reactions are ideal candidates. Cycloadditions
have received broad attention because these orthogonal click-
type reactions can be efficiently used for bioconjugation.!”!
Additionally, cycloadditions are chemoselective and may be
efficiently performed under physiological conditions, both
in vitro and invivo.”! The 1,3-dipolar azide-alkyne click
reaction has found widespread applications in materials
science and bioconjugation, as either copper-catalyzed
(CuAAC) or strain-promoted azide-alkyne cycloaddition.®
The Diels-Alder (DA) reaction is known as a thermorever-
sible reaction between diene and alkene derivatives (dieno-
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philes) to form cycloadducts in a clean and simple click
reaction that is effective in aqueous conditions.”) Owing to
these desirable features, both cycloadditions have been
widely employed in a variety of materials synthesis applica-
tions, including IONP functionalization.®1%111 While IONPs
have been functionalized with a single type of functional
group by using either Diels—Alder™ or 1,3-dipolar cyclo-
addition click reactions,""! there are no examples where both
have been applied.

Herein, we report on the design and preparation of a new
class of functional IONP by using a versatile methodology
that employs a combination of orthogonal click reactions:
CuAAC and thermoreversible DA. We designed a versatile
multifunctional ligand that contains a phosphonic acid group,
which is known to strongly bind to the iron oxide surface of
IONPs,"*2I and two orthogonal clickable groups: an alkyne
moiety for installing an azide end-functionalized hydrophilic
polymer through 1,3-dipolar cycloaddition to impart aqueous
dispersability/stability, antifouling property, and biocompati-
bility to the IONPs; and a furan ring that serves as
a thermoreversible linker for a biologically active molecule
(or probe) through reversible DA chemistry (Scheme 1).
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Scheme 1. Multifunctional ligand with orthogonal clickable groups.

We speculated that upon AMF exposure, such functional
IONPs would release the biologically active or probe payload
through retro-DA (rDA) reactions. While rDA reactions
generally proceed at temperatures that are not compatible
with biological applications (90-110°C), we hypothesized that
using this approach, sufficient energy could be brought in
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Scheme 2. Multistep synthesis of IONPs coated with furan-functionalized phosphonic acid
terminated PEO and subsequent Rhd loading. PMDETA=N,N,N’,N"’,N"-pentamethyldiethyl-

enetriamine, DMF = N,N-dimethylformamide, TMS =trimethylsilyl.

close proximity to the cycloadduct to initiate the rDA reaction
without more delocalized overheating. Herein, we report the
proof-of-principle of this concept.

To test our hypothesis, we prepared functional IONPs
according to Scheme 2. The IONPs were first synthesized
through a coprecipitation method.™™ A typical transmission
electron microscopy (TEM) image of the IONPs obtained is
shown in Figure S1A in the Supporting Information. The
IONPs have an average size of 13.0+ 1.0 nm. The average
size, estimated from the iron oxide (311) peak in the X-ray
diffraction pattern of IONPs by using the Scherrer equation,
is 10.4 £ 0.3 nm, close to the value from the TEM images.

To stabilize and functionalize the IONPs, a phosphonic
acid terminated furan-functionalized poly(ethylene oxide)
(PEO) monomethyl ether (4) was prepared by combining
a Kabachnik-Fields!"! reaction with CuAAC chemistry, thus
introducing a furanyl functionality and a phosphonic acid
group, respectively, at the chain-end of PEO monomethyl
ether (Scheme 2 and the Supporting Information).!'”! Briefly,
N-(3-furanylmethylene)prop-2-yn-1-amine (1) was reacted
with dimethyl hydrogen phosphonate to afford [N-methyl-
(dimethoxyphosphonyl)(3-furanyl)]prop-2-yn-1-amine  (2),
which was then used for a typical CuAAC with azide
terminated PEO monomethyl ether. The resultant dimethyl-
phosphonate-terminated furan-functionalized PEO mono-
methyl ether 3 was then converted into its phosphonic acid
homologue 4 by dealkylation.!"!
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The feasibility of DA and rDA reac-
tions between the furan group of 4 and N-
methylmaleimide, which was used as
a model for maleimide-functionalized
cargo, was then investigated (Scheme S5).
Successful conjugation in D,O at 40°C
was demonstrated by 'H NMR spectros-
copy. Based on '"HNMR (Figure S18B),
the conjugation gave a conversion of
85%. The rDA reaction occurred in D,O
at 80°C with 71 % efficiency after 48 h of
reaction, as ascertained from the '"H NMR
spectrum (Figure S18C).

Compound 4 was then grafted onto
IONPs by using the strong affinity of the
Rhd terminal phosphonic acid for iron oxide
surfaces, thereby yielding IONPs@4
(Scheme 2). The surface chemistry of the
IONPs@4 was assessed by Fourier trans-
form infrared-attenuated total reflectance
(FTIR-ATR; Figure S19B) and X-ray
photoelectron spectroscopy (XPS; Fig-
ures S20-S22). Thermogravimetric analy-
sis (TGA) showed that the amount of 4 on
OH IONPs@4 was about 13% of the total
particle weight, as determined from the
significant mass change between 250 and
400°C owing to decomposition of 4 (Fig-
ure S23B). The grafting density, calcu-
lated using the weight loss and the specific
surface area of the IONPs (equation in the
Supporting Information), was estimated
to be 0.20 chain per nm?, a density consistent with a grafting-
onto approach. The stability of the IONPs@4 was examined
under biologically relevant conditions. When incubating the
IONPs@4 in phosphate buffer (pH 7.4) containing bovine
serum albumin (BSA) at increasing concentrations (0.02—
0.2 gL™") at 25°C for 24 h, the average particle size was not
affected by the increasing concentration of BSA (Figure S24).

To investigate the potential application of these novel
coated IONPs for drug delivery, tetramethylrhodamine-5-C2-
maleimide (Rhd-M, 1.8 mmolL™!) was loaded as a fluores-
cence probe and model drug within the IONPs@4 by DA
reaction conducted in pure water at 40°C over 14 days
(Scheme S6). Fluorescence lifetime imaging microscopy
(FLIM) was used to determine the lifetimes of free Rhd-M
and IONPs@Rhd by using time-correlated single photon
counting (TCSPC; see the Supporting Information). The
concentration-independent decay was fitted to a single expo-
nential with a resulting fluorescence lifetime (7) of 2 ns for
free Rhd-M (Figure 1). It is noted that there is a significant
amount of unreacted free dye in the sample (fluorescence
lifetime 7 of 2 ns) before the purification; as can be seen in the
lifetime distribution, the average 7 is unchanged. However,
after purification by dialysis to remove the free dye, it can be
seen that the fluorescence lifetime of the dye decreases (2 ns
to 1.6 ns, see Figure 1). This decrease in fluorescence lifetime
is attributed to a fluorescence quenching effect owing to very
close proximity of conjugated Rhd dye to the iron oxide core.
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Figure 1. Fluorescence lifetime distribution of the mixture issued after
48 h from the rDA reaction of IONPs@Rhd at 70°C in the presence of
NaCl (a); Rhd-M (b); and IONPs@Rhd issued from the DA reaction
between IONPs@4 and Rhd-M both before (c) and after (d) purifica-
tion by dialysis.

These data confirm the quenching effect of fluorophores in
proximity to the IONPs that has been reported and can be
explained by radiative energy transfer between the dye and
iron oxide or the collision of dye and IONPs.'®! The release of
the dye from conjugated IONPs was investigated by using
a thermal rDA reaction at 70°C over 48 h. When the dye is
cleaved from the core by rDA reaction, it is then free to
diffuse away from the iron oxide core: the fluorescent
quenching effects are removed and the fluorescence lifetime
is restored.'") Interestingly, in aqueous solution, the dyes were
still in proximity to the IONPs after the rDA reaction, as
evident from the unchanged lifetime distribution (data not
shown, lifetime 1.6 ns). We attributed this to the binding of
the free dye to the IONPs through charge—charge interac-
tions. We speculated that the presence of charged ions added
to the solution (namely NaCl) would disrupt this electrostatic
binding and free the dye, thus restoring the longer fluorescent
lifetime as the dye moves away from the core and fluorescent
quenching effects are minimized.'” In the presence of 0.1m
NaCl aqueous solution, which mimics the concentration of
sodium chloride in blood plasma, only the contribution of
a longer lifetime signal (average 2ns) was observed
(Figure 1), a result consistent with the successful release of
the dye from the IONP cores.

Recent results have shown that localized heating is
observed when IONPs are excited by AMF but no macro-
scopic temperature increase is detected. Huang et al.l'¥l
demonstrated that the cell membrane could be heated while
the Golgi apparatus did not experience a temperature
increase. While studying the effects of IONPs and AMF on
membrane opening and fluorophore release, Creixell et al.*”
also demonstrated that no macroscopic temperature increase
was evident. The effect of magnetic hyperthermia induces
a high temperature gradient from the nanoparticle surface;
this gradient is restricted to the environment close to the

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

periphery of the nanoparticle, from a few angstroms to less
than a nanometer scale, thus leading to localized heating.”"!
Our ligand 4 has been precisely designed to provide
a cleavable bond very close to the nanoparticle surface.
Exciting the magnetic moments of the nanoparticles should
bring enough energy to engage the rDA reaction. However,
applying efficient hyperthermia to induce bond cleavage
requires optimization of the magnetic field frequency
together with the size of the IONPs.?!l We thus used a size-
sorted maghemite ferrofluid (Figures S2-S5 and Table S1)
obtained according to the method described by Massart
et al.””) IONPs@Rhd were synthesized using a grafting-onto
strategy. The resulting IONPs@Rhd were precipitated, redis-
persed, and dialyzed to ensure the removal of all traces of free
ligand. UV/Vis spectra were used both to determine iron
oxide concentration (in the UV range) and to confirm the
presence of the Rhd-labeled ligand on the nanoparticles
(band centered at 552 nm). Comparison of iron oxide and
Rhd concentrations obtained after fluorescence calibration
gave a grafting density of 0.76 Rhdnm 2. Specific loss power
of uncoated size-sorted nanoparticles was obtained for a 7.6
wt% ferrofluid at 332.5kHz and 11.3kAm™" field, giving
49 Wg™', a result in good agreement with theoretical and
experimental expectations;*! at this concentration and under
these excitation conditions, we obtained a temperature
increase rate of 0.88°Cs~'. This means that using these
nanoparticles at this concentration would increase the
medium temperature from 30°C to 80°C in less than one
minute. Under these conditions, deconvoluting the nano-
particle heating properties from macroscopic heating effects
is nontrivial. To decouple the rDA reaction from any global
temperature increase, the IONPs@Rhd dispersion was
diluted down to 2.5x107* and 2.5x 107> wt%. This would
only give a temperature increase of 0.0014°C and 0.014°C
every minute, respectively, an increase not sufficiently large to
increase the medium temperature. However, a slight macro-
scopic temperature increase could still be contributed by eddy
currents (owing to the presence of salt in the solution) or by
heating of the metal wire. In consideration of these caveats,
no significant temperature increase was detected during
nanoparticle excitation (Figure S25). Samples were prepared
and placed under hyperthermia excitation for periods of 2, 5,
10, and 27.5 min. Samples were then centrifuged (at 5000 rpm
for 30 min) on a 10 kD membrane to recover the supernatant.
The fluorescence of the supernatant was measured using
a calibration curve (Figure S26A) for comparison to the
fluorescence of the supernatant of untreated samples at
a defined concentration. Notably, a sample left for 22 min at
(29+1)°C, which is the temperature of the magneTherm
measurement cell, did not show any significant Rhd release
(Figure S26B). The control experiment without AMF expo-
sure showed only a little Rhd liberation. By contrast, nano-
particles treated with AMF released 3 nm (2 min at 2.5x
10 wt%) to 105nM (10 min at 2.5x10>wt%) of Rhd
(Figure 2); concentration values that fall within the range of
ICs, values for many anticancer drugs.’¥ The rDA reaction
thus occurs close to the IONP surface as a result of AMF-
induced excitation. Given the ability of tumors to preferen-
tially accumulate nanoparticles,* these results demonstrate
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Figure 2. Concentration of Rhd released against AMF duration. Inset:
percent of the Rhd released normalized by the initial concentration
against treatment duration (m 2.5x107°%wt; @ 2.5x1072%wt).

that such a drug delivery system could be useful in hyper-
thermia-induced drug delivery applications. Interestingly, the
reaction kinetics of the rDA reaction are similar at the two
concentrations used (Figure2 inset: same slope of Rhd
release in %).

In summary, we report a method for the production of
novel functional IONPs showing unprecedented, active con-
trol over drug release by rDA reaction by using hyperthermia
effects. Our synthetic design, which is based on a versatile
multifunctionalization of IONPs, allows us to control the
release of the conjugated drug whilst maintaining the
colloidal stability and magnetic properties of the IONPs.
Upon AMF exposure, the rDA reaction enables the release of
the conjugated drug without any significant heating of the
medium. This method has the potential to improve hyper-
thermia therapies by expanding the range of polymers and
molecules (drugs, dyes, etc) that can be used. This class of
functional IONPs may become important theranostic tools
for preparing the next generation of controlled-release
devices and nanomedicines for in vitro and in vivo applica-
tions.
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