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1. Introduction

Improved spatiotemporal control of drug release can address
common concerns such as acute toxicity from therapeutics and
off target effects of drugs. The characteristics associated with mag-
netic nanoparticles make these strong candidates for addressing
these issues. The ability of magnetic nanoparticles (MNPs) to gen-
erate heat locally in response to an alternating magnetic field, its
recognized bio-compatibility, and use in clinical practice (i.e. MRI
contrast agent), make MNPs appealing candidates for biomedical
applications. MNPs have been used for a variety of biomedical
applications such as: cancer/gene therapy, hyperthermia, and
imaging [1-3]. Several compositions of magnetic nanoparticles
are biocompatible and FDA approved [4].

In several magnetic nanoparticle studies, radiofrequency alter-
nating magnetic field has been used for controlled drug delivery
[5-7]. Controlled release of encapsulated doxorubicin by remote
activation of magnetic nanoparticles using AMF-RF stimulation
was reported for the treatment of S180 mice tumors [7]. In another
study involving magnetic nanoparticles, the surfaces of MNPs were
coated with poly(ethyleneimine) (PEI) and conjugated with the
molecule allyl isocyanate (AITC). When rat neurons treated with
the modified nanoparticles were stimulated via AMF-RF, the AITC
was released. This resulted in the discharge of Ca®* ions, subse-
quently stimulating neurons [5]. Research involving combinatorial
therapy and magnetic nanoparticles has also been reported. The
therapeutics doxorubicin and erlotinib, were incorporated into
the carbon shells of magnetic iron oxide nanoparticles for con-
trolled drug release [6]. The study examined controlled pH/RF
release of therapeutics on PANC-1 cells, as well as the synergistic
effects of the drugs when coupled with magnetic hyperthermia.
The combinatorial therapy of doxorubicin, erlotinib, and hyper-
thermia demonstrated increased cell death of pancreatic cancer
cells.

In the present study, Diels-Alder cycloadducts are synthesized
and conjugated to the surface of magnetic nanoparticles and fluo-
rophores are used as a model for controlled payload release. Differ-
ent release rates of fluorophores were evaluated using different
composition nanoparticles under the same applied AMF-RF condi-
tions and settings. Using CoFe,O, and Fe304 with similar Diels
Alder cycloadducts, controlled release of different fluorophores
was assessed. This was performed by using differences in hysteric
heating from the different composition magnetic nanoparticles in
the same solution. It was determined that the release rates of the
fluorophores from a combination of different composition mag-
netic nanoparticles in the same solution correlated to the compo-
sition and were similar to the release when particle types were
tested individually. In these magnetic nanoparticle delivery sys-
tems, the amount of energy input via hysteretic heating, is posi-
tively correlated to the payload released using the Diels-Alder
cycloadduct with no burst release of the payload. In addition,
unlike other systems (i.e. PEI) which have payload release at lower
energies (<40 °C), the Diels-Alder cycloadduct can be tailored to
have higher transition energy requirements (>60 °C) which would
make delivery of the desired payload more stable and predictable.
This demonstration of controlled release of fluorophores from
MNPs illustrates the potential of Diels-Alder cleavage for targeted
payload release.

2. Materials and methods
2.1. Reagents

Iron (III) chloride hexahydrate (>98%), iron chloride tetrahy-
drate (>99%), nitric acid (70%), sodium chloride (>99%), sodium

bicarbonate (>98%), hydrochloric acid (37%), sodium phosphate
dibasic anhydrous, dopamine hydrochloride, anhydrous dimethyl
sulfoxide (99.8%), cobalt(Il) nitrate hexahydrate (99.9%), ammo-
nium hydroxide (28%), and Alexa Fluor™ 488 C5 Maleimide were
purchased from Millipore Sigma. Sodium hydroxide (98%), sodium
citrate tri-sodium salt dehydrate, sulfur succinimidyl 4-(N-
maleimidomethyl) cyclohexane-1-carboxylate, and 5-((2-(and-3)-
S-(acetylmercapto) succinoyl) amino) fluorescein (SAMSA) were
purchased from Thermofisher Scientific. 2-
thiophenemethanethiol (>95%) and N-[4-(2-Benzimidazolyl)
phenyl] maleimide (98%) were purchased from TCI America.

2.2. Nanoparticle synthesis

The MFe,04 (M = Fe, Co) was prepared and characterized as in
the literature with minor alterations [8,9]. Fes04 nanoparticles
were synthesized using the co-precipitation method. 2.16 g of
FeCl3-6H,0 was dissolved in 4 mL of 1 M HCl, and 0.93 g FeCl, - 4
H,0 was dissolved in 2 mL of 1 M HCI. These solutions were mixed
together, and then 54 mL of H,O was added. The solution was then
brought to 95 °C and maintained at this temperature for the rest of
the synthesis. Next, 12.5 mL of 28% ammonium hydroxide solution
was added to the mixture and stirred for 1 h. The solution was then
treated with 1 M H,NO,4 until the solution attained a pH of 4-7,
after which, the mixture was allowed to incubate at room temper-
ature for 24 h. Subsequently, the solution with the nanoparticles
was washed 3x with deionized water, and the pH was adjusted
to 7 (via washes). The nanoparticles were then magnetically sepa-
rated. CoFe,0, nanoparticles were also synthesized using the co-
precipitation method. 0.91 g of FeCl3-6H,0 was added to 6.7 mL
of 1 M HCL. 0.49 g Co(NO),-6H,0 was added to 3.35 mL of 1 M
HCI. These two solutions were mixed together, heated to 95 °C
and maintained at this temperature for the rest of the synthesis.
4.20 g of NaOH was diluted with 35 mL of H,0, and added to the
mixed solution. The mixed solution was heated and stirred for
1 h. The solution was then treated with 1 M H,NO, until the solu-
tion attained a pH of 4-7, the mixture was allowed to sit for 24 h.
Subsequently, the solution with the nanoparticles was washed 3x
with deionized water, and the pH was adjusted to 7 (via washes).
The nanoparticles were magnetically separated.

2.3. Size sorting of CoFe;04 and Fe304

The different composition nanoparticles were size sorted using
a method outlined in the literature [10]. Briefly, the different sets
of unmodified nanoparticles were heated at 80 °C in an aqueous
saturated sodium citrate solution for 30 min. The stable nanoparti-
cles were then treated with a solution of 0.45 M sodium chloride.
The precipitate and the suspensions were separated from one
another, and the procedure was repeated 3 times, to attain
monodisperse nanoparticles. CoFe,0, and Fes0, nanoparticles
were characterized using an FEI Tecnai G20 20 XTWIN transmis-
sion electron microscope. The X-ray diffraction patterns of these
nanoparticles were obtained using a Malvern Panalytical Empyr-
ean (3rd gen.) equipped with a Co source.

2.4. Synthesis of Diels-Alder linker

The Diels-Alder linker was synthesized according to the litera-
ture with minor modifications [11]. 1.5 pL of 2-
Thiophenemethanethiol and 8.33 mg of Alexa Fluor™ 488 Cs-
Maleimide were dissolved in 10 mL of anhydrous methanol. The
pH of the solution was adjusted to 3.5-4 by 0.1 M HCl. The reaction
mixture was heated at 60 °C for 3 days. 4.16 pL of 2-
Thiophenemethanethiol and 2.71 mg of N-[4-(2-Benzimidazolyl)p
henyl]maleimide were dissolved in 10 mL of methanol. The pH of
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the solution was adjusted to 3.5-4 by 1 M HCI. The reaction mix-
ture was heated at 60 °C for 3 days.

2.5. Activation of SAMSA fluorescein

The 5-((2-(and-3)-S-(acetylmercapto) succinoyl) amino) fluo-
rescein (SAMSA) was used as a control and was activated according
to the product instructions (ThermoFisher Scientific; SAMSA Fluo-
rescein; A685). Briefly, 2 mg of SAMSA fluorescein was dissolved in
200 pL of 0.1 M NaOH. The product was incubated at room temper-
ature for 15 min. After, 2.8 pL of 6 M HCl was used to neutralize the
solution, followed by 40 pL of 0.5 M sodium phosphate to buffer
the solution.

2.6. Computational methods

Calculations for all geometries and frequencies were performed
using NWChem 6.8.1 [12] with the B3LYP [13-16] functional and a
6-311G* basis set. Geometry optimizations were performed for the
gradient, gradient max, gradient root mean square, Cartesian max-
imum step and root mean square. Transition state searches were
performed with reactant structures initially constrained to 2.4 A
for the reacting carbon atoms. The zero point energies and other
thermodynamic data were obtained from the numerical frequency
calculations performed with extra fine grid settings at 25, 40, 60,
and 80 in degree Celsius. All calculations were performed as gas
phase with no solvent effects.
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2.7. Nanoparticle modification with Diels Alder cycloadducts

In previous studies, different retro-Diels-Alder cycloadducts
have been conjugated to gold or silver nanoparticles [11,17].
Nanoparticles were modified in a series of sequential steps consist-
ing of the addition of: dopamine HCI, sulfo-SMCC, and retro-Diels
Alder linker. The attachment scheme is reported in Fig. 1. The
nanoparticle modification with dopamine HCl occurred as stated
in the literature with minor changes [18]. 10 mg of nanoparticles
and excess dopamine HCl were dissolved in methanol. The solution
was sonicated for 1 h. The nanoparticles were magnetically sepa-
rated, and the supernatant was removed. The nanoparticles were
washed 1x with saturated sodium bicarbonate solution and mag-
netically decanted. The nanoparticles were subsequently washed
2x with 70%EtOH/30%H,0, and magnetically separated. After the
washes, the modified nanoparticles were put in a solution of 70%
EtOH/30%H,0. To link the amine with the thiolated cycloadduct,
the sulfo-SMCC linker was added using the stated protocol (Ther-
moFisher Scientific 22322). For conjugation of the terminal amine
to the sulfo-SMCC, the pH was adjusted to 7-7.5 pH using 1 M
NaOH and 1 M HCI solutions. For 1 mg of modified nanoparticles,
100 pL of 10 mg/mL of sulfo-SMCC dissolved in dimethyl sulfoxide
(DMSO) was added. The reaction was placed on a rocker for 4 h.
After modification, the suspension was washed 2x with 70%
EtOH/30% H,0 and 1x with anhydrous MeOH. The supernatant
was removed, and the pellet was resuspended in retro-Diels-
Alder solution. The pH of the solution was adjusted using 0.1 M
NaOH and 0.1 M HCI solutions. The pH was adjusted to be 6.5.
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Fig. 1. Attachment Scheme for MFe,04 (M = Fe, Co) nanoparticles. (1) Conjugation of Dopamine HCl and Sulfo-SMCC. (2) Preparation of Thiophenemethanethiol based Diels
Alder linkers with maleimide conjugated fluorophores. (3) Conjugation of Diels-Alder linkers to previously modified nanoparticles. (4) Retro Diels-Alder reaction triggered by

the AMF-RF hysteretic heating.
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The solution was mixed with the modified nanoparticles for 4-8 h
at room temperature. After the elapsed time, the sample was
washed and magnetically separated. The sample was washed 3x
with anhydrous MeOH, and suspended in anhydrous DMSO.

2.8. AMF-RF hysteretic heating of Fe;04 and CoFe;04

The equipment used for the AMF-RF hysteretic heating was a
Nanotherics magneTherm™ Limited. The AMF-RF coil used was a
17-turn coil with a 50 mm diameter, the radiofrequency was
626.8 kHz, the DC power supply voltage 31 V and the DC power
supply current 7.5A. This inductive heating device had an adequate
quasi-adiabatic isolation due to a connection to a recirculating
water chiller maintaining the coil temperature at a constant
15 °C throughout the operation of the device. The sample was ther-
mally isolated by a Styrofoam holder while inserted into the coil
and therefore the sample only heated up from stimulation from
the alternating magnetic field. For AMF-RF hysteretic heating,
CoFe,04 and Fe304 nanoparticles were stabilized in H,0. The tem-
peratures readings were measured with a Lascar EL-USB-TC-LCD
USB Thermocouple Logger with a LCD Display. The thermocouple
used was type T. Heating magnetic ferro-fluids by using an alter-
nating magnetic field and calculating corresponding SLP values
has previously been described in the literature [19]. For SLP mea-
surements, each sample was stabilized in a 1.5 mL Eppendorf tube
with 1 mL of water. The tube was closed and placed in a Styrofoam
insulated receptacle, heated for 60 s, and the temperature mea-
sured using a thermocouple probe. The temperature was recorded
every second for 60 s. The number of samples used for each set of
nanoparticles was n = 3.

2.9. Determining the alternating magnetic field strength

A commercially available radiofrequency magnetic field probe
(AMF Life Systems, Auburn Hills, MI) was used to determine the
magnetic field strength output of the coil. Briefly, the tip of the
probe was inserted in the same position as the nanoparticles for
heating and an oscilloscope was used to measure the AC voltage
difference generated at the ends of the probe. The magnetic flux
density was measured for both the axial and radial direction. More
details about the calculation of the magnetic field strength are pro-
vided in the Supporting Material.

2.10. AMF-RF hysteretic heating of modified Fes04 and CoFe;04

The modified nanoparticles underwent AMF-RF stimulation in
1 mL of anhydrous dimethyl sulfoxide. After modification and
purification of CoFe,04 and Fe;0,4 NPs (i.e. conjugated with fluores-
cein maleimide Diels Alder cycloadduct and BIPM Diels Alder
cycloadduct), the modified nanoparticle solution was placed into
a 1.5 mL plastic (up to a volume of 1 mL) Eppendorf tube. The con-
centrations for the individual samples were 0.068 mg/mL for iron
oxide nanoparticles and 0.058 mg/mL for cobalt iron oxide, as con-
firmed by ICP-OES. When the nanoparticles were put together for
heated release, the concentration of modified iron oxide was
0.068 mg/mL and modified cobalt iron oxide was 0.058 mg/mL
for a total concentration of 0.063 mg/mL. Time points for the hys-
teretic heating of the individually modified CoFe,04 and Fe304
samples were recorded every 3 min up to 24 min. Time points
for the hysteretic heating of the combined modified CoFe,04 and
Fe;04 occurred every 5 min up to 20 min. The number of sample
run for each set of nanoparticles was n = 3. After hysteretic heating,
the samples were magnetically separated. In addition, the super-
natant was spun down at 80 k rpms for two hours to ensure all
of the magnetic nanoparticles were separated from the solution.
The centrifuge used was an Optima™ TLX Ultracentrifuge 120 k

and the centrifuge tubes used were polypropylene. In order to
detect UV-fluorescence from the BIPM, the samples were deriva-
tized with 10 uL of 2-mercaptoethanol and measured in a quartz
cuvette. After this reading, the sample was treated with 0.5 mL
of PBS (-) and the fluorescein’s intensity was measured. Every sam-
ple was treated with the same amount of 2-mercaptoethanol and
PBS (-). This was done to determine the fluorophore’s intensity.
BIPM fluorescence measurement excitation was 315 nm and its
emission was 365 nm post-derivitization. The fluorescein malei-
mide measurement after being treated with PBS (-) was 494 nm
excitation and 512 nm emission. The measurements were taken
with a Spectra M5 Microplate/Cuvette Reader (Molecular Devices,
PA, USA).

2.11. AMF-RF hysteretic heating of modified CoFe,04 with conjugated
SAMSA

A negative control to the experiment was setup to ensure the
Diels Alder linker was cleaved during AMF-RF stimulation, and
not breakage of another bond in the conjugated nanoparticle struc-
ture. The SAMSA fluorophore was directly conjugated to the CoFe,-
04 (due to a higher SLP value), similarly to the Diels Alder
cycloadducts (Supporting Material Figs. S5, S6, and S7). In these
experiments, the modified nanoparticles underwent AMF-RF stim-
ulation in anhydrous dimethyl sulfoxide. After modification and
cleanup of SAMSA CoFe,0,4, the modified nanoparticle solution
was placed in a 1.5 mL plastic (up to a volume of 1 mL) Eppendorf
tube. The individual samples were heated at 0.1 mg/mL for cobalt
iron oxide concentration modified nanoparticles (confirmed by
ICP-OES), before undergoing hysteretic heating via AMF-RF stimu-
lation. The hysteretic heating of the modified SAMSA CoFe,0,4
occured at 5-minute intervals up to 20 min. The number of sample
run for each set of nanoparticles was n = 3. After hysteretic heating,
the samples were magnetically decanted. In addition, the super-
natant was spun down at 80 k rpms for two hours to ensure all
the magnetic nanoparticles were separated from the solution.
The centrifuge used was an Optima™ TLX Ultracentrifuge 120 k
and the centrifuge tubes used were polypropylene (Beckman Coul-
ter Ref # 347287). The sample was then treated with 0.5 mL of PBS
(-) and fluorescent intensity was measured. For the samples, the
groups were normalized to the fluorescent intensity on the 0 min
time point. The fluorescein maleimide measurement was 494 nm
excitation and 512 nm emission. The different group supernatants
showed a fluorescence of (mean + STD) 2.73 + 0.30 percent release
up to 20 min. The measurements were taken in a quartz cuvette
with a Spectra M5 Microplate/Cuvette Reader.

2.12. ICP-OES analysis

Ion coupled plasma optical emission spectroscopy (ICP-OES)
was performed on the individual samples to determine the Fe304
and CoFe,04 concentrations. This technique has previously been
reported to determine the content of cobalt and iron in nanoparti-
cles [20,21]. The samples were in 1 mL of H,O and analyzed using a
Perkin Elmer Optima 5300 ICP-OES instrument. 500 pL of sample
was dissolved with 500 pL of concentrated nitric acid, and then
diluted with 9 mL of DI water to a final volume of 10 mL. The iron
content determined by ICP-OES was 0.789 + 0.062 mg and the
cobalt iron content was 0.197 + 0.007 mg. The analysis was con-
ducted in triplicate.

2.13. Immersion heating of Diels-Alder fluorophores
In order to assess the total amount of fluorophore conjugated to

the nanoparticles, samples of different sets of modified nanoparti-
cles in anhydrous DMSO were placed in a hot oil bath (inside a
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plastic Eppendorf tube) for 3 h and heated at 80 °C to induce the
retro Diels-Alder reaction and the fluorophore release in solution.
This is similar to what has been performed to analogous thiophene
Diels-Alder cycloadducts conjugated to nanoparticles in the litera-
ture [22]. Release of the BIPM fluorophore was quantified by mea-
suring BIPM maleimide at 315 nm (365 nm excitation) after being
derivatized with 10 pL of 2-mercaptoethanol. Release of fluores-
cein maleimide was quantified by measuring the fluorescence at
494 nm (518 nm excitation). The measurements were taken with
a Spectra M5 Microplate/Cuvette Reader.

2.14. Secondary Ion mass Spectrometry analysis

SIMS analysis [20,23,24] was performed to attain information
on the fluorophore conjugation to the nanoparticles. Each sample
was dried out into a powder form, applied to a stage, and analyzed
by SIMS. The analysis was performed in positive mode at 70 keV
(CO5)is.000- The instrument used for the analysis was a Lonoptika
J105 3D Chemical Imager similar to other studies [25].

2.15. Statistical analysis

A two-way analysis of variance (ANOVA) was performed on the
time points for the different sets of nanoparticles to determine if a
statistical difference existed between the two groups regarding the

BIPM-TDA
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release of fluorophores. For each of the analysis a confidence inter-
val of 95% was used and the number of samples was n = 3. The soft-
ware GraphPad Prism 6.01 was used for statistical analysis.

3. Results and discussion

Density functional theory calculations were performed on the
Diels-Alder cycloadducts. This was done to determine the forward
and reverse reaction energies for the different linkers as well as
their endo vs exo products. This was performed to determine the
specific energies at which the reactions would go forward, and if
there were different cleavage rates for the linkers and their endo
vs exo products. Fig. 2 shows the structures of the Diels-Alder
products which were simulated using B3LYP/6-311G*.

In Table 1, the enthalpy barriers and Gibbs free energy are dis-
played for both cycloadducts as well as their respective endo and
exo products. These models indicate that each of the respective
retro-Diels-Alder cycloadducts have comparable reverse reaction
energies. The respective endo and exo products of each linker are
also close in the energy required to drive the retro-Diels-Alder
reaction, indicating that both species will have a similar release
rate of the fluorophores during hysteretic heating as opposed to
the release of the endo and the exo product at separate times.
Table 1 includes the values for the products of the forward and
reverse reactions.

Exo

FM-TDA

Fig. 2. Structures of endo and exo products for both BIPM-TDA and FM-TDA were obtained using NWChem 6.8.1 [12] with the B3LYP and 6-311G* computational set [14-
16,26]. Yellow Atoms: Sulfur; Black Atoms: Carbon; White Atoms: Hydrogen; Red Atoms: Oxygen. Images were created using the PyMOL molecular graphics system.
Transition states for these molecules are reported in the Supporting Material Fig. S1. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

Table 1

Gibbs Free Energy and Enthalpy simulated barrier heights of forward and reverse reactions for BIPM-TDA and FM-TDA cycloadducts. Values were generated with the B3LYP [14-

16,26] functional and a 6-311G* basis set.

Reaction Barriers for AH,y, (kcal/mol)

Reaction Barriers for AG (kcal/mol)

Diels-Alder product T (°C) Reaction 25 40 60 80 25 40 60 80
BIPM-TDA Endo Forward 29.98 29.99 30.00 30.02 44.36 45.08 46.05 47.01
Reverse 28.24 28.25 28.27 28.29 26.82 26.74 26.65 26.55
BIPM-TDA Exo Forward 29.86 29.87 29.89 29.91 44.37 45.10 46.07 47.04
Reverse 27.72 27.74 27.76 27.78 26.69 26.64 26.57 26.49
FM-TDA Endo Forward 29.47 29.48 29.50 29.52 43.82 44.54 45.50 46.46
Reverse 27.84 27.85 27.88 27.89 26.39 26.32 26.22 26.12
FM-TDA Exo Forward 29.38 29.39 29.41 29.43 43.96 44.70 45.68 46.65
Reverse 27.35 27.37 27.39 27.40 26.33 26.28 26.21 26.14
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The different composition Fe30, and CoFe,0, nanoparticles
were analyzed via powder X-ray diffraction. Fig. 3 shows the
XRD pattern of CoFe,0,4 and Fe30,4 nanoparticles respectively. The
XRD patterns show a similar peak distribution with the different
nanoparticle compositions as seen with the peaks and its corre-
sponding Miller Indices. The crystallinity of the distinct composi-
tion nanoparticles (inverse spinel structure), allowed for a
conserved attachment chemistry to be utilized for the different
composition nanoparticles. Reported in the literature, different spi-
nel ferrites (MFe,04 with M = Co, Ni, Mn, or Fe) with an established
synthesis, show similar XRD patterns [27]. A Rietveld refinement
was performed on each set of nanoparticles. The refinement
revealed a size distribution of 7.9 + 0.2 nm in diameter for Fe;04
nanoparticles and a size distribution of 12.1 £ 0.1 nm in diameter
for CoFe,04 nanoparticles.

Magnetic hysteresis tests were performed on both Fe;04 and
CoFe,04 nanoparticles. In Fig. 4, the magnetization for the CoFe,04
nanoparticles is higher than the one for the Fe304 nanoparticles.
Given the SLP values obtained for the different magnetic nanopar-
ticles (Fig. 5), the hysteresis curves for the two compositions
nanoparticles correspond to an expected trend.

In order to demonstrate sequential release from the different
composition nanoparticles, AMF-RF conditions were assessed.
The magnetic field amplitude was measured using a Hall effect
sensor probe (details about these calculations are provided in the
Supporting Material). The specific loss power (SLP) values were
evaluated using a radiofrequency of 626.8 kHz and a magnetic field
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s (422)
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g —_— F9304
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Fig. 3. X-ray diffraction patterns for CoFe,O4 (in grey) and Fe;04 (in black)
nanoparticles.
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Fig. 4. Magnetic hysteresis curves for CoFe,04 and Fe30, nanoparticles. The inset
panel contains a zoom on the area of small magnetic fields.
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Fig. 5. Specific Loss Power values for the Fe30,4 and CoFe,04 nanoparticles at a radio
frequency of 626.80 kHz and a magnetic field strength of 20.0 kA m™'.

strength H, of 20.0 kA m~'. The Fe;04 nanoparticles used in this
study were 7.9 £ 0.2 nm in diameter, and the CoFe,0,4 nanoparti-
cles were 12.1 £+ 0.1 nm in diameter. The SLP values calculated
for Fe;0, and CoFe,0, nanoparticles were 78 and 355 W g~!
respectively (Fig. 5). These values are comparable to the ones pre-
viously reported in the literature for similar nanoparticles and
AME-RF systems [2,28,29].

In order to confirm successful modification of the different com-
position nanoparticles, Secondary Ion Mass Spectrometry (SIMS)
was performed on the modified Fe;0, and CoFe,0, nanoparticles
and products with the expected mass of each Diels-Alder linker
and fluorophore were found on the nanoparticles indicating suc-
cessful conjugation (Supporting Material Figs. S3 and S4).

Fluorescent release was measured for different sets of nanopar-
ticles with the thiophene based Diels-Alder linkers. In Fig. 6,
release of fluorescein maleimide from the modified CoFe,04 and
release of BIPM (post-derivatized) from the modified Fe;0, is
shown.

A significantly higher release rate of fluorophore was seen with
the cobalt iron oxide vs iron oxide nanoparticles at each time point,
which correlates with the CoFe,04 nanoparticles having a SLP
value higher than the Fe;0,4 nanoparticles.

To demonstrate sequential and controlled release, the different
composition modified nanoparticles were mixed in suspension
together and underwent hysteretic heating using AMF-RF stimula-
tion (Fig. 7). The fluorophore conjugated to the CoFe,0,4 nanoparti-
cles released before the one conjugated to the Fe304 nanoparticles
as predicted by the individual release profiles reported in Fig. 6.
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Fig. 6. Payload release from CoFe,0,4 nanoparticles conjugated with FM-TDA linker
(in grey), and Fe304 nanoparticles conjugated with BIPM-TDA (in black). *Significant
differences (p < 0.05) when compared to the Fe;04 nanoparticles group at the same
time point.
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Fig. 7. Sequential payload release from CoFe,04 nanoparticles conjugated with FM-
TDA linker (in grey), and Fe;04 nanoparticles conjugated with BIPM-TDA (in black)
when both particle sets are combined in solution. *Significant differences (p < 0.05)
when compared to the Fe;04 nanoparticles group at the same time point.

The payload release rates between the two different nanoparticles
were statistically significant at the 10, 15 and 20 min time points.
In addition to the release studies using Diels Alder cycloadducts,
a control study was performed using a similar conjugation chem-
istry to verify that the payload release was triggered by the retro
Diels-Alder reaction under AMF-RF stimulation. In place of the
Diels Alder cycloadducts, the SAMSA fluorophore with an activated
thiol was conjugated to CoFe,0,4 nanoparticles via the Sulfo-SMCC
linker (Supporting Material Figs. S5 and S6). Samples were pre-
pared at a nanoparticle concentration of 0.1 mg/mL, submitted to
AMF-RF hysteretic heating, and the supernatant fluorescence was
measured at the 0, 5, 10, 15 and 20 min time points (Supporting
Material Fig. S7). Less than 2% of the fluorescent payload was
released for all the time points, showing the stability of the first
two attachment steps on nanoparticles as illustrated in Fig. 1.

Hysteretic heat dissipation from magnetic nanoparticles MFe,-
04 (M = Fe, Co) using alternating magnetic field radio frequency
(AMF-RF) has been theoretically and experimentally investigated
[28]. The SLP values for different nanoparticle compositions can
be attributed to the size, shape, and composition of the different
nanoparticles?. A difference in composition nanoparticles and SLP
values for different size (i.e. 7.9 nm in diameter for the Fe;04
nanoparticles and 12.1 nm for the CoFe,0,4) were evaluated in this
study. For future biological applications, hysteretic heating using
parameters with alternating magnetic fields <20 kA m~! and radio
frequencies <1 MHz would need to be met [28,30]. The coil and
particular heating parameters chosen for this study resulted in a
rapid point heating of the nanoparticles (Supporting Material
Fig. S8), triggering the retro Diels-Alder cycloadduct cleavage,
and the release of the fluorophore payload. Having a predictive
and experimental model of SLP values for nanoparticles, allows
the experimenter to tailor NP systems for specific applications.

Different composition ferrite nanoparticles have been shown in
the literature to have similar crystallinity [27]. The similar crystal
structure for the different composition nanoparticles allowed for
a conserved attachment chemistry. This allowed for a chemical
modification and attachment technique to be broadly applied to
MFe,04 (M = Fe, Co, Mn) nanoparticles, which can be similarly
modified. This, while providing different hysteretic heating profiles
which can be tailored to create a payload delivery system matched
to a specific application.

In this study, a Diels Alder thiophene cycloadduct was used, and
sequential release of fluorophores was observed. Given the results,
this delivery system could be utilized for multiplexed spatiotem-
porally controlled payload delivery using different nanoparticle
compositions and specific AMF-RF conditions to control payload

release rates. An effective way of utilizing this easy to make deliv-
ery system, would be to put the primary payload onto the CoFe,04
nanoparticles, and the secondary payload onto the Fe304 nanopar-
ticles. The sequential release would occur by AMF-RF stimulation
of the different nanoparticle composition using the same Diels-
Alder linkers.

4. Conclusion

The results of the study demonstrate a controlled and pre-
dictable release of fluorophores from the surface of different com-
position magnetic nanoparticles. The CoFe,O, NPs with its
conjugated fluorescein Diels-Alder cycloadduct had a more rapid
release during hysteretic heating compared to the Fe;04 NPs with
its conjugated BIPM Diels-Alder cycloadduct. The differences in
release of the fluorophores can be attributed to the difference in
heating of the different composition nanoparticles. Given the
release profiles of the different fluorophores, analogous retro-
Diels-Alder cycloadducts can be used as tools for sequential pay-
load release. Using different composition (or size) nanoparticles
can create a range of release for a given time under AMF-RF stim-
ulation. The proposed delivery system advantages include ease of
use and spatiotemporal release of the desired payload over tar-
geted areas. The system provides an effective way of attaching dif-
ferent payloads to the surface of nanoparticles, with predictable
release at desired times by AMF-RF stimulation.
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