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a b s t r a c t 

In this study, we describe the development of an alternating magnetic field radiofrequency (AMF-RF) mediated 
siRNA delivery platform for the intracellular release of miRNA mimic in A549 cells. Iron oxide nanoparticles were 
synthesized with discrete chemical attachment sites for the conjugation of payloads. The delivery of the miRNA 
mimic was controlled by a thermally labile Diels-Alder linker, tethering the oligonucleotide to the surface in 
an inactive state. The Diels Alder linker acted as an effective control switch to spatiotemporally deliver the 
therapeutic payload via AMF-RF stimulation. Using confocal microscopy imaging, we demonstrated nanoparticle 
uptake and controlled intracellular release of the miR-148b mimic from the nanoparticles when stimulated with 
AMF-RF. Additionally, cell viability and proliferation assays indicated a significant reduction in cancer cells 
compared to control groups. 
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. Introduction 

In the United States, lung cancer is responsible for over 100,000
eaths annually, with an economic cost estimated to be over 10 billion
ollars a year [1–3] . Lung cancer is the leading cause of cancer death
n the United States, responsible for 1 in 4 cancer deaths [3] . As the US
opulation ages and increases in size, the occurrence of lung cancer is
xpected to increase. While smoking cessation and control of relevant
nvironmental factors are the primary aspects to reduce the incidence
f lung cancer, an enormous need still exists for an effective and reliable
reatment for this disease [4 , 5] . Emerging new therapeutics may hold
he answer in addressing these issues. 
Over the last several decades, interfering RNA molecules known as

NAi have been examined as potential new therapeutics for treating
igh morbidity and mortality cancers. Short non-coding single stranded
NA (21-22 nucleotides) known as microRNA (miRNA) are involved in
he regulation of larger RNA molecules and modulate protein expression
n cells. These molecules have been investigated for their anti-cancer
roperties and use as potential therapeutics [6–11] . In addition, differ-
nt types of miRNA mimic nano-carriers have been used as delivery ve-
icles for cancer treatment. Strategies used to spatially and temporally
ontrol the delivery of miRNA mimics have been diverse and include vis-
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ble light, near-IR light, and ultrasound. For instance, miR-34a mimic
as encapsulated in poly(lactic-co-glycolic acid) (PLGA) with ammo-
ium bicarbonate, and near-IR light ( > 780 nm) was used for the con-
rolled release of miR-34a mimic and elimination of human prostate
ancer cells [12 , 13] . In another study using PLGA and ultrasound, con-
rolled delivery of miR-122 mimic, anti-miR-21 mimic, and doxorubicin
DOX) was used to treat liver cancer in mice [14] . Combinatorial ther-
py of miRNA mimics increased the efficacy of DOX and reduced tumor
ize [14–17] . 
Delivery of miR-148b mimic to transgenic mice with HRasG12V-

riven skin tumors using silver nanoparticles and light activation as a
elivery vehicle was reported [18] . The plasmonic nanoparticles gen-
rated heat via the photothermal effect after irradiation, causing the
iels-Alder cycloadduct on the nanoparticle surface to undergo a retro-
iels-Alder reaction releasing the conjugated miR-148b mimic payload.
his study provided a framework for the effective controlled delivery
nd release of the miR-148b mimic to a localized tumor using light ac-
ivation. 
Longer wavelengths of light have been used for the controlled de-

ivery of chemo-therapeutics. AMF-RF triggered delivery of anti-cancer
rugs such as doxorubicin (DOX) and erlotinib have also been investi-
ated [19 , 20] . Additionally, hyperthermia has been performed in cancer
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issues via magnetic nanoparticle heating, as well as combinatorial ther-
py [21 , 22] . Although these therapies have shown promise, they often
uffer from a multitude of drawbacks and limitations. 
Use of the appropriate alternating magnetic field radiofrequency

AMF-RF) triggered technology coupled with RNAi based therapeutics
ddresses many of the drawbacks of previous oligonucleotide delivery
ystems. The combination of AMF-RF and magnetic nanoparticles leads
o a localized heating of the nanoparticles. This enables the activation
f therapeutics with increased tissue penetration, reduced trapping of
eat in tissues, and use of biocompatible magnetic nanoparticles. Retro
iels-Alder reactions have a well-defined energy barrier which permits
 predictable controlled release [23] . This results in a more direct rela-
ionship between the energy delivered (in the form of hysteretic heat-
ng) and the amount of therapeutic released. Additionally, use of miRNA
imics compared to traditional chemotherapeutics has the advantages
f targeting multiple conserved pathways, and decreasing off-target ef-
ects when coupled with a delivery vehicle that enables tissue-specific
argeting [24] . 
In this study, the controlled release of miR-148b mimic using AMF-

F triggered release in A549 non-small cell lung cancer cells was inves-
igated. This research sought to build on previous work in controlled
elivery of miRNA mimics [18] . miR-148b mimic was tethered to the
urface of magnetic iron oxide nanoparticles using a Diels-Alder cy-
loadduct. A549 cells were transfected with the magnetic nanoparticle-
iRNA mimic conjugates. The modified nanoparticles were then excited
sing an externally applied alternating magnetic field radiofrequency
o drive the hysteretic heating and induce the controlled release of the
iR-148b mimic intracellularly. 

. Materials and methods 

.1. Materials and reagents 

Iron (II) chloride tetrahydrate (98%), iron (III) chloride hexahy-
rate ( ≥ 98%), hydrochloric acid (HCl, ACS Reagent, 37%), ethanol
 ≥ 99.5%), nitric acid (ACS Reagent, 70%), ammonium hydroxide solu-
ion (NH 4 OH, ACS reagent, 28.0-30.0% NH 3 basis), dichloromethane
 > 99.8%), methanol (anhydrous, 99.8%), 2-furanmethanethiol (98%),
-maleimidohexanoic acid (90%), (3-aminopropyl)triethoxysilane
APTES, 99%), N-hydroxysuccinimide (NHS, 98%), methanol-d4
 ≥ 99.8 atom % D), Cell Counting Kit-8 (CCK-8), A549 cells (Human
aucasian Lung Carcinoma), and Proteinase K (from Tritirachium
lbum, ≥ 30 units/mg protein) were purchased from Millipore Sigma
St Louis, MO). Sodium hydroxide ( ≥ 98%) was acquired from Hon-
ywell Fluka (Morris Plains, NJ). Sulfo-SMCC (Sulfosuccinimidyl-4
N-maleimidomethyl) Cyclohexane-1-carboxylate) was obtained from
ierce Biotechnology (Rockford, IL). Dulbecco’s Phosphate Buffered
aline (PBS) was bought from Cytiva (Pittsburgh, PA). Fetal bovine
erum (FBS) was acquired from Corning (Corning, NY). Cell culture
ishes (35 mm diameter, glass bottom, 1 or 4 compartments) were
btained from Greiner Bio-One (Monroe, NC). LIVE/DEAD Viabil-
ty/Cytotoxicity kit, Quant-iT PicoGreen dsDNA assay kit, CellTracker
ed CMTPX Dye, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
ydrochloride (EDC), Dulbecco’s Modified Eagle Medium (DMEM),
pti-MEM Reduced-Serum Medium, antibiotic-antimycotic, DEPC-
reated water, and isopropanol ( ≥ 99.5%), were purchased from
hermo Fisher Scientific (Waltham, MA). Custom amine-modified
ligonucleotides (miR-148b: 5’ 6-FAM 2’OMe UCA GUG CAU CAC AGA
CU UUG U C6-NH2 3’) tagged with FAM (Fluorescein) were acquired
rom Integrated DNA Technologies (Coralville, IA). All reagents were
sed as received. 

.2. Computational methods 

All density functional theory (DFT) calculations were performed us-
ng the NWChem 6.8 software package [25] . All geometry optimizations
2 
nd frequency calculations were performed using the B3LYP functional
nd a 6-311g ∗ basis set [26–29] . The numerical grid settings were set
o extra fine and all optimizations were performed using tight conver-
ence criteria for the gradient, gradient maximum, root mean square,
nd Cartesian step maximum. A reduced atom model was used for the
aleimide to reduce computational effort and ensure no negative vi-
rational modes were found for the products and reactants, and just a
ingle negative vibrational mode for transition states. Transition state
earches were performed by using optimized structures of the reactants
nitially constrained to 2.4 Å apart measured at bond forming carbon
toms. The thermodynamic data was obtained during the normal mode
nalysis simulations at 25, 40, 60, and 80 °C. All simulations were per-
ormed excluding any solvent effects. 

.3. Synthesis of Diels-Alder linker 

The cycloaddition reaction between 2-furanmethanethiol and 6-
aleimidohexanoic acid is illustrated in Fig. 1 . This Diels-Alder cy-
loadduct was synthesized as previously reported [23 , 30] . Briefly, 6-
aleimidohexanoic acid (1.6 g) was dissolved in methanol (10 mL) and
ichloromethane (10 mL) in a glass vial. 2-Furanmethanethiol (380 μL)
as then added to the mixture. The vial was sealed, protected from light
sing aluminum foil, and the reaction allowed to proceed for 7 days at
oom temperature under agitation. 

.4. Synthesis of iron oxide nanoparticles 

Iron oxide nanoparticles were synthesized by coprecipitation of Fe 2 + 

nd Fe 3 + ions in presence of NH 4 OH as previously reported [31–34] .
riefly, 2 mL of FeCl 2 . 4 H 2 O (0.93 g) dissolved in 1M HCl and 4 mL of
eCl 3 . 6H 2 O (2.16 g) dissolved in 1M HCl were combined with 54 mL
f deionized water in a round-bottom flask heated at 95 °C. NH 4 OH
12.5 mL of 28% NH 3 in H 2 O solution) was slowly added and the mix-
ure vigorously stirred for an hour. The solution was cooled down, and
M nitric acid was added to adjust the pH between 4 and 7. The mix-
ure was then allowed to incubate at room temperature for 24 h. The
anoparticles were separated from the supernatant by centrifugation
30 min, 1300 xg), and thoroughly washed three times with deionized
ater before getting dried. The X-ray diffraction patterns of the Fe 3 O 4 
anoparticles were obtained using a Malvern Panalytical Empyrean (3rd
en.) equipped with a Co source. Fe 3 O 4 nanoparticles were also char-
cterized using both an FEI Tecnai G20 20 XTWIN, and a Talos F200X
ransmission electron microscope with EDX mapping. The magnetiza-
ion of the nanoparticles was measured at 305 K using a Quantum De-
ign MPMS system. 

.5. Functionalization of nanoparticles 

The general functionalization protocol from unmodified iron oxide
anoparticles to nanoparticles functionalized with miR-148b mimic is
hown in Fig. 2 . 

.5.1. Silanization 

The iron oxide nanoparticles were first functionalized by silanization
ollowing a previously established procedure [35] . Briefly, 10 mg of iron
xide nanoparticles were dispersed by sonication in ethanol (20 mL) and
ater (133 𝜇L). APTES (5.4 𝜇L) was added to the mixture and the pH
djusted between 6 and 7 using 1M HCl. The sealed polypropene tube
ontaining the solution was then placed on a rocker and mechanically
gitated for 7 h at room temperature. The nanoparticles were separated
rom the supernatant after centrifugation (10 min, 1200 xg), redispersed
y sonication in anhydrous ethanol, and these washing steps repeated
hree times. After the final wash, the nanoparticles were dried under
acuum at room temperature for 8 to 12 h. 
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Fig. 1. (a) Cycloaddition reaction between 2-furanmethanethiol and 6-maleimidohexanoic acid. (b) Gibbs free energy and enthalpy reaction barriers generated from 

B3LYP/6-311G ∗ theory. (c) Structures of endo and exo products for FDA used for B3LYP/6-311G ∗ computation. Black atoms: Carbon; White: Hydrogen; Yellow: Sulfur; 
Blue: Nitrogen; Red: Oxygen. Images rendered using the software PyMOL. Transition states are reported in the Supplementary Material Fig. S1. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article). 
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.5.2. Conjugation of sulfo-SMCC 

Iron oxide nanoparticles modified with APTES were dispersed by
onication in ethanol (5 mL) and PBS (5 mL). The pH of the solution
as adjusted between 7.2 and 7.5 before adding Sulfo-SMCC (37 mg),
ealing the polypropene tube containing the solution, and mechanically
gitating it for 8 h on a rocker at room temperature. The nanoparticles
ere then centrifuged (10 min, 1200 xg), and washed with deionized
ater three times. 

.5.3. Conjugation of Diels-Alder linker 

Iron oxide nanoparticles previously modified with Sulfo-SMCC were
edispersed by sonication in a 70/30 (v/v) ethanol/water mixture
9 mL). The Diels-Alder solution (2 mL) prepared in advance was then
dded to the mixture. The pH of the solution was adjusted between 6.5
nd 7.5 using 1M NaOH. The mixture was protected from light using
luminum foil and mechanically agitated for 12 h. The nanoparticles
ere then centrifuged (10 min, 1200 xg) and washed three times with
sopropanol. 

.5.4. Conjugation of miRNA mimic 

miR-148b mimic was conjugated as previously described [18 , 30] .
ron oxide nanoparticles (5 mg) were resuspended by sonication in iso-
ropanol (4.5 mL) before adding EDC/NHS (500 μL of a stock 100 mM
olution in DI water). The mixture was mechanically agitated for 15 min
3 
efore adding the 3’ amine miRNA mimic (50 μL of a stock 100 μM so-
ution in RNase-free water). The solution was placed on a rocker for 8
o 12 h to allow for covalent coupling. The nanoparticles were then
entrifuged (10 min, 1200 xg), washed once with RNase-free water,
nd three times with sterile PBS prior to use. Zeta potential measure-
ents of the nanoparticles were carried out in PBS with a Malvern
etasizer Nano ZS to monitor the change in surface charge at each
onjugation step. 

.6. Immersion heating 

Iron oxide nanoparticles functionalized with miR-148b mimic FAM
ere redispersed in PBS at a concentration of 50 ppm. Sealed micro-
entrifuge tubes with 1 mL of nanoparticles in PBS were prepared and
eated in an oil bath at 80 °C for 4 h to trigger the retro Diels-Alder re-
ction and release the miR-148b mimic [23] . After immersion heating,
amples were centrifuged (10 min, 1200 xg), and three 200 μL aliquots
f the supernatant were pipetted per sample into a 96-well plate. To
valuate the amount of miR-148b mimic released by the retro Diels-
lder reaction ( Fig. 2 ), the fluorescence intensity of the FAM conju-
ated to the miR-148b mimic was measured in each well at 495/520 nm
Excitation/Emission) using a Molecular Devices Spectramax M5 Mi-
roplate/Cuvette Reader. 
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Fig. 2. (1–3): multistep functionalization of Fe 3 O 4 nanoparticles. Successive silanization step with APTES, conjugation of Sulfo-SMCC, conjugation of Diels-Alder 
linker FDA, and conjugation of a 3’ Amine siRNA. (4): retro Diels-Alder cleavage reaction triggered by the AMF-RF hysteretic heating and release of the maleimide 
with conjugated siRNA. 
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.7. AMF-RF hysteretic heating 

Iron oxide nanoparticles functionalized with miR-148b mimic were
edispersed in PBS. The concentration of the nanoparticles was 50 ppm,
nd the concentration of the miR-148b mimic with FAM was 20 nM.
ealed microcentrifuge tubes with 1 mL of nanoparticles in PBS were
repared and underwent AMF-RF hysteretic heating using a nanoTh-
rics magneTherm [31 , 34] . The radiofrequency was 628 kHz, the DC
ower supply current was 7.5 A, and the DC power supply voltage was
1 V. The AMF-RF coil used had a 50 mm diameter and 17 turns. The
lternating Magnetic Field Strength and the Specific Loss Power were
etermined as previously described [31 , 34 , 36 , 37] . and detailed proto-
ols with equations are reported in the Supplementary Material . The
ystem was quasi-adiabatic, the heating device was connected to a re-
irculating water cooler which maintained the coil temperature at 15 °C
uring the operation of the equipment. The sample was encased in a
tyrofoam receptacle before being inserted in the center of the coil. The
ample was consequently evenly heated while also being isolated from
4 
ny external heat transfer. 4 min, 8 min, 12 min, 16 min, 20 min, and
4 min were compared as durations for the AMF-RF exposure of the
amples. Immediately after hysteretic heating, samples were centrifuged
10 min, 1200 xg), and three 200 μL aliquots of the supernatant were
ipetted per sample into a 96-well plate. To evaluate the amount of
iR-148b mimic released by the retro Diels-Alder reaction ( Fig. 2 ), the
uorescence intensity of the FAM conjugated to the miR-148b mimic
as measured in each well at 495/520 nm (Excitation/Emission) using
 Molecular Devices Spectramax M5 Microplate/Cuvette Reader. 

.8. Cell culture 

A549 cells (Human Caucasian Lung Carcinoma) were cultured in
MEM supplemented with 10% fetal bovine serum and 1% antibiotic-
ntimycotic. Cell culture flasks were kept in a humidified incubator at
7 °C with 5% CO 2 . All experiments were performed with cells at pas-
age 3 or 4. 
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.9. Cell viability and proliferation assays 

Cell viability was assessed using either a LIVE/DEAD Viabil-
ty/Cytotoxicity assay or a Cell Counting Kit-8 (CCK-8, WST-8 based)
ccording to the manufacturer’s protocols. For the LIVE/DEAD assay,
ells were washed with PBS and incubated at 37 °C for 30 min with a
 𝜇M calcein AM and 4 𝜇M EthD-1 working solution. Cells were then im-
ged with an Olympus IX73 fluorescence microscope (Olympus, Center
alley, PA). ImageJ (NIH, Bethesda, MD) was used for image process-
ng. Total DNA content was used to determine the cell count as pre-
iously described [38] . Proteinase K at a concentration of 0.5 mg/mL
as added to the wells and plates were incubated overnight at 56 °C
o lyse the cells and release their DNA content. A PicoGreen dsDNA as-
ay kit was used according to the manufacturer’s recommendations to
uantify the amount of dsDNA per sample. Equal volumes of PicoGreen
sDNA reagent were combined with the volumes of the wells and the
uorescence intensity was then measured in each well at 480/520 nm
Excitation/Emission) using a Molecular Devices Spectramax M5 Mi-
roplate/Cuvette Reader. 

.10. AMF-RF mediated release of miR-148b mimic in A549 cells 

A549 cells were seeded in 35 mm glass-bottom cell culture dishes (4
ompartments) at a density of 0.02 × 10 6 cells per compartment. After
4 h, the complete DMEM medium was removed and the cells were
ransfected with the modified nanoparticles (400 μL, 200 ppm, 50 nM
iR-148b mimic concentration) or unmodified nanoparticles (400 μL,
00 ppm) in Opti-MEM medium. Cells were allowed to incubate for an
our prior to AMF-RF exposure (23 min exposure time, radiofrequency
f 628 kHz, and 21.6 kA/m magnetic field strength). The cell culture
edium in the dishes was then replaced with some fresh Opti-MEM. Cell
iability and proliferation assays were performed 24 h after exposing the
ells to AMF-RF. 

.11. Confocal microscopy for intracellular uptake and release 

A549 cells were stained with CellTracker Red CMTPX Dye and
eeded in 35 mm glass-bottom cell culture dishes at a density of
.4 × 10 6 cells per well. After 24 h, the complete DMEM medium was
emoved and the cells were transfected with the modified nanoparticles
400 μL, 200 ppm, 50 nM miR-148b mimic concentration) in Opti-MEM
edium. Cells were allowed to incubate for an hour prior to AMF-RF
xposure for 23 min using the same RF parameters as described in the
revious section. The cell culture media in the dishes was then replaced
ith some fresh Opti-MEM, and the cells were imaged using a Zeiss LSM
80 confocal microscope with FLIM (Zeiss, Oberkochen, Germany). 2
roups were compared to evaluate the intracellular release of the fluo-
escently labeled miR-148b mimic: cells unstimulated and cells stimu-
ated with AMF-RF. The Mander’s coefficient was calculated using the
oftware FIJI as previously described [30] . The background subtraction
as performed by selecting a region of interest and subtracting it from
he image. The threshold was calculated before running the Coloc 2 plu-
in. The threshold accounted coefficient for the green channel in which
he miR-148b mimic fluorescent label was imaged was specifically used
or reporting. 

.12. Statistical analysis 

Quantitative results were expressed as mean values ± standard de-
iation (SD). Sample size (n) is indicated in the figure legends. Statisti-
al analysis was performed via two-way analysis of variance (ANOVA),
ollowed by Tukey’s post hoc testing. Statistical significance was set at
 < 0.05. The software GraphPad Prism 8 was used for all statistical
nalyses. 
5 
. Results and discussion 

.1. Characterization of nanoparticles 

The reaction yield for the multistep functionalization of iron ox-
de nanoparticles shown in Fig. 2 was 19.2 %. The conjugation effi-
iency of the miR-148b mimic was 8.4 % and the miRNA mimic load-
ng was 2.5 × 10 − 10 moles per mg of iron oxide nanoparticles (calcu-
ations detailed in the Supplementary Material ). Transmission elec-
ron microscopy (TEM) imaging and X-ray diffraction (XRD) analysis
ere performed on the synthesized iron oxide nanoparticles to deter-
ine their size and composition ( Fig. 3 ). The TEM images revealed that
he nanoparticles had a nearly spherical shape with sizes ranging from 5
o 15 nm diameter. The Miller indices from the XRD analysis indicated
hat the nanoparticle sample was composed of magnetite (Fe 3 O 4 ) with a
hase purity over 95%. A Rietveld refinement was performed using the
nalysis software Jade, and the size of the nanoparticles was estimated
o be 10.1 ± 0.5 nm in diameter. This value is in agreement with pre-
ious studies that reported on iron oxide nanoparticles synthesized by
oprecipitation of Fe 2 + and Fe 3 + ions following the protocol established
y Massart et al [32 , 33 , 39] . 
The magnetic hysteresis curves of the synthesized Fe 3 O 4 nanoparti-

les are shown in Fig. 3 . The magnetic saturation (Ms) observed for these
anoparticles was 77 emu/g. A correlation exists between particle size
nd magnetic properties of iron oxide nanoparticles [40] . This can have
 direct effect on the hysteretic heating of the magnetic nanoparticles
ince the hysteretic losses are dependent on the magnetic saturation and
he anisotropy barrier. Previous studies with iron oxide nanoparticles in
ize ranging from 9.1 to 13.1 nm in diameter reported Ms between 70
o 90 emu/g, in agreement with the value we observed [41] . 
Density functional theory (DFT) calculations were used to deter-
ine the forward and reverse energy barriers for the furan-based cy-
loadduct (named FDA) used in this study [42 , 43] . The enthalpy and
ibbs free energy barriers predicted at different temperatures are re-
orted in Fig. 1 along with the PyMOL [44] rendered images ob-
ained from the B3LYP/6-311G ∗ computations [26–29] . FDA was pu-
ified by reversed-phase high performance liquid chromatography (RP-
PLC) and characterized by NMR spectroscopy and electrospray ion-
zation mass spectrometry (ESI-MS) as reported in the Supplementary
aterial . 
Additionally, zeta potential measurements were performed to mon-

tor the multistep functionalization process of the Fe 3 O 4 nanoparticles
 Fig. 3 ). The changes in surface charge demonstrated the successive
onjugation of the Diels-Alder linker and miR-148b mimic. The zeta po-
ential was increasingly negative as a result of the sequential addition
f these molecules to the iron oxide nanoparticles. The largest change
n zeta potential was seen with the addition of the final nucleic acid ad-
ition as a result of the negative charge on the backbone, in agreement
ith previous nucleic acid functionalization studies [30 , 45] . 

.2. Specific loss power (SLP) as a function of radiofrequency 

Specific loss power (SLP) generated by the magnetic iron oxide
anoparticles were determined from calorimetric heating measurements
calculations detailed in the Supplementary Material ) [37] . A range
f different alternating magnetic field radiofrequencies (AMF-RF) were
ompared to see which one achieved the maximum hysteretic heating
f the iron oxide nanoparticles ( Fig. 4 ). A radiofrequency increase re-
ulted in a SLP increase with a maximum reached at 628 kHz, with a
orresponding alternating magnetic field strength of 21.6 kA/m (cal-
ulations detailed in the Supplementary Material ). In clinical appli-
ations involving hyperthermia, a radiofrequency under 300 kHz and
ntensities under 16 kA/m are recommended to avoid eddy currents
nd non-specific heating of tissues [46] . As this is a proof-of-concept
tudy evaluating the controlled release of miR-148b mimic in vitro , the
28 kHz radiofrequency and magnetic field strength of 21.6 kA/m were
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Fig. 3. Characterization of iron oxide nanoparticles. (a) 
Magnetic hysteresis curves with a zoom in the area of small 
magnetic fields in the inset panel. (b) X-ray diffraction pat- 
terns with representative index on typical peaks. (c) Trans- 
mission electron microscopy image of unmodified iron ox- 
ide nanoparticles. Additional images and EDS mapping are 
available in the Supplementary Material Fig. S2. (d) Zeta 
potential of nanoparticles during the different steps of the 
modification process ( n = 4 per group). A, B, C, D, and E 
refer to the nanoparticle functionalization steps as labeled 
in Fig. 2 . E represents the nanoparticle after conjugation of 
miR-148b mimic. ∗ ∗ ∗ ∗ Significant difference ( p < 0.0001). 

Fig. 4. Specific Loss Power (SLP) as a function of the AMF radiofrequency ( n = 3 
per group). ∗ ∗ Significant difference ( p < 0.01) when compared to 628 kHz. 

m  

S  

S  

o  

[

3

 

c  

R  

m  

t  

q  

o  

a  

o  

s  

I  

p  

t  

%  

o  

Fig. 5. miR-148b mimic release from iron oxide nanoparticles after AMF-RF 
hysteretic heating at 21.6 kA/m and 628 kHz ( n = 3 per group). ∗ Significant 
difference ( p < 0.05) when compared to 24 min. 
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aintained for the rest of the experiments. With these parameters, the
LP measured for the iron oxide nanoparticles was 110 ± 29 W/g. This
LP value was in agreement with those previously reported for iron
xide nanoparticles of similar size under comparable AMF parameters
22 , 31 , 32 , 34 , 39] . 

.3. AMF-RF mediated release of miR-148b mimic from nanoparticles 

After determining the optimum AMF radiofrequency, nanoparticles
onjugated with FAM labeled miR-148b mimic were exposed to AMF-
F for different times to evaluate the release profile of the miR-148b
imic ( Fig. 5 ). The release study was performed with sealed microcen-
rifuge tubes encased in a custom-made Styrofoam insert to maintain a
uasi-adiabatic isolation. The total release was defined as the amount
f miR-148b mimic FAM released after immersing the nanoparticles in
n oil bath at 80 °C for 6 h ( Supplementary Material Fig. S3 ). Previ-
us release studies using a similar furan Diels-Alder linker conjugated to
ilver nanoparticles showed a complete release after 2 h at 80 °C [23] .
ron oxide nanoparticles were exposed to AMF-RF for up to 24 min. The
ayload release began to plateau after 16 min (59.7 ± 3.5 %), and no sta-
istical difference could be observed in the release at 20 min (61.9 ± 4.6
) or 24 min (66.3 ± 3.9 %). This phenomenon has been previously
bserved in studies where Diels-Alder linkers have been used for con-
6 
rolled payload release [23 , 31 , 34] . This plateau in release could be due
o differences in the reverse reaction energy barriers of the Diels-Alder
ndo and exo isomers resulting in preferential cleavage of one isomer at
he achieved temperature as reported in Fig. 1 . 

.4. Intracellular uptake and payload release 

Intracellular release experiments were conducted to confirm
anoparticle uptake in A549 cells and controlled miR-148b mimic re-
ease inside the cells. A549 cells were stained with Cell Tracker Red
MTPX Dye to provide a cytosolic contrast to the FAM labelled miRNA
imic, enabling quantification via Mander’s overlap coefficient. These
wo specific fluorophores were used to limit overlap between the sig-
als when cells were imaged using confocal microscopy. Fig. 6 illus-
rates the colocalization (overlap) existing between the red (Cell Tracker
ed dye) and green (FAM on miR-148b mimic) fluorescence of the non
MF-RF activated group versus the AMF-RF activated group. The non
MF-RF activated group showed relatively weak fluorescence from the
AM and poor colocalization between the Cell Tracker Red and the flu-
rescence emitted from the fluorophore (Mander’s Coefficient = 0.42).
his is due to the fluorophore being attached to the nanoparticle and not
iffused throughout the cell. After AMF-RF activation, the green fluores-
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Fig. 6. (a) Confocal microscopy images of 
A549 cells comparing non AMF-RF activated 
cells and AMF-RF activated cells. The Red 
CMTPX cytosolic dye is visible in the Red Chan- 
nel while the FAM conjugated to the miR- 
148b mimic is visible in the Green Channel. 
(b) Images were analyzed using the Mander’s 
coefficient to determine overlap between the 
green and red channels for both non AMF- 
RF and AMF-RF groups ( n = 7 per group). 
∗ ∗ ∗ Significant difference ( p < 0.001) (For in- 
terpretation of the references to color in this 
figure legend, the reader is referred to the web 
version of this article). 

Fig. 7. (a) Representative LIVE/DEAD staining of A549 cells 24 h after AMF-RF exposure. Scale bar = 200 μm. (b) Total cell number (PicoGreen dsDNA assay) 24 h 
after AMF-RF exposure ( n = 3 per group). ∗ ∗ ∗ Significant difference ( p < 0.001). 
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ent signal increased drastically, and colocalization or overlap between
he FAM and Cell Tracker Red increased significantly (Mander’s Coeffi-
ient = 0.69). The increase in fluorescent intensity is likely a result of a
eduction in metal induced quenching as the nucleic acid and associated
uorophore diffuse away from the particle after release [47] . This can
e seen qualitatively in Fig. 6 . In the non AMF-RF activated groups, the
reen channel showed sparse punctate FAM fluorescence (false colored
reen). These experiments indicated a controlled intracellular release
f the miR-148b mimic from the iron oxide nanoparticles in response to
MF-RF stimulation. 

.5. AMF-RF mediated release of miR-148b mimic in A549 cells 

Cell viability and proliferation assays were performed 24 h after
MF-RF exposure ( Fig. 7 ). The results of the LIVE/DEAD staining and
f the PicoGreen dsDNA assays were in agreement with each other. The
eduction in viable cells is visualized qualitatively with the Live/Dead
taining ( Fig. 7 a ). A quantitative assessment showed that A549 cells
ransfected with iron oxide nanoparticles conjugated with miR-148b
imic and exposed to AMF-RF resulted in a significantly lower num-
er of viable cells (14353 ± 1291) compared to the untreated group
68411 ± 2169), group with unmodified nanoparticles (37898 ± 3877),
r group with nanoparticles conjugated with miR-148b mimic but
ot exposed to AMF-RF (41936 ± 3576) ( Fig. 7 b ). Additionally, less
anoparticles could be observed in the experimental group exposed to
MF-RF. It is most likely the result of an increase in cell death result-
ng in internalized iron oxide nanoparticles being removed from dishes
long with dead cells prior to imaging. Cell viability was also assessed
sing a CCK-8 (WST-8 based) assay ( Supplementary Material Fig. S4 ),
nd the results obtained were in agreement with the LIVE/DEAD stain-
7 
ng and the PicoGreen dsDNA assays ( Fig. 7 ). Cell viability as a function
f nanoparticle concentration or AMF-RF activation was also investi-
ated ( Supplementary Material Figs. S5 and S6 ). 
The mechanism and site of delivery of the miRNA mimic is as impor-

ant as the miRNA mimic chosen to treat the intended cancer. In non-
mall cell lung cancer cells, the expression of miR-148b was observed to
ownregulate the expression of a variety of essential cellular proteins.
ne class of proteins in which miR-148b has demonstrated to affect in
on-small cell lung cancer (NSCLC) cells are cell adhesion molecules
CAMs) [48–52] . Cell adhesion molecules are responsible for cell-cell
ttachment, attachment of cells to surfaces, and migration of cells to
ther areas of the body. Heightened amounts miR-148b in NSCLC cells
specifically A549) contribute to a decrease in ALCAM and E-Cadherin
evels, while increasing N-Cadherin levels. Subsequently, the amount of
iR-148b inside these cells were found to be inversely proportional to
he survivability of these cell types. 

Temporal controlled release of miR-148b mimic in A549 cells has
een demonstrated in this study. The chosen AMF-RF conditions and
uration of exposure resulted in localized heating of the nanoparticles,
leavage of the Diels-Alder cycloadduct and release of the miR-148b
imic intracellularly in A549 cells. The relatively high concentration of
anoparticles (200 ppm) used for this study was a compromise to in-
rease the concentration of the miR-148b mimic (50 nM) at the expense
f the inherent toxicity of the nanoparticles. Future work will take into
onsideration this limitation and focus on optimizing the loading effi-
iency of the miRNA mimic onto the nanoparticles. Increasing the size of
he iron oxide nanoparticles would also increase the specific loss power,
llowing use of a lower radiofrequency and more biocompatible AMF-
F parameters for in vivo studies. 
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. Conclusions 

In this study, we demonstrated a predictable and controlled release
f miR-148b mimic from the surface of iron oxide nanoparticles when
xposed to an externally applied alternating magnetic field radiofre-
uency (AMF-RF). Using confocal microcopy, controlled intracellular
elease of miR-148b mimic was demonstrated by comparing an AMF-
F exposed experimental group versus a non AMF-RF control. Addi-
ionally, the AMF-RF exposed group resulted in significantly less cell
iability than the non AMF-RF control. This observation indicated that
iR-148b mimic was affecting A549 cell viability. Overall, this mag-
etic siRNA nanocarrier demonstrated an effective and efficient way of
ttaching miRNA mimic payloads to the surface of iron oxide nanoparti-
les, with predictable release inside cells when exposed to an externally
pplied alternating magnetic field. 
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