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GRAPHICAL ABSTRACT

ABSTRACT

Investigation into the use of thermally reversible Diels-Alder chemistry coupled with magnetic 

iron oxide nanoparticles has grown over the last decade.  This technology has been used for a 

variety  of  applications  such  as  thermoresponsive  materials,  catalytic  chemistry,  and  drug 

delivery systems. In this study, we evaluate two distinct thermally labile Diels-Alder linkers for  

the  release  of  payloads  from  the  surface  of  magnetic  iron  oxide  nanoparticles.  Density 

functional  theory  (DFT)  computational  predictions  of  the  Gibbs  free  energy  and  enthalpy 

reaction barriers were performed and revealed a dramatic difference in reverse energy barriers 

between  the  two  linkers.  These  thiophene-based  cycloadducts  were  then  synthesized, 

conjugated to the surface of iron oxide nanoparticles, and characterized by NMR and ESI-MS. 

The  results  of  the  modeling  were  confirmed  when  the  functionalized  nanoparticles  were 

subjected to immersion heating and the payload release rates observed were in agreement with  

the DFT calculations. Similarly, AMF-RF hysteretic heating of the functionalized nanoparticles 

revealed payload release rates that correlated with the DFT calculations and the data from the 

heat  immersion  studies.  Together,  these results  indicate  that  these distinct  thermally  labile  

Diels-Alder linkers can be used to fine-tune the kinetics of payload release from nanoparticles.

2



KEYWORDS

Diels-Alder; Click chemistry; Alternating magnetic field; Controlled release; Iron oxide; Magnetic 

nanoparticles.

1. INTRODUCTION

Thermally reversible Diels-Alder chemistry used in combination with iron oxide nanoparticles 

have been investigated over the last decade for a variety of applications including thermally 

responsive self-healing nanocomposites,1-3 drug delivery systems,4-12 catalytic chemistry,13, 14 and 

macromolecular materials.15 Magnetic nanoparticles can be used to modulate Diels-Alder and 

retro Diels-Alder reactions through localized heating via Brownian motion and Neel relaxation 

mechanisms when stimulated by an externally applied alternating magnetic field radiofrequency 

(AMF-RF).16 The heat generated by the magnetic nanoparticles promotes the Diels-Alder or retro 

Diels-Alder reaction on their surface. In a recently reported study, iron oxide nanoparticles and 

Diels-Alder cycloadducts were conjugated to form a thermally responsive material.17 Using iron 

oxide nanoparticles with anchored phosphonic acid groups, a network of furan-maleimide Diels-

Alder cycloadducts was connected to discrete iron oxide nanoparticles. The resulting material 

underwent  retro  Diels-Alder  reactions  and  decompositions  at  120  °C  as  demonstrated  by 

differential scanning calorimetry. Having reversible cross-linked networks, with cross-linked iron 

oxide magnetic nanoparticles would be a significant benefit in self-healing and drug releasing 

technology.

Given the ease and specificity in which they occur, Diel-Alder reactions have been labeled “click  

chemistry” reactions.18 Iron oxide nanoparticles and Diels-Alder linkers have been reported in 

the literature to form supramolecular complexes.15 The Diels-Alder modified nanoparticles were 

attached to larger silica dioxide nanoparticles at multiple attachment points. For disassembly of  

the modified iron oxide nanospheres, the particles were heated up to 130 °C in DMSO for 24 
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hours. The attachment efficiency and release rates of the spheres were dependent on the Diels-

Alder cycloadducts linking the discrete nanoparticles together. Decreasing the energy barriers of 

the retro Diels-Alder would allow for either heat immersion or AMF-RF heating to dislocate the 

modified iron  oxide  nanoparticle  spheres.  Lowering  the  energy  barrier  of  release  for  these 

spheres  could  be  accomplished by  using  different  Diels-Alder  cycloadducts.  Benefits  of  this 

technology have been reported in the literature and have possible applications in optics (i.e. 

imaging), catalysis, or medicine.19-24

In another study comparing Diels-Alder cycloadducts, substituting the central atom (N, O, or S) 

of  the diene had dramatic consequences  in  terms of  reverse  energy  barriers.25 Similarly,  in 

studies using similar cycloadducts on the surface of silver nanoparticles, the payload release 

rate after light activation and photothermal heating was correlated to the diene that was used 

to initially  form the cycloadduct.26 The  experimental  results  showed that  the pyrrole  based 

Diels-Alder cycloadduct had the largest percentage of total release followed by the furan and 

lastly the thiophene-based cycloadduct,  in correlation with the predicted energy barriers by 

density functional theory (DFT) calculations. Additionally, two different follow up studies were 

performed demonstrating controlled payload release using light activation  in vitro and  in vivo 

with silver nanoparticles and a furan-based Diels-Alder linker.27, 28

Studies demonstrating retro Diels-Alder mediated payload release using magnetic nanoparticles 

have also been reported.5, 29 In one study,5 the energy barriers of thiophene-based Diels-Alder 

linkers  were  modeled  using  DFT.  The  payload  release  rates  from  the  surface  of  magnetic  

nanoparticles were predicted from these calculations and aligned with the specific loss power 

(SLP) values from the different magnetic nanoparticles used. A similar study demonstrated that 

a furfuryl modified iron oxide nanoparticle could release a rhodamine payload through a retro  

Diels-Alder reaction when heated above 60 °C.29

In this study, we further develop the previously investigated5,  26 maleimide-based Diels-Alder 

cycloadducts  but  with  two singular  thiophene-based dienes:  2-Thiophenemethanethiol  (T-1) 
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which  was  obtained  commercially  and  4,5-Dimethyl-N-(2-sulfanylethyl)-2-

thiophenecarboxamide (T-2) which was synthesized (Figure 1). To the best of our knowledge, 

the thiophene T-2 that was produced for this study has never been reported in the literature 

before. The retro Diels-Alder reactions with TDA-1 and TDA-2 were examined and compared on 

the surface of Fe3O4 nanoparticles. Using density functional theory calculations, the forward and 

reverse energy barriers for these cycloadducts were predicted. TDA-1 had a high reverse energy 

barrier,  while  TDA-2  possessed  a  low one.  Heat  immersion  and  AMF-RF  hysteretic  heating 

experiments were then performed on the modified nanoparticles, with payload release rates 

correlating with the predicted DFT calculated energy barriers. Additionally, Zeta potentials were 

determined for each type of modified iron oxide nanoparticles,  demonstrating characteristic 

surface charge for the two different Diels-Alder cycloadducts.

2. MATERIALS AND METHODS

2.1 Reagents

Iron (II)  chloride tetrahydrate (98%), iron (III)  chloride hexahydrate (≥98%), hydrochloric acid 

(HCl,  ACS  Reagent,  37%),  (3-aminopropyl)triethoxysilane  (APTES,  99%),  dichloromethane 

(>99.8%), methanol (anhydrous, 99.8%), dimethyl sulfoxide (anhydrous DMSO, ≥99.9%), sodium 

carbonate  (≥99.5%), 4,5-dimethylthiophene-2-carboxaldehyde  (97%),  cysteamine(95%), N,N-

dimethylformamide  (anhydrous,  99.8%),  chloroform  (≥99.5%),  ethanol  (≥99.5%),  potassium 

permanganate  (ACS  Reagent,  ≥99.0%),  N-hydroxysuccinimide  (NHS,  98%),  N,N’-

dicyclohexylcarbodiimide (99.0%), acetic acid (ACS Reagent, ≥99.7%), nitric acid (ACS Reagent,  

70%), ammonium  hydroxide  solution  (NH4OH,  ACS  reagent,  28.0-30.0%  NH3 basis),  tris(2-

carboxyethyl)phosphine hydrochloride solution (TCEP,  0.5 M,  pH 7.0 aqueous solution),  and 

methanol-d4 (≥99.8 atom % D) were purchased from Millipore Sigma (St Louis, MO). Sodium 

sulfite (ACS Reagent, ≥98%) and sodium hydroxide (≥98%) were acquired from Honeywell Fluka 

(Morris  Plains,  NJ). Fluorescein-5-maleimide  was  obtained  from  Thermo  Fisher  Scientific 

(Waltham,  MA),  Sulfo-SMCC  (Sulfosuccinimidyl-4(N-maleimidomethyl)  Cyclohexane-1-

carboxylate) from Pierce Biotechnology (Rockford, IL), potassium phosphate monobasic (1.5 M) 
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from  Rigaku  Reagents  (Bainbridge  Island,  WA),  tert-Butyl  alcohol  (99%)  from  Alfa  Aesar 

(Tewksbury, MA), Dulbecco’s Phosphate Buffered Saline (PBS) from Cytiva (Pittsburgh, PA), and 

2-thiophenemethanethiol  (>95%) from TCI  America (Portland, OR). All  reagents and solvents 

were used as received.

2.2 Computational methods

All DFT calculations were performed using the NWChem 6.8 software package. 30 All geometry 

optimizations and frequency calculations were performed using the B3LYP functional and a 6-

311g* basis set.31-34 The numerical grid settings were set to extra fine and all optimizations were 

performed using tight  convergence criteria  for  the gradient,  gradient  maximum, root  mean 

square, and Cartesian step maximum. A reduced atom model was used for the maleimide to 

reduce computational  effort  and ensure no negative vibrational  modes were found for  the 

products  and  reactants,  and  just  a  single  negative  vibrational  mode  for  transition  states. 

Transition state searches were performed by using optimized structures of the reactants initially 

constrained to 2.4 Å apart measured at bond forming carbon atoms. The thermodynamic data 

was  obtained  during  the  normal  mode  analysis  simulations  at  25,  40,  60,  and  80  °C.  All 

simulations were performed excluding any solvent effects.

2.3 Synthesis of Diels-Alder linkers

Two  different  dienes  were  used  in  this  study:  2-Thiophenemethanethiol  (T-1)  which  was 

obtained  commercially  and  4,5-Dimethyl-N-(2-sulfanylethyl)-2-thiophenecarboxamide  (T-2) 

which was synthesized  as  described in  the  Supporting Material  Figure  S1.35,  36 The  general 

cycloaddition  reaction  between  a  thiophene-based  diene  and  fluorescein  maleimide  is 

illustrated in  Figure 1.  TDA-1 was synthesized following a previously reported protocol  with 

some minor modifications.5 Briefly, 0.36 μL of T-1 was combined with 5 mL of methanol in a  

glass vial.  The pH of the solution was adjusted between 3.5 and 4 by addition of 1 M HCl.  

Fluorescein maleimide (2 mg) was then added to the glass vial prior to closing it, wrapping it in  

aluminum foil and heating it at 60 °C for 3 days. For the synthesis of TDA-2, 1.4 mg of T-2, 5 μL 

of TCEP, and 5mL of methanol were mixed in a glass vial. The pH was lowered between 3.5 and  
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4 by addition of 1 M HCl. Fluorescein maleimide (2 mg) was then added to the mixture. The 

glass vial was sealed, protected from light using aluminum foil, and heated at 60 °C in an oil bath 

for 3 days. The structures of TDA-1 and TDA-2 are reported in Figure 1. Both cycloadducts were 

purified by column chromatography and characterized by NMR spectroscopy and electrospray 

ionization mass spectrometry (ESI-MS) as reported in the Supporting Material.

Figure 1. a) General cycloaddition reaction between a thiophene-based diene and fluorescein 

maleimide. b) Structures of both cycloadducts named TDA-1 and TDA-2 used in this study.

2.4 Synthesis of nanoparticles

Fe3O4 nanoparticles were synthesized by coprecipitation of Fe2+ and Fe3+ ions in presence of 

NH4OH as previously reported.4, 5, 37 Briefly, 2 mL of FeCl2 . 4 H2O (0.93 g) dissolved in 1M HCl and 

4 mL of FeCl3 . 6H2O (2.16 g) dissolved in 1M HCl were combined with 54 mL of deionized water 

in a round-bottom flask heated at 95 °C. NH4OH (12.5 mL of 28% NH3 in H2O solution) was slowly 

added and the mixture vigorously stirred for an hour. The solution was cooled down, and 1M 

nitric acid was added to adjust the pH between 4 and 7.  The mixture was then allowed to 
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incubate at room temperature for 24 h. The nanoparticles were separated from the supernatant 

by centrifugation (30 min, 1300 xg), and thoroughly washed three times with deionized water 

before getting dried. The X-ray diffraction patterns of the Fe3O4 nanoparticles were obtained 

using a Malvern Panalytical Empyrean (3rd gen.) equipped with a Co source. Fe3O4 nanoparticles 

were also characterized using an FEI Tecnai G20 20 XTWIN transmission electron microscope. 

The magnetization of the nanoparticles was measured at 305 K using a Quantum Design MPMS 

system.

2.5 Functionalization of nanoparticles

The  general  functionalization  protocol  from  bare  Fe3O4 nanoparticles  to  nanoparticles 

functionalized with either TDA-1 or TDA-2 is shown in Figure 2.

2.5.1 Silanization

The  iron  oxide  nanoparticles  were  first  functionalized  by  silanization  following  a  previously 

established procedure.38 Briefly, 5 mg of Fe3O4 nanoparticles were dispersed by sonication in 

ethanol (10 mL) and water (66.5 μL). APTES (2.69 μL) was added to the mixture and the pH 

adjusted between 6 and 7 using 1M HCl. The sealed polypropene tube containing the solution 

was then placed on a rocker and mechanically agitated for 7 hours at room temperature. The 

nanoparticles  were  separated  from the  supernatant  after  centrifugation  (10  min,  1200  xg),  

redispersed by sonication in anhydrous ethanol, and these washing steps repeated three times. 

After the final wash, the nanoparticles were dried under vacuum at room temperature for 8 to 

12 hours.

2.5.2 Conjugation of Sulfo-SMCC

Fe3O4 nanoparticles modified with APTES were dispersed by sonication in ethanol (2.5 mL) and 

PBS (2.5 mL). The pH of the solution was adjusted between 7.2 and 7.5 before adding  Sulfo-

SMCC (5 mg), sealing the polypropene tube containing the solution, and mechanically agitating 

it for 7 hours on a rocker at room temperature. The nanoparticles were then centrifuged  (10 

min, 1200 xg), and washed with deionized water three times.
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2.5.3 Conjugation of Diels-Alder linkers

Fe3O4 nanoparticles previously modified with Sulfo-SMCC were pelleted down by centrifugation 

(10  min,  1200  xg) and  the  supernatant  removed.  The  nanoparticles  were  redispersed  by 

sonication in the Diels-Alder mixture (5 mL of either TDA-1 or TDA-2) prepared in advance. The 

pH of the solution was adjusted between 6.5 and 6.6 using 1M NaOH. The mixture was then put  

in a refrigerator at 4°C and mechanically agitated for 12 hours. The nanoparticles were then 

centrifuged  (10 min, 1200 xg) and washed seven times with chilled methanol  at  4°C before 

being redispersed in anhydrous DMSO before usage.

2.5.4 Characterization of functionalized nanoparticles

Zeta potential measurements of the nanoparticles were carried out with a Malvern Zetasizer 

Nano ZS to monitor the change in surface charge at each conjugation step. Secondary Ion Mass 

Spectrometry (SIMS) analysis were performed as previously described to verify the successful 

functionalization of the Fe3O4 nanoparticles.5, 36, 39 Briefly, each sample was dried into a powder 

form, applied to a stage, and analyzed in positive ion mode at 70 keV using an Ionoptika J105 3D  

Chemical Imager.
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Figure 2. 1) and 2): multistep functionalization of Fe3O4 nanoparticles. Successive silanization 

step with APTES, conjugation of Sulfo-SMCC, and conjugation of the Diels-Alder linker TDA-2. A 

similar approach is used for the conjugation of TDA-1. 3): retro Diels-Alder cleavage reaction 

triggered by the AMF-RF hysteretic heating and release of the fluorescein maleimide originally 

used for the preparation of TDA-2.

2.6 Immersion heating

Fe3O4 nanoparticles functionalized with either TDA-1 or TDA-2 were redispersed in anhydrous 

DMSO at a concentration of 50 ppm. Microcentrifuge tubes with 1 mL of nanoparticles in DMSO  

were prepared and heated at either 25°C, 40°C, 60°C, or 80°C for 1 hour, 2 hours, 4 hours, or 6 

hours. Water baths were used for temperatures of 25°C, 40°C, and 60°C but an oil bath was 

used for the 80°C temperature to mitigate water evaporation. After immersion heating, samples 

were centrifuged (10 min, 1200 xg), and three 100 µL aliquots of the supernatant were pipetted 

per sample into a 96-well plate with 100 µL of PBS added to each well.  To evaluate the amount 

of fluorescein maleimide released by the retro Diels-Alder reaction (Figure 2), the fluorescence 
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intensity was measured in each well  at  494/518 nm (Excitation/Emission) using a Molecular  

Devices Spectramax M5 Microplate/Cuvette Reader.

2.7 AMF-RF hysteretic heating

Fe3O4 nanoparticles functionalized with either TDA-1 or TDA-2 were redispersed in anhydrous 

DMSO at a concentration of 50 ppm. Microcentrifuge tubes with 1 mL of nanoparticles in DMSO  

were prepared and underwent AMF-RF hysteretic heating using a nanoTherics magneTherm. 

The radiofrequency was 624.7 kHz, the DC power supply current was 7.5 A, and the DC power 

supply  voltage  was 31 V.  The AMF-RF coil  used had a  50 mm diameter  and 17 turns.  The  

Alternating Magnetic Field Strength and the Specific Loss Power were determined as previously 

described5, 40, 41 and detailed protocols with equations are reported in the Supporting Material. 

The system was quasi-adiabatic,  the heating device  was connected to  a  recirculating water  

cooler which maintained the coil temperature at 15°C during the operation of the equipment.  

The sample was encased in a Styrofoam receptacle before being inserted in the center of the  

coil. The sample was consequently evenly heated while also being isolated from any external  

heat transfer. 2 min, 4 min, 8 min, 12 min, 16min, 20 min, 24 min, and 28 min were compared  

as durations for the AMF-RF exposure of the samples. Immediately after hysteretic heating, 

samples were centrifuged (10 min, 1200 xg), and three 100 µL aliquots of the supernatant were 

pipetted per sample into a 96-well plate with 100 µL of PBS added to each well. To evaluate the 

amount  of  fluorescein  maleimide  released  by  the  retro  Diels-Alder  reaction  (Figure  2),  the 

fluorescence intensity was measured in each well at 494/518 nm (Excitation/Emission) using a 

Molecular Devices Spectramax M5 Microplate/Cuvette Reader.

2.8 Statistical Analysis

Quantitative results were expressed as mean values ± standard deviation (SD). Sample size (n) is 

indicated  in  the  figure  legends.  Statistical  analysis  was  performed  via  two-way  analysis  of  

variance (ANOVA), followed by Tukey’s  post hoc testing. Statistical significance was set at  p < 

0.05. The software GraphPad Prism 8 was used for all statistical analyses.
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3. RESULTS AND DISCUSSION

3.1 Density functional theory computations

DFT  calculations  were  used  to  determine  the  forward  and  reverse  energy  barriers.42 Two 

different thiophene-based dienes were used in this study: 2-Thiophenemethanethiol (T-1) and 

4,5-Dimethyl-N-(2-sulfanylethyl)-2-thiophenecarboxamide (T-2). Fluorescein maleimide was the 

dienophile  used for the Diels-Alder reaction (Figure 1).  The enthalpy and Gibbs free energy 

barriers predicted at different temperatures are reported in  Figure 3 along with the PyMOL43 

rendered images obtained from the B3LYP/6-311G* computations.31-34 For each reaction, both 

the endo and exo products were modeled. It has been shown that electron rich dienes react 

more favorably with dienophiles than neutral or electron poor dienes.44, 45 T-2 has two methyl 

substituents, acting as electron donors, while T-1 has an alkyl sulfhydryl group. Therefore, the 

formation of TDA-2 should have a lower energy barrier compared to that for  TDA 1,  which 

agreed with the calculated values for the forward reaction energies of TDA-1 and TDA-2. 

In  this  study,  the  use  of  thiophene-based  dienes  with  different  substituents  dramatically 

changed the kinetics of the retro Diels-Alder reaction. As reported in the literature,46 methyl 

substituents on Diels-Alder cycloadducts have been experimentally and computationally shown 

to increase the exergonicity and reversibility of the Diels-Alder reaction. The location of the  

methyl substituent on the cycloadduct will also affect the reverse energy barriers. In this study,  

the  electron  donating  methyl  substituents  of  T-2  on  the  4-  and  especially  the  5-position 

increased the exergonicity and lowered the reverse energy barrier for the TDA-2 retro Diel-Alder 

reaction.  The amide functional  group was neutral  in character,  and therefore had negligible 

effects on the forward and reverse reaction energies. The synergistic effects of these methyl 

substituents contributed to the large difference in reverse reaction energies between the TDA-1 

and the TDA-2 cycloadducts. An additional interesting finding from the computational study is 

the composition dependent differences in the reverse reaction rates of the TDA-1 and TDA-2 

endo and exo structures. For TDA-1, the reverse reactions barriers are similar for the endo and  

exo structures, while in TDA-2 there is an almost 2 kcal/mol difference.
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Figure 3. a) Gibbs free energy and enthalpy reaction barriers generated from B3LYP/6-311G* 

theory. b) Structures of endo and exo products for both TDA-1 and TDA-2 used for B3LYP/6-

311G*  computation.  Black  atoms:  Carbon;  White:  Hydrogen;  Red:  Oxygen;  Blue:  Nitrogen; 

Yellow:  Sulfur.  Images  rendered  using  the  software  PyMOL.  Transition  states  for  these 

molecules are reported in the Supporting Material Figure S2.

3.2 Synthesis and characterization of Fe3O4 nanoparticles

To determine the size and composition of the synthesized nanoparticles, transmission electron 

microscopy (TEM) imaging and powder X-ray diffraction (XRD) analysis were performed (Figure 
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4).  The  nanoparticles  were  nearly  spherical  and  clustered  together.  The  majority  of  the 

nanoparticles were in the 5 to 10 nm size range, with some particles over 10 nm in size. These  

values  are  in  agreement  with  previously  reported  coprecipitation  synthesis.4,  5,  37 For  XRD 

analysis, the software Jade was used and a Rietveld Refinement was performed. Post-analysis,  

the XRD results showed primarily single phase crystallinity of the Fe3O4 nanoparticles with over 

95  % phase purity.  The  composition of  the  nanoparticles  was determined to  be  magnetite 

(Fe3O4) corresponding to the Miller indices reported in  Figure 4.  The size distribution of the 

nanoparticles was determined to be 10.1 ± 0.5 nm in diameter, similar to the size determined by 

TEM. In studies using the synthetic protocol established by Massart, iron oxide nanoparticles 

had  a  size  distribution  between  5  and  12  nm  in  diameter.37,  47 In  another  study,  the  size 

distribution was 10.4 ± 0.3 nm indicating that our particles fell in the expected range for this  

synthesis.4 The magnetic hysteresis curves for the synthesized iron oxide nanoparticles are also 

shown in  Figure 4.  The magnetic saturation and the anisotropy barrier  of the nanoparticles 

affect the hysteretic losses. For these nanoparticles,  the magnetic saturation was 77 emu/g. 

Fe3O4 nanoparticles with sizes ranging from 9.1 to 13.1 nm have been reported with magnetic 

saturations between 70 and 90 emu/g, in good agreement with the results from this study.48

The alternating magnetic field strength used for this study was measured at 20 kA/m and the 

radiofrequency  used  was  624.7kHz  (calculations  available  in  the  Supporting  Material).  The 

specific loss power (SLP) value was determined to be 108 ± 24 W/g under the specified AMF-RF  

conditions (calculations available in the Supporting Material). This SLP value aligns with others 

reported in previous studies.4, 5, 47, 49
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Figure  4. Characterization  of  Fe3O4 nanoparticles.  a)  X-ray  diffraction  patterns  with 

representative index on typical peaks. b) Magnetic hysteresis curves with a zoom in the area of 

small magnetic fields in the inset panel. c) Zeta potential of nanoparticles during the different 

steps  of  the modification process.  A,  B,  C,  D-TDA-1,  and D-TDA-2 refer  to the nanoparticle 

functionalization  steps  as  labeled  in  Figure  2.  d)  TEM  image  of  bare  Fe3O4 nanoparticles. 

Additional images are available in the Supporting Material Figure S3.

3.3 Immersion heating

Water bath immersion studies were performed on Fe3O4 nanoparticles modified with both TDA-

1 and TDA-2 to determine the thermal release profiles (Figure 5). The temperatures used were 

25°C, 40°C, 60°C, or 80°C and the duration 1 hour, 2 hours, 4 hours, or 6 hours. The amount of 

fluorescein maleimide released by the retro Diels-Alder reaction was measured via fluorescence 
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intensity measurements, and the values were normalized to the nanoparticle samples heated at 

80°C for 6 hours. This reference was chosen based on the results of previous release studies 

from  nanoparticles  with  Diels-Alder  cycloadducts  where  the  complete  release  was  being 

achieved after 2 hours at 80°C.26 Heat influenced the equilibrium between starting materials and 

products. The immersion heating results indicated that TDA-2 released fluorescein maleimide 

more  rapidly  than  TDA-1.  This  trend occurred  for  all  different  temperatures  and  durations 

tested. These results correlate with the DFT calculations reported in Figure 3, where the energy 

barriers for the reverse reaction of TDA-2 were lower than the energy barriers for TDA-1. 2 and 

6 hours durations are shown in Figure 5 but additional data (1 and 4 hours duration) are also 

available in the Supporting Material Figures S4, S5, S6, and S7.

Figure 5. Payload release from Fe3O4 nanoparticles conjugated with either TDA-1 or TDA-2 after 

immersion heating (n = 3 per group). *Significant difference (p < 0.05) when compared to TDA-1 

for  a  similar  temperature  and duration.  Additional  data  for  the thermal  release water  bath 

immersion study are available in the Supporting Material Figures S4, S5, S6, and S7.
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3.4 AMF-RF hysteretic heating

AMF-RF hysteretic heating was performed on the Fe3O4 nanoparticles modified with TDA-1 and 

TDA-2 (Figure 6). The magnetic field strength used for this study was measured (n = 3) at 20  

kA/m  and  the  radiofrequency  used  was  624.7kHz  (calculations  available  in  the  Supporting 

Material). The specific loss power (SLP) value was determined (n = 3) to be 108 ± 24 W/g under 

the specified AMF-RF conditions (calculations available in the  Supporting Material).  This SLP 

value aligns with others reported in previous studies.4, 5, 47, 49 All experiments were performed at 

room  temperature  (20°C).  The  AMF-RF  stimulation  resulted  in  a  point  heating  of  the 

nanoparticles rather than a bulk heating of the solution as previously reported.5

Nanoparticles modified with TDA-2 displayed a higher fluorescein maleimide release rate than 

the nanoparticles modified with TDA-1. This trend correlated with the release rates observed 

during the thermal release water bath immersion studies in Figure 5 and the predicted values of 

the reverse energy barriers from  Figure 3.  For the initial time points, TDA-2 showed a rapid 

release at 2 and 4 minutes, followed by a steady increase in release up to 28 minutes. TDA-1  

had a slower fluorescein maleimide payload release up to 28 minutes, without the burst release  

seen in the TDA-2 composition.

The AMF-RF fluorescein maleimide release rates reported in this study are 1.5 to 2 times the 

release rates measured in our previous study with similar radiofrequency and magnetic field 

strength parameters.5 This could be attributed to the size differences and resulting specific loss 

power differences of the iron oxide nanoparticles used in each study. In our previous study, the 

Fe3O4 nanoparticles had a size distribution of 7.9 ± 0.2 nm in diameter with a SLP value of 78 ± 5 

W/g.5 In this study, the Fe3O4 nanoparticles had a size distribution of 10.1 ± 0.5 nm in diameter 

with a SLP value of 108 ± 24 W/g.
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Figure 6. Payload release from Fe3O4 nanoparticles conjugated with either TDA-1 or TDA-2 and 

exposed to AMF-RF hysteretic heating (n = 3 per group). *Significant difference (p < 0.05) when 

compared to TDA-1 for a similar duration of AMF-RF.

4. CONCLUSIONS

This study describes a tuneable and reproducible controlled release of fluorescein maleimide 

from the surface of iron oxide nanoparticles via the retro Diels-Alder reaction. Using density 

functional theory predictions, forward and reverse energy barriers were calculated and revealed 

a  significant  difference  in  reverse  energy  barriers  between the two Diels-Alder  linkers.  The 

payload release rates measured for the immersion heating and the AMF-RF hysteretic heating 

correlated with the modeling results. TDA-2 had a higher payload release rate than TDA-1, with 

a  large  amount  of  payload released after  minutes  of  heat  immersion  or  AMF-RF  exposure. 

Having two distinct Diels-Alder linkers with dramatically different reverse energy barriers and 

payload release rates broadens the possible delivery applications of thermally reversible linkers.  
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This  technology  could  be  expanded  into  chemical  catalysis,  supramolecular  chemistry, 

thermoresponsive materials, and temporally controlled drug delivery systems.
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