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ACS = AC susceptibility 

AMF = alternating magnetic field 

AOT = Dioctyl sulfosuccinate 

BB = borate buffer 

BSA = bovine serum albumin 

CAF = cancer associated fibroblast 
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CC = cancer cell 

CCC = circulating cancer cell 

CCP = clathrin-coated pit 

CDK = chronic kidney disease 

CLIC/GEEC = clathrin-independent 

carrier/Glycosylphosphotidylinositol - anchored 

protein (GPI-AP) enriched compartment 

CLSM = confocal laser scanning microscopy 

CSC = cancer stem cell 
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CTAB = cetyltrimethyl-ammonium bromide 

DACH = 1,2-diaminocyclohexane 

DBE = dibenzyl ether 

DCM = dichloromethane 

DLS = dynamic light scattering 

DMF = dimethyl formamide 

DMSO = Dimethyl sulfoxide 

DNA = desoxyribonucleic acid 

ds-Fv = disulfide-stabilized fragment variable 

ds-scFv = disulfide-stabilized single chain 

fragment variable 

EC = endothelial cell 

ECM = extracellular matrix 

EDBE = 2,2’-Ethylenedioxy-bis-ethylamine  

EDC = 1-ethyl–3-(3-dimethy-laminopropyl) 

carbodiimide 

EDTA = ethylenediaminetetraacetic acid 

EE = early endosome 

EMA = European medicine agency 

EOC = epithelial ovarian cancer 

EPR = electron paramagnetic resonance 

EPR = enhanced permeability and retention 

ETA = ethanolamine 

EtOH = ethanol 

FA = folic acid 

Fab = fragment antigen-binding 

FACS = fluorescence activating cell sorting 

FBP = folate binding protein 

FBS = fetal bovine serum 

Fc = fragment crystallisable 

FDA = food and drug administration 
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Fmoc-PEG = Fmoc-protected poly(ethylene) 

glycol 

FR = folate receptor 

FRα = folate receptor alfa 
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GSH = glutathione 

HDA = hexadecylamine 

His-Tag = histidine tag 

HR-MAS NMR = High Resolution Magic 

Angle Spinning NMR 

i.v. = intravenous 

IC = immune inflammatory cell 

ICP-AES = Inductively Coupled Plasma - 

Atomic Emission Spectroscopy 

ICP-MS = Inductively Coupled Plasma-Mass 

Spectroscopy 

IEP = isoelectric point 

INT = tetrazolium salt 

IONC = iron oxide nanocubes 

IONP = iron oxide nanoparticle 

LDH = lactate dehydrogenase/ lactate 

dehydrogenase assay 

LE = late endosome 

LE = ligand exchange 

LY = lysosome 

Lys-NTA = Nα,Nα-bis(carboxymethyl)-L-lysine 

mAb = monoclonal antibody 

MACS = magnetic activating cell sorting 

MDR = multidrug resistance 

MES = 2-(N-morpholino)ethanesulfonic acid 

MH = magnetic hyperthermia 

miRNA = micro ribonucleic acid 

MMP = matrix metalloproteinase 

MNB = magnetic nanobeads 

MNP = magnetic nanoparticle 

MP = macropinosome 

MPS = mononuclear phagocyte system 

MRI = magnetic resonance imaging 

NAD+/NADH = nicotinamide adenine 

dinucleotide (redox couple) 

NC = nanocube 

NHS = N-hydroxysuccinimide 

NIR = near infrared 

NMR = nuclear magnetic resonance 

NP = nanoparticles 

NTA = nitrilotriacetic acid 

OA = oleic acid 

ODE = octadecene 

OHP = oxaliplatin 

OTM = olive tail moment 

PB = presto blue assay 

PBS = phosphate buffered saline 

PC = polymer coating 

PC18 = poly(maleic anhydride-alt-1-

octadecene) 

PC-NC = polymer-coated nanocube 

PDI = polydispersity index 

PEG = poly(ethylene) glycol 

PEG-FA = poly(ethylene) glycol-folic acid 

PEG-NHS = poly(ethylene) glycol- N-

hydroxysuccinimide 

PEG-NTA = poly(ethylene) glycol-

nitrilotriacetic acid 

PEG-NTA-Ni = PEG-NTA complexed with Ni 

PEG-Pt = poly(ethylene) glycol-oxaliplatin  
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PI = propidium iodide 

PIII = poly(maleic anhydride-alt-1-

octadecene)-EDBE 

PMDA = Pharmaceuticals and Medical Devices 

Agency 

PMMA = poly(methyl methacrylate) 

PNRE = perinuclear recycling endosome 

PTFE = Polytetrafluoroethylene 

PVA = poly(vinylic) acid 

PVDF = polyvinylidene fluoride 

RC = regenerated cellulose 

RES = Reticuloendothelial system 

RNA = ribonucleic acid 

SAR = specific absorption rate 

scFv = single chain fragment variable antibody 

sdAb = single domain antibody 

SDS-PAGE = sodium dodecyl sulfate-

polyacrylamide gel electrophoresis 

SEC = size exclusion chromatography 

siRNA = short interfering ribonucleic acid 

SLP = specific loss power 

SPION = superparamagnetic iron oxide 

nanoparticle 

SPR = surface plasmon resonance 

T-DM1 = trastuzumab emtansine 

TEM = transmission electron microscopy 

TGN = trans Golgi network 

TH = thermos-responsive 

THF = tetrahydrofuran 

TLC = thin layer chromatography 

XRD = X-ray diffraction 

ZP = zeta potential 

 



146 

Curriculum vitae 

 

Marco Cassani 

Nationality: Italian 

Date of birth: 09-03-1989 

Education______________________________________________________________ 

10/2014-Ongoing   PhD fellow at the Italian Institute of Technology (IIT), Genoa. “Iron oxide nanocubes 

in nanomedicine: theranostic approach for cancer treatment and diagnosis” Supervisor Dr. Teresa 

Pellegrino. 

10/2012 - 11/2013 Milano Bicocca University (M.Sc.) "Studies of bioconjugation of recombinant 

proteins to nanoparticles for targeting of UPAR-positive cancer cells" Supervisors Prof. Dr. D. Prosperi, 

Dr. Elisabetta Galbiati. 

11/2011 - 11/2013  Milano Bicocca University, Industrial Biotechnology (M.Sc.). Score: 108/110 

07/2010 - 07/2011 Milano Bicocca University (B.Sc.) “Study of the role of Elm1 kinase in the spindle 

position checkpoint of Saccharomyces cerevisiae” Supervisor Dott.ssa R. Fraschini. 

09/2009 - 07/2010 Milano Bicocca University, Internship at Nanobiolab helded by Prof. Dr. D. Prosperi 

"Synthesis and characterization of nanoparticles for the delivery of curcumin and its derivatives" 

Supervisors Prof. Davide Prosperi, Dr. Paolo Verderio. 

03/2008 - 07/2011  Milano Bicocca University, Molecular Biotechnology (B.Sc.). Score: 106/110 

List of publications______________________________________________________ 
 

2017 

“Asymmetric Assembling of Iron Oxide Nanocubes for Improving Magnetic Hyperthermia 

Performance” Dina Niculaes, Aidin Lak, George C. Anyfantis,Sergio Marras, Oliver Laslett, Sahitya K 

Avugadda, Marco Cassani, David Serantes, Ondrej Hovorka, Roy Chantrell, and Teresa Pellegrino 

ACS Nano, Nov 2017; doi: 10.1021/acsnano.7b05182 

“Multilayered magnetic nanobeads for the delivery of peptide molecules triggered by intracellular 

proteases” Quarta A, Rodio M, Cassani M, Gigli G, Pellegrino T, Del Mercato L L. ACS Appl 

Mater Interfaces. 2017 Sep 26. doi: 10.1021/acsami.7b05709. 

 

2016 

“Facile transformation of FeO/Fe3O4 core-shell nanocubes to Fe3O4 via magnetic stimulation.” Lak A, 

Niculaes D, Anyfantis GC, Bertoni G, Barthel MJ, Marras S, Cassani M, Nitti S, Athanassiou A, Giannini 

C, Pellegrino T. Sci Rep. 2016 Sep 26;6:33295. doi: 10.1038/srep33295. 

http://pubs.acs.org/doi/10.1021/acsnano.7b05182
http://pubs.acs.org/doi/10.1021/acsnano.7b05182
https://www.ncbi.nlm.nih.gov/pubmed/28858466
https://www.ncbi.nlm.nih.gov/pubmed/28858466
https://www.ncbi.nlm.nih.gov/pubmed/28858466
https://www.ncbi.nlm.nih.gov/pubmed/27665698


Curriculum vitae 

147 

2015 

“Peptide-nanoparticle ligation mediated by cutinase fusion for the development of cancer cell-targeted 

nanoconjugates.” Galbiati E, Cassani M, Verderio P, Martegani E, Colombo M, Tortora P, Mazzucchelli 

S, Prosperi D. Bioconjug Chem. 2015 Apr 15;26(4):680-9. doi: 10.1021/ acs. bioconjchem. 5b00005. 

2014 

“Development of U11-functionalized gold nanoparticles for selective targeting of urokinase plasminogen 

activator receptor-positive breast cancer cells.” Avvakumova S, Galbiati E, Pandolfi L, Mazzucchelli 

S, Cassani M, Gori A, Longhi R, Prosperi D. Bioconjug Chem. 2014 Aug 20;25(8):1381-6. doi: 

10.1021/bc500202b. 

 

Professional references___________________________________________________ 

 
Dr. Teresa Pellegrino 

Istituto Italiano di Tecnologia 

Via Morego 30, Genoa 

16163, Italy 

teresa.pellegrino@iit.it 

 

Prof. Davide Prosperi 

Università degli Studi di Milano-Bicocca  

Piazza della Scienza 2, Milan 

20126, Italy 

davide.prosperi@campus.unimib.it 

 

Prof. Liberato Manna 

Istituto Italiano di Tecnologia 

Via Morego 30, Genoa 

16163, Italy 

liberato.manna@iit.it 

https://www.ncbi.nlm.nih.gov/pubmed/25741889
https://www.ncbi.nlm.nih.gov/pubmed/25741889
https://www.ncbi.nlm.nih.gov/pubmed/25080049
https://www.ncbi.nlm.nih.gov/pubmed/25080049


 
 

148 
 

Acknowledgements 

I would like to show my gratitude to everyone that somehow contributed to make this work possible.  

For the guidance and supervision during these three years of my PhD at the IIT, I am grateful to Dr. 

Teresa Pellegrino who provided interesting topics of research and fruitful discussion.  

For helping me to develop the three projects herein presented, I would like to say thanks to Dr. Maria 

Elena Materia, Dr. Aidin Lak, Dr. Markus Barthel and Dr. Tommaso Avellini. Their guidance taught me 

many things about Science.   

For proofreading any parts of this thesis, I am grateful to Dr. Soraia Fernades, Dr. Tommaso Avellini 

and Dr. Markus Barthel. 

For providing me the reagents needed and for the fruitful discussions that made so satisfying the work 

shown in chapter 3, I am grateful to Prof. Juan Ramón Granja Guillán, Dr. Mariangela Figini and Dr. 

Elena Luison. I would like also to thanks Alessandra Quarta, for the advices about nanoparticles 

functionalization, Tiziano Catellani, for the precious TEM images of the cells, Filippo Drago for the 

patient in performing ICP-AES analysis, Simone Nitti for the nanoparticles synthesis, Giovanni Signore 

for the ICP-MS measurements and Sergio Marras for introducing me to XRD. 

A huge thanks goes to the technicians Simone Nitti, Giammarino Pugliese, Filippo Drago, Gabriele La 

Rosa, and Francesco De Donato, which supported me in any phase of the research done, always ready to 

solve lab related problems. They were friends above all. 

I thanks all my colleagues from the “bio-side” of the Nanochemistry lab, with whom it was always 

possible to proficiently discuss about the faced research topics, in particular Than Binh Mai, Niccolò 

Silvestri, Sahitya Kumar Avugadda, Sergio Fiorito and Alberto Curcio. Friends more than colleagues. 

To the IIT football team, thanks for the many “fights on the field”. A special thanks to Andrea Cavallo, 

Marco Zamborlin, Fabrizio Schipani, Luca Muratore, Andrea Capasso, Alessandro Bruchi, Alberto 

Averna e Andrea Cerea. Incomparable friends. “Nel calcio come nella vita!” 

To Eugenio Calandrini, friend of many adventures, with whom I shared many of the experiences lived 

in Genoa since the very beginning, I am thankful for your friendship. 

To Denis Garoli, my first flatmate, I say thanks for more than the sail boat trips. 

A special thanks also to all the friends which made my time at IIT great, in particular to Paolo, Sara, 

Luca, Graziella, Carmine, Mario, Ermanno and Augusta. 

It is a pleasure to say thanks to the person who made really special my experience here in Genoa, Soraia 

Fernandes, the woman of my life. She supported me in every moment during the work but most 

importantly in the daily life, becoming the unique person without whom nothing would have been the 

same. I hope to live with you all my life ahead. Muito obrigado por tudo. 

Finally, thanks to all my family. To my sister Cristina, my brother Alberto, my father Pietro and my 

mother Patrizia. They have always supported me in my decisions and taught me most of the things that I 

currently know about life. 



Asymmetric Assembling of Iron Oxide
Nanocubes for Improving Magnetic
Hyperthermia Performance
Dina Niculaes,†,‡,¶ Aidin Lak,†,¶ George C. Anyfantis,† Sergio Marras,† Oliver Laslett,§

Sahitya K. Avugadda,†,‡ Marco Cassani,†,‡ David Serantes,∥ Ondrej Hovorka,§ Roy Chantrell,⊥

and Teresa Pellegrino*,†

†Istituto Italiano di Tecnologia, Via Morego 30, 16163 Genova, Italy
‡Dipartimento di Chimica e Chimica Industriale, Universita ̀ di Genova, Via Dodecaneso 31, 16146 Genova, Italy
§Engineering and the Environment, University of Southampton, Southampton SO16 7QF, United Kingdom
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ABSTRACT: Magnetic hyperthermia (MH) based on
magnetic nanoparticles (MNPs) is a promising adjuvant
therapy for cancer treatment. Particle clustering leading to
complex magnetic interactions affects the heat generated by
MNPs during MH. The heat efficiencies, theoretically
predicted, are still poorly understood because of a lack of
control of the fabrication of such clusters with defined
geometries and thus their functionality. This study aims to
correlate the heating efficiency under MH of individually
coated iron oxide nanocubes (IONCs) versus soft colloidal
nanoclusters made of small groupings of nanocubes
arranged in different geometries. The controlled clustering
of alkyl-stabilized IONCs is achieved here during the water
transfer procedure by tuning the fraction of the amphiphilic copolymer, poly(styrene-co-maleic anhydride) cumene-
terminated, to the nanoparticle surface. It is found that increasing the polymer-to-nanoparticle surface ratio leads to the
formation of increasingly large nanoclusters with defined geometries. When compared to the individual nanocubes, we
show here that controlled grouping of nanoparticlesso-called “dimers” and “trimers” composed of two and three
nanocubes, respectivelyincreases specific absorption rate (SAR) values, while conversely, forming centrosymmetric
clusters having more than four nanocubes leads to lower SAR values. Magnetization measurements and Monte Carlo-based
simulations support the observed SAR trend and reveal the importance of the dipolar interaction effect and its dependence
on the details of the particle arrangements within the different clusters.

KEYWORDS: controlled colloidal clustering, iron oxide nanocubes, specific absorption rate, poly(styrene-co-maleic anhydride),
magnetic hyperthermia, annealing, Monte Carlo simulation

Magnetic hyperthermia (MH) is a novel noninvasive
treatment, now undergoing clinical trials on patients
with brain or prostate tumors,1 that exploits the heat

generated by magnetic nanoparticles (MNPs) when exposed to
an alternating magnetic field.2−4 The use of MNPs as heat
mediators in MH treatment impairs the monitoring of tumor
progression by magnetic resonance imaging (MRI)1 because it
requires a substantial dose of MNPs to achieve the clinically
relevant heating efficiency, incompatible with MRI imaging.
Although several research studies have aimed at the design of

optimal heat mediators that would allow reduction of the MNP
dose, while maintaining the required heating performance, the
low heating efficiency remains among the current limitations of
MNPs used in clinical trials.5−7 In parallel to the direct
synthesis of nanoparticles with optimized heat performances,
the research focus was also directed toward the assembly of the
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same building blocks into controlled clusters in order to
maximize their heating performance.8−11 The aim behind this
strategy is to achieve higher magnetic hyperthermia perform-
ances of defined MNPs used as building blocks by controlling
the specific configuration of the MNPs in the final assembly.
The heating efficiency of the magnetic nanoparticles is

expressed by their specific absorption rate (SAR). The SAR
value is defined as the power absorbed per mass of the heat
mediator in the case of MNPs. SAR depends on various factors,
among them (i) the applied magnetic field characteristics
(frequency and amplitude), (ii) the intrinsic magnetic proper-
ties (i.e., saturation magnetization, anisotropy) that depend on
MNP features such as size, shape, composition, and arrange-
ment, and (iii) the characteristics of the dispersing medium (i.e.,
viscosity, concentration, heat capacity).
Controlled or uncontrolled aggregation in a centrosymmetric

3D configurationa bead-like assemblywas reported to
lower SAR values.12−15 On the contrary, controlled aggregation
in chain-like structures driven by anisotropic interactions of
magnetic nanoparticles was reported to improve SAR values.
For instance, bacterial magnetosome chains that are ca. 50 nm
cubic-shape iron oxide nanoparticles individually coated with a
lipid shellnaturally aligned in chain-like morphologies on
protein filamentsare currently state-of-the-art in terms of
hyperthermia performance.16 Similar findings were demon-

strated by Serantes et al.,8 who have investigated the influence
of dipolar interactions on the hysteresis loops in magnetic
nanoassemblies by means of Monte Carlo simulations. Their
Monte Carlo computational model predicted an increase in the
area of the hysteresis loop by increasing the chain length as the
key factor to improve SAR values. Alongside their mathematical
calculations, their experimental calorimetric measurementson
44 nm ferromagnetic spherical magnetite nanoparticles forming
micrometer long chains in agarose upon applying 0.12 T
magnetic fieldsdemonstrated the importance of chain
alignment on the heating efficiency.8

Their model also showed how centrosymmetric assemblies
composed of eight nanoparticles led to smaller hysteresis loops
compared to the corresponding chain-like configuration.8 This
indicates the importance of obtaining elongated assemblies of
MNPs. Magnetic dipole−dipole interactions leading to the
formation of chain-like structures under the action of external
magnetic fields were also exploited by other groups to showcase
the effect of the arrangement at the nanoscale on magnetic
hyperthermia. Compared to the nonaligned samples, 40 nm
magnetite nanoparticlesdispersed in agarose gel matrix and
magnetically aligned in 40 mT fieldspresented SAR values
enhanced by a factor of 2.10

However, only relatively few studies have investigated the
formation of particle arrangements of defined geometries1D,

Figure 1. Scheme of the clustering protocol using 20 nm core−shell iron oxide nanocubes. Representative TEM micrographs of IONCs@
PScMA in water and just after they have been prepared at a ratio of (A) 16.5, (B) 33, (C) 50, and (D) 66 polymer chains/nm2 of particle
surface. (E−H) Collection of TEM images at higher magnification of dimers and trimers formed at the ratio of 33. (I) Schematic
representation of the formation of soft colloidal nanoclusters.
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2D, or 3D structurescolloidally stable in a solution without
the application of an external field and their correlation with
magnetic hyperthermia measurements. In the work of Andreu
et al.,9 in order to build clusters of different geometries,
different encapsulating materials were exploited. Magnetic
nanoparticles were embedded in silica nanoworms to obtain
1D chain arrangements, while poly(D,L-lactide-co-glycolic) acid
(PLGA) was used for small 2D grouping of nanoparticles
enwrapped in polymer spheres, showing that their magnetic
properties and the hyperthermia response were governed by
nanoparticle arrangement. The 1D and 2D nano-objects
displayed an improved SAR behavior compared to that of
single nanoparticles or agglomerates of NPs.9

Besides using PLGA polymer, known to be biocompatible
and noncytotoxic,17 also many other polymers including
dioleate-modified polyethylene glycol,18 poly(ε-caprolactone)-
b - po l y ( e thy l ene g l y co l ) (PCL-b -PEG) , 1 9 po l y -
(trimethylammonium ethyl acrylate methyl sulfate)-b-poly-
(acrylamide),20 poly(ethylene oxide-b-acrylate) (H2N-PEO-b-
PAA),21 poly(lactic-co-glycolic acid)-b-poly(ethylene glycol)
(PLGA-b-PEG),22 and even triblock copolymers such as
poly(ethylene imine)-b-poly(ε-caprolactone)-b-poly(ethylene
glycol) (PEI-b-PCL-b-PEG)23 were used in the literature to
form polymeric colloidal clusters of nanocrystals. These soft
colloidal nanocrystal clustersa term introduced by Bakan-
dritsos et al.24have been evaluated as contrast agents for
MRI, while no hyperthermia studies have been reported.18−23

In this study, by using one type of nanocube and one specific
amphiphilic polymer and by adjusting the polymer-to-nano-
particle parameter we controlled the formation of colloidally
stable (i) single particles, (ii) dimer and trimer assemblies, and
(iii) centrosymmetric structures. We then studied the evolution
of SAR with the size and spatial arrangement of clusters and the
corresponding magnetic parameters of the various soft colloidal
clusters. The experimental SAR results are supported here by
the theoretical simulations carried out by means of a kinetic
Monte Carlo computational model on the clusters. We
demonstrate that the primary factor responsible for the
enhancement of SAR is, in fact, not the variation of Ms but
rather the dipolar interaction effect induced by the arrangement
of nanocubes into dimers, trimers, and centrosymmetric

clusters. This work clearly shows that when working with one
single type of MNP while promoting the anisotropic assembly
of the MNPs, structured nanomaterials with enhanced heat
performance are obtained.

RESULTS AND DISCUSSION

The overall clustering process is schematically shown in Figure
1I. FeO/Fe3O4 core−shell iron oxide nanocubes25 (IONCs,
with an edge length of 20.2 ± 1.5 nm, Figure S1) were first
used in this study. The choice of core−shell nanocubes was
dictated by their magnetically noninteracting nature, alongside
their initial stability in tetrahydrofuran (THF), as evidenced by
the clear THF solution. Both conditions were considered
prerequisites for a successful clustering protocol. Attempts done
with noncompletely soluble nanoparticles were not successful
(data not shown).
In a typical clustering procedure for obtaining centrosym-

metric clusters, taken as an example, as-synthesized oleic-acid-
coated IONCs (mFe = 0.23 mg) were dispersed in 10 mL of
THF together with the amphiphilic polymer poly(styrene-co-
maleic anhydride) (PScMA), cumene-terminated (Mn = 1600
g/mol), at a ratio of 66 polymer chains/nm2 of nanoparticle
surface. Subsequently, the addition of 1 mL of H2O by a syringe
pump (0.5 mL/min), followed by sonication of the NP−
polymer solution in an ice bath. During this step, the solution
had to remain clear as the water transfer would fail if the THF/
H2O mixture became turbid during the water addition.
Interestingly, in the H2O/THF mixture (ca. 1.5 mL), the

nanocubes were not yet clustered; they still appeared as single
nanocubes on the transmission electron microscopy (TEM)
grid (data not shown), and the solution was clear. As the last
0.5 mL of THF evaporated, the solution became turbid. After
full evaporation of THF, the IONCs were already clustered,
and a thin layer of polymer was clearly evident on the clusters
as checked by TEM characterization, even before the CHCl3
addition (Figure S2a). These data suggest that the clustering
was favored by the change in solubility of polymer and
nanocubes as soon as the THF evaporated from THF/water
mixture. The chloroform addition step promoted the extraction
of the excess of polymer/surfactant molecules from the aqueous

Figure 2. Tuning the mean hydrodynamic diameter of clusters by different polymer amounts. Volume distribution of hydrodynamic size dH of
soft colloidal clusters measured in water starting from 20 nm IONCs. The dH was adjusted between 38 and 99 nm. No aggregation of clusters
was detected as PDI values were between 0.07 and 0.14 (see inset).
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phase into the organic phase. This was clearly evident as a milky
layer of polymer was found at the interface between CHCl3 and
water (Figure S3), and after CHCl3 addition, no more extra
polymer was visible on the TEM grid (Figure S2b).
To set the clustering protocol, different parameters were

investigated systematically. This list included the rate of THF
evaporation, the ratio of water to THF, the total solution
volume, and the amount of polymer. However, the main
parameter that allowed a fine-tuning of the cluster size and the
configuration of the nanoclusters was the number of molecules
of amphiphilic polymer, poly(styrene-co-maleic anhydride), per
square nanometer of particle surface. This ratio varied between
16.5 and 66 molecules/nm2, corresponding to a change in size
and configuration of the formed clusters. With an increase in
polymer amount, the degree of clustering increased, as seen in
the TEM micrographs in Figure 1. As judged by the
distribution of nanoparticles on the TEM grid and from the
interparticle distance (Figure 1A), with a ratio of 16.5
molecules of polymer/nm2, the majority of the nanocubes
were individually coated, whereas by doubling the amount of
polymer to 33 molecules/nm2, dimers and trimers were formed
(Figure 1B). In this specific case, the dimer and trimer
arrangements were even more evident by looking at a collection
of TEM images in which isolated groups of two or three
nanocubes were clearly seen. Often, on the same grid, different
dimers and trimers were observed (Figure 1E−H). At 50 and
66 molecules of polymer/nm2, the number of nanocubes per
cluster increased, respectively, forming more tetramers or
grouping of centrosymmetric clusters containing more than 5
nanocubes each (Figure 1C,D). The corresponding hydro-
dynamic volume distributions, as measured by dynamic light
scattering (DLS), also reflected the size increase from ca. 40 to
100 nm (Figure 2). The mean hydrodynamic diameters by
volume were 38 ± 2 nm (PDI 0.12), 51 ± 3 nm (PDI 0.14), 68
± 4 nm (PDI 0.08), and 99 ± 2 nm (PDI 0.07) for 16.5, 33, 50,
and 66 PScMA/nm2, respectively. Note that the very low
polydispersity index (PDI) values indicate a homogeneous
distribution of the clusters obtained. Once formed, the cluster
solutions could be kept for a very long time (more than a year)
without showing any sign of aggregation (DLS and TEM
characterization were the same as for freshly prepared samples).
Given that the hydrodynamic diameter obtained was an

average value and that TEM images provide only qualitative
images of the assemblies, in an attempt to quantify the
percentage of individually coated nanoparticles, dimers, trimers,
and clusters with more than four nanocubes for the different
samples, we ran a statistical image analysis using ImageJ
software. Numerous TEM micrographs were analyzed in order
to obtain a statistical distribution of individually coated
nanocubes versus 1D and 2D constructs (dimers and trimers,
respectively) versus 3D constructs (bigger colloidal nanoclusters
with n ≥ 4) so that at least 250 objects were analyzed for each
sample (Figure S4). We focused on the three available samples:
at 16.5, 33, and 66 polymer molecules/nm2 samples (from now
on, they will be referred to as 16.5PScMA, 33PScMA, and
66PScMA, respectively), as on those samples, further SAR
measurements and magnetic characterizations were carried out.
For sample 16.5PScMA, 255 objects were studied, correspond-
ing to a total of 342 individual nanocubes, of which 66% were
individually coated, 28% were dimers, 4% were trimers, and 2%
were bigger clusters (Figure 3A). For sample 33PScMA, when
doubling the amount of polymer with respect to the
16.5PScMA sample, out of 254 objects analyzed (Figure S4),

corresponding to 493 IONCs, 70% consisted of an equal
population of dimers and trimers (Figure 3B). The 30%
remaining objects were 19% individually coated NPs and 11%
3D arrangements. For sample 66PScMA, when still doubling
the polymer amount with respect to sample 33PScMA, almost
only 3D clusters were obtained, representing 86% (Figure 3C)
of the 259 objects inspected, corresponding to more than 1000
NPs (Figure S4). The remaining 14% of sample 66PScMA was
equally distributed between single particles (5%), dimers (5%),
and trimers (4%). Overall, we could statistically confirm that by
increasing the polymer amount from 16.5 to 33 and further to
66 molecules of PScMA/nm2 of NP surface, the resulting
clusters evolved from a major population of individually coated
nanoparticles to dimers and trimers and, last, to groups of more
than 4 nanocubes per unit.

Thermogravimetric Analysis. Nanoparticle Surfactant
Effect. In addition to the evaporation rate of THF, polymer
amount, and initial stability of the nanocubes in THF, another
crucial parameter for the successful water transfer and cluster
formation was the surfactant amount associated with the
nanocubes. We observed differences in the clustering procedure
when changing the batch of core−shell IONCs (20.2 ± 1.5
nm) to a batch with a similar edge length of 20 ± 2 nm (Figure
S5). Indeed, sometimes even if the initial cubes were soluble in
THF, as for other batches of nanocubes, the procedure did not
result in cluster formation. In order to elucidate the correlation

Figure 3. Statistical analysis of fractions of different objects for
samples (A) 16.5PScMA, (B) 33PScMA, and (C) 66PScMA
indicated the presence of (A) 32% 1D and 2D constructs (28%
dimers and 4% trimers) in sample 16.5PScMA, (B) majority of 70%
(35% dimers and 35% trimers) in sample 33PScMA, and (C) only
9% (5% dimers and 4% trimers) 1D and 2D structures in sample
66PScMA, with a majority of clusters with a number of nanocubes
higher than 4 (86%).
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between different batches of nanocubes and the clustering
procedure, we carried out thermogravimetric analysis (TGA)
on the two batches of nanocubes, as the amount of surfactant
molecules, oleic acid (OA), stabilizing the nanocubes may have
also contributed to cluster formation.
The thermogravimetric analysis of the IONC sample

dispersed in CHCl3 (sample A), for which the clustering
process worked straightforwardly, showed a first weight loss of
26.4 wt % in the temperature range from 150 to 300 °C and a
second weight loss of 31.2 wt % from 300 to 400 °C (Figure 4a,

blue line). The first transition is mainly attributed to unbound
or physisorbed OA,26−28 whereas the second transition is
related to the oleate molecules chemisorbed on the particle
surface.26−28 As a comparison, the TGA degradation profile of
oleic acid is plotted showing a weight loss of ca. 90 wt % at 300
°C (Figure 4a, violet line), supporting the claim that the first
weight loss is due to free oleic acid.
It should also be noted that, for this batch of IONCs, the

amount of oleate chemisorbed to the surface of the IONCs
ligand density (ρl)was much higher than the theoretical 5
ligands/nm2.29,30 The calculated ligand density was 27 ligands/
nm2 if only the second weight loss seen in TGA was
considered. If instead the total weight loss of surfactant is

consideredboth decomposition steps between 150 and 400
°Cthe surfactant density was 50 ligands/nm2, with a 46 and
54% fraction corresponding to free oleic acid and oleate bound
to the surface of the NPs, respectively. These results suggest a
multilayer coating of surfactant on the particle (likely promoted
by the hydrophobic interaction between the OA alkyl chains).
Next, TGA analysis was carried out on the core−shell IONC

batch before and after the washing step, as for this batch the
clustering process did not work initially (Figure 4b, sample B
as-synthesized), but it did work after washing the excess
surfactant (Figure 4b, sample B washed once). For the as-
synthesized sample in CHCl3 (Figure 4b), the organic layer
accounted for a mass loss of 79.6 wt %, with 11.5 wt %
corresponding to free oleic acid in solution and 68.1 wt % to
oleate molecules (Figure 4b, red curve). The excess amount of
oleate was due to a change in the amount of OA used for the
synthesis of this batch. Interestingly, after centrifuging the
sample in a mixture of chloroform/methanol (1:3 v/v), on the
final sample, the total oleic acid amount associated with the
IONCs was assessed to be 54.8 wt %, of which the oleate
amount decreased to 43.3 wt % (Figure 4b, green curve). These
results suggested that the amount of chemisorbed OA was
crucial to the cluster formation: when too high, no clusters were
formed, suggesting that the polystyrene branches of the
amphiphilic PScMA could not intercalate with the surfactant
layer, as the surfactant molecules were tightly packed close to
one another. After the washing, as some of the OA molecules
were stripped from the external layers, the decrease in the
amount of chemisorbed OA facilitated the NP interaction with
the polymer, and the water transfer proceeded. It is worth
mentioning that there is a range of concentration of OA per
nanoparticles in which the protocol works. We noticed, for
instance, that an additional second washing step on the same
sample did not result in cluster formation anymore. This
indicated that by decreasing the chemisorbed OA amount from
124 (as-synthesized sample) to 29 (sample washed once)
ligands/nm2, the hydrophobic tail of the polymer, the PS units,
could intercalate with the alkyl chain on the nanocube, while
having even less oleate molecules, the interaction was no longer
favorable.
Overall, the TGA data suggest that the balance between the

oleate molecules chemically bound to the surface of the IONCs
and the oleic acid molecules physisorbed or intercalated
between the oleate molecules, forming additional outer layers
of surfactant, was a crucial parameter to be controlled in order
to obtain soft colloidal clusters.
It is interesting to note that the arrangement in chain

configurations of nanoparticles has been observed in many
phenyl-based polymers.31−33 Polystyrene has been used, for
instance, to cluster cobalt ferrite nanoparticles in chain
assemblies of micrometer chain length31 and the same polymer
has also been used to chain gold nanorods in a tip-to-tip
configuration.32 Similar to the latter work, in our system, the
cumene-terminated polymer and the nanocubes are both well
soluble in THF; however, the addition of water as an
antisolvent induces a different precipitation of the hydrophobic
poly(styrene) moieties of the cumene-terminated polymer and
the oleic-acid-capped nanocubes. We might speculate that the
polymer−polymer interaction is more favorable compared to
the polymer−nanoparticle interaction, likely because of their
difference in solubility in the solvent mixture. Given that the
nanocubes have multiple layers of OA, this shell (OA bears a
carboxyl moiety) might provide a greater solubility of the

Figure 4. (a) TGA weight-loss profiles of oleic-acid-capped IONCs
(sample A, blue curve) and free oleic acid (violet curve) performed
in air. The first weight loss in the region between 150 and 300 °C
corresponded to free oleic acid in solution, and the second weight
loss in the region between 300 and 400 °C corresponded to oleate
chemisorbed to the surface of the IONCs. (b) TGA weight-loss
profiles of a new batch of as-synthesized oleic-acid-capped IONCs
(sample B, red curve) and sample B after washing to remove excess
of oleic acid (green curve). On sample B, before washing, no
clusters were obtained. Upon one washing, the amount of oleate
decreased from 68.1 to 43.3 wt %, re-establishing the cluster
formation on sample B.
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IONCs compared to that of the amphiphilic PScMA in the
THF/water mixture. This would likely provide a higher
nanocube−nanocube affinity and drive the slow arrangement
of the nanocubes in chains while the polymer molecules would
tend to interact through phenyl rings. If this is the case, we
would also explain why here, and in contrast to other works,23

an increase in the polymer amount favors the clustering rather
than the individual coating of nanocubes. If we compare our
procedure to a previously reported procedure,23 in which the
authors reported that a high polymer/NP ratio favored the
formation of discretely encapsulated MNPs, whereas at low
ratio particle clustering was enforced by the relative depletion
of polymer, we can underline that the main difference was the
type of amphiphilic polymer chosen. Indeed, while we opted for
the copolymer poly(styrene-co-maleic anhydride), in the work
of Pöselt et al.,23 the triblock polymer poly(ethylene imine)-b-
poly(ε-caprolactone)-b-poly(ethylene glycol) was used for
cluster formation.
Finally, it should be noted that our cluster procedure can be

extended to other core−shell systems prepared by other
methods34−36 (see, for instance, Figure S6 for another core−
shell nanocube having a similar edge size and Figure S7 for iron
oxide nanoparticle of 18 nm diameter and spherical shape).
However, the procedure did not work when using Fe3O4
nanocubes that did not have a core−shell structure.6 For
instance, Fe3O4 nanocubes of 20 nm were not soluble in THF,
the initial solvent, and therefore, the procedure could not be
tested. For 13 nm Fe3O4 nanocubes, being superparamagnetic
and thus noninteracting, although the particles were soluble in
THF, despite changing several reaction parameters in order to
optimize them, only deformed groupings of nanocubes were
obtained, but no dimers and trimers were properly formed
(data not shown).

Magnetic Properties. Hyperthermia. The SAR measure-
ments were performed on clustered samples that were prepared
starting from core−shell nanoparticles which were subsequently
aged for 1 year at room temperature. Under these conditions,
the samples slowly changed from a core−shell structure to a
quasi-one-phase material. The X-ray diffraction (XRD) pattern
of the aged nanocubes is shown in Figure S8. The major
reflections coincide with Fe2.96O4 (ICSD collection code:
82443). There exists 10−15 wt % FeO phase (Fe0.942O, ICSD:
24696) in the nanocubes.
The SAR values were obtained at the highest frequency (302

kHz) and magnetic field (23.8 kA/m) of the instrument (nB
Nanoscale Biomagnetics DM100 series) as the Fe concen-
tration of the samples was in the range of 0.65−0.95 g/L in a
volume of 200 μL. The values were 213 ± 9, 253 ± 10, and 184
± 8 W/gFe for nanoconstructs formed at ratios of 16.5, 33, and
66 molecules PScMA/nm2 of particle surface. By plotting
(Figure 5) the trend observed for the different samples, we
registered an increase in SAR for the mixture of dimers and
trimers (33 molecules polymer/nm2, Figure 1B,E−H)
compared to both samples of individually coated nanoparticles
(16.5 molecules polymer/nm2, Figure 1A) and soft colloidal
clusters with n ≥ 4 (66 molecules polymer/nm2, Figure 1D),
with n being the number of particles per cluster. When looking
at the statistics, we could confirm that on the sample in which
we have measured the highest SAR value (the 33 PScMA
sample), the percentage of dimers and trimers was statistically
higher. Individual nanocubes and clusters with n ≥ 4 were
instead the predominant population for the samples
16.5PScMA and 66PScMA, respectively. As already reported
by other groups, our data also suggest that centrosymmetric
clusters significantly reduced the SAR value of the nanocubes
(Figure 5). The inset in Figure 5 shows results of calculations

Figure 5. SAR values for soft colloidal nanoclusters after 1 year aging time, formed at ratios of 16.5, 33, and 66 molecules PScMA/nm2 of
particle surface ( f = 302 kHz, H = 23.8 kA/m). A higher SAR value was recorded for dimers and trimers compared to individual IONCs and
clusters with n ≥ 4. Clustering the IONCs in centrosymmetric bead-like structures decreased their heating performance. Each experimental
data point was calculated as the mean value of at least three independent measurements, with error bars indicating the mean deviation. Inset:
SAR values obtained from kinetic Monte Carlo modeling of the structures as described in the text, reproducing the observed experimental
trend within the error bar. Interparticle spacing for the simulation has been set to 1 nm gap as measured on the TEM images.
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based on the kinetic Monte Carlo modeling (see Materials and
Methods section), which recovers the behavior observed
experimentally for the different cluster types. Obtaining the
agreement between the simulation and experiment (within the
error bar) required setting the anisotropy constant value to K =
5 × 104 erg/cm3. The single-particle values of the saturation
magnetization were taken directly from the experimental data
and corresponded toMs of 367, 407, 407, and 314 emu/cm3 for
the ensembles of, respectively, noninteracting, two-particle,
three-particle, and six-particle clusters. The low value of K
suggests that dipolar interactions dominate the anisotropy field
of particles, as will be discussed later.
Magnetization Measurements. To gain a deeper knowl-

edge about the magnetic properties of the fabricated constructs
and also in an attempt to correlate static magnetic properties
with dynamic features, here specifically the SAR, applied field
and temperature-dependent magnetization measurements were
carried out on all three samples. The magnetization hysteresis
loops M versus H recorded at 298 and 10 K are shown in Figure
6. The formation of dimers is expected to enhance a collective
magnetic behavior owing to the anisotropic alignment of
nanoparticles and results in a significant enhancement of the
hysteresis loop area. On the contrary, larger clusters (n ≥ 4)
and also trimers experience a demagnetization effect due to
their specific particle configuration with the tendency to form
flux closure domains, thus causing a weakened coupling to
external magnetic fields, that is, narrow hysteresis loops (see
also our simulations Figure S13). At T = 298 K, both single
nanoparticles and dimers and trimers reveal an identical
remanent magnetization Mr and coercive field Hc (Figure
6b), while Mr and Hc decrease significantly in the 3D clusters
(clusters with n ≥ 4). These results are supported by our
numerical simulations, which show significant differences in the

shape of dynamic hysteresis loops for different particle cluster
structures (see Figures S13 and S14). Different behavior is
observed at 10 K where the variation of Hc and Mr with a
clustering state vanishes. This suggests that the increased
anisotropy field and coercivity at the low temperature is
sufficient to overcome the effects of interactions, an observation
consistent with the interpretation of the room temperature
magnetic properties in terms of different cluster structures. We
also confirmed by using numerical simulations that increasing
the values of Ms in magnetic nanostructures can lead to an
improved overall heating performance; however, the depend-
ence is nontrivial and significantly dependent on the particle
cluster geometry (Figures S15 and S16).
It is tempting indeed to assume that large Ms values give rise

to higher SAR because, given that the maximum magnetization
of the system is directly proportional to Ms, intuitively higher
Ms should imply a higher hysteresis loop area. However, a
simple physical picture based on the Stoner−Wohlfarth particle
theory suggests that given that the coercive field is inversely
proportional to Ms (i.e., Hc ∝ 1/Ms), and the hysteresis loop
area is related to Ms·Hc apart from a proportionality factor, the
dependence of the loop area on Ms is eliminated (see (1) in the
left columns in Figures S15 and S16). However, the value of Ms
contributes to the heat dissipation indirectly, through
determining the coercive field which, relative to the amplitude
of the applied magnetic field, affects the size of minor or major
hysteresis loops and thereby may induce significant differences
in the heating output.37 The value of Ms also determines the
strength of the dipolar interactions, which also affects SAR, and
the interaction effect may even dominate over the single-
particle properties as suggested previously38,39 and also by the
present study (Figures 5, S15, and S16). Our numerical
simulations assuming the same Ms = 450 emu/cm3 for all types

Figure 6. Magnetization hysteresis loops measured at room temperature (a,b), after cooling to 10 K in 5 T magnetic fields (c), and
temperature-dependent zero-field-cooled and field-cooled magnetization measurements performed on aqueous suspension of nanoclusters
after a year of aging time, solidified in gypsum matrix recorded at 50 Oe magnetic fields (d): 16.5PScMA (blue line, individual IONCs),
33PScMA (red line, dimers and trimers), and 66PScMA (green line, clusters with n ≥ 4).
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of cluster structures clearly displays the same quantitative trend
in SAR (Figure S15D,E). Moreover, at fixed K, varying the
value of Ms in the range between 300 and 500 emu/cm3

preserves the overall trend of SAR for the different cluster types
with minor difference between SAR versus clusters for different
Ms values (Figure S16). These data support only a minor
dependence on SAR of clusters over Ms and support the
interpretation that the interparticle interactions and their
dependence on the details of the particle arrangement within
the clusters are an important factor in determining SAR.
We have also investigated using simulations the dependence

of SAR on the interparticle edge to edge spacing as a way to
control the dipolar interaction strength. Figure S17 suggests
that while SAR is independent of the interparticle spacing for
noninteracting particles, it decays monotonically with the
spacing distance for dimers. This is expected because dipolar
interaction weakens as particles are brought further apart.
Interestingly, however, the spacing dependence of SAR is
nonmonotonic for trimers and hexamers, which can be
attributed to the effect of magnetic frustration and the
collective magnetization behavior relevant for small spacing
distances when particles are close and dipolar interactions
strong. In addition, we have also used simulations to explore
the cluster shape dependence of SAR, by considering six-
particle clusters arranged into statistically different geometries
quantified by a variable fractal dimension (Figure S18).40 The
values of SAR are the largest for statistically chain-like
structures and continually decrease with the increasing degree
of geometrical symmetry. Spherical cluster geometries lead to
the lowest values of SAR. This confirms that tuning the cluster
shape has profound consequences on SAR values.
It is well-known that such antiferromagnetic−ferrimagnetic

(AFM−FiM) core−shell nanoparticles show so-called exchange

bias identified by a shifted hysteresis loop = − ++ −

H H H
E

( )
2

,

toward the opposite direction of the applied field in a field-
cooled (FC) measurement. All three cluster samples, measured
after 1 year aging time, show a slightly shifted loop with HE of
around 6 mT (Figure 6c). This means that all the samples have
virtually the same phase composition and, yet after a year, show
a small AFM−FiM interface volume. This feature was also
confirmed by XRD data (Figure S8). The XRD pattern of aged
nanocubes in CHCl3 is identical to the nanocubes forming the

clusters, as shown in Figure S8. The major reflections coincide
with Fe2.96O4 (ICSD: 98-008-2443). Likely, the existence of
10−15 wt % FeO phase (Fe0.942O, ICSD: 98-002-4696) in the
particles, together with the structural defects, can account for
the persistence of HE. In a previous work,25 we have found that
similar core−shell nanocubes, which underwent thermal
annealing at 130 °C and were thus fully transformed to the
spinel phase, were still showing HE of 5 mT. This was related to
the existence of structural defects such as antiphase boundaries
(APBs) as was also reported by other groups.35

Broadly speaking, the magnetic energy barrier KV distribu-
tion, with K being the magnetocrystalline anisotropy constant
and V the nanoparticle magnetic volume, can be qualitatively
judged by looking at the steepness of zero-field-cooled (ZFC)
curves as well as FC ones (Figure 6d). A steeper ZFC curve
corresponds to a narrower KV distribution. At a first glance, it is
seen that the dimers and trimers (33PScMA) and 3D
constructs (66PScMA) show the steepest and the most
gradually rising ZFC curve, proportional to the narrowest and
broadest KV distribution, respectively. The superparamagnetic
blocking temperature Tb, estimated from the maximum of ZFC
curves, increases from 346 to 355 K and then to 379 K for
singly coated particles, to dimers and trimers, and ultimately to
3D clusters, respectively. To a first approximation, knowing the
Tb, the anisotropy constant is estimated by exploiting the Neél
relaxation formula given by KV = 25kBTb (only valid at zero
magnetic field, no magnetic interaction, and assuming typical
measurement time at SQUID of 100 s), and K ∝ Tb/V holds
that with both Tb and V increasing as dimers/trimers and 3D
clusters are formed, it is plausible to assume that K constants of
all three samples are comparable. Note that having assigned an
identical K value (K = 5 × 104 erg/cm3) to all three samples in
the Monte Carlo simulations, a good numerical reproduction of
the SAR results was achieved (Figure 5 inset and Figure S15).

SAR Value Improvement by Annealing. Having chosen
FeO/Fe3O4 core−shell nanoparticles as starting materials,
questions arose whether (i) the clusters, once formed, would
be stable against a thermal oxidation transforming the initial
biphasic core−shell system into a single phase material in a
much shorter time, in comparison to the case of spontaneous
room temperature oxidation discussed above, and (ii) whether
the trend in SAR values of individual IONCs versus dimers and

Figure 7. Evolution of SAR values of soft colloidal nanoclusters by annealing in an oven at 80 °C. (A) SAR values (with standard deviation) for
soft colloidal nanoclusters during the annealing process: individual IONCs, blue bars; dimers and trimers, red bars; and clusters with n ≥ 4,
green bars. Only after 18 h of annealing did the sample of dimers and trimers show higher SAR values. The trend was maintained up to 52 h of
annealing. (B) Schematic representation of the oxidation of the FeO core for clusters of different sizes in an oven at 80 °C.
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trimers and versus bigger soft colloidal clusters (n ≥ 4) would
still be maintained.
We chose a freshly synthesized sample of core−shell iron

oxide nanocubes with an edge length of 20 ± 2 nm (sample B,
Figure S5) similar in size to the previous one studied for the
clustering (Table S1). The XRD pattern of this sample reveals
reflections of both Fe2.96O4 (ICSD: 82443) and Fe0.942O
(ICSD: 24696) phases, however dominated by the latter one
(Figure S9a). Once the clusters were obtained (Figure S9b),
the FeO core was oxidized to magnetite by thermal annealing in
an oven at 80 °C for different time periods, each of them with
an overnight duration up to a total of 52 h (Figure S9b).
Hyperthermia experiments were carried out before and after
each step of the annealing process, alongside XRD, DLS, and
TEM characterization to follow the evolution of the phase
composition, the morphology, and the colloidal stability of the
clusters (Figures 7 and S10).
The SAR values before annealing were below 50 W/gFe

(Figure 7a and Table 1), which was expected for core−shell

iron oxide nanocubes, due to a nearly noncontributing
paramagnetic FeO core and small magnetite domains oriented
differently on the outer layers.25 As the first oxidation of the
core by heat treatment started, the SAR values gradually
increased up to a factor of 3.7 to 131 ± 5, 179 ± 1, and 97 ± 4
W/gFe for individual IONCs, dimers/trimers, and bigger
clusters, respectively (Table 1). The dimer and trimer samples
showed the highest SAR values compared to those of the other
two samples after only 18 h of annealing. The trend was
maintained throughout the whole annealing process, up to 52 h
(Figure 7a and Table 1). After 52 h, the SAR values for all the
samples did not improve any further. The XRD pattern of the
52 h annealed sample is dominated by the Fe2.96O4 (ICSD:
82443) phase, yet there is a detectable fraction of FeO (Figure
S9b). It seems that in order to obtain completely oxidized
particles, harsher oxidative conditions (e.g., higher temper-
atures, oxygen purging) have to be applied, compromising the
stability and shape of the particles. In our previous work, we
have observed that long oxidation times on individually coated
nanocubes at 130 °C result in a full oxidation to maghemite,
having a lower Ms and more aggregated state, with a marginal
SAR improvement.25

Remarkably, all the samples were stable during the annealing
process as confirmed by DLS measurements (Figure S10). For
example, for the sample of clusters with n ≥ 4, the volume
weighted hydrodynamic diameter remained unchanged during
the whole annealing process, with a Z-average of 98.1 ± 0.6 nm

(PDI 0.07) before annealing and 96.5 ± 0.2 (PDI 0.08) after 52
h of annealing.
Similar static magnetic measurements have been performed

on these samples (Figure S11). HE of all three sample is ca. 6
mT (Figure S11c), similar to that of the other clusters (Figure
6c). This means that for all the colloidal assemblies the building
block nanocubes have a similar phase composition, as also
deduced from the XRD patterns (Figures S8 and S9b).
Temperature-dependent magnetization curves reveal some
interesting features (Figure S11d). It can be discerned that
the dimers and trimers have the steepest ZFC curve rise,
implying the narrowest KV distribution among all the samples.
Strikingly, individual particles show a higher Tb (ca. 400 K)
than dimers and trimers (i.e., 370 K), presumably caused by
magnetic dipole−dipole interactions. It is known that slight
particle−particle interactions can significantly shift Tb toward
higher temperatures.41

Figure S15 shows results of simulations using the kinetic
Monte Carlo modeling for variable value of effective anisotropy
constant K. We set Ms = 450 kA/m of bulk Fe3O4. The right
column of Figure S15 shows data similar to that in Figure 7,
where Figure S15D resembles the 18 h annealed data well. This
points to low effective anisotropy of particles K = 5 × 104 erg/
cm3, as the trend is in qualitative disagreement for higher value
of the anisotropy constant. For this low effective anisotropy
value, the dipolar interactions dominate the anisotropy, and
therefore, the differences in SAR can be attributed to the
presence of dipolar interactions, in agreement with previous
studies.35 They found significant reduction of the value of the
effective anisotropy K with respect to the nominal value
expected for cubic anisotropy Kc = −1.1 × 105 erg/cm3. This is
also supported by previous analysis, which estimates equivalent
value of the effective uniaxial K to be equal to about 70% of Kc.
The left column plots (a−d) in Figure S15 show the SAR
before mixing the different fractions of the clusters according to
Figure 3, which allows one to compare contributions to SAR
from the distinct populations (i.e., only single cubes, only
dimers, etc.).
Overall, these data suggest that for core−shell nanoparticles

the assembly can be easily performed when the particles are in a
noninteracting state, while their transformation to a more heat
efficient material by annealing at moderate temperatures can
occur after having obtained the clusters without losing their
arrangement and colloidal stability. It is also worth highlighting
that clustering the core−shell MNPs followed by the oxidation
of the core is a promising method to achieve the highest yield
of soft clusters with higher SAR values.
It may be worth mentioning here that other anisotropic

nanomagnets, for example, nanowires or nanorods, could offer
similar enhanced heating performances (with easier to tune
aspect ratio).42,43 Furthermore, such anisotropic structures can
have also magnetomechanical actuation properties exploitable
for cell damage.44 However, it must be emphasized that the
discrete nature of the dimers and trimers, reported by us, makes
easier their disassembling and elimination after use, an
important aspect to consider for clinically aimed approaches.45

CONCLUSIONS
We have shown here that SAR values of core−shell IONCs
were enhanced by forming anisotropic structures compared to
both individually coated nanocubes and centrosymmetric
clusters. The controlled clustering occurred during the water
transfer of IONCs in the presence of the amphiphilic

Table 1. SAR Values of Soft Colloidal Nanoclusters at 302
kHz Frequency and 23.8 kA/m Magnetic Field

individual IONCs@
GaPEG SAR (W/gFe)

dimers and
trimers SAR
(W/gFe)

bigger clusters
(n ≥ 4) SAR
(W/gFe)

before
annealing

46 ± 2 48 ± 3 42 ± 2

after 18 h
annealing

131 ± 5 179 ± 1 97 ± 4

after 35 h
annealing

180 ± 5 216 ± 1 142 ± 9

after 42 h
annealing

183 ± 2 233 ± 1 138 ± 3

after 52 h
annealing

162 ± 7 246 ± 8 150 ± 3
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poly(maleic anhydride) polymer having poly(styrene) groups
as hydrophobic chains. A few parameters were crucial to the
cluster formation: while the anisotropic structures were dictated
by the amount of amphiphilic polymer per nanoparticle surface,
the rate of THF evaporation alongside the amount of surfactant
determined the reproducibility of the protocol. The 1D and 2D
structures formed with two and three IONCs, so-called dimers
and trimers formed at the ratio of 33 molecules polymer per
nanometer square of particle surface, showed higher SAR values
than the individually coated nanoparticles and the centrosym-
metric clusters, highlighting the importance of the arrangement
of the nanoparticles at the nanoscale. For this study, we have
selected freshly synthesized FeO/Fe3O4 core−shell nanocubes
that, after cluster formation, underwent structural trans-
formation in aqueous solution from FeO/Fe3O4 core−shell
structure to mainly Fe3O4 phase either by slow aging at room
temperature (time scale of a year) or by faster annealing
process in an oven at 80 °C (time scale of few days).
Remarkably, even in the latter case, the grouping of nanocubes
in dimers and trimers presented higher SAR values than single
cubes and centrosymmetric clusters, while their aqueous
stability was not compromised upon annealing treatment. We
also observed a variation of Ms between the different cluster
structures, where the highest values of Ms corresponded also to
the dimer and trimer cluster structures. Although this might
suggest that the variation of Ms correlates with the observed
enhanced values of SAR for dimer and trimer cluster structures,
we demonstrated by means of a kinetic Monte Carlo
computational model that the primary factor responsible for
the enhancement of SAR is, in fact, not the variation of Ms but
rather the magnetic dipolar effect induced by the particular
arrangement of nanocubes into dimers, trimers, and centro-
symmetric clusters (compare Figures S15 and S16). Finally,
using the Monte Carlo simulation to numerically reproduce the
high experimental values of SAR observed for the different
cluster types required setting a rather low anisotropy constant
K = 5 × 104 erg/cm3 (Figure S15). This value agrees with the K
value found experimentally for iron oxide nanocubes of the 19
nm cube edge.5 Increasing the value of K leads to a gradually
diminishing effect of the clustering of nanocubes and ultimately
to no real clustering-induced gain in SAR (Figure S15).
This work presents a versatile and smart strategy to use the

same nanoparticle building blocks and achieve higher heat
performances first by their controlled arrangement into
anisotropic constructs made of two to three particles and
second by promoting their phase transformation to Fe3O4.

MATERIALS AND METHODS
Chemicals. All reagents were obtained from commercial suppliers

and used without further purification. Iron pentacarbonyl (Fe(CO)5,
98%), 1-octadecene (1-ODE, 99%), OA (90%), triethylamine (99%),
chloroform (CHCl3), ethanol, dichloromethane, poly(styrene-co-
maleic anhydride), cumene-terminated (Mn = 1600 g/mol), α,ω-
aminopropyl-poly(ethylene glycol) (Mn = 2000 g/mol), gallic acid,
phosphate-buffered saline (150 mM NaCl, pH 7.4), and sodium
hydroxide were purchased from Sigma-Aldrich. Sodium oleate (97%)
was obtained from TCI. THF was purchased from Carlo Erba
Reagents.
Synthesis of Nanocubes. Core−shell iron oxide nanocubes with

an edge length of 20.2 ± 1.5 nm were synthesized following a recently
published procedure25 with a slight modification in order to obtain
bigger nanoparticles. Briefly, in a typical synthesis of 20 nm nanocubes
(Figure S1, sample A), OA (1.6 g, 5.7 mmol), sodium oleate (0.939 g,
3 mmol), and 1-ODE (5 mL) were added to a 50 mL three-neck flask

connected to a reflux condenser and degassed for 30 min at 90 °C (the
amounts for sample B were as follows: oleic acid (2.6 g, 9.2 mmol),
sodium oleate (0.939 g, 3 mmol), and 1-octadecene (3 mL)).
Subsequently, the solution was cooled to 60 °C and put under N2
reflux. Then the precursor solution Fe(CO)5 (0.597 g, 3 mmol,
dissolved in 1 mL of 1-ODE) was injected, and the mixture was heated
within 20 min to 320 °C. The solution reaction was stirred vigorously
at 320 °C, and as nucleation started (the solution turned black), it was
kept at that temperature for another 1.5 h and then cooled to room
temperature. Finally, the IONCs were collected by centrifugation at
8000 rpm for 10 min and washed in a mixture of chloroform/
methanol/acetone (1:6:1). The cleaning process was carried out three
times, and the IONCs were finally dispersed in CHCl3.

Controlled Clustering. For the formation of soft colloidal
nanoclusters with hydrodynamic diameters around 100 nm,
corresponding to 66 PScMA molecules/nm2 for sample A, in a 20
mL vial, to 9 mL of THF solution was added 1 mL of stock solution of
poly(styrene-co-maleic anhydride), cumene-terminated (PScMA, Mn =
1600 g/mol) polymer (obtained by dissolving 35 mg of polymer in 10
mL of THF, resulting in a [PScMA] = 2.19 mM). For 33 PScMA, to
9.5 mL of THF was added 0.5 mL of polymer stock solution. Instead,
for 16.5 PScMA, to 9.75 mL of THF was added 0.25 mL of polymer
stock solution. It followed the addition of 35 μL of iron oxide
nanocubes solution ([Fe] = 6.09 g/L in CHCl3, 0.33 μM in Fe) with a
cube edge length of 20 nm. Subsequently, 1 mL of H2O was added by
a syringe pump, at the rate of 0.5 mL/min, while sonicating the
solution in an ice bath. Next, the solution was placed on a horizontal
shaker rotating at a speed of 100 rpm, and the vial was left uncapped
overnight at room temperature (25 °C) to slowly evaporate the THF.
The following day, the remaining 0.8−1 mL of solution was
transferred to a 2 mL Eppendorf vial, and an equivalent volume of
CHCl3 was added. The Eppendorf vial was vigorously stirred at room
temperature, and the two phases were left to separate for a couple of
hours. Once the upper aqueous phase became clear, showing no sign
of turbidity, it was transferred into a 1 mL HPLC vial. More in detail,
to remove THF, allowing the final IONC dispersion in water, several
evaporation methods were tried including (i) evaporation under
reduced pressure (for roughly 1 h), (ii) atmospheric pressure
evaporation of THF, while stirring the solution with a magnetic
stirrer in an open beaker under the fume hood (for several hours), and
(iii) nitrogen bubbling of the solution (for a couple of hours). When
using evaporation under reduced pressure and nitrogen bubbling,
although the clusters could be obtained, the reproducibility of the
experiments was poor. This suggested that the rate of THF
evaporation was crucial for cluster formation. Indeed, when slowly
evaporating THF over 24 h by placing a 20 mL vial (without lid) on a
horizontal shaker at a speed of 100 rotations per minute, the clusters
were formed and the reproducibility of the cluster formation was
significantly improved. At the last step, CHCl3 was added to form a
well-defined two-phase system, with the top layer being the aqueous
phase containing the nanoclusters (colored phase on top, Figure S2).

Dynamic Light Scattering. Particle hydrodynamic size measure-
ments were carried out using a Malvern Zetasizer Nano series
instrument, operated in a 173° backscattered mode on diluted aqueous
solutions of nanoclusters. The measurements were performed at 25
°C. An equilibration time of 2 min was allowed before each
measurement, and at least three measurements were performed on
each sample. The DLS sample was prepared by adding 25 μL of a
cluster sample to 0.4 mL of water.

X-ray Diffraction. X-ray diffraction analysis was carried out on a
Rigaku SmartLab diffractometer, equipped with a 9 kW Cu Kα
rotating anode and operating at 40 kV and 150 mA. The patterns were
acquired in Bragg−Brentano geometry, using a D\tex Ultra 1D silicon
strip detector set in X-ray fluorescence reduction mode. The samples
were prepared by drying concentrated drops of particle suspensions on
zero diffraction silicon wafer.

Transmission Electron Microscopy. Conventional TEM images
were obtained using JEOL JEM 1011 electron microscope, working at
an acceleration voltage of 100 kV and equipped with a W thermionic
electron source and a 11Mp Orius CCD camera (Gatan Company,
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USA). Samples were prepared by placing a drop of sample onto a
carbon-coated copper grid, which was then left to dry before imaging.
Thermogravimetric Analysis. The weight loss of the oleic-acid-

coated nanoparticles was determined using a TA Instruments Hi-Res
TGA 2950 thermogravimetric analyzer under air atmosphere (60 cm3/
min). The samples (5−10 mg) of the surfactant-coated nanocubes
were heated from room temperature to 50 °C, and an isotherm was
applied for 15 min and then heated to 700 °C at a heating rate of 10
°C/min.
The formula used for the calculation of ligand density (ρl) was

described by Tong et al.:46

ρ = ×
w N
M

m
w Al

l Av

w,l

NP

NP NP

where wl is the weight fraction of the ligand, NAv is Avogadro’s
number, Mw,l is the molecular weight of the ligand, mNP is the mass of
one nanoparticle, wNP is the weight fraction of the iron oxide
nanoparticles, and ANP is the surface area of one nanoparticle. The
edge length of one nanocube was taken as 20 nm for area and volume
calculations. For the nanoparticle mass calculation, the density of bulk
magnetite was considered (5.18 g/cm3).
SAR Measurements. The calorimetric measurements to deter-

mine the specific absorption rate value of the iron oxide nanoclusters
were carried out using the Nanoscale Biomagnetics instrument
(DM100) operating over the range of frequencies from 105 to 302
kHz and fields up to 40 and 30 mT for 105 and 302 kHz, respectively.
The SAR value was calculated using the formula:

= ×
⎛
⎝⎜

⎞
⎠⎟

W
g

C
m

dT
dt

SAR

where C is the specific heat capacity of dispersing medium (H2O in
most cases) per unit volume (J/K), and m is the concentration (g/L of
Fe) of magnetic material in solution. The calorimetric measurements
were carried out in quasi-adiabatic conditions, and the slope of the
curve dT/dt was measured by taking into account only the first 20−25
s of the measurement. The measurements were done on samples of
200 μL at an Fe concentration ranging from 0.65 to 3.2 mg/mL.
Magnetic Characterization. Field-dependent static magnetic

measurements performed on immobilized nanoclusters were carried
out by employing magnetic property measurement system (MPMS-
XL, Quantum Design) with EverCool technology. The samples were
prepared by mixing 50 μL of nanoclusters dispersed in milli-Q water,
at an iron concentration of 0.9 g/L, with 60 mg gypsum in the
designated polycarbonate capsules and by drying the mixture
thoroughly. The zero-field-cooled and field-cooled temperature-
dependent magnetization measurements were performed on samples
prepared in the same way in the cooling field of 5 mT. The residual
magnetic field in the SQUID magnets was nulled using the designated
low-field Hall sensor prior to ZFC measurements. All the presented
magnetization data are corrected with respect to the diamagnetic and
paramagnetic contributions of water and gypsum using the automatic
background subtraction routine. The curves were normalized to the
iron concentration as obtained from the elemental analysis.
Elemental Analysis. Elemental analysis was carried out via

inductively coupled plasma atomic emission spectroscopy on a
ThermoFisher iCAP 6000 series instrument. The samples were
prepared by digesting 2.5−10 μL of sample in 1 mL of aqua regia in a
10 mL volumetric flask overnight. The next day, the flask was filled up
to the graduation mark with milli-Q water and filtered through a 0.45
μm filter membrane prior to the measurement.
Magnetic Modeling Methodology. The kinetic Monte Carlo

method used in this study systematically incorporates the complexity
of realistic particle distributions, thermal fluctuations, and time varying
external fields. The model assumes Stoner−Wohlfarth particles with
uniaxial anisotropy ki⃗ = Kikî, where the unit vectors kî for each
nanocube are spherically distributed (i.e., following the uniform
distribution on a unit sphere), and for simplicity, Ki is set to a constant
K. We systematically explored the effect of the anisotropy constant K
and found that the value 5 × 103 J/m3 gives good qualitative

agreement with the experimentally observed trends in SAR. Particles
with cubic shape and cube edge of a = 20 nm and volume Vi = V = a3

are considered. The magnetic state of every individual particle is
represented by a magnetic dipole moment m⃗i = Msm̂i positioned in the
center of its cube, where Ms is the saturation magnetization and m̂i the
particle moment normalized to unity. To reflect the slight degree of
misalignment of nanocubes within clusters, which can be noted from
the TEM image (Figure 1), the particle positions within elementary
clusters were randomized using the fractal generating algorithm
described previously40 after setting the fractal dimension Df = 3, which
produces cluster structures, as illustrated in Figure S10. The chain-like
and triangular clusters can also be obtained by the algorithm after
setting Df = 1 and Df = 2, respectively, but given the small numbers of
particles within the clusters, these can be obtained equivalently by
setting Df = 3, which allows one to systematically generate higher
order clusters.

The Stoner−Wohlfarth energy of a cluster is

∑= ̂ × ̂ − ̂ · ⃗ + ⃗E K V k m VM m H H( ( ) ( ))
i

i i i i i i i
2

s
dip

(1)

where the sum runs through particles i inside a cluster. The effective
local field acting on particle i is given by the sum of the external
applied field, H, and the dipolar interaction field described by the
following equation:

∑⃗ = − ̂ + ̂ ̂ · ̂
≠

−H V M r m r m r( 3 ( ))i
i j

j ij j ij j ij
dip

s
3

(2)

Thermal fluctuations are accounted in the model by assuming the
Neél−Arrhenius physical picture, where fluctuationsleading to
frequency-dependent behaviorare described as a random hopping
process over energy barriers ΔE separating the different states
(magnetic moment configurations), defining the relaxation time scales
as

τ τ= ΔE k Texp( / )0 B (3)

where τ0 = 10−9 s, kB is the Boltzmann constant, and T is the
temperature. The essence of the kinetic Monte Carlo modeling is to
solve the hopping dynamics via the master-equation formalism,
including the interacting nature of particles, as given by eqs 1 and 2
and with realistic time scales as given by eq 3. Details of the method
can be found in recent studies.39,40

Throughout the present study, we consider systems of 3000
nanocubes, which were for simulation of the different ensembles split
to 1500 dimers, 1000 trimers, and 500 six-particle centrosymmetric
clusters. To study the noninteracting system, dipolar interactions H⃗i

dip

are set to zero for all particle pairs. We choose a parameter set
consistent with the experimental conditions as discussed above, that is,
the frequency of the applied field for calculations of SAR (determined
from the hysteresis loop area) was set to f = 300 kHz, the field
orientation was set along the z-axis of the coordinate system, and field
amplitude was set to H0 = 23.8 kA/m. For the inset of Figure 5, Ms
values were set at 367, 407, 407, and 314 emu/cm3 for, respectively,
single, dimers, trimers, and centrosymmetric clusters by converting Ms
estimated from in Figure 6 from emu/g of Fe in emu/cm3 of Fe3O4.
We also developed a case study with fixed Ms = 450 kA/m (450 emu/
cm3, i.e., bulk magnetite-like particles) for all different types of cluster
structures (see supplementary section, Figures S13−S15) consistent
with the experiments on annealed systems (Figure 7 and Figure S11),
which allows a straightforward comparison of the dipolar effects
induced by the differences of the particle arrangement within the
different cluster types. The particle temperature is set to constant T =
300 K, thus ignoring the self-heating effect, which is equivalent to
assuming infinite heat capacity of particles.

The SAR was determined by evaluating the area of hysteresis loops
computed for the ensembles of isolated particles and of two-particle,
three-particle, or six-particle structures. Examples of the computed
dynamic hysteresis loops are shown in Figure S13.
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Facile transformation of FeO/Fe3O4 
core-shell nanocubes to Fe3O4 via 
magnetic stimulation
Aidin Lak1,*, Dina Niculaes1,*, George C. Anyfantis1, Giovanni Bertoni2, Markus J. Barthel1, 
Sergio Marras1, Marco Cassani1, Simone Nitti1, Athanassia Athanassiou1, Cinzia Giannini3 & 
Teresa Pellegrino1

Here, we propose the use of magnetic hyperthermia as a means to trigger the oxidation of Fe1−xO/Fe3−δO4 
core-shell nanocubes to Fe3−δO4 phase. As a first relevant consequence, the specific absorption rate 
(SAR) of the initial core-shell nanocubes doubles after exposure to 25 cycles of alternating magnetic 
field stimulation. The improved SAR value was attributed to a gradual transformation of the Fe1−xO 
core to Fe3−δO4, as evidenced by structural analysis including high resolution electron microscopy and 
Rietveld analysis of X-ray diffraction patterns. The magnetically oxidized nanocubes, having large and 
coherent Fe3−δO4 domains, reveal high saturation magnetization and behave superparamagnetically 
at room temperature. In comparison, the treatment of the same starting core-shell nanocubes by 
commonly used thermal annealing process renders a transformation to γ-Fe2O3. In contrast to other 
thermal annealing processes, the method here presented has the advantage of promoting the oxidation 
at a macroscopic temperature below 37 °C. Using this soft oxidation process, we demonstrate that 
biotin-functionalized core-shell nanocubes can undergo a mild self-oxidation transformation without 
losing their functional molecular binding activity.

Iron oxide nanoparticles are an indispensable candidate for varieties of nanoparticle-based therapeutics and 
diagnostics owing to their switchable magnetization, biocompatibility and biodegradation1–3. Magnetic hyper-
thermia is a novel non-invasive therapy, now under clinical trial on patients with brain or prostate tumors, that 
exploits magnetic nanoparticles as heat mediators to burn cancer mass4–7. The heat dissipation strongly depends 
on physico-chemical features of the particles. Up to now, there have been several studies aiming at the design 
of optimal heat mediators8–10. Recently, it was reported that anisotropic cubic-shape particles reveal a superior 
heating performance with respect to spherical ones, yet tightly relying on their structural and compositional 
properties11,12.

The synthesis of monodisperse iron oxide nanocubes is a great challenge and hardly attainable by any other 
method rather than high temperature colloidal syntheses. The iron pentacarbonyl and iron oleate are among the 
most frequently used precursors for the synthesis of iron oxide nanoparticles due to their particular decompo-
sition profile that allows a distinctive separation between nucleation and growth steps, a vital criterion to obtain 
uniform nanocrystals13–23. Some of the developed synthetic procedures that make use of these precursors result 
in the formation of initial paramagnetic FeO (rock-salt (RS) structure) particles because of the reductive nature 
of the decomposition reaction24. After being exposed to ambient conditions, the outer particle surface transforms 
into Fe3O4 phase (inverse spinel (S) structure) and eventually core-shell structures having an antiferromagnetic 
core and a ferri(o)magnetic shell (AFM-FiM) are formed25. The core-shell particles, depending on the composi-
tion of the core and the shell, exhibit intriguing features such as exchange coupling between hard and soft mag-
nets and exchange bias coupling which have raised lots of scientific and technological attentions26. For instance, 
the coupling between magnetically hard CoFe2O4 core and soft MnFe2O4 shell improves magnetization and 
magnetocrystalline anisotropy in these core-shell nanoparticles, making them a promising agent for magnetic 
hyperthermia27. It has also been shown that the formation of Fe3O4 (FiM) shell on CoO (AFM) particles, causing 
the exchange bias coupling, can modify and improve the magnetization of the resulting CoO/Fe3O4 core-shell 
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system compared to the pristine CoO core28. In CoxFe1−xO/CoxFe3−xO4 (AFM-FiM) core-shell nanoparticles, the 
exchange bias and the coercive field were tuned by varying the dimension of the AFM core29. However, in the case 
of FeO/Fe3O4 particles, the presence of an AFM core significantly lowers the overall magnetization compared to 
single-phase Fe3O4 nanoparticles30. Hitherto, a way to improve magnetization and structure of these core-shell 
particles is based on post synthesis annealing at elevated temperatures31–33. However, the major drawback of such 
a harsh oxidation method is the destabilization and irreversible agglomeration of the particles, as the magnetic 
domain enlarges (i.e. for nanoparticles at the interface between superparamagnetic and ferromagnetic and for 
ferromagnetic nanoparticles) and the inter-particle dipole-dipole interactions, after annealing, prevail. Also, these 
treatments are usually performed in non-hydrolytic high boiling point solvents and the thin shell of surfactants 
at the surface of the nanocrystals is not capable of preventing an irreversible particle aggregation. To this end, it is 
important to find a milder oxidation method that triggers the transformation of the core/shell nanoparticles to a 
single magnetic phase while preserving their colloidal stability and protecting surface bioactive ligands.

Here, by exploiting magnetic hyperthermia (MH), a set up commonly employed to measure the heating ability 
of nanoparticles, we demonstrate the unprecedented potential of transforming Fe1−xO/Fe3−δO4 core-shell nano-
cubes into Fe3−δO4 phase, while maintaining the macroscopic temperature below the body temperature. This mild 
oxidation method boosts particle hyperthermia performance, while concomitantly preserving shape and colloidal 
stability of the nanocubes. Having employed several structural and magnetic analysis techniques, we unravel the 
gradual evolution of magnetization, crystal structure, and phase composition occurring under the magnetically 
stimulated oxidation in these core-shell nanocubes, accounting for the improved heat performance.

Results
The Fe1−xO/Fe3−δO4 nanocubes, with an average edge length of 17 ±  2 nm, were synthesized by decomposition of iron 
pentacarbonyl Fe(CO)5 in a mixture of 1-octadecene, oleic acid, and sodium oleate. A typical TEM image is shown in 
Fig. 1a (particle size histogram is plotted in Fig. S1a of the Supplementary Information (SI)). The nanocubes were trans-
ferred into water by exchanging their original surfactants with a gallic acid derivate of the α -ω -diaminopropyl-poly(eth-
ylene glycol) polymer (Mn =  1500 g/mol) (Gallic-PEG-NH2, Fig. 1b) synthesized by a one-step reaction with a degree 
of functionalization of 30%, as determined by 1H NMR (Supplementary Fig. S2). The water transfer approach allows 
attaining single-core particles as discerned from TEM studies (Supplementary Fig. S1b).

Magnetic hyperthermia stimulation and SAR analysis. In a typical MH treatment cycle, the 
PEGylated nanocubes in water were sequentially exposed to 1 h alternating magnetic fields at 330 kHz and 17 mT  
followed by 20 min rest time at ambient conditions and this cycle was repeated for a certain number of times 

Figure 1. Magnetic stimulation treatment and SAR analysis. (a) Typical low resolution TEM micrograph of 
as-synthesized core-shell nanocubes, (b) scheme of gallic-PEG-NH2 coated core-shell nanocube, (c) schematic 
representation of a MH treatment cycle, (d) heating profiles of PEG coated nanocubes vs. MH cycle number 
(particles concentration fixed at 8 gFe/L), (e,f) the temporal evolution of the SAR over 25 MH treatment cycles as 
a function of magnetic fields measured at two fixed frequencies of 302 (e) and 106 (f) kHz, respectively.
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as schematically shown in Fig. 1c. For a given frequency, SAR values were recorded as a function of magnetic 
fields on the sample of the untreated nanocubes and after a certain number of cycles, usually 10 and 25 MH 
cycles (Fig. 1e,f). Notably, at all field values, higher SAR values were recorded for the samples that underwent 
the magnetic stimulation. By increasing the frequency from 106 to 302 kHz, as expected, the SAR values rise. For 
instance, the SAR value at 302 KHz and 25 mT increases from 47 W/gFe to 106 W/gFe after 25 MH treatment cycles, 
indicating the change in structural and magnetic properties of the particles. Although the highest temperature 
recorded during the treatment never exceeded 34 °C, a gradual increase of the initial slope of the temperature vs. 
time curve and the maximum temperature reached at the end of the cycle was always registered as more treatment 
cycles were applied (Fig. 1d).

To furthermore support the magnetically stimulated phase transformation hypothesis, rather than a bulk 
temperature effect per se (the macroscopic temperature raised solely for few degrees during the full MH treat-
ment and never exceeding 34 °C), in a control experiment, the initial core-shell nanocubes were heated in water 
bath for 25 h (i.e. corresponding to 25 MH treatment cycles) applying the same heating profile as recorded in the 
MH treatment. For the sample heated up in the water bath, the SAR value measured at 302 kHz and 25 mT was 
only 49 W/gFe, showing a marginal increase compared to the SAR of the initial sample (47 W/gFe). Upon applying 
alternating magnetic fields, the particles go through multiple magnetization-demagnetization hysteresis loops, 
resulting in the conversion of magnetic to heat energy. It is known from previous studies that the temperature at 
the surface proximity of nanoparticles is substantially higher than the macroscopic temperature detected by the 
optic fiber sensor in the solution. Apparently, these hot spots can accelerate the oxidation and structural change 
in the core-shell nanocubes and consequently improve their heat performance34,35. It is also worth mentioning 
that the final SAR values recorded on the nanocubes after 25 cycles of MH treatment are higher than SAR values, 
measured in a comparable field and frequency, reported for iron oxide nanoparticles and nanoclusters obtained 
from other direct synthesis methods36,37.

High resolution electron microscopy characterization. The core-shell structure of the initial nano-
cubes can easily be discerned by looking at HRTEM, and it is even more evident in the STEM images (Fig. 2a,c). 
On the same nanocube treated for 25 MH cycles, a more homogenous and ordered crystal structure was detected 
with no trace of the initial core-shell structure (Fig. 2b,d). To gain more information about the phase structure 
of the nanocubes, geometric phase analysis (GPA)38 was performed (see the SI). The amplitude map of {220}S, a 
fringe only ascribable to the Fe3−δO4, (Fig. 2e) shows a significantly higher magnitude in the outer layers than in 
the core of the initial nanocubes. In the amplitude map, a higher intensity corresponds to a higher occurrence of 
the corresponding plane. Instead, the amplitude map of {220}S fringe of 25 MH cycles treated nanocubes reveals 
high magnitude on both the shell and the core of the particles, thus implying the growth of the Fe3−δO4 phase 
towards the core (Fig. 2f). Based on the discontinuities observed in the amplitude map of the {220}S fringe, it 
appears that the Fe3−δO4 phase nucleates as small subdomains on the shell of nanocubes which grow larger during 
the oxidation. This island-like nucleation and growth has previously been observed in iron oxide core-shell nano-
particles25,32. Compared to the amplitude map of {400}S-{200}RS of the initial nanocubes which is mainly brighter 
in the center (Supplementary Fig. S3a), the amplitude map of {400}S fringe after the MH treatment, shows a high 
magnitude throughout the whole nanocube (Supplementary Fig. S3b).

Field and temperature dependence of magnetization. Since a change in the structural features of the 
nanocubes is reflected in their magnetic properties, the magnetization hysteresis loops were compared before and 
after the MH treatment. Interestingly, the superparamagnetic behavior of the initial core-shell nanocubes was not 
affected by the MH treatment, and samples after 10 and 25 MH cycles revealed zero coercive fields at 298 K as the 
initial core-shell nanocubes did. As an indicator of the change in the structure, it is important to trace the saturation 
magnetization (Ms). At 298 K, Ms increases from 53 emu/gFe for the initial nanocubes to 69 emu/gFe and eventually to 
72 emu/gFe after 10 and 25 MH treatment cycles, respectively (Fig. 3a). At 5 K, Ms value of 25 MH treated nanocubes 
is 94 emu/gFe (corresponding to 73 emu/gFe3O4), deviating from the bulk magnetite value39 (Table 1). This deviation 
is mainly due to a tiny remained fraction of FeO after full MH treatment as discussed later. The hysteresis curves 
were reconstructed using a discrete form of the Langevin function to acquire Ms and particle magnetic moment (m) 
distribution (see SI)40. It can be realized that m distribution and the corresponding magnetic domain size (dm) (given 
in Table 1) grow slightly during the first 10 cycles, and then increase significantly in the last 15 cycles. Also, the mag-
netic moment distribution becomes narrower as the Fe3−δO4 fraction enlarges (Supplementary Fig. S4). Conversely, 
Ms does reveal a rather significant rise within the first 10 cycles. These results demonstrate that Ms and dm do not 
always show a linear correlation particularly in such complex core-shell nanocubes.

By looking at the temperature dependent zero-field-cooled (ZFC) and field-cooled (FC) magnetizations 
(Fig. 3b) it can be seen that the magnetization of initial core-shell and that of 10 cycles treated nanocubes 
rises slightly up to the Néel temperature (TN) of FeO at 180 K. A huge rise seen at this temperature is due 
to the transition from antiferromagnetic to paramagnetic spin configuration in FeO. Differently, on the 
nanocubes exposed to a full 25 MH treatment cycles, a clear kink at 110 K in the ZFC curve is seen which 
can be attributed to the Verwey transition in magnetite25,31. A long-range crystal structure ordering in 25 
cycles treated nanocubes can be accounted for this observation. Prominently, the Verwey transition has not 
been observed in core-shell nanocubes which were annealed at 150 °C32, analogous to the here studied nano-
cubes after thermal annealing at 130 °C (Supplementary Fig. S10b). This suggests that in the present Fe1−xO/
Fe3−δO4 nanocubes the magnetic heating triggers the phase transformation via different pathways than plain 
high temperature annealing. The superparamagnetic blocking temperatures (Tb) were estimated from the 
maximum peak in the ZFC curve (refer to Table 1). As the particles undergo more cycles of MH treatment, 
Tb decreases. Also, the magnetocrystalline anisotropy constant (Ke), estimated using the Néel-Brownian 
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relaxation equation (see SI), shows a decreasing trend as the Fe3−δO4 magnetic domain becomes larger and 
more coherent upon applying MH cycles (see Fig. S5 for ZFC curves measured at other field amplitudes). The Ke 
values here reported match the mostly recognized ones for magnetite i.e. 11–13 kJ/m3 (Table 1)41.

The spin configuration in Fe1−xO is paramagnetic at room temperature and upon cooling below its TN, the spins 
orient antiferromagnetically. However, part of the spins at the Fe1−xO/Fe3−δO4 interface remains uncompensated which 
pin the Fe3−δO4 spins towards the cooling field. These AFM-FiM interfaces generate large exchange bias fields HEB, 
identified by shifted hysteresis loops in the opposite direction of the applied fields42. The measured FC magnetization 
curves performed on particles cooled to 5 K in 5 T, show that as the particles are progressively oxidized, both horizon-
tal and vertical shifts in the FC loops are reduced (Fig. 3c). This is an indication of the shrinkage of Fe1−xO core and 
AFM-FiM interfacial spins. HEB lowered significantly after 25 MH treatment cycles, not yet entirely vanished (Table 1). 

Figure 2. High resolution electron microscopy characterization. (a,b) HRTEM, (c,d) STEM micrographs of 
initial core-shell nanocubes and 25 MH cycles treated nanocubes, and (e,f) amplitude maps of relative intensity 
of {220}S spinel-only fringe of initial core-shell and 25 MH cycles treated nanocubes, respectively, obtained from 
the GPA analysis. The {220}S corresponds to the Fe3O4 phase. The [001] zone-axis lies parallel to the electron 
beam.
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A similar trend was observed in Fe3O4 films and was linked to the presence of antiphase boundaries (APBs) at the 
interface of growing magnetic domains43–46. The ever existing HEB field was detected in iron oxide nanocubes oxi-
dized post synthesis up to 48 h as well as in single-phase Fe3O4 and γ -Fe2O3 nanocrystals33,36,39,47. It appears that on 
the nanocubes here studied, the exchange coupling plausibly has a structural origin. ZFC hysteresis loops reveal no 
asymmetric behavior. Besides, Hc reduces as the spinel domains grow larger, matching the reduction of Ke.

Structural and compositional analysis. The powder X-ray diffraction (XRD) and quantitative Rietveld 
analysis were used to gain information about the evolution of phase composition, lattice constant, and crystallite 
size of the nanocubes before and after the MH treatment. The XRD pattern of the initial core-shell nanocubes 

Figure 3. Field and temperature dependent magnetization. (a) M-H magnetization loops measured at 
room temperature (symbols) and the best fits (solid lines), (b) temperature dependent zero-field-cooled (ZFC) 
and field-cooled (FC) magnetizations measured at 10 mT, (c) FC cooled at 5 T and (d) ZFC hysteresis loops of 
immobile particles recorded at 5 K for the initial core-shell nanocubes (red symbols), 10 (blue symbols) and 25 
(green symbols) MH cycles treated nanocubes.

Notation Ms
298/Ms

5 m dm Tb Ke Hc HEB fRS/fS aRS/aS

dRS(200)/
dS(400)/(220)

initial 53/60 0.66 64 244 14.2 272 158 44/56 4.27/8.46 105/65/32

10 cycle 69/89 0.93 67 235 13.7 210 112 28/72 4.24/8.44 73/90/48

25 cycle 72/94 3.4 105 232 13.5 57 23 − /100 − /8.39 − /149/50

TA-130 79/92 4.3 117 226 13.1 20 5 — − /8.35 − /155/61

Table 1.  Magnetic, structural, and phase composition properties. Ms, m, dm, Tb, Ke, HC, and HEB obtained from 
the analysis of the magnetization curves and mass fraction fRS/fS, lattice constant aRS/aS derived from the Rietveld 
analysis and crystallite sizes dRS/dS of Fe1−xO (RS) and Fe3−δO4 (S) estimated using the Scherrer formula. Ms (emu/gFe); 
m (A m2 ×  10−19); dm (Å); Tb (K); Ke (kJ/m3); HC and HEB (mT); fRS/fS weight fraction (%); aRS/aS and dRS/dS (Å);  
TA-130: thermally annealed nanocubes at 130 °C.
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unambiguously shows the reflections ascribed to both Fe1−xO and Fe3−δO4 phases having rock-salt (RS) and 
inverse spinel (S) crystal structure, respectively. The peak positions of Fe1−xO phase match with Fe0.942O (ICSD: 
98-002-4696). After 10 and 25 MH cycles, the XRD patterns of the nanocubes show a concomitant drop in the 
intensities of (111)RS, (200)RS and (220)RS reflections of Fe1−xO and rise in the intensities of Fe3−δO4 reflections 
(Fig. 4). The peak positions of 25 MH cycles treated nanocubes coincide perfectly with Fe2.96O4 (ICSD: 98-008-
2443). The reconstructed patterns by Rietveld method, plotted on the experimental ones (Supplementary Fig. S6),  
revealed that the fraction of Fe1−xO declines gradually and after 25 MH cycles becomes significantly small (not 
reliably quantifiable by the Rietveld method). Conversely, the fraction of Fe3−δO4 increases and eventually becomes 
dominant after 25 MH cycles (Table 1). Initially we have tried to take both Fe1−xO and Fe3−δO4 phases into Rietveld 
analysis of the 25 MH cycles treated particles, but the fit quality was not satisfying. These trials hinted that there is 
still a small portion of Fe1−xO (5–10%) in the fully treated nanocubes. This together with the nominal atom occu-
pancies assumed in the refinements (Table S1) are reflected in the difference in the relative peak intensities between 
the measured and simulated patterns (Supplementary Fig. S6c). The lattice constant of Fe1−xO and Fe3−δO4 for the 
initial nanocubes was found to be 4.27 Å and 8.46 Å, corresponding to 0.8% contraction and expansion in the unit 
cell, respectively, if compared to the bulk values given for wüstite and magnetite (i.e. 4.30 Å and Å 8.39 Å respec-
tively)48,49. Strikingly, the Fe1−xO lattice constant further decreases to 4.24 Å as its domain shrinks, presumably due 
to an increasing pressure by the growing Fe3−δO4 subdomains. Accordingly, it can be discerned that the Fe1−xO core 
is under a huge pressure, even up to few GPa as shown in studies by McCammon49 and Hazen50. The lattice constant 
of Fe3−δO4 reaches 8.39 Å after 25 MH stimulation cycles, matching perfectly the magnetite bulk value48.

The crystallite size of Fe1−xO and Fe3−δO4 phases was estimated using the Scherrer equation (see the SI). The Fe1−xO 
crystallite size of (200)RS line changes from 105 Å for the initial particles to 73 Å after 10 MH cycles. The Fe3−δO4 crystal-
lite size of (400)S line rises steadily from 65 Å to 149 Å after 25 MH cycles. This indicates that the remaining domain of 
Fe1−xO is 21 Å, corresponding to a very small fraction of a 170 Å nanocube. On the contrary, the size of (220)S increases 
marginally (Table 1). A similar retarded growing trend was observed, though less profound, for (440)S reflection. This 
anisotropic line broadening is plausibly due to varying density of crystal defects (e.g. APBs) and stress along different 
crystallographic directions, in the case of (220)S plane chiefly originated from the nucleation and growth of the spinel 
subdomains on the tetrahedral Fe3+ sublattice51. The formation of large spinel crystallite indicates a long-range crystal 
ordering in the fully treated particles, matching the appearance of the Verwey transition.

Principally, Fe1−xO is an oxygen-sufficient phase which hampers the diffusion of oxygen through its lattice. 
Therefore, the most plausible oxidation mechanism in these nanocubes is the concomitant absorption of O2− into 
the shell and the diffusion of Fe2+ outwards the core and its subsequent oxidation to Fe3+ at the interface. The 
undistorted rotational ordering of the oxygen face-centered cubic (fcc) sublattice deduced from the GPA analysis 
(Supplementary Fig. S7) indicates a topotactical growth of the Fe3−δO4 domains on the Fe1−xO core. The coales-
cence of the growing Fe3−δO4 subdomains, typically shifted by ¼ a0[110], ½ a0[100] or/and rotated by 90°, causes 

Figure 4. X-ray diffraction analysis. Powder X-ray diffraction patterns of (a) initial core-shell, (b) 10, and 
(c) 25 MH cycles treated nanocubes. Theoretical diffraction lines of Fe0.942O (ICSD: 98-002-4696) and Fe2.96O4 
(ICSD: 98-008-2443) are plotted at the bottom and upper panels, respectively. The dashed lines are guides for 
the eye.
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the nucleation of the aforementioned APBs43,44,52–54. The formation of APBs in iron oxide nanocubes has been 
demonstrated and discussed by Wetterskog et al.32. Here, a similar behavior was observed that is the APBs do con-
tinue to persist even in the 25 cycles magnetically oxidized Fe3−δO4 nanocubes (Supplementary Figs S8 and S9).  
The APBs separate the Fe3−δO4 domains, being responsible for the retarded growth of the particle crystallite size 
along (220)S diffraction line.

To compare the effect of conventional thermal annealing with the MH oxidation treatment, the same pristine 
nanocubes used for the MH study, before being transferred in water, were heated at 130 °C for 5 h (denoted by 
TA-130, the detailed procedure is described in the SI). Interestingly, a lattice constant of 8.35 Å was found for the 
TA-130 nanocubes by XRD and Rietveld analysis (Supplementary Fig. S10a), matching with the values given in 
the literature for γ -Fe2O3 nanoparticles48. Note that the particle crystallite size along (220)S diffraction line rises 
to 61 Å, slightly larger than the value obtained for the 25 MH cycles treated nanocubes. Moreover, no shoulder at 
110 K linked to the Verwey transition was identified in the ZFC magnetization curve (Supplementary Fig. S10b). 
This implies that the core-shell nanocubes are transformed to γ -Fe2O3 by the thermal annealing. Also looking 
at the M-H curve, the TA-130 nanocubes reveal 10% higher Ms value at 298 K compared with the magnetically 
treated ones (Supplementary Fig. S10c) and dm of the TA-130 nanocubes was estimated 117 Å, slightly larger than 
the one obtained for the MH treated ones (Table 1). Notably, HEB has not entirely disappeared in the annealed 
TA-130 nanocubes as identified by the shifted FC magnetization curve (Supplementary Fig. S10e). The presence 
of the APBs even after thermal annealing could be a plausible reason for this observation. It has been reported 
that to obtain a completely APB-free structure a much stronger diffusive motion is required which occurs at  
temperatures much higher than 130 °C55. The PEG coated TA-130 nanocubes gave SAR values 15% higher than 
the 25 MH cycles treated samples. However, the PEGylated TA-130 nanocubes show a broader hydrodynamic size 
distribution, having a fraction of 100 nm clusters (Supplementary Fig. S11a). The presence of aggregates formed 
as a result of harsh thermal annealing was confirmed by TEM studies (Supplementary Fig. S11b). Additionally, 
the yield of the water transfer TA-130 nanocubes was not as quantitative as the MH treated ones, revealing an 
advantageous feature of the proposed mild oxidation process. Owing to the crucial importance of producing 
single-core particles for in vivo applications, the thermally annealed nanocubes indeed have limited applications.

Bio-activity and colloidal stability. The main distinctive feature of the here proposed magnetically trig-
gered oxidation compared to typical thermal annealing processes31,32,56–58 is that the oxidation of the core-shell 
Fe1−xO/Fe3−δO4 nanocubes to Fe3−δO4 occurs under mild conditions (below 37 °C as opposed to the 130 °C of the 
thermal annealing). The MH treatment, being a process that is performed on core-shell nanocubes transferred in 
water when the inter-particle interactions are virtually absent (due to the antiferromagnetic-ferrimagnetic struc-
ture), enables quantitative water transfer of well soluble and single core-shell particles with excellent colloidal 
stability. The shape and single-core nature of the nanocubes indeed remain well preserved after 25 MH treatment 
cycles (Supplementary Fig. S12).

Moreover, the mild temperature of the MH treatment also implies that biomolecules attached to the nanocube 
surface may preserve their functionality (i.e. targeting properties). To prove this point, the amino terminated 
moieties of PEG molecules on the nanocube surface were reacted with NHS carboxyl-activated biotin molecules 
(Fig. 5). After biotin functionalization, the hydrodynamic diameter of the nanocubes increases from 30 nm to 
40 nm. Given the mono-modal size distribution and the absence of other peaks, the single-core nature of the 
biotin functionalized nanocubes was retained. In addition, the particle surface potential drops from 15 mV to 
8 mV after biotin functionalization, indicating a change in the particle surface chemistry after biotin attachment.

The colloidal stability of biotin modified nanocubes after exposure to 25 MH treatment cycles obviously 
remained unaffected (Fig. 5d). The dot blot assay was performed to evaluate the binding affinity of the biotin on the 
particle surface towards the FITC-streptavidin (Fig. 5a–c). The nanocubes, prior and after having being exposed to 
the MH treatment, were spotted on the nitrocellulose membrane. After addition of the FITC-streptavidin solution, 
the fluorescence signals were detected on the spots, indicating that surface biotin was still able to bind streptavidin 
even if the nanocubes were previously exposed to the MH treatment. The spots emit a fluorescence signal even at low 
nanocubes concentration (1.8 nM) which indicates a high density of biotin molecules attached per nanocube. On the 
contrary, the PEGylated nanocubes bearing no biotin molecules did not emit any fluorescence signal.

Discussion
In summary, we have presented a novel self-oxidation approach whereby the heat dissipated by the particles 
via hysteresis and relaxation processes is exploited to transform the Fe1−xO/Fe3−δO4 core-shell nanocubes to a 
major Fe3−δO4 phase. The structural and magnetic characterizations confirmed the occurrence of magnetically 
triggered phase transformation, being responsible for the doubling of the SAR values. Moreover, since this pro-
cess occurs in mild conditions, we have demonstrated the possibility of conducting this treatment on nanocubes 
functionalized with biotin without altering its binding affinity towards streptavidin and concomitantly preserv-
ing the colloidal stability of the MH treated nanocubes. The magnetically self-oxidized nanocubes possess all 
crucial physico-chemical features for being efficient heat mediators for in vivo cancer treatment by magnetic 
hyperthermia. These highly monodisperse and non-interacting core-shell nanocubes are potentially useful as heat 
mediators that upon magnetic hyperthermia stimulation at the tumor site may gradually improve their heating 
performance in a self-regulatory manner.

Methods
Synthesis of nanocubes. In a typical synthesis to obtain 17 nm nanocubes, 5 mL (0.015 mmol) ODE, 1.98 g 
(7 mmol) OLAC and 0.91 g (3 mmol) sodium oleate were added into a 50 mL three neck glass flask. Afterwards, 
the mixture was degassed at 110 °C for ≈ 1 h until no further bubbling was observed. The mixture was cooled to 
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Figure 5. Functional and colloidal stability assays of biotin-modified nanocubes. Optical images taken at 
excitation wavelength of 488 nm from the dot blot nitrocellulose membrane of PEGylated core-shell nanocubes 
(a), biotin-functionalized nanocubes (b) prior and (c) after 25 MH treatment cycles spotted at three different 
particle concentrations after being treated with FITC-streptavidin. The fluorescence signal indicates the presence 
of streptavidin bound to the biotin on the nanocubes before and after the MH treatment. (d) Hydrodynamic size 
distribution (number weighted) of PEG coated (red line) and biotin-tagged nanocubes prior (blue line) and after 
(green line) 25 MH treatment cycles. On biotin-nanocubes no change in hydrodynamic size is observed before and 
after the MH treatment.
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60 °C and then 400 μ L (3 mmol) Fe(CO)5 dissolved in 1 mL ODE, freshly prepared in glove box, was injected into 
the flask. The iron precursor injection and the growth steps were carried out under nitrogen flow. The resultant 
yellowish mixture was heated up to 320 °C within 25 min. The mixture firstly turned to dark orange and eventually 
after 1 h to black, indicating the nucleation of initial crystallites. From the time of the nucleation, the mixture was 
kept at this temperature for additional 90 min. After cooling the obtained black suspension to 80 °C, 40 mL chlo-
roform was added to efficiently disperse the particles and then it was immediately cooled to room temperature 
(RT). The particles were precipitated by adding a 1:2 methanol/acetone solution and collected by centrifugation 
at 6000 rpm for 10 minutes. The precipitated particles were redissolved in fresh chloroform and the centrifuging 
steps were repeated five times to obtain thoroughly clean particles. Finally, the particles were readily dispersed in 
40 mL chloroform and kept in glove box.

PEG functionalization of nanocubes. To transfer the particles into water, their original oleate surfactant 
ligands were exchanged with the synthesized Gallic-PEG-NH2 molecules. Typically, 10 mL solution of nanocubes 
in chloroform at an iron concentration of 2 g/L was mixed with 15.6 mL (0.05 M) solution of Gallic-PEG-NH2 
in chloroform and then 10 v% triethylamine was added. The mixture was stirred vigorously overnight and after-
wards the solvent was evaporated off by purging nitrogen. Next, the waxy mixture of particles was dispersed in 
20 ml Milli-Q distilled water by intensive nitrogen purging and vigorous shaking. After removing all volatile  
solvents, the particle suspension was transferred into RC dialysis membrane (Spectra/Por) with a cutoff of 25 kDa. 
The dialysis was carried out for three days to remove excessive polymers. Further cleaning of the particles was 
performed by centrifuging on Amicon filter tubes with 100 kDa cutoff at RT, 2500 rpm and for 25 minutes. This 
step was repeated five times and at the end the sample volume was reduced to 5 mL. By applying such extensive 
cleaning process, we can make sure that the obtained particles are free from excess polymer molecules. Typical 
TEM image of PEG coated nanocubes are seen in Fig. S1b.

Biotin functionalization of nanocubes. The EDC-NHS coupling chemistry was utilized to bind biotin 
on the nanocube surface. First, the amino-PEG coated nanocubes were dispersed in MES buffer (0.01 M, pH 5.5) 
at a final particle concentration of 0.18 μ M. A 180 μ M solution of NHS-biotin was prepared by dissolving 0.001 g 
NHS-activated biotin firstly in 200 μ L DMSO and then 29.8 mL MES buffer. To 1 mL nanocube MES solution, 
1 mL biotin solution (180 μ M) was added such that the molar ratio of biotin/NC is 1000. Subsequently, 1 mL 
EDC MES buffer solution (0.45 M) was poured into the mixture such that the molar ratio of EDC/NC is 250000. 
The mixture was stirred vigorously at RT overnight. Afterwards, unbound and excessive biotin molecules were 
removed by filtering the suspension through Amicon 100 kDa filter tube. The cleaning process was repeated five 
times. At the last filtering step, the particle suspension was concentrated to the desired iron concentration for 
further analysis and magnetic hyperthermia treatment.

Magnetic hyperthermia treatment of aqueous nanocubes solution. Magnetic hyperthermia (MH) 
treatment was performed on aqueous solution of both PEG coated and biotin-functionalized nanocubes utilizing 
magneTherm setup (NanoTherics) operating at 330 kHz and 17 mT. The experiments were performed on 300 μ L  
suspension having iron concentrations in the range between 4 to 10 gFe/L. Each magnetic treatment lasts one 
hour and between each MH treatment cycle, the field was turned off and the sample was left to cool down to RT 
(typically it took about 20 minutes to cool the sample to RT).

SAR measurements. The calorimetric measurements to quantify the specific absorption rate (SAR) value of 
the nanocubes were conducted using Nanoscale Biomagnetics instrument operating over a broad range of fields 
and frequencies. The SAR was calculated using the corrected slope method given by59,60

=




+ ∆


SAR CdT

dt
L T m/ np

in which C is the dispersing medium heat capacity in J/K, L is the linear-loss parameter in W/K, ∆ T is the temper-
ature difference between the sample and baseline (the solution temperature before switching off the field) and mnp 
is the total particle mass. This method provides more accurate SAR values because it takes into account the heat 
dissipation from the medium to the environment.

Field and temperature dependent magnetization curves. Field dependent static magnetic meas-
urements were carried out by employing an ever cooled Magnetic Property Measurement System (MPMS-XL, 
Quantum Design) on immobile nanocubes. The immobile samples were prepared by mixing 50 μ L of nanocube 
water solution at an iron concentration of 1–2 g/L with 60 mg gypsum in the designated polycarbonate capsules 
and let it to dry thoroughly. The zero-field-cooled (ZFC) and field-cooled (FC) temperature dependent magneti-
zation measurements were performed on samples prepared in the same way in the cooling field of 10 mT. The FC 
M-H hysteresis loops were recorded after cooling the samples from RT to 5 K in 5 T magnetic fields. The residual 
magnetic field in the SQUID magnets was nulled using the designated low field Hall sensor prior to ZFC meas-
urements. All the presented magnetization data are corrected with respect to the diamagnetic and paramagnetic 
contributions of water and gypsum using the automatic background subtraction routine. The curves were nor-
malized to the iron concentration as obtained from the elemental analysis.

Elemental analysis. The elemental analysis was performed using Inductively Coupled Plasma-Atomic 
Emission Spectroscopy (ICP-AES) instrument (Thermo Fisher, iCap 6000). Typically, 10–50 μ L nanocube 
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suspension was digested in 1 mL Aqua Regia in volumetric flask. Afterwards, the flask was filled up to the gradu-
ation mark with Milli-Q water and filtered through 0.2 μ m membrane prior to the measurement.

Powder X-ray diffraction. Powder X-ray diffraction (XRD) analysis was conducted on a Rigaku SmartLab 
diffractometer machine operating at 150 mA and 40 kV. The patterns were acquired in Bragg-Brentano configu-
ration using D-tex Ultra 1D detector in the reflection mode. The samples were prepared by drop casting of con-
centrated particle suspensions on a zero diffraction silicon wafer.

Transmission electron microscopy. Typical low resolution transmission electron microscopy (TEM) 
images were acquired using a JEOL JEM-1011 microscope operated at 100 kV. High resolution TEM (HRTEM) 
and annular dark field scanning TEM (STEM) imaging were  carried out on a JEOL JEM-2200FS microscope 
equipped with a Schottky gun operated at 200 kV accelerating voltage. The samples were prepared by drying a 
drop of diluted particle suspensions on 400 mesh ultra-thin carbon coated TEM copper grids.

Hydrodynamic and zeta potential. The particle hydrodynamic size distribution and zeta potential were 
measured utilizing Malvern Zetasizer operated in the 173° backscattered mode on highly diluted aqueous solu-
tion of nanocubes. The measurements were performed at 20 °C.

Dot Blot assay. Dot Blot assay was carried out on pre-activated nitrocellulose membrane. Typically, 5 μ L particle 
suspension was spotted on the membrane and left to dry thoroughly. Next, the membrane was gently shaken in 
40 mL suspension of PBS-T20-dried milk powder (100:4 w/w%) for 30 minutes to block non-specific binding 
sites. Afterwards, the membrane was washed twice with PBS-T20 and finally soaked in 30 mL PBS-T20 con-
taining 30 μ L FITC-streptavidin. The mixture was gently shaken for 2 h in darkness and then the membrane was 
rinsed 3 times with 30 mL PBS-T20 to remove unbound streptavidin counterparts. The membrane was imaged 
using Bio-Rad ChemiDoc MR imaging system at 488 nm wavelength.
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ABSTRACT: In this work, the versatility of layer-by-layer
technology was combined with the magnetic response of iron
oxide nanobeads to prepare magnetic mesostructures with a
degradable multilayer shell into which a dye quenched ovalbumin
conjugate (DQ-OVA) was loaded. The system was specifically
designed to prove the protease sensitivity of the hybrid
mesoscale system and the easy detection of the ovalbumin
released. The uptake of the nanostructures in the breast cancer
cells was followed by the effective release of DQ-OVA upon
activation via the intracellular proteases degradation of the
polymer shells. Monitoring the fluorescence rising due to DQ-
OVA digestion and the cellular dye distribution, together with the electron microscopy studying, enabled us to track the shell
degradation and the endosomal uptake pathway that resulted in the release of the digested fragments of DQ ovalbumin in the
cytosol.

KEYWORDS: magnetic nanoparticles, magnetic clusters, layer-by-layer, multilayer polyelectrolytes, enzymatic degradation,
drug delivery

■ INTRODUCTION

Magnetic nanoparticles are an effective example of how
nanoscale materials can improve medical field research by
providing new diagnostic and therapeutic solutions.1−4

Colloidal suspensions of iron oxide nanoparticles (IONPs)
are indeed FDA approved contrast agents in magnetic
resonance imaging, detectable as T2 and T2* transversal
relaxivity detection modes.5 Still, IONPs can serve as heat
mediators in so-called magnetic hyperthermia (MH). In recent
years, MH apparatus and associated IONPs (Nano-Cancer
therapy) have received approval as medical devices after a
clinical trial that was conducted in Germany by Magforce
company.6,7 This trial showed an overall survival of 23 months
in glioblastoma patients when injecting intratumorally IONP
and associating MH to radiotherapy.8

When using IONPs for delivering drugs to solid tumors and
metastases, it would be desirable to inject intravenously NPs
and exploit their response to magnetic field gradients to
accumulate them at the tumor. However, single IONPs have
small magnetic moments that hardly respond to magnetic field
gradients applicable to a human patient. A way to improve the
magnetic response of IONPs is to cluster them into mesoscale
entities (100−400 nm), here named “magnetic nanobeads”, in
which several IONPs are grouped together.9 In these controlled

assemblies, the cumulative response of the single IONPs within
the same assembly gives a much higher magnetic moment than
individual IONPs. This results in a faster magneto-phoresis
mobility with respect to single nanoparticles when exposed to
the same field gradient.10,11 Moreover, the beads keep the same
superparamagnetic behavior as the single nanoparticles, with no
tendency to aggregate in the absence of a magnetic field.
Several groups have reported different procedures to control

the condensation of several superparamagnetic nanoparticles
within a single template material of different compositions
(polymer, silica, or fat droplets matrix).12−26 Also, some of us
have developed a method for the synthesis of nanobeads with
control over core and surface properties, and these nanobeads
were used as platforms on which to add additional polymeric
shell and provided more advanced features.23,24 For example,
by decorating our magnetic nanobeads with a thermoresponsive
polymer we were able to control drug adsorption and release it
by increasing the temperature solution from 37 to 47 °C.27 On
the other hand, by tuning the electrostatic interactions between
the polymeric shell of the nanobeads and oligonucleotides
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(siRNA), we could deliver a still functionally active anti-GFP
siRNA to living cells to silence protein expression.23

The rational of this study is to demonstrate the advantages
that derive from the combination of a mesoscale magnetic
structure with a layer-by-layer (LbL) assembly of a biodegrad-
able multilayer shell. A LbL assembly allows for the formation
of multilayer shells around spherical charged templates through
the alternating adsorption of polyanions and polycations.28,29

The composition and properties of the resulting structures can
be tailored by employing polymers with different functions as
well as stimuli-responsive nanomaterials (i.e., silver, gold, and
magnetic nanoparticles) as layer constituents.30−35 The
magnetic nanobeads used in this work offer the unique
advantage of a superparamagnetic system with enhanced
magnetic response and these features are merged with the
advantages of LbL technology. In recent years, a variety of
magnetic-responsive carriers have been developed but they
cover different size ranges than the one used in the present
work. For instance, it has been reported the adsorption of
magnetic NPs in between the layer shells of hollow
microcapsules thus providing LbL micrometer capsules.36,37

In other work, the LbL deposition of polyelectrolyte multilayer
shells directly around individual magnetic NPs38−41 of few
nanometers have been developed.
Here, we used our magnetic nanobeads of size defined in

between the ones so far developed (MNBs, 126 ± 22 nm size
as measured by TEM) as a core template on which to set an
LbL assembly of a biodegradable multilayer shell hosting a
protease-activated fluorophore. As layer constituents, we used
oppositely charged synthetic polyamino acids, namely poly-L-
glutamic acid (PGA) and poly-L-arginine (PARG).35,42 As a
protease-activated substrate, we used dye quenched ovalbumin
conjugate (DQ-OVA), a protein consisting of naturally
mannosylated OVA extensively labeled with fluorochrome
BODIPY (excitation/emission maxima ∼503/512 nm).43 This
protein represents an ideal cargo for studying the intracellular
processing and release of molecules embedded within carriers
because the protein digestion of DQ-OVA by proteases leads to
cleaved peptide fragments that begin to fluoresce.43−46

The LbL method enables quick drug encapsulation within a
thin and biodegradable multilayer shell and its further release
upon intracellular enzymatic activity. Thus, the hybrid system
presented here is a model of a protease-triggered drug vector
displaying superparamagnetic behavior and an average size
within the optimal range for exploitation in living systems.47,48

■ RESULTS AND DISCUSSION

Preparation and Characterization of Multilayered
Magnetic Nanobeads Loaded with DQ-OVA. Negatively
charged MNBs were used as templates for an LbL assembly of
multilayer biodegradable shells made with polycation poly-L-
arginine hydrochloride (PARG) and polyanion poly-L-glutamic
acid sodium salt (PGA) polymer (Figure 1a). In particular, the
MNB samples used in this work, prepared according to a
procedure recently described,24 have a size of approximately
100 nm as measured by TEM (Figure 4a). First, a layer of
PARG was deposited by adding 1 mL of PARG (2 mg mL−1, 50
mM NaCl, pH 6.5) to the MNBs. Following 1 h of incubation,
the MNBs@PARG were washed two times with 3 mL of
ultrapure water to remove the unbound PARG. The magnetic
behavior of the MNBs allowed for collecting them by
application of an external magnetic field (Figure 1a,b), without
the need of centrifugation. This aspect is highly valuable, since
repetitive centrifuge steps, required in LbL protocols to remove
excess polymers following each incubation and washing step,
are known to reduce colloidal stability, increasing particle
aggregation and leading to the poor applicability of multi-
layered nanoparticles, especially in cellular studies.49 Next, a
layer of PGA was deposited by adding 1 mL of PGA (2 mg
mL−1, 50 mM NaCl, pH 6.5) to the MNBs@PARG pellet.
After two washing steps, a layer of DQ-OVA (20 μg mL−1, in
PBS, pH 6.5) was added. Three additional layers were added to
obtain MNBs with the following multilayer shell: (PARG/
PGA)(DQ-OVA/PARG)(PGA/PARG).
Accordingly, the outermost surface of the multilayered

MNBs (MMNBs) is positive in order to enhance the cellular
uptake, as described elsewhere.50−52 The alternating adsorption
of the oppositely charged polyelectrolytes and DQ-OVA was
monitored by means of z-potential analyses. As shown in Figure

Figure 1. (a) Schematic depiction of the LbL assembly of a biodegradable multilayer shell around magnetic nanobeads. Negatively charged
nanobeads (MNBs) serve as magnetic templates onto which biodegradable polycations (PARG) and polyanions (PGA) are alternatively adsorbed
via electrostatic interactions. Excess polyelectrolytes are removed by the magnetic collection of the MNBs and washing them in ultrapure water. As a
third step, a layer of the cationic DQ-OVA is deposited, followed by the LbL of three additional layers to obtain a stable multilayer shell. Shell
architecture: (PARG/PGA)(DQ-OVA/PARG)(PGA/PARG). (b) Photographs of a colloidal suspension of MNBs before (top) and after (bottom)
accumulation to the magnet. (c) Upon the proteolytic digestion of the multilayer shells and DQ-OVA, quenching is relieved and green fluorescence
appears. Beads and polymers are not drawn to scale. Only a few layers of polyelectrolytes are shown for clarity.
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2a, PARG and PGA regularly interchanged during the LbL
assembly process. The z-potential of the MNBs shifted from
−44 ± 1 to +40 ± 1 mV following the deposition of the first
layer of PARG. As expected, the addition of anionic PGA
reversed the charge of the sample to a negative zeta potential
value (−59 ± 3 mV). Notably, the adsorption of DQ-OVA

resulted in a slight reduction in the negative charge while full
charge reversal occurred with the subsequent addition of
PARG. The final configuration of the MNBs had five oppositely
charged layers and a net positive charge.
The sequential adsorption of polyelectrolyte layers, as

expected, resulted in the increase of the average hydrodynamic

Figure 2. (a) z-potential measurements reporting the charge alternation of MNBs after each stage of LbL coating. (b) DLS measurements of MNBs
before (black curve) and after (gray curve) LbL processing. The dotted black curve refers to MNBs after the protease treatment.

Figure 3. (a) Schematic depiction of the loading of DQ-OVA into MMNBs followed by the protease treatment of the feeding solution (inset in
panel b) and the MMNBs (inset in panel c), respectively, to generate fluorescent DQ-OVA fragments detectable by photoluminescence (PL)
measurements. (b) Loading capacity of the MMNBs: PL spectra of DQ-OVA (dark blue curve), supernatant recovered after the incubation of the
MMNBs with DQ-OVA solution (blue curve), and supernatant recovered after the first washing of the MMNBs post DQ-OVA incubation (light
blue curve). (c) Release of digested DQ-OVA fragments: PL spectra of the free DQ-OVA solution (black curve) and MMNBs loaded with DQ-OVA
(dark gray) after protease incubation. The two gray curves refer to the same sample that underwent two successive protease treatments in order to
release and cleave all of the fluorescent molecules that were adsorbed into the layers or entrapped within the shells of the MMNBs. Excitation
wavelength was set at 488 nm.
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diameter of the nanobeads, as shown in the DLS profile of the
MNBs before and after LbL processing (black and gray curve of
Figure 2b, respectively). To be precise, the DLS size shifted
from 240 ± 4 nm in the case of bare MNBs to 331 ± 12 nm
after polyelectrolyte deposition.
Degradation of Multilayered Magnetic Nanobeads

Loaded with DQ-OVA. Next, we studied the proteolytic
degradation of the multilayered magnetic nanobeads
(MMNBs) upon exposure to proteases by monitoring the
fluorescence of DQ-OVA.
First, we estimated the DQ-OVA loading percentage (Figure

3b). To this end, we collected the feeding solution of the DQ-
OVA after incubation with the MNBs (blue line) as well as the
solution used in the following washing step (light blue line).
The dark blue line refers to the starting solution of DQ-OVA
used as a reference to measure the loading percentage. The
three solutions were incubated with protease O.N. prior to
being analyzed at the fluorimeter. Almost 90% of DQ-OVA
administered was loaded into the multilayer shell (see the
equation reported in the experimental section). Notably, in the
term “DQ-OVA not loaded” we also included the fragments
detected in the surnatant from the first washing step after DQ-
OVA incubation (blue line), since this signal can be ascribed to
DQ-OVA being weakly adsorbed on the MNBs and rapidly
washed out. Indeed, after the second washing step (data not
shown) no fluorescent signal could be detected, thus indicating
that most of the DQ-OVA was loaded onto the MNBs.
It is noteworthy that after the protease treatment the surface

charge of the MNBs was −41.2 ± 0.6 mV, a value very close to
that of the starting MNBs (see Figure 2).
Next, DQ-OVA fragments were released into glass vials and

evaluated (Figure 3c). MMNBs were incubated with protease
(1 mL, 5 mg/mL in Tris-HCl buffer, pH 7.4) and kept at 37 °C
(O.N.) under vigorous stirring. Then, the MNBs were collected
by means of a magnet and the bulk solution was analyzed with a
fluorescence spectrometer. The fluorescence spectra of Figure
3c refer to the cleaved green-fluorescent fragments released in
solution: the graph reports the curves of the DQ-OVA released
by the MNBs after two successive protease treatments. It is
evident that after the first treatment (gray curve) the release
was significantly higher than the one recorded following the

second treatment (light gray curve), thus indicating that both
the layers and the fluorophore were efficiently digested by the
protease following the first treatment. We compared these
curves with that of the initial DQ-OVA (dark gray curve)
administered to the MNBs. To this end, a solution of DQ-OVA
(20 μg mL−1) was incubated with the protease solution under
the same conditions as the MNBs. Analyzing the three curves,
we could estimate that almost 55% of the administered DQ-
OVA was released from the MNBs after the protease treatment.
The total amount of free fluorescent fragments detected after
the first treatment was considerably higher than after the
second ones, thus indicating that one enzymatic treatment was
sufficient for cleaving the multilayer shells and most of the
loaded ovalbumin.
Further evidence of protease degradation came from the

TEM characterization of the MNBs (Figure 4). Panels a and d
of Figure 4 show the structure of MNBs before the LbL
deposition: the nanobeads, displayed an average size of 121
±19 nm, a typical core−shell structure with an electron dense
core, made of iron oxide NPs, and an electron lean polymer
shell, made of poly(maleic anhydride-alt-1-octadecene). After
the LbL deposition, the nanobeads preserved their original
spherical shape (Figure 4, panels d and e) and size that is within
the range considered appropriate for drug-delivery applica-
tions.53−55 Indeed, it has been reported that nanoparticles with
a diameter below 200 nm may accumulate at the tumor site and
penetrate deeper into the inner regions of tumor lesions.52,56,57

When compared to the TEM images of pristine MNBs (Figure
1a and b), the multilayer shells could not be appreciated,
presumably due to the very low contrast of the polymers
employed and to the number of added layers (only five layers).
Panels c and f of Figure 4 report the morphology of the

MNBs after protease activity. The edges of the polymer shell of
the nanobeads appear rough and irregular as compared to both
the pristine MNBs (Figures 4a−d, arrowheads) and MMNBs
(Figures 4b-e), likely as a result of the protease attack. In
addition, the DLS size of MNBs was greatly enlarged (see the
dotted curve of Figure 2b) after protease incubation, likely due
to the partial degradation of the polymer shell, resulting in the
reduced stability of the nanobeads that tend to aggregate in
large clusters.

Figure 4. TEM images of MNBs (a, d) before and (b, e) after LbL and DQ-OVA adsorption. (c, f) MMNBs after the protease treatment.
Arrowheads highlight the damage to the polymer shell following its exposure to proteases. Scale bars (a−c) 100 and (d−f) 50 nm.
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Intracellular Degradation of Multilayered Magnetic
Nanobeads Loaded with DQ-OVA and Cytosolic
Release. The cellular uptake of DQ-OVA loaded MMNBs
and the shell digestion were then assessed in vitro. To this end,
MDA-MB-231 cells were incubated with the MMNBs and, at
defined time points, the cells were fixed and imaged. The
confocal (CLSM) images reported in Figure 5 show a
significant increase in the green fluorescence signal over time
(the individual green and red channels at each time point are
displayed in Figures S1−S6). At 24 h, small and green
fluorescent spots became visible inside the cells (Figure 5,
panels a−a.1). In agreement with previously published data on
the proteolytic digestion of DQ-OVA loaded into different
carrier systems,44,46,58,59 these spots most likely correspond to
an accumulation of the digestion products of DQ-OVA into the
endosomal compartments, which are further processed intra-
cellularly. Notably, a slight red fluorescence signal could be
observed in some cell fragments that emitted a bright green
fluorescence also (Figure S5, white arrows in panel f) which
likely corresponds to the partially digested fragments of the
DQ-OVA complex having largely separated DQ dyes (green
fluorescence) or dyes in close proximity (ref fluorescence).44

At 48 h, a significant increase in the green fluorescence signal
was observed (Figure 5, panels b−b.1). The fluorescent images
reported in Figure 5 (panels b−d) clearly show that the green
fluorescent DQ-OVA fragments, which originated from the
enzymatic cleavage of the DQ-OVA entrapped in the protease-
sensitive multilayer shells, were homogeneously distributed
within the entire cell body after 48, 96, and 120 h. These results
indicate that upon the enzymatic degradation of the multilayer

shells, the entrapped DQ-OVA was cleaved and the originating
peptides diffused in the cell cytosol. Further evidence of the full
digestion and complete release of DQ-OVA was given by the
images reported in Figure S6, in which cells with internalized
but nonfluorescent MNBs could be observed (see Figure S6,
yellow arrows in panel f). The presence of nonfluorescent
MNBs indicates the digestion, release and intracellular
distribution of the green fluorescent DQ-OVA fragments
from the MNBs, which instead remain confined within the
intracellular acidic vesicles (i.e., endosomes/lysosomes).
However, in some areas of the plate, cells displaying clusters
of fluorescent MNBs could be found (Figure S6, white arrow in
panel f). This likely occurred because in these cells the DQ-
OVA fragments were still being digested, as denoted by the
bright green fluorescence signal, but had not yet been released
into the cytosol. Indeed, since the cells were administered with
the MMNBs continuously for 24 h, the detection of different
stages of the intracellular processing of DQ-OVA at 48 h can be
ascribed to a random uptake of the MMNBs within the first 24
h and, consequently, to compartmentalization, digestion and
release at different times. The cellular internalization of
nanoparticles in general, here of MNBs, is a statistical process
therefore, over time, MNBs that are being phagocytosed, or
have already been internalized and processed by the cells, can
be found in the same area under analysis.
Structural TEM characterization of MDA cells incubated

with DQ-OVA loaded MMNBs shows their intracellular
localization over the time (Figure 6). At 2 h, the MNBs are
engulfed by the membrane (Figure 6a and b), while after 24

Figure 5. Release of fluorescent peptide fragments. (Top) Schematic depiction of the internalization and degradation stages of MMNBs: (i) intact
DQ-OVA loaded MMNBs being internalized; (ii) engulfment of intracellular vesicles (granular structures present in the cytosol); (iii) proteolytic
digestion of the multilayer shells and the cleavage of DQ-OVA into small fragments connected by an enhancement of the green fluorescence; (iv)
homogeneous diffusion of the cleaved fragments of DQ-OVA in the cytosol. (Bottom) Representative CLSM images of MDA-MB-231 cells
incubated with MMNBs@(PARG/PGA)(DQ-OVA/PARG)(PGA/PARG) for 24 h (a-a.1). After 24h, the medium was replaced and the cells were
kept in an MMNB-free medium up to 48 h (b−b.1), 96 h (c−c.1), and 120 h (d−d.1) at 37 °C. The increase in the green fluorescent signal indicates
the ongoing degradation of DQ-OVA over the time. The overlay of the fluorescence (green channel) and bright-field channels is shown. Dashed
boxes = zoomed area of the cell plate. Scale bars: 20 μm.
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and 48 h they are confined within vesicular structures, most
likely endolysosomes (Figure 6c−f).
These observations are in good agreement with our previous

findings on the uptake and intracellular localization of MNBs
through endocytic pathways.24,60 Accordingly, we assume that
once into the endolysosome compartments, the biodegradable
shell and the DQ-OVA are cleaved by the enzymatic reservoir,
and the resulting fluorescent fragments diffuse out into the
cytoplasm. In literature, several mechanisms of the endosomal
escape of nanocarriers and of their cargo have been described,
from the membrane destabilization to the pore formation to the
endosomal rupture.61−63 These mechanisms are generally
governed by the chemical composition and the charge of the
nanomaterials, and the effects they produce can be temporary,
such as in the case of the membrane destabilization, or
permanent, as they are in the endosome rupture.64 In this
study, as observed in the ultrastructural characterization of the
cells incubated with the DQ-OVA loaded MMNBs (Figure 6),
the whole structures were internalized by the cells and were
later found into the endolysosome where the proteolytic
digestion occurred. Further, the magnetic core remained
confined into vesicles up to 120 h. On the other hand, once
the PARG and PGA polyelectrolytes layers and the DQ-OVA
were digested by the lysosomal proteases, the fluorescent signal
(raising from the cleaved OVA peptide fragments) started to
light on and spread into the cytosol (see Figure 5, after 48 h).

Reasonably, this process involved an endolysosomal escape
process that drives the diffusion of the fluorescent fragments in
the cell cytosol. Upon proteolytic digestion, ovalbumin (that is
a 45 kDa protein) produces peptide fragments with molecular
weights ranging from 10 kDa to less than 1 kDa.65,66 As already
reported in literature,67,68 it is likely that the presence of
oppositely charged species triggers a temporary destabilization
of the organelle membranes (the so-called “flip−flop”
mechanism), that facilitates the cytosolic release of small
molecules, like the digested fragments, but not of the magnetic
nanobeads.69 Therefore, the system here presented allows for
the cytosolic delivery of small molecules, that is, peptides in this
specific case, by means of a magnetic carrier coated by a
stimulus-responsive biodegradable shell that can host bio-
molecules and trigger their release upon proteolytic degrada-
tion. Successful degradation of the polyelectrolyte layers and
the consequent release of the hosted molecules has been
proven by the fluorescent lighting of DQ-OVA, followed by the
cytosolic diffusion of the fluorescent fragments.
To further prove that the release and diffusion of DQ-OVA

fragments were exclusively triggered by intracellular proteases,
we prepared MNBs coated with nondegradabale polyelectro-
lytes, the anionic PSS and the cationic PAH, into which the
cationic BSA-RITC was loaded as fluorescent probe. Indeed,
the fluorescence emission of BSA-RITC does not depend on
the presence of proteases (as instead occurs in the case of DQ-

Figure 6. Ultrastructural characterization of cells administered with DQ-OVA loaded MMNBs and kept under incubation for (a) 2 h, (c) 24 h, and
(e) 48 h. (b, d, f) Zoomed area of individual MMNBs. Solid arrows: vesicle’s membrane; dashed arrows: MMNBs. MNBs, multilayered magnetic
nanobeads; V, intracellular vesicles.
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OVA), and the use of nondegradable polyelectrolytes should
keep the fluorescent protein entrapped within the shell.
Incubation of cells with MNBs@(PAH/PSS)(BSA-RITC/

PAH)(PSS/PAH) particles was followed by internalization of
the beads and their localization within intracellular vesicles at
24 h (Figure S8a). As expected, after 120 h of incubation, both
the beads and the red emitting BSA-RITC were still visible in
the vesicles, whereas no fluorescence signal of BSA-RITC could
be detected in the cell cytosol (Figure S8b). These data provide
additional support to our hypothesis that the release of DQ-
OVA was exclusively triggered by the endolysosomal proteases
that digest the biodegradable multilayer shell of MNBs.
Finally, we analyzed quantitatively the cellular uptake of the

magnetic nanobeads with and without polyelectrolytes shell via
elemental analysis to investigate the role of the surface coating
in the interaction with the cellular membrane and the
endocytosis process.
To this aim, cells were incubated with either MNBs or

MMNBs for 24, 48, and 96 h. As shown in Table 1 in the
Supporting Information, at each time point, being the
administered bead amount at the same iron concentration,
cells treated with MMNBs exhibited a higher intracellular
amount of Fe compared to cells incubated with MNBs. This in
turn corresponds to a greater internalization efficiency (I.E.):
while at 24 h, cells incubated with MNBs displayed an I.E. equal
to 4.3%, the cellular samples administered with MMNBs
showed 30.9% I.E., thus 7 times greater.
In addition, it looks that in the case of cells incubated with

MMNBs the uptake occurred rapidly within the first 24 h
because the I.E. was almost the same at each time point. On the
other hand, in the case of cells incubated with MNBs, the
amount of particles internalized increases with time, being the
I.E. 4.3, 5.1, and 7.4%, respectively, at 24, 48, and 96 h.
Reasonably, the MNBs adhered to the cell membrane and were
then internalized at a slower speed than MMNBs.
This behavior would depend on the net positive charge of

the MMNBs considering that the last layer is made of PARG
(approximately +40 mV), while the starting MNBs have a
negative surface (−40 mV) as shown in Figure 2a.
The charge dependent uptake has been largely demonstrated

in literature for various types of nanomaterials.50−52

■ CONCLUSIONS
We have described an efficient method of preparing multi-
functional stimuli-responsive nanostructures based on iron
oxide nanobeads functionalized with a protease-sensitive
multilayer polymer shell that acts as a degradable compartment
for the temporary loading and hosting of bioactive cargos. The
magnetic response of the polymeric-inorganic core allowed for
the fast preparation of the MMNBs and provided a magnetic
guidance for the hosted molecules placed within the multilayer
shell. Special care was given to control the size of the magnetic
nanobeads that should fall in the optimal range required for in
vivo delivery, and the stability of MMNBs by setting the
optimal conditions for layer adsorption and payload encapsu-
lation without affecting the colloidal stability of the final
structure in physiological conditions.
The degradation of the LbL shell and the consequent release

of the cargo were demonstrated both in cuvette tests and in
cellular studies following the activation of the fluorescent DQ-
OVA upon protease activity.
It is worth mentioning that ovalbumin (OVA) is as an

allergen model. Immunization with ovalbumin-loaded capsules

has been reported by De Geest and collaborators who explored
the capacity of ovalbumin-loaded polymeric multilayer capsules
to elicit immune response in murine models of cancer (B16
melanoma) and infection (influenza).70 However, in our study,
the DQ-OVA was merely used as drug model to easily track the
intracellular drug release.
The results here reported clearly show the potential of these

multilayer magnetic structures for multi-stimuli-triggered
delivery of biomolecules. Future experiments will follow
regarding the co-delivery and sequential release of two or
multiple drugs to strengthen the therapeutic efficacy in
chemoresistant tumors. Also, the implementation of such an
LbL approach to magnetic beads made of iron oxide
nanocubes71 would enable the controlled delivery of an internal
cellular stimulus and a magnetic hyperthermia by applying an
external alternating magnetic field. Alternatively, the use as core
template for LbL protocol of magnetic−fluorescent beads24

consisting of iron oxide NPs as MRI contrast agent and
quantum dots as fluorescent probes, would enable to develop a
drug delivery system with multimodal imaging features.

■ METHODS
Materials. Poly-L-arginine hydrochloride (PARG, Mw > 70 kDa,

no. P3892), poly-L-glutamic acid sodium salt (PGA, Mw = 50−100
kDa, no. P4886), protease (no. P5147) were obtained from Sigma-
Aldrich. DQ-ovalbumin (Mw = 45 kDa, no. D12053) was purchased
from Invitrogen.

Preparation, Proteolytic Degradation, and Characterization
of LbL-Coated MNB. Iron oxide nanoparticles (6 nm diameter) were
prepared via thermal decomposition method.72 Then, they were
embedded with poly(maleic anhydride-alt-1-octadecene) to form
colloidal and stable MNBs with an average size of 100 nm, as
reported by Di Corato et al.18,24 The negatively charged MNBs (1 mL,
1 mM Fe concentration, in ultrapure water) were incubated with 1 mL
of PARG (2 mg/mL, 50 mM NaCl, pH 6.5). Following 1 h of
incubation, MNBs were washed 2 times with 3 mL of ultrapure water.
MNBs were collected by the application of a constant magnetic field
(0.3 T neodynium/boron magnet). Then, a layer of PGA was
deposited by adding 1 mL of PGA (2 mg/mL, 50 mM NaCl, pH 6.5).
After the washing steps, a layer of DQ-OVA (20 μg/mL, in PBS, pH
6.5) was added. Preliminary experimental sets were performed to fix
the amount of DQ-OVA to be added: increasing amounts of
ovalbumin (from 200 to 2 μg/mL) were incubated with the MNBs
and, after magnetic collection, the supernatants were recovered,
digested with protease in order to evaluate the amount of DQ-OVA
non loaded.

On the other hand, the amount of loaded DQ-OVA was calculated
according to the following equation:

− = − − −
−

DQ OVA loading
(DQ OVA adminstered DQ OVA not loaded)

DQ OVA adminstered

Then, three additional layers were added to obtain nanobeads with the
following multilayer shell: (PARG/PGLUT)(DQ-OVA/PARG)-
(PGLUT/PARG).

The proteolytic degradation of the polyelectrolyte shell was
performed through the incubation of the LbL-coated MNBs with
protease (protease type XIV from Streptomyces griseus) (1 mL, 5 mg
mL−1 in Tris-HCl buffer, pH 7.4) at 37 °C O.N. under vigorous
stirring. Then, the MNBs were collected by means of a magnet and the
supernatant was analyzed via a fluorescence spectrometer (Cary
Eclipse). PL spectra of the cleaved fragments were recorded under 488
nm excitation wavelength.

Low-magnification TEM images of LbL-coated MNBs were
recorded on a JEOL Jem1011 microscope operating at an accelerating
voltage of 100 kV. ζ-potential measurements were performed on a
Zetasizer Nano ZS90 (Malvern, USA) equipped with a 4.0 mW He−
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Ne laser operating at 633 nm and with an avalanche photodiode
detector. Measurements were made in water at 25 °C.
Fe concentration was assessed by means of inductively coupled

plasma atomic emission spectrometry (ICP-AES, Varian 720-ES)
through the preparation of a Fe calibration curve.
Cellular Studies. MDA-MB-231 cells were routinely maintained at

a RPMI medium supplemented with L-glutamine (2 mM), penicillin
(100 units mL-1), streptomycin (100 mg mL-1), and 10% heat-
inactivated fetal bovine serum (FBS). Cells were maintained at 37 °C
in a water-saturated atmosphere of 5% CO2 in air.
Cells (2 × 105) were seeded on coverslips placed in 6-well plates

with 2 mL of culture medium. After 24 h incubation, the medium was
replaced with 2 mL of fresh medium containing the LbL-coated MNBs
at a Fe concentration equal to 50 μM. The cells were kept under
incubation with the MNBs for either 2 or 24 h. Then, in the case of the
“2 h” time point, the cells were washed with PBS, fixed with 4%
paraformaldehyde, and mounted in glycerol. On the other hand, the
cellular samples incubated continuously with the MNBs for 24 h were
divided into four different sets. In the first set, the cells were fixed at 24
h; in the others, the medium was replaced with fresh one and the cells
were kept in incubation for an additional 24, 72, and 96 h, respectively,
prior to being fixed and imaged. In this way, we could monitor the
intracellular localization of DQ-OVA in a time frame of 2 to 120 h.
Confocal Laser Scanning Microscope (CLSM). Fluorescent

microscopy images were collected using a Leica confocal laser
scanning microscope (CLSM) (TCS SP5; Leica, Microsystem
GmbH, Mannheim, Germany). The fluorescence of DQ-OVA was
excited at 488 and 543 nm and the emission was collected between
505−540 (green channel) and 560−670 nm (red channel). Cells were
observed with a 63 × 1.40 na oil-immersion objective (sequential
mode acquisition, scan speed 400 Hz, 512 × 512 pixels, pinhole
aperture set to 1 Airy). To avoid fluorescent artifacts via CLSM
observation, the imaging acquisition parameters were adjusted to
remove any trace of green autofluorescence in cells or autofluor-
escence of polymers used for beads synthesis and for LbL coating. The
images reported in Figure S7 show MDA-MB-231 cells incubated with
MNBs@(PARG/PGA)2(PARG) for 24 h and then kept in incubation
in an MNB-free medium up to 120 h. Any green or red fluorescent
signal was detected under the aforementioned imaging setting
conditions.
Structural Analysis of Cells. MDA-MB231 cells (5 × 105

suspended in 2 mL of medium) were seeded in a culture dish. After
24 h, the medium was replaced with a fresh medium containing LbL-
coated MNBs at a Fe concentration equal to 50 μM, and the cells were
kept under incubation at 37 °C for either 2 or 24 h. After 24 h, the
cells were either processed or placed in fresh medium for an additional
24 h. Thus, three time points were considered: 2, 24, and 48 h.
For TEM analysis, the cells were washed with PBS and fixed with

2.5% glutaraldehyde in 0.1 M cacodylate buffer at 4 °C for 30 min. The
fixed specimens were washed three times with the same buffer and
then a solution of 1% osmium tetroxide in cacodylate buffer was added
and left in contact with the sample for 1 h. Thereafter, the cells were
washed again and dehydrated with 25%, 50%, 75%, and 100% acetone.
Two steps of infiltration in a mixture of resin/acetone (1/1 and 2/1
ratios) followed and finally the specimens were embedded in 100%
resin at 60 °C for 48 h. Ultrathin sections (70 nm thick) were cut on
an Ultramicrotome, stained with lead citrate, and observed under the
electron microscope.
Quantification of Cellular Uptake. MDA-MB-231 cells were

seeded in each well of a 6 well-plate in 2 mL of culture medium. After
24 h the medium was replaced with 2 mL of fresh medium containing
either MNBs or MMNBs (Fe concentration equal to 91 μM). Three
different time points were chosen, 24, 48, and 96 h. In detail, cells were
incubated continuously with the nanobeads for 24 h. Then, the
samples were either processed for elemental analysis, or kept in the
incubator with fresh medium for additional 24 or 48 h. The cells were
washed three times with PBS, trypsinized and counted. Then, 250 μL
of a concentrated H2O2/HNO3 (1/2) solution was added and the cells
digested for 3 h in a hot bath at 55 °C (in order to ensure the
complete digestion of the cells components), under sonication. After

this step, concentrated HCl was added (3/1 volume ratio respect to
HNO3) to reach a final volume of 500 μL. The digestion proceeded
overnight at room temperature. The solution was then diluted to 5 mL
with Milli-Q water and filtered with a PVDF filter (0.45 μm) before
the analysis. The intracellular Fe concentration was measured by
inductively coupled plasma atomic emission spectrometry (ICP-AES,
Thermofisher ICAP 6300 duo) and with the preparation of a Fe
calibration curve (0.01−10 ppm).
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