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A B S T R A C T ! !

the!development!of!novel!and!more!ef"cient!contrast!agents!for!diagnostic!applications!is!necessary!to!lower!the!
dosage!of!such!substances!that!might!accumulate!in!patients!with!toxic!effects!and!to!de"ne!new!agents!which!
effect!could!go!beyond!the!simpli"ed!scheme!of!T1! or!T2! relaxation!properties.!Within!this!context,!novel!di-
rections!for!MRI!contrast!agents!based!on!magnetic!nanoparticles!entrapped!inside!a!polyphenolic!network!to!
gain! water! dispersibility,! were! explored.! Investigation! about! the! possible! realization! of! dual-mode! contrast!
agents!chelating!Gd3+ ions!on!the!nanoparticles!coating,!with!tunable!T1!and!T2!relaxivity,!has!been!performed.!
Two! synthetic! routes!were! explored,! based! on! covalently! bound! Tannic!Acid! (TA)! covering!magnetic! nano-
particles,! or! PEGylated! TA! entangling! the! magnetic! systems.! Hybrid! aggregates! having! optimal! stability! in!
aqueous!medium,!were!characterized! through!FT-IR,!DLS,! ICP-MS,!XPS,!TGA!and!STEM,!con"rming! the! for-
mation!of!a!stable!coating!around!the!magnetic!nanoparticles,!able!to!carry!Gd!species.!Afterwards,!their!lon-
gitudinal! (r1)! and! transverse! (r2)! relaxivity! values! were! measured! with! a! 1! T! preclinical! MRI! scanner,! as!
preliminary! test! for! further!MRI! application.! This! contribute! represents! the! "rst! step! for! the! preparation! of!
tunable!dual-mode!contrast!agents,!with!modi"able!positive-to-negative!contrast!according!to!speci"c!diagnostic!
needs,!aiming!to!a!more!patient-tailorable!medicinal!diagnosis.!!!

1. Introduction!

It!has!been!few!decades!since!when!Super-Paramagnetic!Iron!Oxide!
Nanoparticles! (SPIONs)! have! appeared! in! the! chemistry! "eld.! They!
gained!more!and!more!attention!from!the!community,!thanks!to!their!
versatility! of! application! in! "elds! like! catalysis! [1–5],! as!well! as! for!
biological!and!biomedical!applications![6–11].!In!the!latter!case,!they!
found!wide!interest,!especially!as!MRI!contrast!agents![12–16].!This!was!
due!to!the!intrinsic!low!toxicity!level!of!SPIONs!with!respect!to!other!
contrast! media! like! Gd-based! commercial! products,! widespread! in!
clinical!MRI!applications.!However,!dealing!with!solids!(even!if!with!low!
dimensions),!the!stability!of!such!systems!in!physiological!conditions!(i.!
e.!36–37!◦C,!aqueous!environment,!pH!≈ 7)!is!not!granted.!Therefore,!it!
is! necessary! to! act! on! the! surface! of! these! materials,! making! them!
compatible!with!operating!environment.!Such!variation!has!to!be!per-
formed!avoiding!to!negatively!alter!those!magnetic!properties!that!are!

crucial!for!their!effectiveness.!Surface!functionalization!in!commercially!
available!systems!is!already!performed!with!bio-compatible!polymers,!
such!as!dextran!and!its!derivates![17–20],!leading!to!a!stable!suspension!
in! aqueous! medium.! Similar! results! have! been! obtained! with! poly-
ethylene!glycol!(PEG),! through!an!entanglement!effect!between!mag-
netic!nanoparticles!and!PEG!chains!of!various!lengths![11,21,22].!Even!
though!SPIONs!are!stably!suspended!with!these!functionalization,!the!
ionic!Gd-based!contrast!media!remain!the!preferred!option!in!clinical!
practice! [23–28].!Nevertheless,! scienti"c!efforts!are!directed! towards!
enabling!their!ef"cient!use!with!lower!dosages,!aiming!at!better!results.!
An!optimum!for!these!materials!would!be!obtainable!through!the!com-
bination!of!the!relaxivity!effects!of!either!SPIONs!or!Gd!ions,!even!if!the!
effect!that!both!systems!could!have!on!relaxivity,!cannot!be!neglected.!

MRI!contrast!agents!are!generally!classi"ed!as!positive!or!negative.!
Positive!ones!are!also!de"ned!as!T1!agents!and!induce!a!bright!signal!by!
reducing!the!longitudinal!relaxation!time.!Negative!ones,! instead,!are!
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de"ned!as!T2!agents!and!induce!a!dark!signal!shortening!the!transverse!
relaxation!time.!The!former!group!is!generally!based!on!paramagnetic!
elements!(Gd!or!Mn!ions)!while!iron!oxide!particles!are!often!the!active!
element!for!the!latter!one.!However,!this!classi"cation!can!be!misleading!
since!any!contrast!agent!reduces!both!T1!and!T2.!The!outcome!on!the!
image! intensity! depends! on! the! agent! relaxivity,! the! tissue! original!
relaxation!times,!as!well!as!the!experimental!procedure.!For!these!rea-
sons,!dual-mode!T1-T2!contrast!agents!could!be!bene"cial!when!accurate!
information! is! desired! [29]! and/or! to! disambiguate! image! artifacts!
[30,31].! A! contrast! agent! realized! with! a! single!MRI-active! element!
could!not!solve!this!problem!since!it!will!be!characterized!by!a!"xed!ratio!
among!the!longitudinal!and!transverse!relaxivities.!Combined!solutions!
containing!either!T1!or!T2!contrast!agents!could!be!a!possible!approach.!
However,! interference! among! the! two! can! generate! unexpected! out-
comes![32].!A!different!approach!is!the!design!of!bimodal!T1-T2!contrast!
agents! using! the! appropriately! functionalized!magnetic! nanoparticle,!
able!to!host!complexes!of!both!categories.!This!approach!was!already!
pursued!with!magnetoliposomes!charged!with!Gd!ions![33],!Fe3O4/MnO!
hybrid!nanocrystals![34],!Gd!labeled!SPIONs![35,36].!Our!research!goes!
towards!this!direction,!by!exploring!new!coatings!for!the!SPION!parti-
cles,!as!well!as!novel!routes!to!obtain!dual-mode!tunable!MRI!contrast!
agents!by!anchoring!Gd!ions!to!them.!

Usually,! the!polymers!employed!as! iron!oxide!NPs!coating!do!not!
possess!any!anchoring!point!able!to!stably!coordinate!Gd!ions.!Thus,!the!
scope! of! this! research! was! to! "nd! novel! solutions! to! overcome! this!
problem.! The! answer! might! come! from! a! novel! class! of! materials,!
namely!Metal!Phenolic!Networks!(MPNs).!MPNs!are!a!category!of!self-!
assembly!materials! able! to! coat! surfaces! different! in! nature! (oxides,!
polymers,!2D!materials,!cells!and!bacteria,!etc.).!They!are!prepared!by!
mixing! together! polyphenolic! molecule! with! a! trivalent! metal! ion!
[37–42].! Generally,! Tannic! Acid! (TA)! is! the! adopted! polyphenol! to!
produce!MPNs,!thanks!to!its!large!availability!and!its!extensive!number!
of!phenolic!units.!These!features!makes!it!suitable!for!the!formation!of!
supramolecular! coordination! structures,! consisting! of! different!metal!

ions!and!polyphenols!units![38].!Such!materials!have!been!already!used!
as!magnetic! supports! coating,! although!with!different! target!applica-
tions.!Indeed,!they!have!been!previously!employed!as!systems!able!to!
adsorb!and!degrade!environmental!pollutants![43,44],!or!as!catalytic!
materials![40].!MPNs!have!also!been!used!for!biomedical!applications,!
especially!in!cancer!diagnostics!and!treatment![45–52].!However,!the!
combination! of! magnetic! nanoparticles! coated! with! metal! phenolic!
networks!has!never!been!exploited!so!far!for!potential!MRI!applications.!
One!of!the!main!reasons!behind!this!lack!is!probably!related!to!MPNs!
intrinsic!fragility,!principally!due!to!the!change!of!working!pH!of!the!
solution![37].!To!make!such!systems!more!stable,!without!losing!their!
coordinative!properties,!two!different!strategies!were!adopted.!The!"rst!
one!is!based!on!the!partial!covalent!bonding!among!TA!molecules;!the!
second!one!relies!on!the!controlled!TA!reticulation!with!a! linear!bio-!
compatible!polymer.!The!two!synthetic!routes!(A!and!B,!see!onward)!
should!allow!to!achieve!stable!phenolic-based!systems,!able!to!enhance!
the!effective!stability!of!the!coated!SPIONs,!in!aqueous!suspensions.!On!
the!other!hand,!hybrid!systems!should!allow!the!stable!coordination!of!
Gd3+ ions!by!the!organic!coating.!

The!main!differences!between!the!synthetic!routes!are!brie#y!high-
lighted!here.!In!procedure!A,!the!framework!surrounding!the!magnetic!
nanoparticles! has! been! created!by! chemically! cross-linking!TA!mole-
cules!by!means!of!formaldehyde!in!basic!environment!(TA!reticulation).!
Gd!species!were!added!in!the!formulation,!either!during!the!reticulation!
step!or!through!a!post!synthetic!procedure!(samples!An).!The!anchoring!
of!Gd! ions!was! expected! to! follow! a!metal-catechol! coordination! as-
sembly!process!(Scheme!1!-!Procedure!A).!In!procedure!B,!TA!PEGylation!
was!performed!in!the!presence!of!SPIONs,!according!to!the!Mitsunobu!
polymerization!reaction![53].!In!this!way,!magnetic!nanoparticles!were!
entangled!within!the!functionalized!polymer!chains!(PEGylated!TA).!At!
this!point,!the!coordination!capabilities!of!the!polyphenolic!part!of!the!
polymer!were!exploited!to!anchor!Gd!species!(samples!Bn)!(Scheme!1!-!
Procedure!B).!

The!two-novel!prepared!series!of!samples!(An!and!Bn)!underwent!a!

Scheme!1. Reagents!(left!part)!and!products!expected!from!the!synthetic!procedures!A!(right!upper!part)!and!B!(right!lower!part).!!
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complete!physico-chemical!characterization,!namely!FT-IR!and!X-Ray!
Photoelectron! spectroscopies! (XPS),! Thermogravimetric! Analyses!
(TGA),! electron! microscopy! (SEM),! compositional! (ICP-MS)! and!
dimensional!(Particle!Size!Distribution!-!DLS)!analyses.!A!series!of!assays!
were!then!performed!to!evaluate!their!stability!in!physiological!buffer,!
and! their! longitudinal! (r1)! and! transverse! (r2)! relaxivity! values!were!
measured.!The!results!herein!showed!may!be!viewed!as!a!preliminary!
overview!on!the!potentiality!that!such!systems!possess!as!contrast!agents!
for!Magnetic!Resonance!Imaging!(MRI)!applications.!Nevertheless,!the!
presented!research!also!aims!to!move!a!step!forward!in!the!preparation!
of!dual-mode!T1-T2!contrast!agents,!going!beyond!the!existing!systems.!
In!terms!of!SPIONs!functionalization,!the!two!presented!routes!are!ex-
pected! to! produce! completely! tailorable! systems,! able! to! carry! the!
desired!amount!of!positive/negative!agents!ratio,!without!signi"cantly!
affecting! suspension! stability.! If! fully! successful,! this! outcome! will!
represent!the!"rst!step!in!the!preparation!of!tunable!positive–negative!
contrast!agents,!potentially!directed!to!a!more!patient-oriented!medic-
inal!diagnosis.!

2. Experimental!section!

2.1. Chemicals!

Iron! trichloride! hexahydrate! (FeCl3⋅6H2O),! potassium! hydroxide!
(KOH),!nitric!acid!(HNO3),!sodium!chloride!(NaCl),!ammonia!solution!
30%v/v!(NH3)!and!acetonitrile!(CH3CN)!were!purchased!from!Carlo!Erba!
reagents.! Diisopropyl! azodicarboxylate! (DIAD)! was! purchased! from!
Fluorochem.! Fluoridric! acid! (HF)! was! purchased! by! PanReac! Appli-
Chem.! Tannic! Acid! (TA),! 3-(N-morpholino)propanesulfonic! acid!
(MOPS),!trisodium!citrate!dihydrate!were!purchased!from!Alfa!Aesar.!
Sodium!acetate,!ethylene!glycol,!anhydrous!ethanol!(EtOH),!formalde-
hyde! solution! 37%v/v,! gadolinium(III)! nitrate! hexahydrate! (Gd!
(NO3)3⋅6H2O),!PEG200,!triphenyl!phosphine!(PPh3)!and!D9527!dialysis!
membrane!(medium!diameter!= 27!mm!and!molecular!weight!cut-off!=
14!kDa)!were!purchased!from!Sigma-Aldrich.!N2!(5.5)!was!provided!by!
Rivoira.!H2O!milliQ!(resistivity!18.2!MΩ/cm!at!25!◦C)!was!obtained!with!
a!Merck-Millipore! puri"cation! system.! All! chemicals! were! employed!
with!no!further!puri"cation.!

2.2. SPIONs!synthesis!

The!synthesis!of!SPIONs!is!based!on!an!adjusted!literature!procedure!
[54],!here!shortly!reported.!1.3!g!of!FeCl3⋅6H2O!and!0.25!g!of!trisodium!
citrate! were! added! into! a! glass! autoclave! liner!with! 35!ml! of! a! 9:1!
ethylene! glycol:ethanol! solution,! and! dissolved! using! an! ultrasound!
bath.!Afterwards,!1.7!g!of!sodium!acetate!was!added!to!the!solution,!and!
the!glass!liner!inserted!in!a!rotating!Parr!reactor!head.!Once!the!reactor!
is!closed,!oxygen!was!removed!by!means!of!5!washing!cycles!with!N2!gas!
(15!bar!each),!also!checking!for!any!leak.!The!chamber!was!"lled!with!5!
bar!of!nitrogen!and!let!react!at!200!◦C!for!15!h!under!mechanical!stirring.!
After!that,!the!reaction!was!allowed!to!cool!at!room!temperature!and!the!
solid!was!separated!by!centrifugation!at!5000!rpm!for!20!min.!The!ob-
tained!sample!was!washed!3!times!with!ethanol!and!3!more!times!with!
0.02!M!NaCl!solution,!followed!by!centrifugation!at!5000!rpm!for!20!min!
after!each!washing.!The!sample!was!resuspended!in!ethanol!and!dried!in!
an!oven!at!110!◦C.!

2.3. An-series!samples!synthesis!

The!series!of!An!samples!was!prepared!through!a!modi"ed!literature!
procedure![55,56],!and!it’s!pictured!in!Scheme!1.!In!detail,!for!sample!
A1,!50!mg!of!SPIONs!were!inserted!in!a!Schlenk!tube!with!6.2!ml!of!
deionized!water!and!1.3!ml!of!ethanol!and!resuspended!through!ultra-
sound!irradiation.!Then,!70!μl!of!ammonia!solution!were!added!and!the!
suspension!magnetically!stirred.!Afterwards,!33!mg!of!tannic!acid!were!
added.!After!90!min,!65!μl!of!formaldehyde!solution!were!added!and!the!

suspension!was!kept!under!stirring!at!room!temperature!(r.t.)!for!4!h.!
Subsequently,!16.5!mg!of!Gd(NO3)3⋅6H2O!were!dissolved!in!350!μl!of!
deionized!water,!added!to!the!suspension!and!kept!under!stirring!at!r.t.!
for!24!h.!After!that,!the!temperature!was!risen!to!130!◦C!for!15!h.!The!
reaction!was!then!allowed!to!cool!to!r.t.!and!the!solid!was!separated!by!
centrifugation!at!4000!rpm!for!40!min.!The!obtained!sample!was!washed!
6!times!with!deionized!water,!followed!by!centrifugation!at!4000!rpm!
for!40!min!after!each!washing.!The!obtained!sample!was!dried!in!high!
vacuum!at!60!◦C!for!8!h.!

For!sample!A2,!the!same!preparation!procedure!of!A1!was!employed,!
skipping! the!Gd3+ ions! addition! that!was! performed! as! follows.! The!
synthesized!powder!was!resuspended!in!8!ml!of!deionized!water!and!
16.5!mg!of!Gd(NO3)3⋅6H2O!were!added;!the!suspension!was!kept!at!r.t.!
under!stirring!for!5!h.!The!solid!was!separated!by!centrifugation!at!4000!
rpm!for!40!min.!After!supernatant!removal,!it!was!washed!3!times!with!
deionized!water,! followed!by!centrifugation!at!4000! rpm! for!40!min!
after!each!washing.!The!obtained!sample!was!dried!in!high!vacuum!at!
60!◦C!for!8!h.!Summarizing,!in!sample!A1,!Gd!precursor!was!added!to!the!
material!prior!to!the!reticulation!step,!while!for!sample!A2! its!addition!
has!been!made!after!the!TA!crosslinking!step.!

2.4. Bn-series!samples!synthesis!

The!synthesis!procedure!for!the!series!of!Bn!samples!has!been!adapted!
from!the!literature![57],!and!it!is!pictured!in!Scheme!1.!For!sample!B1,!
50! μl! of! PEG200! and! 800! mg! of! PPh3! were! dissolved! in! 80! ml! of!
acetonitrile! and!kept! under! vigorous! stirring!over! an! ice! bath.! Sepa-
rately,!1!g!of!TA!and!100!mg!of! SPIONs!were!dissolved! in!20!ml!of!
acetonitrile!and!irradiated!with!ultrasound!until!complete!suspension!of!
the!magnetic!nanoparticles.!Then,!the!two!previously!prepared!solutions!
were!joined!and!kept!at!0!◦C!for!10!min.!Afterwards,!590!μl!of!DIAD!were!
added!dropwise.!The!reaction!ran!for!60!min!at!0!◦C,!then!was!removed!
from!the!ice!bath!and!kept!at!r.t.!for!90!min.!Finally,!it!was!brought!to!
60!◦C!for!additional!90!min.!The!reaction!slurry!was!transferred!inside!a!
centrifuge!tube!and!magnetically!decanted.!After!supernatant!removal,!
three!washing!cycles!with!acetonitrile!followed!by!magnetic!decantation!
were!performed.!The!obtained!sample!was!dried!at!r.t.!overnight,!fol-
lowed!by!2!h!in!high!vacuum!at!r.t.!

Samples!B2,!B3!and!B4,!were!prepared!as!follows:!10!mg!of!B1!were!
suspended!in!4.2!ml!of!MOPS!buffer!solution!(20!mM,!pH!= 7.4)!inside!a!
10!ml!reaction!balloon.!Then,!aqueous!solutions!of!Gd(NO3)3⋅6H2O!were!
added!to!the!suspensions!(0.444!μmolGd!in!the!case!of!B2,!2.22!μmolGd!in!
the! case! of! B3,! 22.2!μmolGd! in! the! case! of! B4)! and!were! kept! under!
vigorous!magnetic!stirring! for!30!min!at!r.t.!The!solutions!were!then!
transferred! inside! a! dialysis!membrane! and! dialyzed! against! 210!ml!
MOPS! buffer! solution.! In! the! case! of! Bn! samples,! the! use! of! dialysis!
workup!in!place!of!centrifugation!is!necessary!due!to!the!higher!fragility!
of!the!entangled!TA!network!with!respect!to!the!covalently!bound!one!in!
the!An!series.!The!suspension!containing!the!samples!were!removed!from!
the!membrane!and!stored!in!sealed!vials.!Summarizing,!sample!B1!was!
prepared!by!means!of!TA!PEGylation!in!presence!of!SPIONs.!Afterwards,!
portions!of!B1!were!suspended!in!aqueous!solutions!containing!different!
amount! of! Gd3+ precursor,! obtaining! samples! B2,! B3,! and! B4,!
respectively.!

2.5. Characterization!techniques!

2.5.1. Attenuated!Total!Re"ectance-Mid!Infrared!(ATR-MIR)!spectroscopy!
FT-IR!spectra!were!collected!by!means!of!a!PerkinElmer!Spectrum!

Two! instrument! equipped!with! an!atmospheric!UATR!Two!accessory!
and!a!DTGS!detector.!Each!measurement!was!the!average!of!8!scans!with!
4!cm−1!resolution,!collected!in!the!4000–400!cm−1!range.!

2.5.2. X-ray!Photoelectron!Spectroscopy!(XPS)!
XPS!spectra!were!acquired!with!a!PHI!1257!system,!with!a!working!

pressure!of!10–9!Torr,!using!a!non-monochromatized!Mg!Kα X-ray!source!
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and!a!hemispherical!analyzer.!C!1s,!O!1s,!Gd!4d!and!Fe!2p!spectral!re-
gions!were!collected!with!a!constant!pass!energy!of!23!eV,!corresponding!
to!a!spectral!resolution!of!0.75!eV.!The!obtained!spectra!were!aligned!
exploiting!the!C!1s!peak!at!284.8!eV!in!binding!energy!(BE!-!not!showed!
here).!Background!compensation!was!performed!by!means!of!a!Shirley!
function.!

2.5.3. Scanning!Electron!Microscopy!(SEM)!
SEM! images! were! acquired! using! a! FESEM! ZEISS! Gemini500! in-

strument.! Images! were! collected! with! either! transmitted! or! back-
scattered!electrons,!operating!with!an!HT!(accelerating!voltage)!of!20!
kV.!The!samples!were!dispersed!via!sonication!and!a!drop!of!the!sus-
pension!was!deposited!on!TEM!copper!grids!(200!mesh)!covered!with!an!
amorphous!carbon!"lm.!

2.5.4. Thermogravimetric!Analyses!(TGA)!
TGA!was!performed!with!a!Linseis!L-81!instrument.!The!measure-

ments!were!performed!in!air!with!a!temperature!ramp!of!10!◦C/min!from!
r.t.!to!750!◦C.!

2.5.5. Dynamic!Light!Scattering!(DLS)!
Particle!size!measurements!were!performed!by!means!of!a!Nanosight!

NS300!instrument!using!a!blue!laser!(λ = 488!nm).!The!samples!(0.1!
ppm!in!milliQ!water)!were!injected!in!the!instrument!cell!with!a!syringe!
pump!using!a!#ow!rate!of!50!µl/s.!Five!acquisitions!of!60!s!are!made,!
each!one!collecting!25!frames/s.!The!particle!size!values!were!obtained!
by!merging!and!averaging!all!the!data!together.!

2.5.6. Magnetic!Resonance!Imaging!(MRI)!analyses!
Prior!to!MRI!measurement,!the!samples!were!prepared!starting!from!

a!mother!solution!of!30!μg/ml!in!MOPS!buffer!(20!mM,!pH!= 7.4).!T1!and!
T2!were!measured!using!the!mother!solution,!4!different!dilutions!(0.8:1,!
0.5:1,!0.3:1,!0.1:1)!and!the!pure!buffer.!

MRI!was!performed!with!a!preclinical!M3!Aspect!Imaging!scanner!
with!about!1!T!magnetic!"eld!(45!MHz).!The!radiofrequency!coil!was!a!
solenoid!with!3.5!cm!inner!diameter!and!8!cm!length,!which!allowed!the!
insertion!of!up!to!six!vials!with!different!contrast!agent!concentration!at!
the!same!time.!T1! relaxation!time!was!acquired!from!axial!Spin!Echo!
images!with!FOV!of!32x32!mm2,!1!mm!in-plane!resolution!and!8!mm!
slice!thickness,!TE!= 4.1!ms!and!19!different!TR!values!in!the!50–10000!
ms!range!for!a!total!acquisition!time!of!25!min.!T1!was!extracted!by!the!
exponential!recovery!of!each!image!voxel!intensity,!and!the!values!from!
each! vial! voxels! averaged.! The! absence! of! a! multi-echo! Spin! Echo!
sequence!prevented!T2!relaxation!determination!from!images.!The!use!of!
a!Fast!Spin!Echo!sequence!with!echo!train!length!equal!to!192!and!all!
gradients! disabled,! instead,! allowed! to! effectively! perform! a! whole-!
sample!CPMG!acquisition.! In!this!case,!multiple!echoes!from!a!single!
vial!with!TE!= 4.4!ms!and!a!total!measurement!time!of!2!min!were!ac-
quired,! "nally! extracting! T2! from! the! echoes! amplitude! exponential!
decay.!

2.5.7. Inductively!Coupled!Plasma-Mass!Spectrometry!(ICP-MS)!
ICP-MS!analyses!were!performed!with!a!mass!spectrometer!Agilent!

Technologies! 7500a! equipped! with! an! ASX500! CETAC! autosampler.!
During!sequences,!a!rinsing!with!HNO3!2%!solution!was!carried!out!to!
eliminate!any!memory!effect.!Mass!spectrometer!is!installed!inside!ISO-6!

Fig.!1. SEM!images!collected!at!300kx!either!in!transmission!(b!and!d)!or!with!backscattered!electrons!(a!and!c)!for!samples!A1! (a!-!b)!and!B1! (c!-!d).!!
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clean! room! to! reduce! risk!of! environmental! contamination.!The!pro-
cedure!for!samples!solubilization!is!described!in!the!following!part:!4!mg!
of! each! sample! were! weighed! in! previously! conditioned! PFA! vials.!
Dissolution!of!samples!was!carried!out!with!1!ml!of!HNO3!and!100!μl!of!
HF,!heat!treated!at!120!◦C!for!60!min.!Subsequently,!8!ml!of!H2O!were!
added! into!PFA!vials!at!100! ◦C! for!additional!60!min.!Samples!were!
centrifuged!at!4000!rpm!for!20!min!to!remove!the!supernatant.!A!second!
etching!was!performed!with!same!procedure!using!1!ml!HNO3!and!5!ml!
H2O!in!two!different!steps!of!60!min!each.!The!goal!of!second!etching!is!
related!to!recouping!eventual!traces!of!non-solubilized!samples!inside!
the!vials.!The!obtained!solutions!were!united!and!then!diluted!1:50!to!
performed!ICP-MS!characterization.!Calibration!curves!to!estimate!Fe!
and!Gd!content!are!shown!in!supporting!information!(Figures!S1!and!S2!
respectively).!

3. Results!and!discussion!

As! previously! stated,! the! metal-catechol! coordination! assembly!
process!aimed!to!stabilize!aqueous!suspensions!of!SPIONs,!was!based!on!
two! different! A! and! B! synthetic! procedures.! Both! procedures! were!
optimized:!in!the!case!of!route!A,!different!SPIONs/TA!and!TA/formal-
dehyde! ratios,! with! different! reaction! temperatures! were! tested.! For!
procedure! B,! instead,! different! molecular! weights! intervals! for! PEG,!
different! PEG/TA! ratios,! and! different! reaction! temperatures! were!
considered.!Herein,! for!both!A!and!B!procedure,! only! the!An! and!Bn!
samples!produced!under!optimized!synthetic!conditions!that!guaranteed!
a!good!stability!in!aqueous!media,!are!reported.!

The!synthetic!differences!between!the!two!procedures!could!be!re-
#ected! in!morphological! dissimilarity! among! them.! For! such! reason,!
scanning! electron!microscopy! (SEM)!measurements! were! performed,!
either!with!transmitted!or!backscattered!electrons!(Fig.!1).!The!presence!
of!a!more!compact!texture!in!the!case!of!the!sample!A1!was!expected.!In!
this!case,!the!covalent!binding!between!TA!molecules!surrounding!the!
magnetic! nanoparticles! create! a! rigid! structure! encapsulating! them.!
Fig.!1a!shows!the!complete!packing!of!the!particles!in!sample!A1!and!a!
loop!around!a!small!compact!group!of!particles,!indicating!the!formation!
of! a! rigid! framework! surrounding! those! SPIONs! (Fig.! 1b).! Images! of!
sample!B1! collected!with!either!backscattered!(Fig.!1c)!or!transmitted!
electrons!(Fig.!1d)!show!a!less!rigid!system.!This! is!evidenced!by!the!
distance!present!among!the!SPIONs,!which!are!still!connected!through!
"laments!of!PEGylated!TA.!Comparison!of!A!and!B!sample!images!also!
shows! the! enhanced! super"cial! smoothness! provided! by! the! organic!
coating.!

However,!picturing!an!image!for!these!samples!only!in!a!dry!envi-
ronment!(as!for!SEM!technique)!might!draw!to!misleading!conclusions!
for!systems!working!in!the!liquid!phase.!To!collect!further!dimensional!

data!in!liquid!phase,!thus!avoiding!any!ambiguity,!knowing!the!particle!
size!distribution!of!all!systems!in!aqueous!medium,!is!mandatory.!Such!
data!were!obtained!by!means!of!dynamic!light!scattering!(DLS)!mea-
surements!(see!Table!1!and!Figures!S3-S9).!For!samples!An,!there!are!not!
consistent!variations!in!the!mean!size!of!the!aggregates,!independently!
whether!the!addition!of!Gd3+ precursor!happened!before!(A1)!or!after!
(A2)! the! reticulation! step.! Nevertheless,! it! is! possible! to! observe! the!
formation!of!small!populations!of!larger!aggregates,!potentially!due!to!
intermolecular!H-bonding!between!TA!molecules!covering!the!SPIONs!
(Figures!S4-S5).!However,!their!presence!is!not!affecting!samples!sta-
bility!in!suspension,!which!are!stable!up!to!several!weeks.!Despite!such!
similarities!in!particle!dimensions,!a!large!difference!in!Gd!loading!for!
the!two!procedures!(4.6%w/w!for!A1!vs!0.6%w/w!for!A2)!is!displayed.!Also!
for!Bn!samples,!the!observed!average!particle!size!does!not!show!a!clear!
trend!in!relation!to!Gd!content.!Nonetheless,!it!is!possible!to!ascribe!a!
certain!tendency!of!the!particles!towards!aggregation!with!the!increase!
of!gadolinium!content.!In!the!case!of!samples!B1!(without!Gd!-!Figure!S6)!
and!B2! (lowest!Gd!content! -!Figure!S7),!particle! size!populations!are!
pretty!homogeneous.!Conversely,!samples!B3!(intermediate!Gd!content!-!
Figure!S8)!and!B4! (highest!Gd!content! -! Figure!S9)!display!a! certain!
inhomogeneity!in!particle!size,!with!the!appearance!of!populations!to-
wards!much!larger!dimensions!than!the!average!one.!It!is!reasonable!to!
expect! that! the! presence! of! larger! aggregates!might! possibly! have! a!
negative!in#uence!on!the!stability!of!the!system!in!aqueous!suspension.!
Such!effect!is!potentially!related!to!Gd!amount!loaded!in!Bn! samples.!
Aggregation!phenomenon!will!then!tend!to!reduce!the!surface-to-bulk!
ratio!of!our!systems,!causing!the!substantial!loss!of!solubility![58–60].!

Apparently,!there!might!also!be!a!negative!trend!relating!Bn!samples!
stability! and!Gd! content.! Indeed,! samples!without! (B1)! and!with! the!
lowest!amount!of!gadolinium!(0.66!%w/w!-!B2)!show!a!long!stability!in!
suspension,!ending!in!a!shelf!life!of!the!particles!in!aqueous!medium!up!
to!several!weeks.!Conversely,!samples!potentially!behaving!as!positive!
contrast!agents!by!carrying!a!higher!amount!of!Gd3+ ions!(B3:!2.64!%w/!

w;!B4:!12.95!%w/w),!tend!to!form!macroscopic!#akes!within!few!minutes!
after!being!suspended!in!aqueous!medium.!

Besides! knowing! the! amount!of!Gd!present! in!our!materials,! it! is!
likewise! important! to! quantitatively! evaluate! the! degree! of! effective!
coverage!of!SPIONS!due!to!the!polyphenolic!network.!This!information!
is!pivotal!to!understand!the!way!Gd!ions!could!be!possibly!loaded!in!our!
materials.!Such!quantity!has!been!measured!via!thermogravimetric!an-
alyses!(TGA!-!Figure!S10).!Concerning!the!synthetic!route!A,!sample!A1!
suffered!a!weight!loss!of!19.5!%,!while!sample!A2!had!a!weight!reduction!
of!10.5!%!(net!of!initial!water!loss).!It!is!important!to!notice!that!the!
amount!of!initial!water!contained!in!the!two!samples!is!quite!similar!(7.5!
%!for!A1! vs!8.1!%!for!A2).!Furthermore,!after! the!degradation!of! the!
organic!component!a!plateau!is!reached.!Therefore,!there!is!no!evidence!
for!the!formation!of!a!condensed!hydroxylated!Gd!phase,!such!as!Gd!
(OH)3.!Indeed,!its!presence!could!have!altered!either!the!initial!hydra-
tion!level!or!given!rise!to!further!weight!loss!above!430!◦C![61,62].!In!
addition,!their!nature!appears!quite!similar!as!evidenced!by!the!same!
"nal!temperature!for!organic!degradation!(430!◦C).!Hence,!further!in-
vestigations!are!needed!to!unravel!the!nature!of!condensed!Gd!species!
potentially!present!in!An!samples.!Compared!to!them,!sample!B1!had!a!
weight!reduction!of!13.6!%!(net!of!initial!water!loss).!Despite!the!dif-
ference! in! terms! of! organic! content,! what! emerges! about! the! "nal!
degradation!temperature!is!crucial.!For!sample!B1,!in!which!TA!mole-
cules!are!PEGylated!and!wrapped!around!SPIONs!by!entanglement!ef-
fect,!degradation!process!terminates!close!to!380!◦C,!quite!lower!than!for!
An.!This!evidence!is!the!"rst!step!to!understand!the!nature!of!the!coating!
(stronger! in! the! An! series! with! respect! to! Bn)! generated! around! the!
magnetic!nanoparticles.!

Once! the! amount! of! organic! layer! coating! and! the! amount! of!Gd!
carried!by!each!sample!have!been!determined,!the!in#uence!on!water!
relaxation! time!T1! and!T2! of! the! samples! suspended! in!physiological!
buffer,!was!measured.!All!the!samples!were!suspended!in!a!20!mM!MOPS!
buffer!solution!at!physiological!pH!(7.4),!with!a!concentration!of!30!μg/!

Table!1!
Mean!particle!size,!Gd!amount!and!relaxivity!data!(r1!and!r2!parameters)!for!the!
An!and!Bn!series!of!samples.!!

Sample!
name!

Particle!size!
(nm)!†

Gd!content!
(%w/w)!

$!
r1!value!

(
ms−1

μg/ml
)!

r2!value!

(
ms−1

μg/ml
)!!

SPIONs! 131.2!± 4.2!! – 2.0•10–5!§ 4.0•10–4!§

A1! 125.5!± 3.1!! 4.57! 8.4•10–3! 0.97!
A2! 117.9!± 1.2!! 0.62! 8.7•10–3! 1.22!
B1! 141.2!± 1.2!! – 9.1•10–3! 1.68!
B2! 124.9!± 1.8!! 0.66! 14.5•10–3! 0.22!§

B3! 140.8!± 3.3!! 2.64! -!*! -!*!
B4! 127.8!± 4.6!! 12.95! -!*! -!*!!

† Measured!with!DLS.!
$ Measured!with!ICP-MS.!
§ The!sample!aggregated!during!measurements!and!the!trend!lost!its!linearity!

due!to!an!uncontrolled!concentration!variation!of!the!aqueous!suspension.!
* Values!not!measurable!due!to!the!high!instability!of!the!sample!in!buffer!

suspension.!

A.!Lazzarini!et!al.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!



ml.!At!this!point,!the!"rst!drawback!with!the!samples!has!emerged.!As!
previously! stated,! samples! B3! and! B4! are! not! stable! in! suspension.!
Indeed,!after!30!min! from!the!redispersion,!both!samples!display!ag-
gregates!visible!by!naked!eye,!making! impossible! the!relaxivity!mea-
surements! for! these! samples.!Concerning!samples!A1,!A2,!B1,! and!B2,!
they!were!shelf!stable!up!to!several!weeks!at!the!highest!concentrations.!
Therefore,!they!were!diluted!according!to!the!proportions!reported!in!
Section! 2,! namely! 0.8:1,! 0.5:1,! 0.3:1! and! 0.1:1,! with! respect! to! the!
mother!solutions.!In!this!way,!it!was!possible!to!measure!the!relaxation!
times!with!different!concentrations.!The!relaxivity!parameters!r1!and!r2,!
namely!the!slope!of!the!lines!interpolating!the!data!in!the!graphs!1/T1!or!
1/T2!vs!concentration,!were!obtained!(see!Figures!S11-S15).!Samples!A1!
and!A2! show!two!distinct!behaviors! in! relaxivity!parameters.! Indeed,!
their!in#uence!on!T2! is!much!larger!than!on!T1,!while!for!a!Gd

3+ salt!
these!two!values!are!generally!quite!close!to!each!other![63].!r1!and!r2!
values!for!either!A1!or!A2!differ!by!almost!two!orders!of!magnitude,!thus!
resembling!the!behavior!of!commercially!available!coated!SPIONs![64].!
In!fact,!such!systems!are!characterized!by!a!strong!T2!effect,!due!to!the!
magnetic!"eld!inhomogeneities!generated!by!superparamagnetic!parti-
cles.!This!could!drive!the!conclusion!that!the!form!in!which!Gd!is!present!
in!samples!A1!and!A2!is!not!useful!to!in#uence!the!water!relaxivities,!i.e.!
as!isolated!Gd3+ ions,!but!in!some!other!aggregate!form.!Their!formation!
may!be!ascribed!to!the!synthetic!procedure!A,!in!which!high!temperature!
and!basic!environment!were!employed,!namely!the!same!conditions!in!
which!metal!oxide!nanoparticles!are!commonly!prepared.!Nevertheless,!
this!event!has!been!observed!for!sample!A1!only,!in!which!Gd!is!added!
prior!to!the!reticulation!step.!On!the!other!hand,!the!lower!amount!of!Gd!
in!sample!A2!with!respect!to!A1!might!reveal!an!additional!phenomenon!
standing!behind!its!poor!performances,!as!clari"ed!from!FT-IR!analysis.!

FT-IR! spectra! of!A1! and!A2! (Fig.! 2)! display! a! strong! reduction! of!
phenolic!hydroxyls!peak!(δph(OH)!signal!at!~!1200!cm

−1),!with!respect!
to!TA![65,66].!This!con"rms!that!the!crosslinking!process,!mediated!by!
formaldehyde,! occurs! via! water! elimination! and! the! consequent! for-
mation! of! –CH2-! bonds,! between! phenyl! units! [55,56].! However,!
crosslinking!could!not!explain!completely!the!Ph-OH!elimination!pro-
cess.!Indeed,!TA!catechol!units!may!also!be!converted!into!cyclic!acetals!
via!acetalization!process!in!the!presence!of!formaldehyde!at!high!tem-
perature,! thus!enhancing!the!hydroxyls!derivatization!of!TA!phenolic!
units![67].!The!large!occurrence!of!these!phenomena!could!contribute!to!
the!depletion!of!anchoring!points!for!Gd3+ ions,!thus!limiting!its!effect!
on!r1!relaxivity,!in!the!case!of!sample!A2.!

Concerning!the!other!synthetic!procedure,!relaxivities!measurements!
for!sample!B1! (having!no!gadolinium!loaded)!seem!to!con"rm!the!hy-
pothesis! that! only!magnetic! nanoparticles! are! in#uencing! relaxivity.!
Indeed,!r1!and!r2!parameters!resemble!the!ones!of!pure!SPIONs,!similarly!
to!A1!and!A2.!Sample!B2,!instead,!reveals!hints!of!Gd!presence!in!isolated!
form.!Even!with!a!minimum!loading!(0.66!%w/w),!an!increase!of!almost!
50!%!for!r1! value,!with!respect!to!sample!B1,!has!been!recorded!(see!
Table!1).!However,!in!the!subsequent!T2!measurements,!r2! value!was!
reduced!with!respect! to!all!other!samples,!due! to!a! total! loss!of!data!
linearity!(Figure!S15).!This!appears!to!be!the!clue!of!a!SPION!aggrega-
tion!process!that!occurs!as!a!consequence!of!prolonged!exposure!of!the!
sample!to!magnetic!"elds.!When!inter-particle!magnetic!forces!increase!
their!intensities,!they!push!together!sample!particles!that,!in!a!situation!
of! closer! vicinity,!might! interact.! This! is! con"rmed! by! the! post-MRI!
observation!of!aggregates!inside!the!vials!containing!the!most!concen-
trated!solutions,!which!appeared!no!longer!stable!in!suspension.!Such!

Fig.!2. Normalized!ATR-IR!spectra!in!the!1850–450!cm−1!range!for!samples!A1!
(pink!curve)!and!A2!(grey!curve)!compared!to!their!precursors,!namely!SPIONs!
(green!curve)!and!TA!(violet!curve).!Spectra!are!shifted!for!a!better!comparison.!

Fig.! 3. Part! a:! normalized! ATR-IR! spectra! in! the! 1850–450! cm−1! range! for!
sample!B1! (orange!curve)!compared! to! its!precursors,!namely!SPIONs! (green!
curve)!and!PEGylated!TA!(brown!curve);!inset!highlights!the!spectral!region!for!
δph(O–H)!vibrations!of!phenolic!species!relative!to!samples!A1!(pink!curve)!and!
B1! (orange! curve).! Part! b:! ATR-IR! spectra! in! the! 1850–450! cm−1! range! for!
samples!B1!(orange!curve),!B2!(red!curve),!B3!(blue!curve)!and!B4!(black!curve);!
inset!highlights!the!spectral!region!for!δph(O–H)!vibrations!of!phenolic!species!
for!the!Bn! series.!Spectra!in!the!main!"gures!are!vertically!shifted!for!a!better!
comparison,!spectra!in!the!insets!are!not!shifted.!
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aggregates!reduce!the!water-particles!surface!area,!available!for!water-!
hydrogen! magnetic! interactions,! and! can! be! responsible! of! reduced!
relaxivities.!A!validation!of!this!hypothesis!can!be!drawn!analyzing!the!
signals!detected!with!ATR-MIR!spectroscopy!for!Bn!samples.!In!the!inset!
of!Fig.!3a,!it!is!possible!to!observe!the!difference!in!δph(OH)!intensity!
between!samples!A1!and!sample!B1.!While!in!the!"rst!one!the!phenolic!
hydroxyls!were!almost!completely!used!for!the!sake!of!TA!reticulation,!
in!the!second!one!the!synthetic!procedure!leaves!them!almost!unaltered!
and!able!to!serve!as!anchoring!points! for!Gd3+ ions.!Furthermore,! in!
Fig.!3b,!δph(OH)!signal!decreases!noticeably!with!the!increase!of!gado-
linium!loading!(see!inset).!For!sample!B2,!a!Gd!local!environment!similar!
to!the!one!represented!in!Scheme!2b,!have!been!hypothesized.!In!such!
con"guration,! the! coordination! sphere! of! the!metal! is! only! partially!
saturated!by!the!phenolate!bidentate!ions.!However,!the!loaded!metal!is!
pretty! oxophilic! and! characterized! by! a! large! coordination! sphere.!
Hence,!in!the!presence!of!a!high!Gd!loading!and/or!high!concentrations!
of!phenolic!groups,!various!coated!particles!endowed!with!polyphenolic!
arms!will!start!to!interact!with!each!other,!under!the!templating!effect!of!
Gd3+ ion!(Scheme!2c).!Once!a!critical!dimensions!are!reached,!they!will!
cause! a! precipitation! phenomenon.! This! might! explain! the! behavior!

observed!with! B3! and! B4! samples.! A! similar! situation! in! the! case! of!
sample!B2,!could!appear!after!the!material!has!been!subjected!to!a!strong!
magnetic!"eld,!as!during!relaxivity!measurements.!The!magnetic!force!
could!have!pushed!together!B2!particles!to!such!an!extent!able!to!cause!
particles!interaction!and!precipitation.!

To!con"rm!this!hypothesis,!a!careful!investigation!of!Gd!local!coor-
dination!environment!and!its!prevalent!oxidation!state!by!means!of!XPS!
measurements,!is!needed!(Fig.!4).!Indeed,!it!is!known!that!TA,!among!
others,!has!also!been!used!as!reducing!agent!in!the!sustainable!synthesis!
of! different! metal! nanoparticles! [44,68].! Such! activity,! potentially!
leading!to!a!reduction!of!Gd!species!and!a!total! loss!of! its! relaxivity,!
should!be!avoided.!Since!isolated!Gd3+ ions!are!among!the!most!active!
species! for! imaging! contrast! applications,! it! is! of! pivotal! importance!
excluding!this!side-reaction.!

The! likely! formation! of! a!Gd! precipitate,! possibly! in! the! form! of!
Gd2O3,!have!been!previously!hypothesized!in!the!case!of!An! samples.!
Peaks!position,!relative!to!Gd!4d5/2!binding!energy!at!142!eV!and!to!Gd!
4d3/2!at!148!eV,!con"rm!the!presence!of!oxidic!clusters![69–72].!Indeed,!
the! binding! energy! associated! to! the! same! emission! from! a!metallic!
zerovalent!Gd! species! is! almost!2!eV! lower! [73],! thus! excluding!any!
reducing!effect!of!TA.!Contemporarily,!it!is!also!possible!to!exclude!the!
presence!of!Gd(OH)3,!since!its!4d5/2!and!4d3/2!XPS!signals!are!at!141.5!
and!147.5!eV!respectively![74].!However,!the!formation!of!oxidic!pre-
cipitates! is! the! consequence!of! a! two-step!process,! potentially! taking!
place!during!the!synthetic!route!A.!Such!process!starts!with!the!forma-
tion!of!a!Gd(OH)3!precursor!in!the!presence!of!a!basic!environment!and!
high!temperature![61,75,76],!followed!by!a!dehydration!step!at!T!> r.t.!
The!last!step!reduces!Gd!coordination!number,!changing!from!9!(in!the!
case!of!hydroxide)!to!6!(in!the!case!of!the!oxide)![77],!thus!leaving!only!
Gd2O3!as!"nal!product.!

Comparing!this!datum!with!the!value!for!Gd!4d5/2!binding!energy!of!
Gd(NO3)3!(~143!eV)![78],!it!is!possible!to!conclude!that!the!surrounding!
environment!of!Gd!atoms!is!pretty!similar.!In!fact,!in!gadolinium!oxide!
the!metal!atoms!may!interact!with!up!to!six!oxygen!atoms!in!the!"rst!
coordination!shell!(Scheme!2d)![77,79].!Similarly,!Gd3+ ions!in!the!ni-
trate!salt!are!coordinated!by!six!oxygen!atoms!in!the!"rst!shell!(Scheme!
2a)![80].!Samples!B2,!B3! and!B4,! for!which!a!situation!as!the!ones!in!
Scheme!2b-c!have!been!pictured,!show!a!Gd!4d5/2!band!pretty!similar!to!
all!the!other!samples.!On!one!hand,!the!presence!of!gadolinium!species!is!
con"rmed!to!be!associated!only!to!the!(III)!oxidation!state.!This!should!
in#uence!the!relaxivity!of!the!system,!similarly!to!Gd3+ isolated!ions!(as!
in!the!case!of!B2).!On!the!other!hand,!with!the!techniques!employed!so!
far,! it! is!not!possible!to!clearly!distinguish!the!diverse!Gd!local!envi-
ronments,!since!in!all!the!samples!Gd!is!always!surrounded!by!six!oxygen!
atoms.!

Scheme!2. Schematic!representation!of!the!hypothesized!Gd!local!environment!in!the!case!of!Gd(NO3)3!(a);!Bn!in!low!coordination!(b);!Bn!in!high!coordination!(c);!
Gd2O3!crystal!structure,!possibly!describing!the!local!environment!of!Gd!for!samples!An! (d).!

Fig.!4. Gd!4d!XPS!spectra!for!Gd(NO3)3!(light!blue),!and!for!samples!A1!(pink),!
A2!(grey),!B2!(red),!B3!(blue),!B4!(black).!All!the!curves!have!been!aligned!to!C!1!
s!signal!at!284.8!eV!and!their!intensity!was!normalized!according!to!the!same!
peak!(Figure!S17a).!
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4. Summary!

In!this!paper,!two!methodologies!capable!to!stably!suspend!SPIONs!
in!physiological!environment,!alternative!to!the!commercially!available!
ones,!were!optimized.!The!prepared!materials!can!be!considered!a!pre-
liminary!step!for!the!preparation!of!new!hybrid!systems!for!MRI!appli-
cations,!by!coupling!the!coating/entanglement!effect!of!bio-compatible!
polymers!(responsible!for!the!solubility)!with!chemical!species!able!to!
bear! Gd3+ ions,! thus! conferring! dual! modal! MRI! responsivity.! Both!
synthetic!routes!were!able!to!provide!a!set!of!samples!stable!in!physio-
logical!conditions,!capable!of!carrying!Gd!species!to!a!certain!extent.!
However,!the!sample!that!is!most!positively!affected!by!the!presence!of!
Gd3+ ions!(B2),!is!also!the!one!displaying!the!lowest!operational!stabil-
ity.! Contrarywise,! the! other! stable! samples! do! not! show! appreciable!
deviation!from!pure!SPIONs!relaxivity!behavior,!despite!some!of!them!
are!loaded!with!a!non-negligible!amount!of!Gd!(A1).!Nevertheless,!they!
possess!elevated!stability!also!after!being!exposed!to!intense!magnetic!
"elds.!The!right!balance!between!T1-T2!tunability!and!stability!is!far!to!
be!achieved!at!the!moment.!However,!a!way!for!further!development!of!
new!and!alternative!routes!to!stably!suspend!magnetic!nanoparticles!to!
be! employed! as! potential! dual-mode! T1-T2! contrast! agents! has! been!
opened.!With!the!right!experimental!adjustments,!we!strongly!believe!
that! exploitation! of! synergic! SPIONs! and! Gd! relaxivities! effects,! for!
tailored!MRI!applications,!will!be!available!soon.!
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Figure S1. ICP-MS calibration curves for 56Fe (blue) and 57Fe (orange) isotopes. 

 

 

Figure S2. ICP-MS calibration curves for 156Gd (blue), 157Gd (orange) and 158Gd (grey) isotopes. 

 

 



 

Figure S3. Particle size distribution for sample SPIONs.  

 

Figure S4. Particle size distribution for sample A1.  



 

 

Figure S5. Particle size distribution for sample A2.  

 

Figure S6. Particle size distribution for sample B1.  



 

Figure S7. Particle size distribution for sample B2.  

 

 

Figure S8. Particle size distribution for sample B3.  



 

 

Figure S9. Particle size distribution for sample B4.  

 

 

 

Figure S10. Part a) Thermogravimetric curve for samples A1 (pink line) and A2 (grey line). Part b) Thermogravimetric 

curve for sample B1. 



 

Figure S11. Relaxivity measurements for sample SPIONs. Part (a) shows R1 trend; part (b) shows R2 trend. 

 

 

Figure S12. Relaxivity measurements for sample A1. Part (a) shows R1 trend; part (b) shows R2 trend. 

 

 

Figure S13. Relaxivity measurements for sample A2. Part (a) shows R1 trend; part (b) shows R2 trend. 



 

 

Figure S14. Relaxivity measurements for sample B1. Part (a) shows R1 trend; part (b) shows R2 trend. 

 

 

Figure S15. Relaxivity measurements for sample B2. Part (a) shows R1 trend; part (b) shows R2 trend. 

 

 

 

 



 

Figure S16. ATR-IR spectra of Tannic Acid (black), PEG200 (red) and PEGylated Tannic Acid (blue). 

 



 

Figure S17. C 1s (part a), O 1s (part b) and Fe 2p (part c) XPS spectra for Gd(NO3)3 (light blue curve), and for samples 

A1 (pink curve), A2 (grey curve), B2 (red curve), B3 (blue curve), B4 (black curve). 


