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Superparamagnetic iron-doped nanocrystalline
apatite as a delivery system for doxorubicint

Michele lafisco,*a Christophe Drouet,*b Alessio Adamiano,a Patricia Pascaud,:j:b
Monica Montesi,a Silvia Panseri,a Stephanie Sardab and Anna Tampieria

The development of non-toxic and biodegradable magnetic nanopartices (NPs) that can be easiy
functionalized with drugs or biomolecules and employed, under magnetic fields, as targeted nano-
carriers or components of scaffolds with on-demand functionalities, is a big challenge in the biomaterials
research. In the present work, the feasibility of previously synthesized iron-doped superparamagnetic
apatite (FeHA) NPs to bind and then release the anticancer drug doxorubicin (DOX) under an appled bw-
frequency pulsed electromagnetic field (PEMF) was investigated. The behavior of FeHA towards DOX has
been compared to that of synthetic biomimetic apatite (HA) NPs prepared ad hoc with characteristics
close to those of bone minerai. The DOX adsorption kinetics and isotherms on FeHA and HA were
explored and fitted according to different mathematical models (Elovich, Sips and Freundlich) revealing
enhanced uptake of DOX on FeHA than HA due to the better interaction of the drug with the surface iron
cations and formation of multi-molecular DOX assemblies. In the absence of the PEMF, the quantity of
DOX released from HA was higher than that released from FeHA in agreement with the lower affinity
of DOX for HA than FeHA. Interestingly, in the presence of the PEMF, the extent of DOX reeased from
FeHA after 3 and 6 days increased significantly. The higher DOX reease from FeHA under PEMF can be
explained by the mechanical shacking of superparamagnetic FeHA NPs breaking the bonding with the
drug and allowing detachment of DOX assemies from the NP surface. In vitro assays demonstrated that
DOXbaded on HA and FeHA displayed cytotoxicity against the human osteosarcoma cell line (SAOS-2) at
the same kvel as free DOX, for ail the concentrations and time points tested. Confocal microscopy
analyses showed that drug-loaded NPs were rapidly internalized within cells and released DOX, which
accumulated in the nuclei where it exerted the desired cytotoxic activity.

1. Introduction carbon nanotubesetc.) have beenevaluated aglrug delivery
systems particularly imancertherapy,where seriousirug side

The use of nanosystems/nanoparticles (that will be describéfdcts compromise the health of patiesits.

here by the generic abbreviation NPs) as drug carriers bas beeviore recently, the use of magnetic NPs as drug carriers bas

widely explored during the last 3@arsmainly to precisely strongly emerged since they could be manipulated gupii-

administer therapeutic molecules in specific parts obtiidy cation of magnetic field®. In particular, the drug attached to

with the final aim of improving thr efficacy enhancingtheir magnetic NPs could l=ffici ently remotely controlled anthrgeed

concentration athe site of interest angreventing early degra-in desiredareasof the body sing externalmagneticfields”

dation and clearance)and reducing sideffectsi? Different Moreover, magnetic NPsan alsdbe employedor several other

types of NPs (metallic, inorganic, polymeric, micelles, liposomebjomedical applications, such as cell labelling and separation,
immunoassay MRI contrast agents, and hyperthermia.11
Recently, they were also used to prepare scaffolds for bone
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in parallel along the direction of magnetic fields) when they a@ its therapeutic potential agairssilid tumorss The chemo-
exposed to low intensity magnetic fields, without having therapy based on DOX, howeyerlimited by dosalependent
remnant or residual magnetization when the magnetic fie@sdiotoxic side effects that capotentially led to heart
are removed This feature is necessary to avoid coagulation afallure3:34 To avoidthis problem, targeted drug delivery could
agglomeration of NPs causing possible embolization of capillgggovide therapeutically effective DOX release directly at the
vessels when they are usedvivoi? tumor site improving the treatment of cancétereover,DOX
So far, magnetic NPs employed for biomedical applicatiohas strongisible absorption and fluorescence emission, and
are mainly based on super-paramagnetic iron oxide nanopartithesefore ineof the best molecules for pursuing thigective
(SPIONS), consisting in mixtures of magnetite, maghemite amitthisstudy, sinceits uptake andeleasdrom NPscanbe easily
hematite, which have been demonstrated successfully botnitored.s
in vitro and in vivo18 SPIONs can beynthesizedwith different Thebehavior of FeHA towards DOX has beetbmparedo
morphologies, chemical compositions and magnetic propertirat of iron-free biomimeti@patitenanocrystals preparead
but some limitations still exist including a low magnetic momehbc" with characteristicsrery close to those of bone minerai
and low cargo capacity.In addition, although SPIONs are(denoted HA). The latter material, which bas already demon-
approved for humain vivo use by the American Food and Drugtrated high ability to bind and release several types of drugs
Administration (FDA)° several concerns about their cytotoxicitguch as tetracycline and bisphosphonat&s;an beviewedas
have emergeds22In fact, theirchronic administrationcanlead a biomimetic "golden synthetistandard"for bone minerai.
to the accumulation of a high quantity of iron in soft tissues afble adsorption of bioactive molecules on the surface of bio-
organs such as liver and kidney, causing an imbalance in theimetic apatite (as opposed to simple impregnation) allows the
homeostasis and even cytotoxic and inflammatory effé®ts. formation of stable bonding with the nano-carrier. These pro-
To overcome the limitations of SPIONs, new forms of biperties were attributed to the existence of a hydrated layer atthe
compatible superparamagnetic NPs with a good magnetic momsumiface of biomimetic apatite nanocrystals containing mobile
high drug loading capability and low iron content are stronglyns witha higher reactivity thathosepresent at the surface of
required. well-crystallized apatite.1t thus allows éettercontrol ofthe
Hydroxyapatite (HA), whose stoichiometric compositiodose of the drug released for localized tailored therapeutic
corresponds to G#PQ)6(0H)z, is the most extensively usepplications® Finally, the cellular uptake and cytotoxic
calcium phosphate phase in several biomedical fields becausactiity of DOX-loaded FeHA and HA NPs were analyzed, as a
its chemical similarity with the minerai phase of bone (composgof ofconcept;n vitro in the human osteosarcoma (SAOS-2)
of nanocrystalline non-stoichiometric carbonatagdatites)and cell line.
thanks to its the well-known properties like biocompatibility,
biodegradbility and pH-dependent dissolutiéhHA is mainly
employed in bone tissue engineering in the form of scaffoldz, Materials and methods
injectable cements, coatings for metallic implants and in nano-
medicine as NPs in suspenstoiVhether stoichiometric or not, 2.1 Materials

HA is able to accommodate several substituting ions, veille  Ammonium phosphate dibasic ((MAHPQ, ACS reagent),
maintaining its intrinsicstructurez®s In particular,Ce+ ions calcium hydroxide (Ca(OH)z, ACS reagent), calcium nitrate tetra-
can besubstitutedto some extent by monovaletd tetravalent hydrate (Ca(N@4H,0, BioXtra), dimethylsulfoxide (DMSO,
cations(e.g.from Na+, taZre+, Fe+ andTis+), while PQ;2 canbe  (CHs)zSO, for molecular biology), doxorubicin yHrochloride
replaced by divalent (G8-, HPGz2.,, trivalent (AsQs, VO43) (C:H.gNOwr HCI, DOX, European PharmacopoéiP)reference
and tetravalent (Si8-, anionsz726Recently Tampiegtal’have standard), HEPES sodium saitcN-NaQS, BioXtra), iron(n)
developed biocompatible and biodegradable ionictgutestHA chloride tetrahydrate (Fe£4H.0, ReagentPIu8®, iron(m)
NPs endowed witBuperpararnagnetic amgperthermia features chloride hexahydrate (Feg€dH0, ACS reagent), isopropyl
viadoping HA withFe+/Feé+ions(denoed "FeHA"). Interestingly, alcohol ((CHs)zCHOH, 299.7% FCC, FG), phosphoric acid
evenif the iron amount ofFeHA NPs is significantly lower than (H#P0, 285 wto/o in H:0), nitric acid (HN@ ACS reagent,70%),
that of maghemiteand magnetite NPs, they are featured bpgotassium chloride (KCI, BioXtra)and sodium bicarbonate
comparable superparamagnetic properties and hypertherfNiaHCQ ACS reagent), thiazolyl blue tetrazolium bromide
effect2e In vitro studies have also demonstrated that FeHA NRaTI, CHBrNsS, BioReagent), trypan bluéCs:H..NOuSa,
(alone or combined with poly(L-lactic) acid or poly(e-caprolactoneioReagent) were purchased from Sigma-Aldrich and used as-
positively influence osteoblast-likeellsandmesenchymal stem receivedwithout anyfurther purification. Dulbecco's modified
cells viabilitysos2 Eagle's medium (DMEMF12), fetal bovine serum (FBS),
Theaim of the presenivork was,in essence, to evaluate théulbeccds phosphate bufferedaline (DPBS) without calcium
ability of superparamagnetieeHA NPs to interact witithe and magnesium, penicillinstreptomycin, trypsitEDTA, and
drug doxorubicin (OOX) (known also as adriamycinytitaring 4,6-diamidino-2-phenylindole  dihydrochloride (DAPI) were
the drug uptake and then the release over the time both inpinehased from Invitrogen Corporation (Carlsb&#SA) and
presence and absence of an applied low-frequency eleosed as-received without any further purification. The human
magnetidield. DOX is commonly used ichemotherapiedue osteosarcomecell line SAOS2 was purchased from ATCC



(Manassas, USA). Ultrapure water (0p2225 °C, Milli-Q, Millipore)  unit (VIC Inc, Joliet, USA). Ali chemical titrations were asso-

was used in ail the experiments. ciated with a relative error of abouw.JA BELSORP mini Il

) o ) apparatus (Microtrac, Krefeld Germany) (BET method based
2.2 Synthesis of superparamagnetic iron-substituted on nitrogen adsorption) was used to determine theifisp
nanoccystalline apatite (FeHA) surface area (SSASET) of tkemples.

Superparamagnetic iron-substituted apatite (whichbeilleferred The size anétpotential were measured by dynanibtiscatter-
to as "FeHA" in this study) was synthesized according to ihg(DLS) wsingaZetasizer Nares(Malvem, Worcestershire, UK).
method developed by Tampieet al Briefly, an aqueous NPs were suspended in 0.0MLHEPES buffer at pH.4 at a
solution of HPQ (44.4 g in 300 mL) was dropped into amoncentration of 0.1 mg miLFor size distributtn measure-
aqueous suspension of Ca(OH)i (50.0 g in 400 mL) containingns, low-volume guartz cwettes (Hellma, Mllreim, Gernany)
FeCk-4H0 (12.7 g) and FeGbHO (17.9 g) as sources of &e were used.Ten runs & 30 swere performed foreach neasue-
and Fe+ions, respectively, under constant heating and stirrimgnt and four measuremsntere carried out for each sample.
at 40 °C. Once the neutralization reaction was completed, Ttbeevaluate the stability of apatidPs and the @responding
solution was kept under the same conditions used during@@X adducts in suspension, the derived count rate (cps) was
neutralization reaction for 1h, and then left to age for 24 hretorded continuously for 60 min. The (-potential was quantified
room temperature without further stirring. The precipitate wag laser doppler velocimetry as electrophoretic mobility using
separated from the mother liquor by centrifugation, washed thdesposable electrophoretiells(Malvern, WorcstershireUK).
times with water by centrifugation and freeze-dried. The powdaventy runs of 3 swere collected in each measurement.
was then sieved<(25 pm) and stored in a freezer prior to use. Transmission electron microscopy (TEM) observatioese
. . o ) performed using a Tecnai F20 (FEI, Hillsboro, YS#§uipped
2.3 .Preparatlon of iron-free biomimetic nanoccystalline with a Schottky emitter and operating at 120 Reé instrument
apatite (HA) was also equipped with an energy dispersive Xsmgtrometer
The iron-flee nanocrystalline apatite powder (which will bEDX) for X-ray microanalysis on selected areas. The powder
referred to as "HA" in this study) was peepd by a double samples were dispersed in isoprogicohol, treated with ultra-
decomposition technique at ambient temperature and closestamnd and then a few droplets of the slurry were deposited on
physiological pH (7.47) by pouring an aqueous solution leéley-carbon foils supported on a conventional copper microgrid
Ca(Niy)-4H0 (522 g in 750 mL) into a carbonate and phog300 mesh).
phate aqueous solution (165.8 g of ¢HPQ and 9.0 g
of NaHCQ in 1500 mL) The precipitate obtained was left t?-5 Drug adsorption and release experiments
matue for one day at 50c, filtered, washed theetimes with DOX adsorption exgriments on apatitic ssates (HA and
deionized water and feezedried. The power was then sived FeHA) were carred out using a anstant solido-solution ratio
(<125 pm) and stored in a freezer prior to use. corresponding to 20 mg of apatite in 5 mL of DOX solution at
o increasing concentrations (0.1:5.0 mg #@he amount of
2.4 Characterization of HA and FeHA DOX adsorbed @aas)for any data-point was determined by
The X-ray diffraction (XRD) patterns of the samples wemmparing the amount of DOX remaining in solution after the
recorded on a D8 Advance diffractometer (Bruker, Karlsrutedsorption experimensypematantto the initial concetnation;
Gernmeny) equipped witha Lynx-eye position sesitive detector DOX being directly titated by visiblespectrophtometry (absorp-
using Cu Kcx radiatior{A = 1.54178 A) generated at 40 kV andion ata = 496 nm) using a Cary Bio spectrophotoengVarian,
40 mA. XRD spectra were recorded in the range from 10to Palo Alto, USA)KCI 0.01M was used as a solvent in all experi-
60° with a step size (20) of 0.02nd a counting time of 0.5 s.ments to provide a nearly constant ionic strength. A calibration
The crystallite sizes of HA and FeHA along the c-axis and tb@rve (linear correlation factor of 0.9998) was previpdshwn
perpendicular direction were estited by applying Scherrer's for standard solutions of DOX concentrations ranging fr@®i0
formulaee using 2€ = 25.8 and 2€ = 39.7 diffraction peaks, to 0.025 mg mL:
corresponding to the (002) and (310) reflections, respegtivel Adsorption experiments/ere carried outat 37 °C, placing
Fourier transform infrared (FTIR) spectroscopy asesy vials in a horizontal setting to sure an optimal interaction
were achieved on a Nicolet 5700 spectrometer (Thermo Fidbettveen the surface of the apatite substrates and the solution.
Scientific Inc., Waltham, USA) with a resolution of 4 ¢oy- After the contact time was determined in a preliminary step
accumulation of 64 scans covering the 4000 to 40@range, (see the text), the system was centrifuged (5000 rpm for 5 min)
using the KBr pellet method. to allow retrieval 6the solid and sampling alfie supernatant
Calcium, phosphate and iron contents were determirfedquantification of DOX.
by inductively coupled plasma opticaémission spctrometry HA and FeHA functionalizd with the maximum loading
(ICP-OES) using a Liberty 200 spectrometer (Varian, Palo Alamount of DOX were analyzed by Raman microsspenetry,
USA).Analiquot of 20 mg of sample was dissolved in 50 mL ofaoss polarization magic angle spinning (CP/MAS) solid-state
1wt HNOz solution prior the analysis. nuclear magnetic resonance (NMR), FTIR and DLS
Carbonate titration was carried out by coulometrygisa Raman analyses were carried out on a confocal Labram
CM 5014 coulorater equipped with a CM 5130 acidification HR800 microspectrometer, typically making observations in



the range 400-4000m- The samples were exposed in backhe tryparblue dye exclusion & For the experiments, the
scattering mode to a 633 nm He/Ne laser. The measuremeelis were plated at a density okBL.C cells per well in 96-well
were carried out with a spectral resolution afi31 An optical plates,24 hours afterseeding the samplewere added to the
objective x100 was used, conferring to the system a latemature and the cells were maintainedcinture for 24, 48 and
resolution of 0.7 um and an axial resolution of 2.7 pm. 72 hours. HA and FeHA loaded with similar amounts of DOX
Solid-state cross-polarization magic angle spinréagbon- (475 and 49 pgof DOX on 1mg of HA and FeH#Aespectively)
13 nuclear magnetic resonance experiments (CP/MAS -NMR3re added to the culture av and 100 pM concentration
were performed on a Bruker Avance |l 40 spectrometer of attached DOX (Table SESit). Moreover the equivalent
operating at 9.4 T, 400 MHz, witlar = 10 kHz (probe 2 mm), amounts of urffunctionalizd HA and FeHA NBusal for eah
and an accumulation performed overnight chemical shifts sampé and freeDOX were teded (Tabé Sl, ESit). A groupof

were externally referenced to tetramethylsilane (TMS). cells only wesused asontrol group. Thedls were ircubated
FTIR and DLS analyses onthe DOX loaded NPs were carrigttler standard condition87°C, 5% CO0,. All cell-handling
out as reported above for the-fumctionalized NPs. procedurs were performed im sterile laminar flov hood.

DOX release experiments from HA and FeHA (previously o .
functionalized with the maximum loading amount of DOX3-7 Cell viability evaluation

were carried outat 3¢ in the presence or absence of a pulsgle MTT reagent (5 mgiL-3was prepared in 0.01 M PBS. The
electromagnetic field (PEMF). Investigations in the presencecgfls were incubated with the MTT reagent 1:10for 2 h 4€37

the PEMF were achieved placing the powder samples infAg8 medium was collected and cells incubated with 1mL of
home-made device similar to that previously developed bMSO for 15 min. In this assay, the metabolically active cells
Fassinaet al# (Fig. Sl, ESit). Briefly, it consisted of a windreact with the tetrazolium sait in the MTT reagent to produce a
owed polymethylmethacrylate tube carrying a well-plate cofgrmazan dye that can be observed atabsorbance max of 570 nm,
taining the samples and two solenof{ds.,, Helmoltz coils, ysingaMultiskan FC microplate photometer (Thermo Scientific,
whose plaeswere parallel). The generated magnetic field apghitham, USA). This absorbance is directly proportional to the
the induced electric field were perpendar and parallelto  number of me&bolically acive cells The men value 6 absor-

the samples, respectively. Samples were 5 cm distant from @gfite was determined. The samples of three different experi-
solenoid plane, and a Biostim SPT pulse generator (Igea, Cafieints were analyzed in triplicate

Italy) was used to power the solenoids. According to the position

of the solenoids and the characteristics of the pulse gener&t8r, Nrps-DOX uptake and nuclear-localization

the electromagnetic stimulus had the following parameteg:., o4 hous, the cells weravashed twice with ®1 M PBS for
intensity of the magnetic field equal t620.2mT, amplitue ¢ min, fixed with 4% (w/v) paraformaldehyde fob tin, wasted

of the indued electric ensionequal to5 + 1mV, frequency of i 0,01 M PBS for 5 min and incutedtwith DAPI for 7 min.

75+ 2 Hz, and pulse duration of 13 ms. The samples W[ images were acquired using an inverted Ti-E fluorescence
prepared using a constant solid-to-solution ratio correspondif@roscope (Nikon, Chiyoda, Japan). One representative field of

to Smg of drug-apatite conjugate in 2.5 mL of HEPES buffegagy, sample and the-tmralization of the nuclear mark@API,
pH 7.4 (0.01 M HEPES, 0.01 M KClI). At the scheduled timgsq pox were analyzed.

ranging from 1to 6 daythe temperature of the samples were
messured (only those exposed to PEMF), cengefii(5000 rpm 2.9 Statistical analysis

for 5 min) to allow etrieval of the solid and sampling of & The experiments were carried out in triplicate anel tasults

supernatant for quantification of DOX. The amount of DOX in

. . . were expressed as mean and standard error of the mean (SEM).
the medium was determined by visible spectrophotometry,as, . L . .
reported above Analysis of cell viability was made by two-way analysis of variance

ANOVA), followed by Bonferroni'post hodest Statistical analyses
Dissolution of HA and FeHA in the presenaed in the ( ) WEE DY | 9OSt ho ISt y

absence of a PEMF (usinggbameapparatus escribed abo) a;;etﬁgr;?;?;;i:ﬁ;?gnti?ii;Lﬁ;ﬁsd P(r)lsc,)rg software (version 5.0),
was &aluated adding 10 mgf @patite in 10 mL of HEPES o
buffer at pH 7.4 (0.01 M HEPES, 0.01 M KCI). At scheduled
times (up to 7 days), the supernatant (that was well separge_:d Results and discussion
from the solid phase by centrifugation) was removed, centri- ) . . o
fuged and filtered at 0.25 pum in view of2€quantification by .1 Chemical-physical and morphological characteristics of
ICP-OES. FeHA andHA

] FeHA NPs exhibiting a satation magnetization of 4.0
2.6 In vitro cell culture 0.01 Am2 Kg-t and endowd with a hypertermia feature
The human osteosarcoma cell line SAOS-2 was cultured (iemperature increase of about’@in 60 s under an alternating
DMEM F12, 106 FBS and 100 U mbpenicillin/streptomycin magnetic field of 0.03 N Am-1at a frequency of 293 kHz) were
and kept at 37 °C in an atmosphere of 5%. Tfe cells were synthesized according to the procedure reported by Tampieri
detached from culture flasks by trypsinization, centrifuged aatlal2® Iron-free biomimetic HA NPs were synthesizad hoc
re-suspnded. The cell numker and vability were asgssed by to possss chemical-physical &atures (i.e.crystallinity degree,



chemical composition, carbonate extent and morphology) simisnds ata. 560-603(wy, 962 (vi, and 1000-1104cm-1(v;))4s
to those of biogenic bone apatites. An adequate amount(féilg. IB). Thebands at 870, 1420 and 1476m-1(vy assignable

BB AR AR 85 S5 R Y AN P AL A 2D B B B SRE D ré&onsrecﬂaﬁ%eﬁﬁ“)ﬁc'ﬁv&’esrtey At BRSEERP IS th

to that present in bone apatite (3-6 w& Jarbonate was also sampiesThe bands assigned ©0;=2_ were more intense in

included during the preparation of HA as a strategy to favor the casef HA as a more limitedmountof carbonate, derived

formation of small NPs with a low crystallinity degreimce from the atmospheric G@vas adsorbedon thesurface and/or

carbonate ions are well-known inhibitors of apatite crysthtrapped inthe lattice of FeHA during the synthesis. The

growth and its incorporation leads to a reduction of the crystedrbonate exterin the FeHA and HA was quantified to be

line order and dimensioris42 3.0+ 0.1and 1.5+ 0.1wb, respectively(Table 1).The Ca/P
Both FeHA and HA exhibited similakRD patterns, with broad ratio of FeHA was remarkably lower (1.4% 0.03) compared

and poorly defined peaks (which camindexed according to theto that of stoichiometric hydroxyapatitél.67) because of a

crystallographic features of hydroxyapatite, JCPDS no. 09-432) whigdtial substitutionof Fes and Fes: for Ca+ ions. TheCa/P

are characteristics of bone nanocrystalline apatite &#g.The ratio of HA was also noticeably lower (1.34), pointing to the

presence of the peak at 35ebrresponding to (31 plane of:Be non-stoichiometry of this compound and #snilarity with

JCPDS no. 00-003-0863) in tkRD pattern of FeHA established thepone apatites

presencef a smalhmounbf magnetitg2.6+ 0.2 wt%9 29 (FiglA). The TEM images of FeHAhowedneedle-like crystalgather

The mean crystallite sizes of FeHA and HA (Table 1), calculateeterogeneous in size, having dimensions of 10-30 nm in width

alongthe (002) and (310)directions applying the Scherrer's formultnd 70--100 nm in length mainly composed of smaller aggregated

evidenced that both samples had the same crystallite dimrt isometric NPs of about 5-10 nm in width and 10-20 nm in

sion along the plane perpendicular to the c-axis, while Felibfgth (Fig. IC). A very low concentration of dark spots (5-10 nm

was composed of more elongated crystallites along#€s in size) corresponding to inclusions of Fe-rich phases asogem

with a higher aspect ratio than HA. The lovespectatio (i.e. strated by EDX analysis was aldeible. EDX elementaryanalysis

more isometric particles) 6fA comparedo FeHA was ascribed carried out in selected area ahe FeHA samplecontaining and

to the higher presence of carbonate ions inside the cryatilcontaining the dark spots, revealed that the amount of iron in

lattice as already reportaéa4 the area rich with black spots is much higher than that in the part
TheFTIR spectra of HA and FeHA revealed the typical bandgithout darkspots(Fig. S3, ES). The TEM images of HA

of poorly crystalline biomimetic apatité.e. PQ:3- vibratior displayed elongated NPs having dimensions of 5-10 nm in width

A B v,PO,

Intensity (a. u.)
Absorbance (a.u.)

T T 1 T T L T
10 20 30 40 50 60 1800 1600 1400 1200 1000 800 600 400
Wavenumbers (c'1)

Fig. 1 (A) XRD spectra, (B) FTIR spectra and (C and D) TEM images of FeHA and HA NPs.



Table 1 Bulk Ca/P molar ratio, carbonate extent, mean crystallite size along c and ab-axes (Looz and Lsio respectively), specific surface area (SSAseT),
(-potential and mean hydrodynamic radius (RH) of FeHA and HA NPs

Sampie Cal/P ratio CO03 (Wt%) Loo2(nm) Lao(Nm) SSAger (m* g77) C-potental (mv) RH (Nm)
FeHA 141+ 0.03 1.e+01 8+3 15+ 3 44+ 1 -17.6+ 10 2o+ 2
HA 134+ 0.02 3,0 0.1 31+5 18+3 102+ 1 -18.2%+ 1.3 74+ 1

and 20-30nm in length (Fig. ID). HA NPs were less aggregated
than FeHA presenting a higher specific surface area (SSASET)
(Table 1). The higher tendency of FeHA to form aggregates than
HA was ascribed to the greater amount of foreign ionbdi®,

Fes+, CO2-) causing crystal lattice distortion, reduction of the
long-range periodic regularity, and possible modifications of
surface energyt. The higher structural disorder can induce the ks .

formation of quasi-amorﬂho,us parts, especially at the surface,
causing junction and adhesion of crystals by iotgstalline

(umol DOX/m? apatite)

[e¢]

~

interactions during theynthesis opost synthesisunder drying. 0 FeHA - --Elovichfit fOf FeHAKnetic data

The similar surface negative charge of FeHA and HA atrgH HA_ o BlowhftioriAkietcdata

(Table )was attributed to the existence of a hydrated surface layer O+-,

(which is a ?eculiar feature of bone apatite and its biomimetic 0 200 400 600 800 1000 1200 140 16®

counterpart) composedd disorderedCat+, POz and HP@- Time (min)

ionic groups in non-apatitic structural environments, having &rg-2 Adsorption kinetics of DOXon (0) FeHAand <eJ Ha NPs separate

impact on the surface charge of the nanocrystalswever, it is and the drugThe evolution of Qaas(given in pmol
worthwhile to mention thatC-potentialmeasurements only esti- DOX m-= apatite)versugtime is plotted on Fig. 2 in the
mate the net surface charge of NPs, thus even if a negalivas case of a constai?OX concentration ota. 5 mmol
recorded, this does not imply that only negatively chasjes L-t

are present on the NP surface. The mean hydrodynarnic radius These data indicated that in both cases the adsorbed
(RH), calculated by DLS, of FeHA was larger than HA (Tdpile amount increaseas afonction of time, althoughin
agreement with the higher tendency of FeHA to faggregates. diff erent ranges,

The higher sizes determined by DLS in comparison to those
guantified byTEM were consistentwith the fact that TEMpro-
vides information on individual NPs and the sample is dehydrated
and immobilized on a solid support, and in contrast DLS gives
the average of the hydrodynamic size of an ensemble of dis-
persed NP&

Ali the chemical-physical characteristics of thpatitic NPs
reported above highlighted the biomimetic features of HA
thanks to theevident morphological and structural similarities
with bone apatite. FeHA NPs were primarily different from HA
NPs in terms of chemical structure, surface area and tendency
to form aggregates, while they had comparable surface charge
and morphology.

3.2 Adsorption of DOX on HA and FeHA

Theadsorptiorstudy was organized in two stegiming,firstly,
at inspecting the kinetics of adsorption, and secondly, at deter-
mining the adsorption isotherms gat°c).

In the first stage, the adsorption kinetics of DOX on HA and
FeHA substrates wermvestigated. The kineticoverviewwas
made possible by following tremounibf DOX adsorbed@aas)
as afonction of contact timebetweenthe inorganic substrate



points are the experimental data; dotted lines indicate Elovich fits of
kinetic data.

with a first rapid rise followed by a progressive stabilization:tap
around3.5 umol DOX m-2 apatite (2 mg m-3 in the case ofHA
compared to a two-fold value cd.7 pmolm-2( 4mgm-2 for FeHA
The shape of these kinetic curves pointsa tather rapidadsorption
of the DOX molecules, although faster for H&round200 min) than
for FeHA (around1000min). The data have been tentatively fitted to
the kinetic models often encoutered, namglthe pseudo-firsbrder
and pseudo-second-order as well as a general kinetic law of order
"n", and finally to the Elovich mode! in a similar ywaswasdone
recently in the studyof tetracycline adsorption on biomimetic
apatitess Only the latte ledto satisfactoryorrelationcoefficients(R2
greater than 0.97) with Rz = 0.9766 for FeHA ando0.9945for HA. In
contrast,kinetic models of ordéin" (including withn=1andn=2)led
to uncorrelated data showing ththe adsorption kinetics followed
more complex process. A relatiygjoodfit (see dotted lines in Fig. 2)
to the Elovich model, a logarithmic fonction of time, iseoft
encounteed for the adsorption ofpolyeledrolytes on heterogeneous
surfacego

The molecular structure of DOX is represented in Fig. 82, ESI.t
Itis composed of an (aromatic) anthracycline ring linkedatoamine
sugar: thepK value of the amino group was reportedo®around 8.2452
while otherpK valuesof the molecule(typically for -OH groups) were
found to be beyond 9.5. This indicates that,under physiological
conditions,the DOX molecule exists mainiy its acidic form, that is
with a protonaed amino group. The multiple oxygenatoms of the
molecule offer on the other handany polar groups (especially thanks
to the conjugation ofeveral double bonds and non-bonding doublets),
but the hydrogen atoms linked to the -OH groups of the molecule are
expectedo remain preent at physiological pH (7.4). This leads to
a



situation where the DOX molecule exposes anzgkbup and Langmuir node! and for the more general eqoatiof Sips
several oxygen atoms providing multiple potential "interactidhangmuir-Freundlich):
points" with apatite nanocrystals, despite the lack of anionic
end-groups with well-known high affinity for apatitic surfaces
such as phosphates, phosphonates or even carboxgtates
This multiplicity of interaction sites on the DOX molecule
may explain, in conjunction with the relative heterogeneity which corne back to the Lagmuir model for the particular
the substrates, the relatively good fit with the Elovich equzase ofm = 1. In this equationQm designates the maximal
tion and the absence of any satisfying correlation with ottalsorptiorcoverageCeqis the equilibrium DOX concentration
kinetic models. for the consicered dat-points, "m" is the Sipsxponent, and
The modeling of adsorption data over a long periofl Ksis the Sipsconstant.
time however poses the potential issue of progressive modi-A mathematical analysis indicates that thecagtion data
fications of non-stoichiometric apatitic substrates, whicfor thesystem HA-DOX can b& be fitted with tke Sips model
can further mature or else undergo dissolution or paial (R2=0.9703) with Ks=5.96+ 3.27 andn=1.7% 0.4. Despite a
precipitation phenomena. In this study, we selected valhee non-negligible uncertainty, the value ofi' appears to be
of 90 min as the contact rime for the adsorption #8erms to  noticeaby distinct from unity, thus suggesting a neat departur
limit the significant post-maturation effect in tiselids and from the standard Langmuirian sa A value of'm" greater
dissolution. than 1can suggest the existence of significant positive inter-
In the second stage, using this selected contact time, #tions (molecular cooperativity) of adsorbed molecules among
adsorption isotherms of DOX on both FeHA and HA have beesach othet:.ss This situation was recently also encountered for
analyzed by performing experiments with increasing DOX cofhe adsorption of other biomolecules on biomimetic apatites,
centrationsFig. 3 reports the obtained isotherms (@t°8 such as tetracycliré and cytidine monophosphatebut the
in KCI 10-2M) for Qaasexpresed in pmol DOXm-2apatite and maximal adsorbed amounts for these two mokeswre signi-
Ceg (equilibrium concentron) in mmol 1% Interestingly, ficantly lower tran the one observed here. Asthe @se of
these two isotherms were found to exhibit distinct shapestracycline, DOX molecules do not expose high-affinity end-
The different mechanisms of adsorption observed can reasgreups for the surface of apatite; the amount of DOX adsorbed
ably be attributed to the presence of iron within the apatitem HA is however found to be particularly high, reaching
lattice as well as the small amount of a secondary iron oxidespumol OOXm-2apatite.It suggests a rather high affinity of
phase in the FeHA sample, thus leading to different typespahX for apatitic substrates, in agreement with a preliminary work
accessible surface sites. indicating the vala 8.2 pmolm-25 but in contrat to what could
In the caseof the iron-feeHA substra, the isotherm cues hawe been expectal from sich mokaules withou specific high-
showed afirst steep increase of the amount of DOX adsorbegffatity end-groups for apatite surfaces. The range of adsorbed
an equilibrium concentration of up t0eq 1 mmol L-i, quantities can be compared to other adsorption data obtained for
followed by stabilization at greater concentrations. This geneaegher similar conditiorisubstrates. For example, the maximal
tendency points to an adsorption behavior with a progressideorbed amount reached. 2.7 pmolm-2 for the adsorption of
filling of surface sites and towards a maximal degremweér- tiludronate én anti-osteoporotic phosphonate compound) on
age This type of evoltion is noticed in rticular for the carborated nanocrystalline apatites? or else 24 umol m-2 for
platinum bisphosphonate corexss The obsrvation of a high
affinity of DOX for the apatitic surface is surprising taking into
18 account the absence of known high-affinity anionic end-groups
Q such as phosphates, phosphoratecarboxylatesand also in
.16 comparison with the adsorption of tetracycline which led to a
élﬁ 14 maximal ceoerag of 0.66 pmolm-2(on a carbonat apatie
a 12 matured for lweek at room temperatwe)OX molecules are
expected to interact with apatite surfaces nydbtlough their
o 1 multiple polar sites, but these sites are also susceptible to allow

Ks C 1
Qacts=Qm- 1 +][(. écm Sips isctherm
eq

[y
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- ' interactions among neighboring DOX molecules for a coopera-
", tive adsorptionas already suggested by the value of the Sips
; paraneter"m".

J' e Fen_ Feundickothermbrieh data DOX molecules however present an impatrtpeculiarity
. HA Sips isotherm for HA data . . .
over other molecules &sted so far in adsorptiorexperiments
0 2 3 4 5 6 7 involving apatites: these watsoluble molecules are indeed
C,.(mmol/L) composed of a large hydrophobie anthracycline ring composed
Fig. 3 Adsorption isotherms of DOX on FeHA (0) and HA (). Separate of 4 coplanar Cé_lrbon_ cycles _(See F_Ig' S2,tEsittached to_a
points are the experimentaldata; dotted lines indicate Freundichand Sips  Smaller hydrophilic side chairin this context, hydrophobie/
fits of isotherm data for FeHA and HA. respective. hydrophilic proprties ae expected to signifiantly affect the

© WmeeX




behavior of DOX molecules in aqueous-based experingentgithout stabilizingin the ratherlarge concentrationwindow
The presence of this large planar aromatic portion of the mdleés-7 mmol L% The values of nads achieved here (up to
cules is at the origin of the therapeutic activity of D@X inter- 18 pmol m-2 when expressedper unit surfacearea) areparti-
calation within DNA strands. Several studies have pointed out ¢hdarly high for apatitic surfaces and especially in comparison
possibility for DOX molecules to self-assemble, forming dimerts) the adsorption data obtained previously on theshi#strate.
trimers or even much larger polymolecular uritsté2 This type In both caseFeHAand HA), the formationf multi-molecular
of molecular interaction between DOX molecules is believ€DX assemblies adsorbed habeconsideredo explainthese
to involve n-n stacking processes of their coplanar aromawbservations, as was develoggmbvefor the HA-DOXsystem,
domainset and both parallel and antiparallel stacking can Weitthe significanfurther increase observéar FeHAcan only
considered between interacting DOX molec@e8Such strong beassignedo the presencef iron doping(asiron-substituted
molecular interactions/stacking (dictated by optimal spat@patitebut also as smalpercentageof iron oxide secondary
distribution of hydrophobie and hydrophilic parts of the molghases, see Fid), thus praiding additionaladsorptionsites.
cules) are also likely to occur in an adsorption context, whére solution, the presenceof divalentand trivalent ionsvas
the molecules are contacted not only with an aqueous solusbawn to favor the interaction among DOX molecules towards
but also with a solid surface. This phenomenon could inddbe formation of multimoleculagelf-assembliesnd the case of
explain the exceptionally high adsorbed amounts noticed for Hé& was particularly noticed quelamycin (triferric doxorubicin)
HA-DOX systemcompared to the cas® other organianole- is aderivativeof DOX exploiting this specificity of iron-DOX
cules: instead of having only individual "monomeric® DOMXnteraction3s The good affinity of DOX for iron cations is
molecules adsorbed on the apatitic surface, strongly-interactings likely to play a large part in the greater adsorbed amount
molecules could organize in a stable manner on the surfac@aiced for FeHA-DOX in comparison to HA-DOX.
the solid and among each other, leading to what could be finallyThe mathematical modeling of the FeHA-DOX adsorption
considered as #high affinity" system with favored basal andsotherm is delicate because various types of adsorption sites
lateral interactions. The fact that the HA-DOX isotherm reachesagexist, in the form of separate crystalline phases. The overall
stabilized plateau indicates thtte adsorptionprocess finally adsorptionprocess ishus composedof superimpositionof
leads to a DOX-saturated surface where no further molecules\@ious adsorption phenomena involving the various types of
be added (at this temperature), and the relatively diodd the surface sites accessible to DOX molecules. In this context, the
Sips model suggests that, at least macroscopically, the adsorgtiohalisotherm corresponds to asum of events and should only be
process can be satisfactorily treated by considering the adsegen as a"macroscopic” result. However, being able to describe it
tion of initially monomeric DOX with significant cooperativitymathematically could prove to be useful, from a practical view-
between adsorbed DOX molecules (although dékactorienta- point, forexampleor being able to estimate the amount of DOX
tion and positioningof the species cannobe categorizedat moleculessusceptible to adsorb on suglsubstrate im given
this point). concentration scenario. The application of the Sips mode!did not
The Sips affinity constamts (recalculated foceqexpressed allow here gjooddescription of the FeHA-DOX data without very
in mol L-3 is itself related to the standard Gibbs free enerfge uncertainties on Sips parameters. This can be related to the
( G:ds)of theglobal adsorption process by the relationship: coexistence on this sample of different crystalline phases with
distinct adsorptive behavior§he mathematical modeling of
the globalFeHA-DOX isotherm using Freundlichiesquation
(Qads—= KF.Ced'n)led, on thecontrarytoasatisfactory overall fit,
with a value of'n" of 1.7+ 0.1and a correlation coefficient of
whenappliedtothe present HA-DOX system, thisequationle@ds 0.9919. Freundlich's model has initially been established
to Guds -35kJmod.Although thisvaluerelateso standard for explaining adsorption data on non-equivalent adsorption
conditions, it allows comparisons with the same property for otk@tes corresponding to a range afsorptionenergies (rather
adsorption systems. It is in particular more negative than th&n a constantvalue asis the cas in Langmuir's theory)The
Gsvalues estimatefr the systems tetracycline/apatitand goodnessof fit noticed here with the Freundlich model prob-
cytidine monophosphate/apatitéof the order of20 kJ mol3, ably arises from the existence, in the FeHA substodta,series
indicating a more energetically favorable process. These findiogsadsorption sites with a naregligible span in energy. Even if
are in agreement with the above experimental results and disitisnot possible at this stage to give more detail on the type of
sion, pointing out high adsorbed amounts and strongly suggigeraction existing between the multi-phased Feksample
ing theexistenceof interactions between DOMXolecules. and DOX nor betweeradjacentDOX molecules, thisnathema-
In thecaseof the FeHA, evegreater adsorbed amounmtsre tical modelling at leastallows oneto satisfactorily describe the
obsened compared tblA, andthe shapes of botsothermsvere  overall evolutionof Qadsversusceq:
significantly different (Fig. 3\Whenexpressed in pmoh-2 the
adsorbed amounts achieved for FeHA appear to be somewhat
lower than the values obtained for HA only up to an equilibriuP\OX
concentration ota. 1.5 mmolL-tbeyond this concentrationIn orderto get more information on the interaction mechanism of
limit, the adsorbed amount continuksweverto increase DOXwith HAand FeHA and to evadtehow the functionalization

Ks =exp(R ds

Characterization of HA and FeHA functionalized with



can affect the surface properties and the size of the NPs, the 20- C[=:=1=gsz;=:-i
C-potentialand meamH of the HA and FeHA functionalized with 2 days
the maximum amount of DOX were measured. The coupling of 3days
HA and FeHA with DOX altered their surface charge, in parti- 15 Lida s
cular this functionalization caused a shift of the C-potential of

HA and FeHA (-5.6+ 2.0 and-8.1% 3.5 mV, respectively) =~

toward less negative values. This finding is in agreeméhta ,If 10
possible interaction of the positively charged sNBroups of a"
the DOX dimers with the negatively charged surface groups of
apatites(i.e. phosphates, phosphonates or evarboxylatesyas 51

reported above. The surface uptake of DOX providedNRe

with a less negative surface charge, which in turn also decreased

the inter-particles repulsion. Consequently, HA-DOX and FeHA- 0

DOX were more aggregated, forming less stable segpen o _

than the bare ones with increased mearof 281+ 24 and Fig.4 Kinetics of DOX release fro_m_HA and FeHA inthe absence or
presence of a pulsed electromagnetic field (PEMF).

354+ 52 nm, respectively. The stability in an aqueous suspen-

sionof bare and functionalized NPs (0.1mg méasa function

of time bas been evaluated by DLS, measuring continuouslyd&of DOX from HA and FeHA as a function of time under near

60 min the derived count rate (Fig. S4, ESit). In the case of HAysiological conditions (pH7.4) and in the absence or pre-

and FeHA, the recorded values remained nearly constant, caence of a PEMF is shown in Fig. 4. In the absence of the PEMF,

borating that neither significant aggregation nor fast sedimertee percentage of DOX released from HA was higher than that

tion occurred. On the contrary, in the case of functionalized NBleased from FeHA. DOX was gradually released from HA as a

the fast decrease of the derived count rate revealed their Iowection oftime reaching after 6 days thalue of about 15vto/o

stability insuspension. of the initial DOX loaded. Onthe contrary, themaximum

Comparison of the FTIR spectra of FeHA-DOX, HA-DOX andmount of DOX released from FeHA in the absence of the PEMF
free DOX (Fig. SS, ESit) was not useful to shed some light on fakout 3vto/o of the initial DOX loaded) was achieved affatays
interaction mechanisms of DOX molecules with the inorgarsimce no significant difference was found with the drug released
phase. Nevertheless, the appearance of the DOXsigaialat after 3 and 6 days. The lower amount of drug released from FeHA
1284 cm: (c-0-C asymmetric stretchirfg in the spectra of with respect to HA is in good agreement with the higiféinity
FeHA-DOX and HA-DOX confirmed theffectiveuptake ofthe of DOX for FeHA, as already mentioned in the discussion on the
drugon theNPs. adsorptionisotherms.

Raman microanalyses were run on the solids after DOXGenerally speaking, the relatively low amounts of Déased
adsorption, but no useable data on the position of bands faath HA and FeHA at pH 7.4 are in agreement with the data pre-
eventual shifts were obtained due to strong fluorescence artifa@ssly reported in other studis and confirm the strength of
from DOX with the employed laser wavelength at our disposhe bonding between the apatite substrate and the drug molecules.
(Fig. S6, ESit). MoreoveC CP/MAS solid-state NMRinalyses Thepossibility to move FeHA NP&ndeven entire cellaftertheir
weretentativelyrun to observéheinteraction of DOX molecules internalization) uporithe application of atatic magnetic field of
with the surfaceof apatite nanocrystalddowever,although the 320 mT (Fig. SS, ESit) bas been recently repag#tedcroborating
recorded signais can be well correlated to the presence of Did{r potential ability to be targeted in specific body systems by
(Fig. S7, ESit), they only showed a low-intensity noisy signal maagnetic fields. The high affinity of FeHA towards DOX and the
exploitable for drawing conclusive statements on the chemiltal amount of the drug released at pH 7.4 points out that even
interaction of the drug with thepatitic substrate, which can beFeHA-DOX could be guided without any concomitant Joss of the
linked to the limited amount of DOX on the samples and laerapeutic agent.

HA (PEMF) FeHA FeHA (PEMF)

isotopie abundanceof 1<C. MagneticNPs can be directed by static magnetic fields,
but also provide remote controlledrelease of drugs or bio-
3.4 Release of DOX from HA and FeHA molecules,i.e. in scaffold formulation by magnetic stimulation.

HA and FeHA were functionalized with similar amountd@Xx Therefore the release of DOX from FeHA, in comparison with

(i.e.475 and 449 pgof DOX on 1Imgof HA and FeHA, respectivelfjat from HA, has been evaluated applying a low frequency

correspondingto the maximum drug loading capacitgf HA. PEMF. Interestingly, in the presencetbé PEMF, the extenbf

TheDOX releaseefficacy(DR) from drug-loaded HA anBeHA, DOX released fronfeHA after 3 ands days increased signifi-

definedasthe ratio(wto/o) between the amourtf drug released cantly (3.5+ 0.3vs. 7.0+ 1.0wto/o after 3daysand 37 + 0.1vs.

at different times QctJ)and the initial drug loading capacigii  10.0+ 1.0wto/o after6 days, intheabsencandpresence athe

was calculated using the following formula: PEMF, respectively). This increase was directly related to the

superparamagnetic feature of FeHA, since no statistical differ-
Dr 2% % 100 encebetween DOX released from HA in the presence and in
Oi absencefthePEMFwasobserved.



itwas well demonstrated in the Igstrsthat upon applica- of the KP model withn = 0.5). The exponential facton" was
tion of an alternating electromagnetic field, superparamagnétiend tovary in the range 0.29-0.8@ableS2, ESi). Except for
NPs could generate local internai heating, causing structineunusually low valuef 029 (lowerthan 0.5 andthus probably
disassembling and allowing the cargo (drug) to be relgagednot representative), ail other casédl in the 0.5 n 1.0
In order to assess if a similar effect bas been exhibited in thosnain often considered a%anomalous transport”, corres-
work, dissolution of FeHA in the presence or absence of a PEpMIRding to complexrelease mechanisms with non-Fickian dif-
was monitored. The extent of released+Cavhich can be fusivicy. A similar situation was foexamplefound in thecaseof
considered as an index of the FeHA dissolution, was quantifiadcomycin release from brushitar may be notedhat no
after 3and 6 days (Fig. S9, ESit). No significant differences welear trendallows here distinguishing the release mechanisms of
observed between the amounts of-Caleased in the presencéhe different conditionsstudied (HA orFeHA; with or without
or absence of the PEMF, indicating that the increase of DOEMF application); onlghe amount of DOXreleasedseemsto
released was not triggered by a more rapid degradation ofttheaffected.
carriers. Moreover, during the PEMF exposure, FeHA suspen- )
sion did not show any significant increase in temperature3ip [N Vitro cell culture
the bulk solution. The PEMF used in this work was of loassessment of SAOS-2 celiabilicy grown in contactvith 10
frequency comparable to that commercially used to stimulatel 100 pM of DOX, either free or loaded onto HA and FeHA
andactivatebone healingand accordingp previous magnetic NPs, as well as with equivalent amountsf un-functionalized
characterization®,it was too weak to induce a hyperthermillPs, was carried out by quantification of metabolically active
effecton FeHA. Therefore, the higherrelease of DOX from Feldélls by the use of the MTT ass@yThe results indicated that
in the presence of the PEMF can presumably be explainedhegyDOX, loaded on HA and FeHA, was able to exert its cytotoxic
the mechanical movemefite. shaking and flipping) of super-activicy on SAOS-2 cells. In fact, HA-DOX and FeHA-DOX, at all
paramagnetic NPs breaking the bonding with the drug the concentrations tested (Table SI, ESit), showed reduced cell
allowing detachment of multi-molecular DG$semblieffom viabilicy compared to the sample with only cellgth statistic
the NPssurface ratherthan thedestabilizationof the crystal differencesafter 48 and72 hours ofculture (Fig. 5). Moreover,
structure or the increase of temperature. This hypothesisdssignificant difference existed between the cytotoxic effect
coherent with the fact that the appreciable differences of dexgrted by DOX free or loaded on HA and FeHA NPs at all the
release in comparison to the experiments carried out withoutdbecentrations and each time points tested (Bjgindicating
PEMF were evident only at long time poiifig. 3 and 6 days) that the bonding with the NPs did not affect the DOX antitumor
whenthe strong bonding between the dnugNPs was weakenedactivicy.
by the continuous pulsetimulation. Itiswell reported that the calcium phosphate NPs can be

The DOXrelease kinetics data obtainéa both HA and internalized insideellsviaclathrin- and caveolae-dependent
FeHA (whether in the absence or presence of the PEMF) wemelocytosisiwhile free DOX can diffuse through the plasma
analyzed from a mathematical viewpoint by fitting with sevenalembrane due its lipophilic propertiéddere, the nuclear
release models (zero order, first order, gas-like desorptimgzalization of the different DOX-loaded HA and FeHA was
Higuchi, Korsmeyer-Peppas (KP) and Hixson-Crowell (HC) modelglyaluated by fluorescence microscopy. Fig. 6asitow DOX
described in the literature’4 A screeningf these modelwas internalizedwithoutany difference amontipe groupslt was
done usingtheir linearized forms and considering the samealsopossibleto observeahigher intensicy of fluorescence in
numberof data points to getomparablerz correlation coeffi- both HA-DOX and~eHA-DOX100uMgroups (Fig. 6 and 7A-C)
cients based on the same number of degrees of freedompared to 10 uM groups (Fig. 6 and 7D-F), indicating a
(the origin (O;0) was omitted here due to logarithmic calculdese-dependent drug internalization. Moreover, in agreement
tions tending to infinicy in some of the models). The obtainadth the data previously reportedd? under all the tested
correlation coefficients are listed in Table S2, ESI.t The resutsnditions, after 24 hours DOXasmainly detected within
systematically indicate that the diffusion-based modits, the nuclei.
Higuchi and KPmodels,were themostappropriate tdit the On the basis of our previous datnd thosedescribed in
experimental release datanongthe models tested. In con-others studies about the internalization of calcium phosphate
trast, only a poor correlation was found for gas-like desorptifPs inside cellss77280 and taking into account that the
(the model supposing a low adsorbent-adsorbate affinicy)bonding between DOX and HA/FeHA NPs was stable under
the matrix-dissolution mode] like the HC model. These resyitsysiological conditions, it is realistic to assume that DOX-loaded
suggesthatthe release kinetics of DOX from H#& FeHA are NPswere easily and rapidinpternalized byells and able to carry
mainly controlledby DOX diffusion from the substrate (inter){inside their bound DOX. Once inside the cells, D& be
granular surfaces/spaces up to siodution rathethanby the released fronthe NPs wherethe slightly acidicconditionsof
progressive dissolution othe substrates (which is indeedysosomes allowed faster degradatiofreHA andHA NPs5867.68
expected to be limited at physiological pH). The KP modelAgter that, DOX diffused into cell nuclei and induced DNA
described bypower law of the fornbDR =k-f whereDR is the damage exerting its cell apoptosis effect.
cumulative release described abol®,is the time, andk" Severalstudies reported that at initial stages free DOX is
and"n" areconstants (the Higuchi model beiagpecial case moreeffectivethan thatattached to the&on oxide NPs dué&o
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Fig. 5 Analysis of SAOS-2 cell line viability by the MTT assay, after 24, 48 and 72 h of culture with 10 and 100 pM of DOX either free or baded on (A) HA
and (B) FeHA NPs,as well as with equivalent amounts of un-functionalized (A) HA and (B) FeHA. The sample with only cells was used as the contrai. The
graph shows the average and standard deviation of 6 replicates; statistical significant differences among the sampks are indicated in the graphs:
*» 0.05,**p 0.0land ***p  0.001.

Fig. 6 Analysis of the internalization of HA-DOX NPs in the SAOS-2 cellline alter 24 h of culture by fluorescence microscopy. images A B and C show
DAPI nuclear staining (blue). nuclear bcdzation of DOX (red) and merge of the co-localization of DAPI and DOX for the samplke HA-DOX 100 pM.
Images D, E and F show DAPI nuclear staining (bue). nuclear locdzation of DOX (red) and merge of the co-localization of DAPI and DOX for the sample
HA-DOX 10 pM. Scale bars 100 pm.

the different mechanism of cellulanptakes:e2 Free DOX correlated withthe fast internalization process and thapid
pases from the extracellular to the intracdlular matrix by degralation of FeHA andHA in the lysosomalompartments
simple passiwe diffusion and reahesthe nuclei eadly, while in  regectto iron oxide NPs.

the case oiron oxideNPs-boundDOX, thedrug is released from  In vitro tests withcells inthe presenceof a PEMF werenot
the NPs surface in lysosomes due to the acidic pH environneantied out because the time of the magnetic field to trigger
andhence DOXcan reachthe nuclei and intercalate DNA. The higher drug release from FeH@® days) was notomparable
fact that inour caseDOX coupled toapatitic NPs displged to that of cell internalizatiorffew hours), therefore any effect
comparable cytotoxicity of free DOX at all thiene pointswas  would be further appreciated.



Fig. 7 Analysis of the internalization of FeHA-DOX NPs inthe SAOS-2 cell line after 24 h of culture by fluorescence microscopy. Images A, B and C show
DAPI nuclear staining (blue). nuclear bcalization of DOX (red) and merge of the co-localization of DAPI and DOX for the sample FeHA-DOX 100 pM.
Images D, E and F show DAPI nuclear staining (blue), nuclear localization of DOX (red) and merge of the co-localization of DAPI and DOX for the sample
FeHA-DOX 10 pM. Scale bars 100 pum.
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