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Abstract

Core-shell polymer coated superparamagnet@moparticles are critical tools in bio-
nanotechnology, in which the soft and thin polymecoatings play a key role in their
stabilization, surface functionality and biocompdily. Standard characterization tools, such as
Transmission Electron Microscopy are indispensétmehe morphological characterization of
the metal-containing core but they cannot clearlgcriminate between core and shell
components. Dynamic Light Scattering can only ostmgate the shell thickness by measuring
the particle hydrodynamic diameter. Here, we descBmall-Angle X-ray Scattering and Small-
Angle Neutron Scattering as tools to study polyry@) acid coated gamma iron oxide
superparamagnetic nanoparticles dispersed in ague@adium. Our results show that Small-
Angle Scattering techniques offers in situ and geesmeasurements of the “stealth” polymer
coatings which cannot be accurately detected bgrdgchniques. The Small Angle Scattering
approach presented in this work is applicable falysis of core-shell organic/inorganic hybrid

nanoparticles systems for a broad range of apjaitsit

Keywords: Core-Shell nanoparticles, Ultra-thin Polymer cogs$, Small-Angle X-ray and

Neutron Scattering



1. Introduction

Iron oxide nanoparticles (NPs) (< 10 nm) have wytiln several biomedical applications
including imaging, separation, targeting and hypenhia[1-6]. The nanometric size of these
particles allows them to diffuse deeply througlsuef4] and ensures their superparamagnetic
behavior[7]. However, the integration of these casit agents into living systems remains
incomplete because they are easily recognized wi@sgio bodies by the reticuloendothelial
system RES; spleen, liver, bone marrow, macrophages) andropgaroteins. This decreases
the effective concentration of the NPs in vivo wihminished targeting capabilities. In this
paper we describe a method based on small-angteersieg from individual NPs colloids in
aqueous mediawhich are the most frequently applied in vivio obtain the structural features
of the ultrathin polymer stealth shell.

A variety of cloaking strategies have been develofeshield these particles from RES
recognition and subsequently increase in vivo &atoon times. NPs are frequently coated with
biocompatible macromolecules such as polyethyléypeof(PEG) to increase their stability and
the half-life of blood circulation[8]. Another nolvapproach produces nanoparticles coated with
a lysed cell membrane to prevent recognition[9]g&dless of the exact approach, the overall
goal is to increase colloidal stability and cirdida time to facilitate nanoparticle imaging or
therapy.

A more recent development is composite NPs that affer good stability in biological
tissues and a long half-life[10]. These organiafyamic composite NPs have attracted significant
attention and have been extensively studied by ipilsys, chemists and biologists[11-13].
However, careful in situ characterization of theganic corona surrounding these hybrid

materials is largely incomplete. Such informatiomwd offer important details about the



interface between the solvent/organic layer andamg layer/inorganic particle surface to
ultimately improve the utility of these materials.

Detailed characterization of the core and shedriscal to the development of composite
NPs. Fourier Transform infrared spectroscopy (FTIBRynamic Light Scattering (DLS) and X-
ray scattering are the most commonly used toolsolain structural information on
organic/inorganic hybrid colloidal NPs, howevergsh techniques provide details about the
presence of the organic composite, the total hgdraeadius and average core size, respectively,
and they usually cannot discriminate between thie aad shell[14-21]. Small-Angle Scattering
technique is a powerful tool to study the size,pghand internal structure of organic and
inorganic colloids in the size range of 1-200 nmmeQundamental prerequisite for the use of
Small-Angle X-ray Scattering (SAXS) on particlessolution is the existence of a sufficiently
high contrast in electronic density between theesttl and the dispersed particle, or part of the
particle. While for the metal-containing core tlentast is strongly due to the relatively heavy
elements, the scattering length densities of thdrdoarbon polymer shell and the solvent are
often similar, leading to a low contrast especidtly strongly solvated shells/brushes in water.
Usually, because of the low grafting density of gudymer, and consequently the low shell-to-
solvent contrast, the shell is not visible enoughetveal its morphology directly[22]. An elegant
exception is where iron oxide core—poly(ethylengcgl) brush shell nanoparticles having
extremely high polymer grafting density was invgated using small-angle X-ray scattering
(SAXS)[23]. In this particular case, uniquely higlolymer grafting densities enabled the
characterization of the associated density profilessible by increasing the scattering length

density contrast. Although, Transmission Electraorbscopy (TEM) is a powerful and accurate



technique, in most cases it can easily visualizeellectron-dense core [24] but not the organic
shell composed of light elements (C and H).

On the other hand, the scattering length of nu@eies randomly across the periodic table
and also between isotopes of the same elementefulusxample of this is hydrogefH) and
deuterium fH). In combination with neutron contrast variatiare. replacing isotopes of the
same element, Small-Angle Neutron Scattering (SABES) reveal more structural information
of organic/inorganic hybrid system with the combiioia of SAXS[25-27].

Contrast variation SANS data and SAXS data wasepted by Vroegest al, for oleic
acid-coated magnetic iron particles, which undetwgartial oxidation of the particle surface,
exhibiting a core—inner shell-outer shell strud2®8¢ More recently, Unruhet al. studied
stabilizer layer of ZnO NPs prepared in a wet clwainsynthesis from zinc acetate. By using a
combined SAXS/SANS approach, they demonstrate@xistence of an enhanced acetate anion
concentration within a thin shell surrounding th®@¥NPs, and the acetate distribution could be
guantitatively determined[29].

Usually the organic polymer coating contains laageounts of hydrogen. By exploiting the
different scattering amplitudes of hydrogen andtelewm, the combination of SANS and
deuteration methods offers a unique advantage Her ibvestigation of organic/inorganic
nanocomposite. Jestiet al. studied the linear fractal aggregates of 3—-4 pajiFe,03
nanoparticles grafted with polystyrene (PS) chamglimethylacetamide (DMAc) by using
SANS and SAXS. The behavior of the grafted PS chaas found to be in agreement with
scaling laws derived for brushes in a theta so[@&ft Hore et al. studied the structure of
deuterated poly (methyl methacrylate) (d-PMMA) nemoposites containing PMMA-grafted

Fe;04 nanospheres. A combination of SANS measuremerds seff-consistent field theory



(SCFT) calculations allowed the conformation of ®&IMA brush chains to be studied[31].
Berretet al. studied water-soluble clusters made from 7yAlR@,03 nanoparticles by SANS. The
internal structure factor of the clusters was datiand exhibited a universal behavior[21].
However, it is somewhat surprising that SANS ihaused to study individual NPs colloids
with ultrathin polymer coatings in agueous mediachhare the most frequently used in various
applications.

In this work, we synthesized highly stable, 5 nmda@ nm colloidal y-FeO3
superparamagnetic NPs suitable for small-angleesaag technique. We then coatede,03
NPs with polyacrylic acid (PAA) which offers rematke colloidal stability (over years) and
free carboxyl groups as reactive for subsequentumotionalization. Using SAXS and SANS
measurements, the core and shell of dispersed aditdps were probed with the aim to
determine the thickness of the ultra-thin polymamaoa in the colloidal state. The present work
demonstrates a direct, nondestructive and in-di8exvation method of ultra-thin PAA coating
in aqueous media, which cannot be easily achieyedthier techniques. The results will offer

important insights for researchers studying contpds$Ps with ultra-thin organic coatings.

2. Materials and Methods
2.1 Materials

FeCb*4H,0, FeC}*6H,0, Fe(NO}*9H,0O, ammonia (20 wt. % in water), nitric acid (52
wt. % in water), acetone, diethyl ether; poly(aizrgcid) withMy = 2100 g. mot and 5000 g.
mol™ were obtained from Sigma Aldrich and used as veckiAll the water used in the study
was MilliQ quality water (Millipore®). Deuterium Qde (D,O with D content 99.9%) was

obtained from Cambridge Isotope Laboratories, Inc.
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2.2 Synthesis of nanopatrticles

Poly (acrylic acid)-coated iron oxide NPs were e following well-established method
from literature. Maghemite/{Fe:O3) nanocrystals were synthesized by the MassartodggAa].
Briefly, iron (II) and iron (lll) salts are co-prggtated in an alkaline agueous media at room
temperature. The resulting magnetite 3(B# nanocrystals are then transferred to an acidic
agueous medium using nitric acid and oxidized meghemite by addition of E@O3); with
boiling solvent, which leads to the oxidation oktFe'O of magnetite R, into stabley-

""O; maghemite nanoparticles. The crystalline strucafréghe maghemite nanoparticles is

Fe
revealed by Electron Diffraction. The diffractioatfern is presented in Supporting Information
S1. Vibrating sample magnetometry (VSM) measurem@fta liquid dispersion oj-Fe,03
reveals their superparamagnetic behavior at T @C2ith saturation magnetization of 46.2 emu.
g’ (Supporting Information S2). The synthesis gavegimeaite nanoparticles with a broad
distribution of sizes. The distribution is geneyafbund to be lognormal, with an average
diameter around 10 nm and a polydispersity aroudd The polydispersity index is defined as
the ratio between the standard deviation and tkeage diameter[33].

Size sorting was used to reduce the polydispedsityFe,0Os NPs using successive liquid-
liquid phase separations induced by the additionitot acid[34]. Adding large amount of nitric
acid both decreased the pH from 2 to 0.5 and sematiusly increased the ionic strength. The
phase separation is of the liquid-gas type, andmbee concentrated phase was separated by
magnetic sedimentation: the concentrated phasecalkesd “C”, and the diluted phase “S”, (for

supernatant). Moreover, as shown in Refs. [32, tBig],concentrated phase contained the largest

particles, whereas the diluted phase contains tfedlast ones. The flocculated particles of the



concentrated phase “C” were then redispersed by@ddhater (which increases the pH from 0.5
to 1.8 and decreases the ionic strength by dilubfospecies). The phase “S” contains dispersed
particles, and counterions (especially nitrate gsN@hich have to be removed. In this way, the
Fe03; NPs from the synthesis have been firstly sortetivim batches: “C” and “S”, containing
respectively “the largest” and the “smallest” pads. The process of sorting using phase
separation can be repeated on “C”, leading to Q1€ @1S, and on “S” leading to “S1C” and
“S1S”, etc. At the end, two batches wfFe0; nanocrystals with nominal diameters of 5 nm
(denoted NP1) and of 7 nm (denoted NP2) suspendedidic agueous media (pH 1.8) have
been obtained.

Second, the bare NPs were coated in acidic enveahwith PAA oligomers with two
molecular weights of 2100 g-mbland 5000 g-mdl using the precipitation-redispersion
process[36]. The drop-by-drop addition of a solutxd PAA at pH = 1.8 to a dispersion of bare
NPs at pH = 1.8 leads to precipitation of the naystals and their adsorbed polymer chains. For
both PAAy and PAA;, the mass ratio between added PAA and bare NRs Ier 1 in order to
archive the saturated coating effect. Single padiwere then recovered by redispersion at pH =
10 with adding NHOH. The dispersions of PAA coated NPs were finpllyified by dialysis in
deionized water with removing the excess of unew®AA and other impurities. The coating
process is illustrated in Scheme 1. The resultedRAoated NPs (denoted NP1-PAAand
NP2-PAAx) and PAAk-coated NPs (denoted NP1-PAAand NP2-PAA«) were stored in
neutral aqueous media (in eithepg@Hor D,O at pH 7.5). The stability and resilience of the
poly(acrylic acid) coating have been investigatedvipusly[16]. These results confirm the
existence of a highly resilient PAA adlayer onte $hFe,0O3 nanoparticles, a property that is

crucial for applications.



poly(acrylic acid)
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y-Fe,0, NPs y-Fe,0,- PAA NPs

Scheme 1. Representation of the coating process using pe$jticharged bare NPs and
negatively charged PAA oligomers. Synthesiz&é@,0O3-PAA NPs exhibit negative charges at

their surface at pH = 7.5.

2.3 Characterization

Dynamic light scattering (DLS) was monitored on allfidangle particle size and zeta
potential analyzer (Brookhaven NanoBrook Omni).

Transmission electron microscopy (TEM) was carred on Zeiss Libra200FE at the
Analysis and Characterization Center of Southwesvéfsity of Science and Technology.

The X-ray scattering measurements were performea IBAXSpace small angle X-ray
scattering instrument (Anton Paar, Austria, Cu-K = 0.154 nm), equipped with a Kratky
block-collimation system and an image plate (IP)tlzes detector. The X-ray generator was
operated at 40 kV and 50 mA. A standard temperatorgrol unit (Anton-Paar TCS 150)
connected with the SAXSpace was used to controlteéhgperature at 25 °C. Samples were
transferred to thin-wall quartz capillary with inngiameter of 1 mm. For colloidal NPs samples

with different concentrations and different sizéfedlent exposure times from 5 min to 60 min
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were used in order to give a good signal-to-naid®r The scattering curve of pure@filled in
the same capillary was recorded as the backgroutidexposure time of 1 hour. All the data
were corrected for transmission and backgroundesaag from the capillary and J® according
to the scattering of D in the wide-angle region.

The SANS measurements have been performed on tHewY8&ubmarine small-angle
neutron scattering instrument installed at the cwdtron beamline of the 10MW steady-state
research reactor of the Budapest Neutron CentreC{BMNungary. The monochromatic beam
with a mean wavelength of 0.49 nm and 0.2 FWHM wasluced by a mechanical velocity
selector. BE gas filled multiwire detector of 64cm x 64cm sémeiarea was placed at distances
of 5.5 m and 1.35 m from the sample, to coverctiterval of 0.08-2 nii. The measurements
were performed at room temperature. The prelimirB#\NS tests were conducted on Suanni
SANS instrument installed at CMRR, Mianyang, Ch&¥d] By considering the X-ray and
neutron scattering length density contrast betwe&®,0;, PAA and outer solvent (details
shown in Supporting Information S1),@ was chosen as the solvent for both bare and doate

NPs dispersions for SAXS and SANS experiments.

3. Results and Discussion
3.1 TEM characterization of bare and coated-Fe,O3; NPs

For NP1, TEM images (Figures 1 a, b, c) of botrelmrd coated NPs demonstrate that the
particles were individually dispersed without aggération before and after polymer coating. In
the case of coated NPs (Figure 1 b,c), the no-coptasitioning of the particles on the dry grid
indirectly prove that the coated polymer uniforratyached the surface of particles. Nevertheless,

the outer organic layer cannot be revealed becteseelectronic density is too low to produce
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contrast. In each of the three cases (NP1, NP1-RAAd NP1-PAAk), a series of TEM images
similar to those shown in Figures 1 were quantitdyi analyzed to retrieve the size distribution
histogram, and fitted by a log-normal distributimmction (Supporting Information S2) [31]. In
order to get good statistic, more than 250 nanabestwith clear edge from different area in
TEM sample grid were selected for measurement aoduamt. The median diametBrgy of
NP1, NP1-PAAx and NP1-PAA« are 4.9 £0.1 nm, 5.0 £ 0.1 nm and 5.1 = 0.1 nspeetively,
with polydispersitySrem all equal to 0.18 + 0.03.

For NP2, the difference between bare and coated ddRshardly be detected by TEM
neither (Supporting Information S3). TBaey of NP2, NP2-PAA«x and NP2-PAA are 7.2
0.1 nm, 7.3 £ 0.1 nm and 7.4 = 0.1 nm respectiveiih Srgv all equal to 0.28 + 0.03. The
results of analysis of TEM measurements are ligteéigure 1d. These data allow to conclude
about some details of the coating process. Flistpaire and coated particles have essentially the
same size, an indication that the coating processnet selective to the particle size, and did not
cause any appreciable enlargement of the mearclpadiameter. Second, the polydispersity of
the larger particles was higher, 0.28 compared18,@& result of the size sorting procedure. The
typical size distribution for particles prepared dyyprecipitation and without sorting would be
about 0.40. Finally, it is seen that TEM methodnsufficient to characterize the ultra-thin

polymer layer around the inorganic NPs.
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Median Diameter O,_, (nm)
© 2N WA OO N

NP1 NPI-PAANPI-PAA, NP2  NP2ZPAA, NP2-PAA,

Figure 1. Transmission electron micrographs of bare and eddtlP1.(a) Bare NP1; (b)
NP1 coated with PAA (NP1-PAAk); (c) NP1 coated with PA#® (NP1-PAAy); (d) Median

diameter of bare and coated NPs obtained from TEM.

3.2 DLS characterization of bare and polymer coateg-Fe,O3; NPs

The y-Fe,0O; NPs prepared by co-precipitation are stabilize@didic aqueous media (pH
1.8) by electrostatic repulsion due to surface-lboprotons (Scheme 1). DLS measurements
reveal hydrodynamic diametells; of bare NP1 and NP2 to be 8.4 nm and 20.2 nm tlaeid
zeta potential were found to be +19 mV and +21 mapectively (Table 1). The positive surface

charges ensure the colloidal stability of bare I8BE[However, their highly acidic storage
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environment is not consistent with anvivo environment, i.e., the particle surface needseto b
functionalized to realize biocompatibility and fuetr functionality. Therefore, we used a
"precipitation-redispersion” method to coat nantpir surface with 2100 g. midland 5000 g.
mol* PAA (Scheme 1). Because of the electrostatic sépulinduced from the carboxyl groups
attached on the PAA backbones as well as the stpidsion introduced by the polymer chains,
these polymer coategtFe:O; nanocrystals exhibit remarkable colloidal stapilih aqueous
media. Their correspondirigy remain stable over years in neutral agueous metia/(5). The
large number of free carboxyl groups around the NBsld facilitate further biological
functionalization. TheDy and zeta potential of coated NPs are listed in @dblThe relevant
negative surface charge and the evident differefd®, between bare and coated NPs directly
prove the existence of the polymer layer. Using BIeS technique, we estimate that the
hydrodynamic sizes of polymer coating are aboutrivamd 10 nm for the coating made from
PAA,« and PAAy respectively. Higher zeta potential from biggerlecalar weight indicates
that the coating made from PA#Ashould have higher charge density than that mahe PAAgy.
Beyond this useful information, the DLS techniqu# sannot precisely measure the coating

thickness in agueous media.

Table 1. Size and zeta potentials of bare and coated NBsaclerized from DLS

Sample name Dy (nm)  Polydispersity Hydrodynamic size of zeta potential

Sois polymer coatingnm) (mv)

NP1 8.4 0.18 — +19
NP1-PAAx 22.0 0.21 6.8 - 29
NP1-PAAsk 28.0 0.25 9.8 - 33
NP2 20.2 0.25 — +21
NP2-PAAx 34.0 0.23 6.9 - 32

NP2-PAAsk 43.3 0.24 11.5 -34
14




3.3 SAXS characterization of bare and polymer coateNPs

Suspensions of bare and coated NPs 0@ Were characterized by the SAXS method. As
the SAXS curves obtained from bare and coated gesti shown in Figures 2, almost
superimpose, the curves of coated samples havedfisen for clarity.

A core-shell sphere model with a lognormal distridno of core size was used to fit the
scattering curves (model description is shown ipfuting Information S4) and the results are
compiled in Table 2. The contrast between the pelyshell and the solvent is negligible
compared to the core-solvent contrast, therefoeestiell thickness had been fixed to 1 nm.
Varying this value within a reasonable range ditlei@mnge appreciably the resulting core size.
SAXS provided data with higher statistical accuramympared to TEM in terms of size
characterization but was not sensitive to the dogeorona surrounding core because of the low

electron density contrast between the organic laperthe surrounding solvent (shown in Table

S1).
10’4 (a) SAXS:
S 107 S
g 10'4 i-%
10°
o 10" NP1-PAA_ @ 40 NP2-PAA,,
1) Q ;
£ 1021 NP1-PAA,, - € 102 ° NP2-PAA, %
= .1 o NP1 = o NP2 5
10 . . 10° . .
0.1 11 10 0.1 1 10
g (nm’) q (nm’)
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Figures 2. SAXS data of-Fe,O3; nanoparticles suspensions. (a) NP1 without antt WAA
coating. (b) NP2 without and with PAA coating. Ta¢a are rescaled vertically. The continuous

lines are best fits to log-normal size distributimispherical particles.

Table 2. Results of SAXS and SANS analysis on bare anddcbéts

Sample Fitted core  Polydispersity  Fitted core Shell thickness
radius Ssaxs radius Dshell sangnm)
Rsax:(nm) Rsans(nm)

NP1 2.43 £0.02 0.31 2.56 £ 0.01 -
NP1-PAAx 2.50 £ 0.02 0.35 1.246+0.002
NP1-PAAs« 2.48 £ 0.02 0.30 1.320+0.002

NP2 3.92 £0.02 0.27 3.86 £ 0.01 -
NP2-PAA« 3.91£0.01 0.34 1.244+0.003
NP2-PAAs« 4.40 £ 0.01 0.39 1.323+0.003

3.4 SANS characterization of bare and coated NPs
SANS measurements were performed p©OBuspensions of bare and coated NPs. The

role of D,O was to enhance the scattering from the polymelf,stue to its high contrast both to
iron oxide, and BO (Table S1). Different with SAXS data, the SANSwas from coated NPs
present higher absolute intensity than the one fvare NPs (shown in Figures 3). Moreover the
coating made from higher molecular weight give kigintensity than the ones from lower
molecular weight. This indicates that SANS techrigs powerful to discover the ultra-thin
organic coating around individual NPs of colloidahensions.

A linear contrast profile within the PAA shell hdseen assumed according to the
experimental coating process (Scheme 2). The data fitted by SASit software [39], and the

g-resolution was taken into account by convolving theoretical curve with the instrument
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resolution function. The description of the corelskcattering model is given in the Supporting

Information S4.

Model

Scheme 2. Left: Representation of the polymer coated NPshiRihe sphere model used to
analyze SANS data for the iron oxide composite matgeHere the core is shown in yellow and
the shell 4R) is blue. The scattering length dengitgf D,O, pure PAA shell and-Fe,O; are

6.63x10°cmi?, 1.59x10%cm? and 7.17x16°cmi? respectively.

First, the SANS data of the bare NP1 and NP2 atdlosuspensions have been analyzed.
The size distribution has been fixedsat 0.4, and the mean radius R was fitted togethtr w
scaling and background parameters. The fitted eadifound in good arrangement with the ones
obtained from SAXS, indicating the reliability dfet both techniques.

Next, the organic shell thickness were fitted bgag the mean core size fixed. Using the
known scattering length densities for the core, ghymer and the solvenfR was the only
structure variable. The SANS fitting results arenpded in Table 2. The results show the

existence of the thin polymer coating, its maxinthickness within the linear profile
17



approximation was about 1130.2 nm.y-FeO; particles covered with longer polymer chains
give slightly larger extended volume. Although thiéference obtained by fitting is within the
estimated error range, it may indicate a trend tti@fpolymer molecules are not covering tightly
the particle surface. This is in agreement with EHeS results, showing explicitly that for the
larger polymer, the extended chains capturing gelamount of hydration water are responsible

for the strong increase of the hydrodynamic radius.

—_
o

-
o

@ ~ SANS] (b) "~ 'SANS

O NP1

N ‘x,\'v';,.w
Fit of NP2 S s

Intensity (cm'1)
Intensity (cm™)

——Fit of NP1
O NP1-PAA,, O NP2-PAA,
——Fit of NP1-PAA Fit of NP2-PAA,,
O NP1-PAA, 8 NPZ'PAA5K
0.1, —Fitof NF’1-PIAAsk ‘ . Ma 0.1 4 —Fitof NP2-PAA,_ _
0.2 04 06 08 f 0.2 04 06 08 1
=1 -1
q(nm) q (nm")

Figures 3. SANS curves obtained from of (a) NP1 and theiresponding coated samples
which are dispersed in @; (b) NP2 and their corresponding coated sampldge continuous

line is the best fit calculation using a log-norntas$tribution of bare NPs and a linear contrast

profile of the organic shell for the coated NPs.

4. Conclusions

Colloid suspensions of superparamagnetic NPs tdrdifit sizes and coated with organic
polymer have been prepared and characterized withiphe methods. TEM measurements

allowed direct visualization of the particles angantitative size and size distribution data but
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were insensitive to changes in the organic shalabse of the low electron density of the PAA
polymer. While DLS clearly showed a size increaier aoating, this technique only measured
the hydrodynamic radius and thus overestimateditteeof the shell. SAXS offered statistically
precise determination of the mean particle sizé,could not discriminate between the coated
and uncoated materials. However, small-angle s@agteising neutron contrast variation could
clearly confirm the presence of the PAA corona énglihe corona thickness to be determined.
The combination of these techniques offer strutinfarmation on organic/inorganic (core/shell
structure) superparamagnetic nanocomposite partitltimately, we believe that SANS and
SAXS methods will find widespread use in the bioioadcommunity to characterize drug
delivery vehicles and imaging contrast agents. dimdysis methods demonstrated in this work
are expected to be generally applicable for stuglyiano-composite colloidal systems with

organic shells, which would provide a powerful qnde to practical applications.
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Figure captions

Scheme 1.Representation of the coating process using pesticharged bare NPs and
negatively charged PAA oligomers. Synthesizdee,Os-PAA NPs exhibit negative charges at

their surface at pH = 7.5.

Scheme 2.Left: Representation of the polymer coated NPshRithe sphere model used to
analyze SANS data for the iron oxide composite nalte Here the core is shown in yellow and
the shell AR) is blue. The scattering length densitpf D,O, pure PAA shell andy-Fe,0O; are

6.63x10%m?, 1.59x108°cm? and 7.17x18 cm? respectively.

Figure 1. Transmission electron micrographs of bare andecb&lP1. (a) Bare NP1; (b) NP1

coated with PAA« (NP1-PAAx); (c) NP1 coated with PA& (NP1-PAAx); (d) Median

diameter of bare and coated NPs obtained from TEM.
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Figures 2. SAXS data ofy-Fe,0O3 nanoparticles suspensions. (a) NP1 without antd RWAA
coating. (b) NP2 without and with PAA coating. T¢entinuous lines are best fits to log-normal

size distribution of spherical particles.

Figures 3. SANS curves obtained from of (a) NP1 and their eégponding coated samples
which are dispersed in;D; (b) NP2 and their corresponding coated samglbes. continuous
line is the best fit calculation using a log-normd@tribution of bare NPs and a linear contrast
profile of the organic shell for the coated NPs.

Tables

Table 1. Size and zeta potentials of bare and coated NBsacterized from DLS

Sample name Dy (nm) Polydispersity Hydrodynamic size of zeta potential

Sois polymer coatingnm) (mv)

NP1 8.4 0.18 — + 19
NP1-PAAx 22.0 0.21 6.8 -29
NP1-PAAs« 28.0 0.25 9.8 -33
NP2 20.2 0.25 — + 21
NP2-PAAx 34.0 0.23 6.9 -32
NP2-PAAsx 433 0.24 11.5 -34

Table 2. Results of SAXS and SANS analysis on bare anddcbéts

Sample Fitted core  Polydispersity  Fitted core Shell thickness
radius Ssaxs radius Dshell sandnm)
Rsax:(nm) Rsans(nm)

NP1 2.43 +£0.02 0.31 2.5610.01 -
NP1-PAA 2.50 £ 0.02 0.35 - 1.246+0.002
NP1-PAAsk 2.48 +0.02 0.30 - 1.320+0.002

NP2 3.92 +£0.02 0.27 3.86+0.01 -
NP2-PAA 3.91+£0.01 0.34 - 1.244+0.003
NP2-PAAs« 4.40 £0.01 0.39 - 1.323+0.003
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S1 Electron diffraction of y-Fe,O3 nanocrystals
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S4 Transmission Electron Microscopy (TEM) analysi®f NPs

S5 TEM characterization of bare and coated NP2

S6 Modeling the data of SAXS and SANS
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S1 Microdiffraction of y-Fe,O3; nanocrystals

Fig. S1 presents the electron diffraction pattebtamed by TEM of the iron oxide

nanocrystals of the study. The pattern is charastieof maghemite)Fe,Os).
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Fig. S1: Microdiffraction curves of maghemite nanocrystals.

S2 Vibrating Sample Magnetometry (VSM) analysis othe y-Fe,Os; NPs

Vibrating sample magnetometry (VSM) measured thgmatizationversusexcitation
M(H) of a liquid dispersion containing a volume fractiponf magnetic material from the signal
induced in detection coils when the sample is mgwexdodically in an applied magnetic field
(via synchronous detection and with an appropiatiération). Fig. S2 shows the evolution of
the macroscopic magnetizatidf(H) of the polymer-coated maghemite nanocrystal. Hdges
#ms, where¢ is the volume fraction of maghemite and is the specific magnetization of
colloidal maghemitens= 3.5 x 1 A m™), which is lower than that of bulk maghemite dae t

some disorder of the magnetic moments locatedtheasurface.
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Fig. S2: Magnetic field dependence of the macroscopic magatetn M(H) fory-Fe,O3z NPs

dispersions.

S3 X-ray and neutron scattering length density

The neutron and X-ray scattering length densjijeandpy , for the materials within the
different regions are presented in Table 1. Thettestag length densities are calculated

according to,

Zn:bdXDxNA

Pn = M, SI(1)

whereby; is the coherent scattering length of elementa moleculeD is the physical density of
the material;Na is Avogadro’s number anil,, is the molecular weight. The X-ray scattering

length densityy is related to physical density according to
27



inEXDXNA

Px = Sl (2)

MW
wherer. is the classic electron radius, 2.81 >'<1i6m,Z the atomic number of th& atom in the
molecular volume.

Table S1 Estimated neutron and X-ray scatteringtienensities

Materials py (A7) oy (A7)
PAA 1.51 x 1@ 9.9 x 1¢
y-F&0s 717 x 10 41.1x 10
H,O -0.56 x 10 9.47 x 10
D,O 6.4 x 10° 9.37 x 1@

As shown in Table S1, one can see that, for SAXBnigue, the contrast betweeie,O3; and
surrounding solvent (both & and DO) is high, while the contrast between organic Pzl
surrounding solvent (both @ and DO) is almost negligible. On the other hand, for SAN
Fe,O3; core and PAA shell can be highlighted by choodn@® as solvent. Therefore for both
SAXS and SANS experiments in the work@is the solvent of choice for both bare and coated

NPs dispersions.

S4 Transmission Electron Microscopy (TEM) analysi®f NPs

Probability distribution functions of size for thxare and coated NPs observed by TEM

on a series of images are shown in Fig. S1.
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Figures. S1: Probability distributions function of size for thbare and coated NPs

superparamagnetic NPs. (a) bare and coated NPJ) pére and coated NP2. The continuous

line was derived from a best-fit calculation usangpg-normal distribution.

The data are fitted using a log-normal functionug@epn Sl (3)) with physical median

diameterD;™ and polydispersity™ :

1 r{ In’(D/D™)

2(STEM

p(D) = TS0 ex

)2

J SI (3)

S5 TEM characterization of bare and coated NP2
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Figures S2. Transmission electron micrographs of bare and eddiP2. (a): Bare NP2; (b)

NP2 coated with PAA (NP2-PAAK); (c) NP2 coated with PAR (NP2-PAAK).

S6Modeling of small-angle X-ray and neutron scatteriig scattering data
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The scattering of a dilute solution of core-shdttigles can be written as the integral over
particle size of the form factor of a core-shelttige. The size distribution is taken as log-

normal, in agreement with the results of TEM obagons.

__ 1 1 o Ry
f(R) = JR\/ZTexp[ 257 (InR-InRY] Sl (4)

wherego is the variance, ang, is the median radius.
For the SAXS data, only the particle core is visjland the core-shell form factor reduces

to the form-factor of the spherical core:

41 ., 3[singR—- gRcos@R )
Fcore(q,R)=?R3 ising (qg)3 R). Sl (5)

In SANS measurement, the scattering of the polyshetl becomes visible, and is modeled
as follows. As shown in Scheme 2, in the radiaéation from the center of the particle, the

contrast of scattering length densities is expkase

locore_psol r< R
Ap(r)Z mr—mR+psheIl_psol R< r< R+A F SI (6)
0 r>R+AR

where pcore aNd pshen are the scattering length density ob®gand pure PAAAR is the
maximal thickness of the PAA shell, af8= (0 — Oy | AF.

The form factor of the core-shell particle is e)gz@d as :

(pcore - loshell+ mR) I:core( q R + (10 shell 10 sol mR I:corg q R A jz

P R =
core—shell(q ) |:+mFshe|I(q’ R+ A R— mEhe”( q R

SI(7)

where Fqd0, R) andFshei(g, R) are the scattering amplitude of,Bg core and PAA shell,
respectively, and
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R = 47R 200S0R )} ZIRsIn@R) (qR cos(aF

I:shell(q’ (qR)4 SI (8)
The final fitting equation is written as
© 4
@ =K[(GR) (AR gl B o 1 (9)
0

In the fitting procedure, this equation is convetlitvith the instrumental resolution
function.
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Polymer coateg-Fe,O; nanoparticles are highly stable in aqueous media.
“Stealth” polymeric coatings cannot be easily aoduaately detected.
SANS offers in situ structural information on catell structures.

The methods are applicable for nano-composite systeith organic shells.



