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Abstract

The use of bigpolymers as stabilising agents for iron oxloessed negativeagnetic resonance imagifgRI)

contrast agents has become popular in recent years, however the wide polydispersity of biettsgivalyand

commercially available polymers limits the ability to produce truly tuneable and reproducible behaviour, a major
challenge in this area. In thivork, stable colloids dfon oxidenanoparticles were prepared utilising precision
engineered bigolymer mimics, poly(zacrylamide2-methylpropane sodium sulfonat@)(AMPS) polymers,

with controlled narrow polydispersity molecular weights, as tenmgastabilisers. In addition to producing

magnetic colloids with excellent MRI contrast capabilitiesv@lues reaching 434.2 mig* at 25 °C and 23

MHz, several times higher than similar commercial analogues), variable field relaxometry providecigtexpe
important insights into the dynamic environment of the hydrated materials, and hence their exceptional MRI
behaviour. Thanks to the polymerds templating backbc
nanocomposites appearedpocbaebbeeedsspecai &s, enhancing
retaining water diffusion, boosting relaxation properties at low frequency. This clustering behaviour, evidenced

by Smaltangle Xray scattering, and hence relaxometric response, wasufied using the welldefined

molecular weight polymer species with precise iron to polymer ratios. By also showing negligible haemolytic

activity, these nanocomposites exhibit considerable potential for MRI diagnostics.

Introduction

Superparamagneticon oxide nanoparticleg§SPIONs)have been a major research focus for a number
of years, with applications ranging catalysis, environmental remediation, magnetically triggered
reactions, cell labelling and bioseparation, biosensing, magnetic resonancagin(sitl), and
magnetic hyperthermia therapy.Their diverse applications stem from their unique sigpendent
magnetic properties, which are tuneable thankthéir (relatively) straighforward synthesis and

surface modificatiof.Interest in their use as MRI contrast agents has been steady over the past few
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decades thanks to their biocompatibility and clinical application. As a usefihvasive imaging tool,

MRI is vduable in the diagnosis and monitoring of disease. Its potency can be enhanced through the
application of contrast agents (CAs), which boost MRI signal contrast by decreasing indigenous water
proton relaxation times through close molecular interactionsgritbed in detail by the Solomon,
Bloembergen and Morgan (SBM) equatidri$ So-called positive CAs, usually based on paramagnetic
Gd** chelates such as Magnevist® or Dotarem®, pmadantly accelerate longitudinal relaxation times

(Ty), producing hyperintense signal. Negative CAs, on the other hand, principally enhance transverse
relaxation times T), and are typically composed of stabilisedperparamagnetioron oxide
nanoparticles, for example FeridexResovist, and Sinerefh and provide regions of hypointense
signalt?1s

Although Gd*-based CAs have traditionally beemore popular clinically due to the
O6brighteneddé i mages they can provide, their use
such as nephrogenic systemic fibrosis (NSF), particularly towards patients with renal insufficiency, and
more recenyl have been reported to accumulate in the Bfdihwh i | st uncoated?®
nanoparticles have been shown to exhibit low levels of toxicityicfes stabilised with a biocompatible
polymer have been found to be relatively #ioric. For example, commerciatgvailable dextran
coated superparamagnetic iron oxide nanoparticles, Ferumdramere demonstrated to be non
toxic to human monocyte roephages at concentrations as high as 1 m§/imin oxide based MRI
contrast agents have been widely used clinically for imaging the gastrointestinal tract, colon, liver,
spleen, and lymph nodés!?2! Although their clinical MRI use in recent years has decreased (with
some negative contrast agents being removed from the market), there remairea ofuinam oxide
particlebased products in active clinical use, including Lumfteffior imaging the Gl tract) and
Ferahem® (a treatment for anaemi&)!>??They additionally remain popular in research due to their
unique properties which makeetin useful for applications such as targeted magnetic hyperthermia,
drug delivery, cell tracking, and MRI contrast enhancerfiit.

Recent years have seen a significant amount of research towards high performance MRI CAs
exploiting the tuneable properties of nanoparti€f@s? Excellent colloidal stability, magnetic
properties, and well hydred and biocompatible surfaces are the key characteristics of high performing
nanostructured contrast agents. Advances in both the synthesis of the magnetic iron oxide core, and the
functionaliation of the particle surface, has led to a series of magreticlebased contrast agents
with strong and tuneable MRI signdl’ Polymeric stabilisation of negative contrast agents can be
carried out through (covalently or naovalently) associating polymers.§. polyethylene glycol or
dextran) on iron oxide particle surfaces after their preparation, or throughdieincorporation of a
stabilising polyelectrolyte during nanoparticle preparatiofi?* The latter technique has proven
successful in the preparation of contrast agents with excellent colloidal stabilityrang sontrast
enhancement, due to the templating behaviour of some polymer species. For example, DNA,

poly(sodium4-styrene) sulfonatend heparin, have been used to stabilis®f&nd CoFgO, particles
2



following this approach, generating exceptiondiigh relaxation behaviodf:*>4*Key to the strong

contrast enhancement reported in these works was the negatively charged polymers used, whose
backbones offered sites at which the ferritic nanoparticles could seed and grow, act&ggisting

species, as well as colloidal stabilisers. This templating behaviour is responsible for increased magnetic
dipole-dipole interactions between neighbouring particles, thereby boosting their relaxation response
due to increased anisotroff{#*Whilst the control of particle interaction using templatimdymers is

an intriguing approach to tuneable contrast agents, commeraiailable polymers generally suffer

from high polydispersity and poorly controlled molecular weight distributions. This can detrimentally
impact reproducibility, as well as provig®or control over the vital interparticle interactions of
produced composites, affecting tunability of contrast agent performance.

Recently, carefully controlled molecular weight hepamimicking polymers, poly(2
acrylamide2-methylpropane sodium sulfate) (P(AMPS)), and their nanovesicle counterparts, have
been produced and demonstrated excellent biocompatibility and low haemolytic dttRiterein,
we aim to exploit these controlled molecular weight linear P(AM#®8/electrolytes as stabilising and
templating agents to produce families of stable aquémurs oxide nanocomposites. These low
polydispersity polymers, with controlled numbers of negative sulfonate groups, provide regulation of
the templating ofnagneic coresat these seeding sites, offering the opportunity for the production of
contrast agents with precisely tuneable interparticle interactions and hence MRI contrast behaviour. The
proton relaxation enhancement capabilities, at single field and \afialol strengths, and haemolytic
activity of these composites are assessed towards new families of biocompatible and tuneable MRI

contrast agents.

Experimental

All chemicals were used as supplied. Fe@#,0 ( O 9% F&Ct-6H.0 (97 %), ammonium

hydroxide (BioUltra 1M), and Xanthan gum (from Xanthomonas campestris) were purchased from
SigmaAl drich Ltd. DefibrinXt &da9% eéelqudasbiolwdygradd), an d
were purchased from VWR, UK. Sodiura2rylamide2-methylpropane sulfonate (AMPS® 2405, 50

wt % i n water) was donated b y -azobis{2methy&Ne(R- . Ther
hydroxyethyl)propionamide] (VA86, 98%) was obtainedrom Wako Chem. Z((butylthio)-
carbonothioyl)thioj2-methylpropanoic acid (BDMAT) was synthesized using previous literature

conditons*Ul t r apure water was collected from an EI ga

Physical and Structural Characterisation

Transmission electron microscopy (TEM) ineggwere obtained on a Jeol JAMOO microscope,

120 kV, operated with a beam current of 80 mA; images were captured using a GatahlOrius
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megapixekcamera. Samples were prepared by deposition and drying of hanoparticle samples (20 pL of
stock stable magtic fluid suspensions) onto formveoated 30dmesh copper TEM grids (EM
Resolutions). Diameters were measured using ImageJ software version 1.8; average values were
calculated by counting a minimum of 100 particlesth error derived from standard detisn.
Magnetically aligned samples were dried in the presence of a parallel permanent magnetic field (2250
Gauss).

Hydrodynamic particle size and zeta potential measurements were determined by dynamic light
scattering (DLS) using a Malvern Zetasizer N&goinstrument. A 4 mW Héle 633 nm laser module
wasused,and scattered light was measured at 173° (back scattering). The attenuator andvpagtion
selected automatically by the instrument and particle sizes reported as the aveahdeast 4
measurements with error derived from standard deviation

Smallangle Xray scattering (SAXS) measurements were performed using a Xenocs Xeuss 2.0
equipped with a micrdocus Cu Kjsource collimated with scatterless slits providing a 0.8 mm diameter
beam. Samplemeasured were stable aqueous washings which were loaded into 1 mm path length
borosilicate glass capillaries. SAXS patterns were recorded using a Pilatus 300K detector with a pixel
size of 0.172 mm 0.172 mm. The sample to detector distance was calibtestieg silver behenate
(AgCa2H430,) providing a value of 2.481(5) m, providing an effective scattering vegtaange of
0.005 0.16A* whereq is defined as

L — P

Where?2 ds the scattering angle arxis the Xray wavelength. Data were collected for 4 hours at

25 . A radial integration of the 2D scattering
the resulting data corrected for the absorption, sample thickness and back§rbinally, the

scattering intensity was then rescaled to absolute intensity gkiesy carbon as a stand&r&AXS

data were analysed using modelpendent analysis implemented within SasView software
(www.sasview.org}® A model describing a fractal aggate of spherical particles was used, as has

been described in detail elsewh&td he scattering | ength desingsity (
power &6 of a mat er i al-raystcatering Erigihg),®fdN atarss withme giveeu m o f

molecular or particle volumé&/,, as given by
i 0B @
0 ,
" P

The SLD of a material can also be calculated using the bulk denséigmic molar massyl; and

Avogadr o0Na,weenst ant ,
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Throughout the fitting procedure, the SLD of water @od oxide nanoparticles were calculated as
9.47x10° A2 and 41.1x16 A2 respectively, and held cdast. Based on nanoparticle dispersity
observed by DLS and TEM, a polydispersity was applied to the nanoparticle radius as a Schultz
distribution and held at a value of 0.2. All other parameters were permitted to vary throughout the fitting
procedure.

Fourier transform infrared (FTIR) spectra were acquired using a Bruker Alpha FTIR
spectrometer. A total of 128 scans were collected for solid samples after drying. Raman spectra were
collected using a Renishaw Raman inVia microscope with a 633 ANeHatation laser (0.76 mW
when operated at 19 power). Magnetisation measurements were carried out in theirdBdeéOe to
15 kOe using a Quantum Design Physical Property Measurement System Vibrating Sample
Magnetometer (VSM). Measurements (emt) gre base on the total mass of the solid sample, this
will include any contribution in mass of the roragnetic polymer. Powder-py diffraction was
performed using a Stoe Stdelidiffractometer with a molybdenum (Mo)-rdy source (50 kV and 30
mA) =0.2093 A Two-theta scan range wa$4D.115 ° at a step size of 0.495 ° and 5 seconds per

step. Sample holder was a transmission sample holder and samples were prepared using STOE zero

scattering foils.

Room temperature (295 +K 5'Fe Mossbauer spectroscopy wasformed using a SeeCo

W302 spectrometer (SeeCo Inc., USA) operated in constant acceleration mode. Samples were prepared

for measurement by mixing the freeze dried powder with sucrose using a pestle and mortar, to form a

paste, which was then mounted in2dlcm coin shaped absorber. Samples were mounted in

transmission geometry, witttCo i n Rh f oi | as t-hags. \elocityrcaimationf t he

was performed by recording a reference spectrum fromarm0 t hi ck f oi | of UFe,

temperature All spectra were folded and baseline corrected using cubic spline parameters derived from

fitting the UFe <calibration spectrum, foll owi

prograni®with spectra leass quar es f i ttedfguavngydheetdbedfr én

lineshapes (representing Gaussian distributions of Lorentzian lines) were used in all ¥amples.

Characterisation of Relaxometric Behaviour

Measurement ofH NMRD profiles was performed on a Stelar Spinmaster FFC2000 1T instrument in
the range of 0.020 MHz Larmor frequency at two different temperatures °@%nd 37°C). The
temperature was controllessing a Stelar VT@1 airflow heater, equipped with a coppenstantan
thermocouple; the temperature calibration in the probe head was carried out using a Delta OHM digital
thermometer, with an absolute accuracy of @5 Fast field cycling (FFC) relaxaetry was used to
determine the longitudinal relaxation decay over a range of relaxation fields40.8MHz). A set of

24 relaxation interval values (tau) allowed description of the-lggiice decay curves for each

relaxation field. A standard fitting gdrithm (moneexponential relaxation decay curve) allowed the

n
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evaluation of the relative longitudinal relaxation ra® £ 1/T1), which was converted to relaxivity
using Equation (3).
Measurement of; andr; values at a fixed field strength were carried out using an Oxford
Instruments MQC+ benchtop NMR analyser with a resonant frequency of 23 MHz operétedrith
37°C. For the measurement®f, the standard inversienecovery method was employed with pital
90° pulse calibration of 250 ps with 4 scans per experimenflfathe CarfPurcellMeiboomGill
(CPMG) method was used with 4 scans per experiment. A minimum of 3 different concentrations of
stable nanoparticle samples were prepared and relaxatiermeasured for each sampleandr;
relaxivity values were calculated from curves plottedRef(1/T;, s') or R, (1/T,, s?) vs. [Fe]
concentration (mM, as measured by 1OES) and analysis of the slope of the line of best fit for each
sample, witherror measured from measuring a minimum of 3 separately prepared batches of samples.
An ISA Jobin Yvon Ultima 2C Inductively Coupled Plas®atical Emission
simultaneous/sequential spectrometer ¢(QPS) running at 1 KW power with a 40.68 MHz
radiofrequeny Argon plasma. Plasma gas flow was 14 L-mebuliser pressure was 2.6 bar at 1 mL
min sample flow rate. The spectral line for iron was measured at 259.940 nm. Samples were digested
for ICP-OES using hot nitric acid and diluted uftrapure water prior to analysis. Concentrations as

measured by this technique were used to normalize all relaxation data according to Equation (3).

Preparation of poly(2-acrylamido-2-methylpropane sulfonic acid (P(AMPS)

The preparation of poly¢acrylamide2-methylpropane sulfonic acilP(AMPS), was carried out as
detailed by Brayet al* Briefly, the chain transfer agent (CTA) BDMAT, the initiator \086 (from

stock solution at 20.0 mg i), and the monomer AMPS were combined with phosphate buffer tablet
solution (05 mL), and sodium hydroxide (2.5 mg, 6.3 *?Ifimol) in a flask and sealed with a rubber
septum. The relative quantities of CTA, initiator, and monomer were adjusted according to the desired
degree of polymerisation (see Table S1). The solution was dgeoated by bubbling through with
nitrogen for 10 minutes, and the flask was then placed in a temperature controlled oil bath at the desired
temperature (90 °C), for the duration of time required to reach nearly full conved@dogrs). At the

end of thereaction, the mixture was c@alto room temperature and then opened to the atmosphere.
The quoted number average molecular weiised and dispersity () values of synthesized
polymers were determined by conventional calibration using Agilent GPC/SEC sd$emaable S1

for further detai.

Preparation of poly(2-acrylamido-2-methylpropane sulfonic acid (P(AMPS)) Stabilised Iron

Oxide Nanoparticles

Three different synthetic polymers were used, each of a different molecular weight
(Mnsec= 8,100, 17,600, or 41,300 g rmp| and different molar total [Fe]:[polymer] ratios used, as

shown in Table 1. The synthetic P(AMPS) was dissolved in 10 mL ultrapates,vand the solution
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was subsequently degassed by bubbling witfoN20 mins. Separately, FelH,O and FeGl6H,O

(varied total concentration according to Tablbutmaintained at a 1:2 molar ratio) was dissolved in

50 mL ultrapure water which hadre@ady been degassed by bubbling with fbr 20 mins(final
concentrations provided in Tabl@,SI). The P(AMPS) solution was added to thé*fesolution with

the N atmosphere maintained. NOH (1 M) was added in 0.5 mL aliquots until the pH waeasured

to be in the rangei90. The reaction was stirred at 40 for 2 hours. The resulting black/brown
precipitate was washed with ultrapure water using centrifugation until pH neutral. The neutral washings
were retained for DLS, TEM and relaxometriadysis.

Characterisation of HaemolyticBehaviour

Defibrinated sheep blood (2 mL) was divided between two 1.5 mL Eppendorf tubes (1 mL each) and
centrifuged at 4500/8200 RPM in a mini spin Eppendorf centrifuge for 1 minute. The supernatant was
removed ad replaced with 800 puL phosphate buffered saline (PBS), in which the pellet was
resuspended using sonication. This was repeated a minimum of 5 times, until the supernatant became
colourless. The red blood cell suspension was diluted 1:150 (by volumeBinS2hples AE were

diluted in ultrapure water to make concentrations of 0.5 mg, @1 mg ml*, 0.05 mg mtt, and 0.01

mg mL?. 20 pL of each suspension was added to 380 pL of diluted red blood cells making final
concentrations of 10, 2, 1, and 0.2 pgytNegative controls of 20 uL PBS and ultrapurg®Hand a

100% positive control of 26 Triton-X in PBS was prepared. The diluted red blood cell mixtures were
incubated at 37 °C for 1 hour. All samples were prepared in trigligatees provided as meaf
triplicates with error derived from standard deviatioRarticle blood mixtures were separated by
centrifugation for 5 minutes before 250 pL of the supernatant was removed and transferred to a 96 well
plate and the absorbance measured across the 125@700 nm using a Molecular Devices
SpectraMax Plus 384 plate reader. The average peak max value for the PBS negative control value was
subtracted from the nanopatrticles peak nelwes and divided by the average Triddpositive control

value to give% haemolysis.

Resultsand Discussion

Iron oxide nanoparticles stabilised with P(AMPS) polymer were prepared usingn-aitu co-
precipitation technique, as described in the Experim&uation Briefly, P(AMPS) of three different
number average moleculaeights M, secvalues of 8,100, 17,600, or 41,300 g rhelith n of 1.10,

1.16 and 1.51, respectivelyvere initially prepared and characterised using size exclusion
chromatography (Figure S1 and Tablg, Supporting Information) using a previously pubég
approacH? Stabilisediron oxidenanopartictswere produced by the quecipitation of F& and Fé*
salts(at a molar ratio of 2:1) in the presence of the P(AMPS) polymers, initiated by the addition of

ammonium hydroxide (Figure 1). In order to probe the effect of nanoparticle seeding dengithalon



polymer chain lengths on MRI contrast enhancement performance, composites were prepared with
varied total [Fe]:[P(AMPS)] molar ratios of 100:1, 2,500:1 and 6,250:1, using P(AMPS) itbza

of 8,100 g mot to produce samples A, B, and C respeadtiTable 1 and Figure 1). In order to probe

the impact of increasing polymer molecular weight, and thus chain length, on particle seeding density,
and corresponding MRI behaviour, P(AMPS) stabilised oxidenanoparticlesvere also prepared

using diffeent polymer chain lengths at a constant [Fe]:[P(AMPS)] molar ratio of 6,250:1 (samples D,
and E, using polymers witHn sec17,600, and 41,300 g mblrespectively, Tablé and Figure 1).

Table 1. Molar ratios used during preparation of poha@ylamide2-methylpropane) sulfonate (P(AMPS))
stabilisedron oxidenanoparticles and resulting characterisation data.

Sample  Total [Fe]:[P(AMPS)] Mn,sec® (g dhyd® (Nm) g-pote deore M
ratio? molY) [PDI] (mV) (nm) (emu gt

sample)

A 100:1 8,100 255.7+11.0 -25.7+7.5 12.6%£3.2 71.8
[0.347]

B 2,500:1 8,100 142.8+33.4 -13.2+2.1 12.9+2.8 70.8
[0.370]

C 6,250:1 8,100 127.3145.6 -23.5+1.7 11.0+24 72.8
[0.319]

D 6,250:1 17,600 167.4+10.4 -20.7+41.7 13.945.3 70.9
[0.292]

E 6,250:1 41,300 105.2+15.1 -15.3+1.2 12.843.2 71.7
[0.298]

aTotal initial concentration of reager(see Table Sfor more informatiorn)® Mn secis number average molecular

weight of the P(AMPS) as measured using agueous size exclusion chromatography® (8Ee)dynamic
diameterdws) , z et a -pptpahdepalydisparsity ibdex (PDI) of aqueous colloids measured using dynamic
light scattemg, with the mean of 4 measurements given (error represents the standard deVidting; the

average patrticle size calculated by measuring >100 particles as imaged using transmission electron microscopy
with the error representing standard devigtianagnetisationNls) at 15 kOe, measured per total mass of solid
sample.




Fe?* + 2Fe3* + HOOC S-S
)(V;ﬁx\é( A

O~ 'NH

Molar ratio of [Fe] : [P(AMPS)] SOs
100:1 (A), 2500:1 (B), 6250:1 (C,D,E)  x = 20, 100, or 400

AlNH4OH

FON

Increasing [Fe]: [P(AMPS)] ratio Increasing polymer M

' = y-Fe,0; nanoparticles =3 = poly(2-acrylamide-2-methylpropane)
sulfonate (P(AMPS)) polymer

Figure 1. Schematic representation of the preparation of pedg{®lamide2-methylpropane) sulfonate
(P(AMPYS)) stabikediron oxidenanoparticleswith different polymer molecular weight®g, sec= 8,100, 17,600,
or 41,300 g mot) and molar [Fe]:[P(AMPS)] ratios, as shown in Table 1.

Physicaland Structural Characterisation

Transmission electron microscopy (TEM) of P(AMPS) stabilised colloids showedgaggs of
discrete particles with mean core diameters rangingi 13.6 nm (Figure 2); sizes (Table 1) were
within error of one other and not impacted by varying [Fe]:[P(AMPS)] ratio. Nanoparticles
demonstrated alignment parallel with an applied magfielit(2250 GausBeld appliedduring sample
deposition, Figure S2, Sl), behaviour attributed to the templating properties of the sulfonate backbone
of the polymer chains, which has been previously observed for similarly prepared biopstighiksed

magnetic nanoparticle¥:4352



Figure 2. Transmission electron microscopy images of P(AMPS) stabilieedoxide nanoparticles, labelled
according to Table 1d{ye= 11.0+ 2.4; 13.9% 5.3; 12.8% 3.2; 12.9+ 2.8; 12.6+ 3.2 nm forsamples AE,
respectively). Scale bar 100 nm. Insets show high magnification images of corresponding samples, scale bar 50
nm.
Aqueous hydrodynamic diametedsy) as measured by dynamic light scatteiDgS) (Table 1) were
in the range 10856 nm. These values were significantly larger than core particle sizes as measured
by TEM, as expected and previously observed, due to the presence of hydrogen bonding and van der
Waals forces associated with the polyntebgisation of the colloid€?? The dnyqvalues obtained are
larger than similarly prepared iron oxide nanopatrticles (for example, hegpabitised FgO. particles
which demonstratedhys of ~40 M for deore 9.0 NM nanoparticlesy,indicative of larger aqueous
clusters of nanocomposites &ar. It is notable that the measuikg; values do not appear to correlate
to the size of the P(AMPS) polymer chains, likely due to the low concentrations of the measured
samples, and high degree of crigking and interactions between neighbouring iphas. It is
important to note that as the measurements were carried out on stable suspensions following copious
washing procedures resulting in different concentrations for each samptiysthe@ues obtained by
DLS cannot be directly compared with caeother, and thus no trends can be assidpigferences in
hydrodynamic sizes observed are likely due to the differences in polymer and particle concentrations
leading to differences in their crebsking and Brownian motion behaviour, a wkhown
phenanenon®*%*The impact of the concentration of a suspension of nanoparticlespaaificallythe
observedihyqis alsowell documented®>> The polydispersity index (PDI) quantifies the broadness of
distribution ofdnya and is used to estimate thelydispersityand homogeneity o colloidal sample.
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Despite the crosknking that one would expect from the presence of the polymer species in these
nanocomposites, PDI values within the ran@®920.370 are indicative of theimoderate
monodispersityZeta potentia( -pot) measurements showed all samples to be negatively charged, due
to iron oxide particle surface hydroxyl groups (confirmed bwiRe infrg), as well as the negatively
charged P(AMPS) stabiliser.

Smallangle Xray scattering (SAXS) was performed on aqueospansions of the stabilised
particles in order to gain further insight into the colloidal conformation adopted by these nanostructures
in suspension. SAXS patterns obtained for all samples show similar trends; the lack of an observable
Guinier region witin the achievable Q range indicates the formation of relatively large colloidal
suspensions in all casdiniting the capability of SAXS to provide information describing the overall
size of the aggregates formed by this sysf€igure 3). In order to esdct structural information from
these SAXS patterns, parameters of a model describing the aggregation of primary spherical particles
into a fractallike cluster were fit to the experimental data, as has been previously been performed with
similar systems’ A detailed description of this model has been reported prevituBlyefly, the
fractal dimension represerttge selfsimilarity of the aggregate. Here, we interpret this as a measure of
the degree of clustering of individuabn oxide nanoparticleswhere the radius of the clustered

aggregate is described by the correlation length

101
102

103

0.01 0.1
Q/A”’

Figure 3. Smallangle Xray scattering (SAXS) data (points) for aqueous suspensions of P(AMPS)ssthbili
aggregates oiron oxide nanoparticles AE with corresponding fits (lines) to models describing fralikal
clusters of spherical particles.
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The parameters obtained from these fitting procedures are displayed in Table 2. In all cases, the
radii are similar to those determined by TEM. Comparing samples A and B, as the ratio of
[Fel:[P(AMPS)] increased, an initial increase in fractal dimensionlm observed accompanying a
decrease irthe correlation length. This indicates the particles compact into smaller, more highly
clustered aggregates. When the [Fe]:[P(AMPS)] ratio is further increased (sample C), a swelling of the
aggregateliametercan beobservedilongwith a decreased clusteringiodn oxidenanopatrticles. This
suggestan optimum ratio of nanoparticles to P(AMPS) is required to produce the most highly clustered
aggregates. When considering the polyelectrolyte nature of P(AMPS), wesprtmt electrostatic
repulsion between polymer chains is not countered by the low relative nanoparticle concentration in
sample A, leading to swelling described by the larger correlation length and decreased fractal
dimension. Similarly, sample C was peged at the highest [Fe]:[P(AMPS)] ratio in this series. In this
case, we propose thtite capacity of the polymers to stabilise ttw:n oxide nanoparticles has been
exceeded, potentially leading to electrostatic repulsagiween nanoparticlegs theM, of P(AMPS)
is increased at a constant [Fe].[P(AMPS)] ratio (samples C, D and E), a decrease in the correlation
length can be observebhis suggestthat an increase M, of P(AMPS) increases the stabilising effect
on the nanopatrticles leading to thenfation of smaller aggregates. Interestingly, the fractal dimension
initially increases then appears to stabilise close to the maximum value observed for sample B. This
suggests thaton oxidenanoparticles partition amongst the available P(AMPS) at@araptly optimal

compactness.

Table 2. Structural parameters obtained through fitting of SAXS data of aqueous suspensions of P(AMPS)
stabilised aggregates inbn oxidenanoparticles to a model describing fradiled clusters of sperical particles.

Quoted errors represent the standard error associated with the fitted parameter. Values marked with * were held
as constant throughout the fitting procedure.

Sample ;/r (;lgtrigi Iron O_xide NP Rgdial ' _Fracta_l Correlation
(x 109 Radius (A) Polydispersity Dimension Length, (A)
A 0.8+0.01 701 0.2* 2.90 £0.01 335+ 15

B 1.9+0.01 62+1 0.2* 3.47 £0.03 85+1

C 1.6 +0.01 64+1 0.2* 2.98 +0.01 170+ 3

D 0.7 £0.01 83+1 0.2* 3.30£0.09 101+£6

E 1.5+0.01 69+1 0.2* 3.32+ 0.05 80+2

Vibrating sample magnetometry measured betwédbkOe and 1%Oe exhibited typical
superparamagnetic behaviour for all samples, with no magnetic hysteresis, and magnetisation values
(Msy) in the range 70192.8emu g' (see Table 1 and Rige S3, Sl). Room temperature (205K) 5"Fe

Mossbauer spectroscopy (Figure 4a) produced spectra comprising magnetically spilt sextets,
characteristic of particles magnetically blocked on the Méssbauer timescale (apmpxBést fits to

the spectraver e obt ai ned usi n &entrelofsr ano id ey Foakand Pagaitd e nt 6
et al.2016®) to evaluatd], the numerical proportion of Fe atomsimagnetitelike environment, with

Voigtian line stapes found tprovidethe best fit to the spectruthThe mearvalue ofUfor all samples
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is ca. 0.1with a standard deviation of 0.QBigure 4b and Table3}, which isindicative of maghemite

rich iron oxide cores, with some magnetiteralater.Significant differences in the shape of the spectra

are observed that correlate to both the amount and length of the P(AMPS) polymer used within the

synthesis. Values obtained for the mean static hyperfine field Bfake summarized in Tabl8,SSI.

For samples A, B and Cacross which the iron to polymer ratio increases (see Figure 1 and Table 1)

we see significant changes in both the mean static hyperfine fldtd,as well as in the distribution,

P(H) (Figure 4c).As the ratio of iron ineases, K> decreases from 40@e to 37%0e, which we

suggest is a result of the increasing frustration of the cores due to structural confinements associated

with the increasing amount of iron within the particle, and which is likely to cause clustéring

cores leading to a corresponding alignment along a magnetic easy axis.
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Figure 4. a) Room temperatuféFe Mossbauer spectra of dried powder samples mixed with spaises)and
best fits to the observed specfrd i nes) o bt @entne ef@ ausiitnygd tnheet hdéo d .
using Voigtian lines (Gaussian distributions of Lorentzian lines); b) Comparison of the best fit values of spectra

U, the numerical proportion of Fe atoms in a magnetitéremment, for the five samples with corresponding

Al

uncertainty values obtained for each spectrepresented by error baxg Hyperfine field distribution®(H)) of

each of the room temperature spectra shown in (a).

best

As the length of P(AMPS) increaslestween samples C to E, we see a slight restructuring of the cores

within these clusters, indicated by the slight increase in the mean hyperfine field, and which we suggest

gives the iron oxide cores more freedom tomnentate, which in turn reduces t@mount of frustration

in the system.
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Raman spectroscopy B{AMPS)stabilisediron oxidenangarticlesfeatureda large peak at
670 cm! and shoulder at 702 chindicating the A; modes of magnetite and maghemite respectively
(Figure S4, SI7>5°A broad peak at 368 chrepresentthe T,; mode of maghemite, and another at 494
cntl, attributed to the Emode of maghemit®:®® The presence o& mixture of magnetiteand
maghemite phasés consistent with room temperatifEe Mossbauer spectroscopy analysis. Powder
X-ray diffraction (RXRD) confirmed the characteristcubic structure of maghemite, with reflections
at 13.8°,16.2°,19.6°, 25.5°, and 27.8° readily indexed to the (220), (311), (400), (511), and (440) planes
of the cubic lattice inverse spinel type iron oxides (Figure S5!8Rsed on the combined eeince
provided byP-XRD, Raman, an@’Fe Mossbauer spectroscopy, it is clear that the iron oxide cores of
thesenanocompositeare a mixture of both magnetite ¢&g) and maghemitex{Fe0s) phases, which
is typical for materialproduced in this waydue to their closely related crystallographic structuaed
since magnetite readily oxides to maghertité52The average composition of the nanoparticles is
approximately 8% maghemite and 1% magnetite, from which it follows that the iron oxide cores of
this nanocomposite are a magnetite/maghemitgdgFe-Fe0s) mixture.

Infrared (IR spectroscopy confirmed the presence of the stabilising P(AMPS) on the
maghemite nanoparticles (Figure S6, Sl). The stretches between38600cm' (representing OH
stretching vibrations from surface hydroxyl groups and physisorbed water groups), atrétttieat
650/ 500 cmt (correlating to the ReD stretch) are observed for the P(AMPS) stabilised nanopafcles.
The stabilised nanoparticles also exhibited stretches at 1320 cmt and 10801030 cnt, indicative
of the O=S=0 and C=S stretching vibrations, respectively, of functional groups on the P(AMPS)

chains??

Relaxometry Studies

Nuclear magnetic dispersion (NMRD) analysis is a variable field relaxometry technique which is useful
in the analysis of magnetic contrast agérts®*It measures the longitudinal proton relaxation rate
enhancementr{) of a colloidal system at multiple frequencies, providing insight into relaxation
properties and the dynamic local environment of water nearby a contrast agesd.specih behaviour

is influenced by the magnetic properties phsticle andoupled magnetic interactions with one another

and their surroundings. The water relaxation rate enhancement per mM concentration of contrast agent,

or relaxivity, is defined b¥equation (3).

WhereR,2,00siS the observed relaxation rate of the agent in aqueous suspdRsiorn(T: ,, whereT;
is the longitudinal relaxation time and is the transverse relaxation time of water protoRs),soliS

the relaxation rate of the unaltered solvent systarirf the absence of contrast agent) and [CA] is the
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mM concentration of the contrast agent in suspension, as measured using inductively coupled plasma
optical emission spectroscopy (I€FES.

NMRD analysis of agueous suspensions of the P(AMPS) stakilsedxidenanoparticless
displayed in Figure 5a. At magnetic field strength80#% 0.2 T (or >10 MHz), relaxation behaviour
is dominated by Curie relaxation, a phenomenon restftimg the induction of a local magnetic field
through the application of an external field on the superparamagnetic nanoparticles, and the resultant
interactions between water protons and these local magnetic*fi@dkxation at these field strengths
is determinegbrimarily by the strength of the magnetic moments and water diffusional correlation times
around magnetic particle cores and therefore tends to correlate to the particest2€3 As deore is
similar for samples AE (Table 1), the NMRD profiles converge>al0 MHz, as seen in Figure .
lower frequencies (< 10 MHz), the Curie component of relaxation is lost éadr&laxation (the
random fluctuation of magnetic moments) dominates. The seminal model by Roch, Muller, and Gillis
first detailed proton relaxation induced by superparamagnetic particles, with profiles that featured a low
field plateau (or dispersion), a miigdld peak §may), and a decrease in longitudinal relaxivity at higher
field strength$? In their model, as the diameter of the magnetic nanoparticles increasethifted to
lower frequencies and low field relaxivities (at 0.01 MHz) increased, indicative of an increase in the
magnetocrystalline anisotropy linked to particle skza:. the samples produced hereinux is shifted
to lower frequencies, amd is greatly increased at low Larmor frequencies. esdore sizes of the 5
samples do not differ significantly (Table 1), this observed behaviour is not attributable to this well
modelled sizeelated increase in the magnetocrystalline anisotropy. Such behaviour, which diverges
from the wellaccepted supegpamagnetic model, has been previously obsdoradustered materials
formed from coreshell®* and multicore iron oxide nanoparticlés,as well as for iron oxide

nanoparticleseeded along biopolymers, such as denatured DNA stthandd fatty acid$®
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Figure 5. a) *H NMRD profiles of longitudinal relaxivityrq) of P(AMPS) stabilisedron oxidenanoparticles in
0.1% Xanthan gum, measured3it °C; b) Longitudinal relaxivityr¢) at 0.01 MHz of P(AMPS) stabilisacbn
oxidein 0.1 % Xanthan gum, measured at 25 °C and 3E&Ch @ta point represesa single measurement.
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A model for the effect of agglomeration of superparamagnetic particies has been
developed by Gilli®t al, demonstrating aggregatiémduced changes in low frequency dispersion and
3maxin NMRD profiles®’ In that work, it was noted that agglomeration resulted in an overall decrease
in longitudinal relaxivity, due to reduced total surface area of particles lalegiita important, diffusive
interactions with surrounding water protons. However, this is clearly not the case herein for samples
AT E, where absolute; values at low frequency remain extremely high (Figure 5b). This observed
strong relaxation rate enhancement is attributed to the hydrated nature of the {st&bitieing
species, which facilitates water access to all available particle surface aresynomg these
previously observed reductions in relaxivity. Bieparin stabilized iron oxide particles have similarly
exhibited enhanced; relaxivities at low frequencies, behaviour attributed to increased anisotropy
arising from interactions betweenrpales clustered along the polymer backbétguch high low field
relaxivities are supported/tiévy et al, who established that the intrinsic magnetic properties of- multi
core or clustered nanoparticles results in large relaxivity enhancements at low field strengths due to
slowing of the dynamics of the magnetic moments progressive blockingf Néel fluctuations due
to local magnet@nisotropy)> Clusteringenhanced relaxation effedtave also been observed for
multcc or e i ron oxide nanoparticles, including O6nan
magnetic cores¥-**Herein,cross linking betweeneighbouring®(AMPS) polymer chains result in the
formation ofceféekcthkee@ Mammbdbsiructures in suspens
low field relaxivities, which closely resemble the mugltire model proposed tyévy et al

In our samples, this phenomenon is likely due to the propensity for colloidal polymers to adopt
different energeticalljavourable conformations (brush, mushroom, ceilc) when in aqueous
suspension®’ This dynamic behaviour may bring the iron oxide cores (associated with negative
polyelectrolyte backbones) ecloa e |ti kgeeat hbekeh,a vii eouu
hydrophilic nature of the polymers ensures excellent water diffusivity, avoiding reduced relaxivities as
a result of agglomeration and hence restricted water access, as had been observedebyal®illis
Indeed, the templating nature of the polyelectrolyte species and nanoparticle seediigubdha
encourages may serve to impact the adopted conformation of the polymer chains, with nanoparticles
shown to have profound effects on the motion and molecular conformation of polymers in polymer
nanoparticle composités”?

This dynamic behaviour appears to impact the low frequermiythe samples prepared herein
(Figure 5b). More dynamic and flexible samples, possessing higher amounts and longer chain lengths
of polymers possess the highest low fieldaxélities €.9.samples A and E), whereas samples with
high densities of iron oxide particles and smaller polymer chain lergthsgmple C) have lower low
frequencyr, values, due to their inherently lower dynamic flexibility, a weeltepted phenomenon in
agqueous systems. Herein, increased flexibility enhances hydration and clustering of the iron oxide
particles, making it more effective and hence resulting in the higélaxation enhancement. This

behaviour is supported by the SAXS data discussed previously, in which thelfkaectajgregation of
16



iron oxideparticlesisc oncurrent with the idea that there ar

multi-core lke structures leading to differences in the distance between magnetic cores, and
interparticle interactions which are known to boost relaxation properties. Similar trends in NMRD

relaxation were observed at 25 °C (Figure S7, SI).

Table 3. Summary ofr; andr, relaxometric properties of P(AMPS) stabilisiedn oxide nanoparticlesamples
(AT E) measured at a single field strength (23 MHz) and at temperatures of 25 °C and 37 °C.

Sample rz (mM-1s?) ri (mM-1s?) ralru
25 °C 37 °C 25 °C 37 °C 25 °C 37 °C
A 331.5£13.3 312.4+31.4 40.1£1.6 41.0£15 8.3 7.6
B 363.4+ 30.8 318.5£21.9 346x1.4 33.1+2.9 10.5 9.6
C 434.2+£59.4 386.2+ 32.2 42.7+1.9 41.2+0.2 10.2 9.4
D 431.0£25.4 386.4+17.4 39.9+1.7 39.3+1.5 10.8 9.8
E 367.1+18.7 318.5+19.4 40.3+ 3.3 39.9+ 3.3 9.2 8.0

Values presented are the mean and standard deviation of the measured relaxivities of a minimum of 3 replicates
for each sample (#E).

The transverse relaxivities2f of aqueous colloids of the P(AMPS) stabilisedn oxide
nanoparticles were additionally measured at a single field strength of 23 MHz to assess their efficacy
as negative contrast agents (Table 3). Unlike longitudinal relaxation (measured in NMRDsgnalys
transverse relaxation is not proportional to Larmor frequency, as the mechanism for relaxation is reliant
on the dephasing of the proton spins and is dominated by outer sphere interactielaxivities
showed general correlation with the clusteeswith smaller aggregates (following fractal dimension
according to SAXS, as previously discussed) demonstrating lowelaxivities due to their overall
lower magnetic moment. All samples demonstrated extremely highvalues, ranging
331i 435 mM'st at 25°C, far exceeding that of clinical analogues such as Férigex 120mM-1s?
at 25 °C and 20MHz).*> At 37 °C,r, values for all samples are slightly reduced, due to the thermal
activation of vater molecules and its subsequent impact on the diffusional correlation time around the
particle cores, a wetlocumented phenomenétHigh ro/r; ratios, ranging 813L0.8 at 25 °C, indicated

their strong potential as negative CAs.

Haemolytic Activity

Haemocompatibility is crucial foin vivo bio-applications of nanomaterials, particularly if the
nanocomposite is to come into contact with blood through intravenous clinical administr&tiBue

to their poor colloidal stability, uncoateiron oxide nanoparticles have a high tendency for
agglomeration under physiological conditioard have showoonsiderablelamage to red blood cells

and their membranes, resultinghiaemolysis”’8"° To quantitatively determine the blood compatibility

of the nanocompositekescribed herein, a widely used haemolysis assay was carried out, adapted from
methods detailed in the literatufeBriefly, the release of haemodiim from ovine red blood cells was
measured using UVis spectroscopy after incubation with the P(AMPS) stabilised oxide

nanoparticles (Figure 6, details in Experimer8attion).The percentage haemolysis was calculated
17
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for differentconcentrationg0.2-10 ug mL™?) for each of the 5 samples, with the % haemolysis found
to be in the range of 8.24.6 %. These results were found to be statistically insignificant with respect
to the negative control of water #9.05), therefore demonstrating the goodrhacompatibility of the
P(AMPS) stabilised nanopatrticles. The ability of a coating or stabiliséampmve the
haemocompatibility of iron oxide nanoparticles has been well documémtduke literature For
example, astudy ofpolyethylereimine (PEI) and polyethylene glycol (PEG) coated SPIONs showed
that PElcoated nanoparticles exhibitedvere dosedependent haemolysis due to formation of large
aggregates in the presence of plasma, walPsEGcoating on SPION§$revented the formatiorf euch
aggregatesresulting in no haemolytic activifiy Likewise, a comparison between polyacrylic acid
hyaluronic acid, and chitosammodified iron oxide nanoparticles found the chitosand hyaluronic
acidfunctionalised nanopatrticles had superior blood compatipiighaviour linked teheirimproved
colloidal stability’” P(AMPS) has alreadyglen demonstrated to have excellent blood compatikuity (
concentration ranges &f 100 ug mL?, showing% haemolysis 18i22.2 %) behaviour linked to its
heparinmimicking propertied® As such, it is reasonable to link the excellent blood compatibility
observed in the samples herein to the use of the P(AMPS) stabilisingtdgeeter, it ismportant to
note thathe concentrations of P(AMPS) present within the nanocompgsiteared in this workre
much lower than those used to determine blood compatibility of polymers @oneentrations
presented herein represent complete polymagoparticle composite Despitethis, it is clear that there

is sufficientpolymer presento provide excellent blood compatibilitifurther, it is interesting to note
that he measured haemolysis of the clinically approvedarggulant heparin falls within the range
observed fothe P(AMPS) coatedon oxide nanoparticlesherein(8.1i 24.6 %),*> emphasisingheir

potential forfuture safe biomedical application.
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Figure 6. Haema@ompatibility of P(AMPS) stabilisedron oxidenanoparticles (AE) measured as a percentage
with 100% positive control using % Triton-X in PBS,with water and PBS as negative contréligure shows
the mearwith errorbars representing ttstandard ernoof the meanwhere n = 3.
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