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Abstract: Iron oxide nanostructures have been widely developed for biomedical applications, 

due to their magnetic properties and biocompatibility. In clinical application, the stabilization of 

these nanostructures against aggregation and non-specific interactions is typically achieved using 

weakly anchored polysaccharides, with better-defined and more strongly anchored synthetic 

polymers not commercially adopted due to complexity of synthesis and use. Here, we show for 

the first time stabilization and biocompatibilization of iron oxide nanoparticles by a synthetic 

homopolymer with strong surface anchoring and a history of clinical use in other applications, 

poly(2-methacryloyloxyethy phosphorylcholine) (poly(MPC)). For the commercially important 

case of spherical particles, binding of poly(MPC) to iron oxide surfaces and highly effective 

individualization of magnetite nanoparticles (20 nm) are demonstrated. Next-generation high-

aspect ratio nanowires (both magnetite/maghemite and core-shell iron/iron oxide) are 

furthermore stabilized by poly(MPC)-coating, with nanowire cytotoxicity at large concentrations 

significantly reduced. The synthesis approach is exploited to incorporate functionality into the 

poly(MPC) chain is demonstrated by random copolymerization with an alkyne-containing 

monomer for click-chemistry. Taking these results together, poly(MPC) homopolymers and 

random copolymers offer a significant improvement over current iron oxide nanoformulations, 

combining straightforward synthesis, strong surface-anchoring and well-defined molecular 

weight. 
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Introduction 

Nanostructures of the magnetic iron oxides magnetite (Fe3O4) and maghemite (g-Fe2O3) are of 

great interest for biomedical applications due to their biocompatibility and magnetic properties, 

in particular superparamagnetism1. Consequently, they have been explored for bioseparation2,3, 

magnetically-enhanced drug delivery4,5, hyperthermic tumor ablation6,7 and as contrast agents for 

magnetic resonance imaging (MRI)8-10. Beyond the state-of-the art, high-aspect ratio magnetic 

nanostructures such as nanowires have been found to offer superior performance to spherical 

nanoparticles for biomedical applications including cell guidance11, microrheology 12, magnetic 

cell separation13 and detection, MRI14, and mechanically-driven killing of targeted cells15,16.  

For all these applications, the nanoparticles must be coated with a polymeric or small molecule 

dispersant to stabilize them in solution and reduce non-specific interactions with cells and 

proteins (anti-fouling). Broadly speaking, three coating strategies have been developed17 Firstly, 

the use of polymers that combine stabilizing and antifouling properties with weak physisorption 

to the iron oxide surface (Fig 1A left). This strategy, often implemented with polysaccharides 

such as dextran, suffers from reversible binding that facilitates bridging between nanoparticle 

and thus the formation of multiparticle clusters with poor size-control. However its simplicity 

has made it the approach of choice for the few iron oxide nanoreagents that have reached the 

market as MRI contrast agents (e.g. ferucarbotran as Resovist®, Cliavist™ and ferumoxide as 

Feridex®/Endorem®) and as anemia treatments (e.g. Dexferum®)18. A more sophisticated 

approach is to use antifouling polymers such as poly(ethylene glycol) as stabilizing moieties, 

functionalized at one end with anchoring groups that strongly bind the iron oxide surface, such as 

dopamine19,20, silanes21 and phosphates22. This eliminates bridging, but since each polymer 

molecule is anchored at one point only, the overall affinity with which each molecule is bound 
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may not be improved with respect to the dextran-type systems, despite the use of higher-affinity 

surface-anchoring groups. Furthermore, the heterobifunctional molecules required for this 

method are intrinsically harder to prepare in pure form than homopolymers or random 

copolymers, especially if there is a need to incorporate for example bioactive molecules at the 

non-surface-anchored polymer end. A third approach is to adopt a multistep process where the 

nanoparticles are first functionalized with small-molecules bearing strongly-anchoring functional 

groups, forming a stable self-assembled monolayer (SAM) onto which end-functionalized 

polymer molecules can be linked or grown21 (Fig1A right). This can deliver excellent stability 

due to the inherent stability of the SAM, but at the cost of a multistep process. Neither multistep 

processes nor the generation of pure, precisely characterized heterobifunctional polymers are 

challenging in an academic lab context, however the commercial dominance of simple 

polysaccharide-based products17 suggests that such sophisticated syntheses act as barriers to 

scale-up and clinical translation. 

An ideal stabilization platform would thus combine strong anchoring to the substrate with ease 

of manufacture, suggesting a simple homopolymer containing a strongly anchoring group such 

as a phosphate. Within this category, we suggest that an outstanding candidate is poly(2-

methacryloyloxyethyl phosphorylcholine) (polyMPC) a methacrylate polymer with a 

phosphorylcholine side-group that resembles the head groups of common biological lipids23. This 

makes polyMPC inherently anti-fouling against protein adsorption24, with established 

biocompatibility, including antithrombotic properties25-28 and an absence of adverse effects in 

human trials when used as a friction-reducing coating on hip joints29,30. Its ability to overcome 

colloidal forces that drive aggregation has been demonstrated in multistep syntheses where 
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brush-like poly(MPC) structures have been grown from initiator-functionalized nanoparticles by 

surface-initiated radical polymerization21, or created using graft copolymers31.  

In this paper we test the premise that iron oxide nanostructures can, instead, be stabilized by 

simple adsorption of a polyMPC homopolymer. This is a novel approach that replicates the 

simplicity of polysaccharide-adsorption with a synthetic polymer, eliminating multistep 

processes, heterobifunctional linkers and complex polymer architectures, and with a large 

number of potentially surface-binding groups per chain. In contrast to polysaccharide-adsorption, 

it delivers a much stronger phosphate-based anchoring to the surface. As will be shown below, 

poly(MPC) adsorption turns out to be highly effective at generating individualized (20 nm) 

nanoparticles, whereas the commercial polysaccharide reagents can typically only generate mini-

aggregates with multiple particles per polysaccharide molecule17. 

Beyond spherical particles, we investigated poly(MPC) as a stabilizer for next-generation iron 

oxide nanowires. Despite the clear advantages offered by a low-toxicity magnetite or maghemite 

nanowire system stabilized with a biocompatible antifouling polymer none is to our knowledge 

described in the literature. To fill this gap, we synthesized two nanowire systems: a novel super-

paramagnetic magnetite (Fe3O4) with maghemite (γ-Fe2O3) mixture, and a contrasting 

ferromagnetic nanowire system with an iron core and iron oxide shell32. The inherent magnetic 

moment of such ferromagnetic nanowires makes them extremely susceptible to aggregation, 

meaning that they have not usually been favored for biomedical applications, however a 

successful stabilization technology would make their application in vivo achievable. Taking this 

ferromagnetic system as a test case, we investigated the effect of poly(MPC) on cytotoxicity. 

Exploiting the advantages of using a synthetic polymer rather than a polysaccharide, we 

demonstrate the simple incorporation of additional functionalization groups via random co-
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polymerization. A prime target application is binding biomolecules to the stabilized particle for 

cell-targeting, hence a flexible functional group is needed that can be used to attach any desired 

protein or peptide or antibody. To this end we incorporate alkyne groups that enable 

biofunctionalization via the alkyne-azide click reaction, which can be carried out with high 

selectivity under benign aqueous conditions33-36. In principle, random incorporation of alkyne 

groups into a methacrylate polymer such as poly(MPC) simply requires an alkyne-bearing 

methacrylate monomer such as propargyl methacrylate (PMA). Previous studies show that PMA 

can interfere with control in some atom transfer radical polymerization (ATRP) systems37 and a 

previous attempts to copolymerize PMA with MPC hence trialled silane-protection without 

success38. Here, we show that unprotected PMA, co-polymerized with MPC can generate a 

clickable random co-polymer, thus delivering stable functionalized iron oxide nanoparticles. 

Experimental Section 

Materials and Methods 

Synthesis of poly(MPC) homopolymer 

The synthesis of poly(MPC) by ATRP in protic solvents is well-established, using the cooper-

bpy ATRP catalyst system. In general water enables more rapid polymerization and short-chain 

alkyl alcohols superior control and narrower dispersity 39,40. 

Here, poly(MPC) was synthesized in ethanol41, selected as a more versatile solvent for 

comonomer incorporation than water. Details of materials are given in Supporting Information 

(SI). The initiator poly(ethylene glycol) methyl ether 2-bromisobutyrate (initiator Mn 600 kDa, 

so that the Mn of the PEG section is 350 Da; PEGBr, 1 equiv., 81.0 mg) was dissolved in 

anhydrous ethanol (10.0 ml) at room temperature with oxygen-free conditions generated by 

bubbling of nitrogen.  Copper (I) Bromide (1 equiv., 19.4 mg) and 2,2’-bipyridine (bpy, 2 equiv., 
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42.2 mg) were added and allowed to dissolve, before this solution was added still under nitrogen 

to 2-methacryloyloxyethyl phosphorylcholine (MPC, 50 equiv., 1.99 g). Upon addition to MPC, 

a color change was observed from a very dark shade to a mid-green. After 24 hours (due to the 

slower expected kinetics in ethanol as compared with the standard water synthesis40), the 

polymerization was terminated by exposure to ambient oxygen. The polymer was collected by 

precipitation in tetrahydrofuran (THF) and centrifugation (10000g, 20 mins), and purified by 

water dialysis (regenerated cellulose membranes with a 3.5 – 5 kDa cutoff, sample to water ratio 

1:400, incubated for 24h with 3 changes of water). Finally, the sample was collected by freeze-

drying. 

Synthesis of poly(MPC) was confirmed by 1H-NMR in MeOD: δ = 0.91-1.17 (-CH2-, 2H) 

1.85-1.90 (-CH3, 3H), 3.27-3.37 (-N(CH3), 9 H), 3.70-3.80 (-CH2N, 2H), 4.03-4.13 (POCH2-, 

2H) and 4.17-4.40 (OCH2-CH2OP, 4H). Further confirmation is provided by the absence of the 

chemical shifts typical of MPC monomer9 δ = 5.60 (-CH-, 1H) and 6.10 (CH=, 1H). Molecular 

mass and dispersity were estimated by aqueous gel permeation chromatography (GPC) calibrated 

with poly(ethylene glycol) standards, giving an average molecular mass Mn = 8.50 kDa 

(dispersity Đ = 1.18). Detailed methods and GPC elution curves are given in SI. 

Synthesis of poly(MPC-co-PMA) random copolymer 

As outlined above, propagryl methacrylate (PMA) was incorporated directly into a random co-

polymerization with MPC, without the use of protecting groups. The reaction was carried out as 

for MPC homopolymer synthesis, except that the initiator/catalyst solution was added to a 

mixture of MPC (50 equiv. 1.99 g) and PMA (25 equiv. 0.43 g), rather than to MPC (50 equiv.) 

alone. 
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The MPC-PMA random copolymer was characterized by 1H-NMR, FTIR and GPC. The 1H-

NMR spectrum was identical to that for poly(MPC), confirming a successful polymerization and 

indicating that  PMA had incorporated into the chain at a much lower ratio to MPC than the 1:2 

ratio of the reactants. However clear confirmation of PMA incorporation into the poly(MPC) 

chain is provided by a fluorescence-based assay after click-functionalization. 

Fluorescent labelling of poly(MPC-co-PMA) and quantification of functionality 

To demonstrate the creation of functionalized magnetic nanostructures using poly(MPC-co-

PMA) and to quantify the number of addressable alkyne groups per polymer chain or 

nanostructures, poly(MPC-co-PMA) was reacted with an azide-modified fluorescent dye. 

Specifically, poly(MPC-co-PMA) was reacted with Azide-Fluor 545 (generic name 5-

Carboxytetramethylrhodamine-azide, Sigma Aldrich) in the presence of copper (II) sulphate and 

sodium ascorbate (ultrapure water, 20 °C, oxygen-free environment generated by nitrogen 

bubbling, 7 day reaction time). The polymer reaction product was purified by precipitation in 

THF, dialysis and freeze-drying as for the initial purification following polymer synthesis. A 

control experiment was performed using poly(MPC) rather than poly(MPC-co-PMA) to 

demonstrate the specificity of the conjugation reaction, and that the azide does not bind to the 

polymer via other non-covalent interactions. 

The number of fluorescent moieties clicked to the poly(MPC-co-PMA) was determined using 

UV-visible spectroscopy at 545 nm (Perkin Elmer Lambda 25 spectrometer). A concentration 

ladder of Azide-Fluor 545 solutions was used for calibration curve. UV-visible spectra for the 

labelled polymer, poly(MPC) control and selected calibration solutions are shown in Fig S.2. 

Iron oxide nanostructures 
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Magnetite (iron (II, III)) nanoparticles in aqueous solution were used as received (Sigma-

Aldrich). In stability experiments, these were washed to remove stabilizing ligands incorporated 

by the manufacturer (described as short PEG ligands), as described below. 

Magnetite-maghemite nanowires were synthesized by electrodeposition into a commercial 

polycarbonate template pre-structured with nanochannels, onto which had been sputtered a 

copper electrode. Electrodeposition was carried out at 90 °C from a mixed solution of 

ammonium iron(II) sulfate ((NH4)2Fe(SO4)2) and potassium acetate (CH3COOK). The nanowires 

were released by first washing with 65% nitric acid to remove the copper electrode, and then 

repeated rinsing with dichloromethane (DCM) to remove the polycarbonate. The latter step 

required careful optimization with X-ray photoelectron spectroscopy used to validate the number 

of washes needed to effectively remove the polycarbonate coating (~ 10 washes). The nanowires 

were extensively characterized (Supporting Information).  

Core-shell iron/iron oxide nanowires were synthesized as previously described42-44, with some 

modifications. Briefly, metallic iron was electrodeposited via pulsated current into a porous 

alumina template, porous alumina template using a solution consisting of 139 g/L FeSO4·7H2O, 

24.7 g/L H3BO3, 74.5 g/L Na2SO4 and 1 g/L C6H8O6. A 1M NaOH solution was then used to 

release the nanowires from the templates45, with a thin native oxide surface layer surrounding the 

metallic core46. The resulting nanowire population had a length 4.2 ± 0.9 µm, diameter 35.2 ± 1.5 

µm, magnetic moment 222 e.m.u./g). This method is versatile and the oxide layer thickness can 

be controlled through annealing32. 

Poly(MPC) binding and nanoparticle stability 

Spherical nanoparticles (20 nm) were used as received and for control samples were washed in 

water to remove stabilizing ligands from the manufacturer. For poly(MPC)-stabilized samples, 



 10 

poly(MPC) was added before the washing step to displace the as-supplied ligand molecules. 

Specifically, as-received stock solution (10µl) was added to either a 5 mg/ml solution of 

poly(MPC) in water or to water alone, and stirred for 24 h. The nanoparticles were extracted 

magnetically (Magna-Sep™ Magnetic Particle Separator, 60 mT / cm, ThermoFisher, 3 h 

incubation). The rinsing procedure was then repeated twice more with water alone, with 10 

minutes ultrasonication between each step to break up any temporary aggregates. Samples were 

then deposited onto a holey carbon TEM grid for analysis (5 μl, left to deposit for 1 – 5 minutes, 

then blotted with filter paper to leave a thin film that was allowed to air-dry) or prepared for 

cryo-TEM as described in SI. 

Transmission electron microscopy (TEM) 

Detailed protocols for all TEM and sample preparation techniques are given in the SI. In brief, 

the stability of poly(MPC) functionalized and non-functionalized magnetite nanoparticles was 

investigated using bright-field TEM. Images were taken across a pre-determined area of the 

surface to avoid operator bias, and each nanoparticle was categorized as either an individual or a 

member of an aggregate of size n. Nanoparticles were considered to belong to the same 

aggregate if separated by < 20 nm. This approach of measuring aggregation using TEM on dried 

samples has been previously validated by our group in comparison with small angle X-ray 

scattering (SAXS), for silver nanoparticles47. Here, direct evidence of the aggregation state of the 

particles in their native hydrated condition was given by bright-field TEM of cryo-prepared 

samples, again avoiding selection bias by imaging pre-determined areas. 

The binding of poly(MPC) to the nanoparticles was visualized by positive staining using 

uranyl acetate, previously used to stain e.g. phosphorylcholine-containing surfactants47,48. 

Individual nanoparticles and their stained-polymer coronas were visualized by high-angular 
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aperture dark field scanning transmission electron microscopy (HAADF-STEM). To clearly 

distinguish iron from the uranium stain, energy-dispersive X-ray spectroscopy (EDX) linescans 

were taken across the particle and corona. 

Dynamic Light scattering (DLS) 

DLS measurements gave macroscale characterization of nanoparticle aggregation state, 

confirming the microscopic TEM results (see Supporting Information). Analysis was performed 

on samples of functionalized and non-functionalized nanoparticles prepared as for bright-field 

TEM. 

Nanowires: poly(MPC) binding and stability analysis 

Nanowires (2 mg) were collected by magnetic separation (as for nanoparticles above) and 

resuspended in water (200 μl), before addition to poly(MPC) solution (800 μl 6.25 mg/ml in 

water). The mixture was incubated overnight, with ultrasonication for the first 10 mins to 

destabilize pre-existing aggregates. Poly(MPC)-coated nanowires were collected by magnetic 

separation and rinsed 3 times in water to remove unbound polymer, with 10 mins ultrasonication 

at each stage. Control samples were prepared using water alone rather than poly(MPC) solution. 

Poly(MPC) binding to nanowires was evaluated using uranyl acetate staining and HAADF-

STEM and STEM-EDX as for spherical nanoparticles. The aggregation state of nanowires was 

determined using a combination of scanning electron microscopy (SEM), performed on dried 

samples and in situ solution-phase bright-field reflectance mode optical microscopy (protocols in 

Supporting Information), as we have previously demonstrated for silver nanowires and multi-

walled carbon nanotubes49,50. 

Nanowire cytotoxicity assays 



 12 

The effect of poly(MPC) coating on cytotoxicity of nanowires was determined for the case of 

the core-shell iron/iron oxide nanowires. Cell viability studies were carried out on HCT 116 

colon cancer cells incubated with poly(MPC)-coated and non-coated nanowires at concentrations 

of 250 and 500 nanowires per cell, broadly consistent with the concentration range in which 

cytotoxic effects have previously been observed for iron nanowires46. No cytotoxicity was 

observed for any sample up to 3 h, hence results presented are from overnight incubation. Cell 

survival was determined by an Alamar Blue assay (ThermoFisher), with each condition 

replicated in quadruplicate. (Further details in SI.) 

Results and Discussion 

Poly(MPC) binding to magnetite nanoparticle surfaces 

The first requirement for poly(MPC) to effectively stabilize iron oxide nanostructures is that it 

must adsorb to the nanostructure surface, as is anticipated from the large number of phosphate 

groups along the polymer length. To test this, magnetite nanoparticles (Fe3O4, diameter 20 nm) 

were incubated with poly(MPC) (Mn = 8,500 Da) in aqueous solution. To visualize the polymer 

corona around the nanoparticles, we used analytical STEM, enhancing contrast via uranium-

staining of the phosphorylcholine groups. A surface-adsorbed layer of poly(MPC) is clearly 

visible as a bright halo at the nanoparticle edge (HAADF-STEM, Fig. 2). This feature is lacking 

in non-functionalized poly(MPC) samples. The identity of the corona is confirmed by STEM-

EDX linescans, which distinguish the iron-rich nanoparticle from the uranium-stained polymer 

corona (Fig. 2). It is important to note, that although such adsorption of poly(MPC) is in 

principle a logical consequence of the polymer structure, it has not been previously attempted. 

Stabilization of individual magnetite nanoparticles by poly(MPC) adsorption 
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Surface-adsorbed poly(MPC) is clearly an excellent candidate to stabilize magnetite 

nanoparticles against aggregation and flocculation, in common with the long history of 

hydrophilic polymers as stabilizers for aqueous colloids and nanostructures, back to gum Arabic-

stabilized black ink in ancient Egypt51. However, the generation of individual nanoparticles is not 

guaranteed, as other outcomes can include polymer-induced flocculation due to bridging 

between52 and the stabilization of small multi-particle groups as for the carbohydrate-iron oxide 

MRI contrast agents discussed above17. 

The effect of poly(MPC) (Mn = 8,500 Da) functionalization on magnetite nanoparticle stability 

was determined by bright-field TEM (Fig. 3A top row). It can clearly be seen that the poly(MPC) 

coating greatly increases the likelihood of magnetite particles existing as individuals, whereas 

uncoated samples are dominated by aggregates. The high dominance of individual nanoparticles 

is confirmed by statistical measurements of aggregate size determined from images (N > 500 

nanoparticles per condition across multiple fields of view) (Fig. 3B). The large majority of 

poly(MPC)-coated nanoparticles (>60%) exist as individuals, with very few (< 5%) in aggregates 

of >5 particles, whereas such aggregates are by far the dominant species (>60%) in the absence 

of poly(MPC). 

The above measurements (Fig. 3) were determined using samples deposited on TEM grids and 

air-dried, with the simplicity of this protocol enabling high-quality statistics across a large 

number of particles. This methodology has been previously validated (for silver nanoparticles) 

by direct comparison with in situ small-angle X-ray scattering (SAXS)47; note also that any 

drying effects would be expected to increase rather than decrease aggregation. To further 

confirm the effect of poly(MPC) in stabilizing and individualizing nanoparticles, we directly 

characterized of nanoparticle-poly(MPC) solutions in the hydrated state, using both cryo-TEM 
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and dynamic light scattering (DLS). Cryo-TEM images (Fig 3A, bottom row) shows that 

individual nanoparticles are the dominant species for poly(MPC)-coated nanoparticles, whereas 

aggregates dominate for uncoated samples, reproducing the result from deposited samples. 

Finally, DLS was used as a technique that measures a far larger population of particles than 

TEM. Once again, the degree of aggregation was dramatically reduced upon coating with 

poly(MPC) (Fig. 3C). 

Disaggregation of magnetic iron oxide nanowires via poly(MPC) adsorption 

Here, we extend the poly(MPC) homopolymer adsorption approach demonstrated in the 

previous section to high-aspect ratio iron oxide nanowires, showing that it can disaggregate 

nanowires and enhance biocompatibility by reducing cytotoxicity. To determine the efficacy of 

poly(MPC) across iron oxide surfaces with potential differences in surface structure and 

chemistry, two nanowire systems were investigated.  

To generate the ideal properties for biomedical application, we first developed a novel system 

of super-paramagnetic iron oxide nanowires, generated by templated electrodeposition from a 

mixed solution of ammonium iron(II) sulfate ((NH4)2Fe(SO4)2) and potassium acetate 

(CH3COOK), with the temperature held at 90°C to favor magnetite formation. Successful release 

and removal of template residue was demonstrated by XPS (Fig S.5B). Following release, TEM 

revealed a population of polycrystalline nanowires (Fig S.4A) with length of 3.31 ± 0.12 µm, 

diameter of 199 ± 2 nm (Fig S.3E,F). The wires are super-paramagnetic, with a magnetic 

moment at saturation of 83 ± 5 emu/g (Fig S.6). This super-paramagnetism must arise from the 

polycrystalline structure, with each crystallite acting as an independent super-paramagnetic 

domain. Importantly, electrodeposited super-paramagnetic nanowires have not previously been 
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reported, with the only previous templated electrodeposition of magnetite delivering 

ferromagnetic properties with a different deposition chemistry and much thicker wires53. 

Structurally, while the protocol was designed to deposit magnetite (Fe3O4), the presence of 

maghemite (γ-Fe2O3) can also be seen from X-ray diffraction XRD (Fig S.4D), XPS (Fig S.5C) 

and the value of the saturation magnetic moment, which is intermediate between the two phases. 

In addition, comparison of the Fe 2p core level of a mixed iron oxide measured by Biesinger et 

al.54, shows significant similarity to our measurement, with the exception of our system not 

displaying a metallic Fe peak. 

As a contrast to the super-paramagnetic magnetite-maghemite system, poly(MPC) stabilization 

was also investigated using ferromagnetic nanowires of similar length. These are a core-shell 

iron-iron oxide system, generated by deposition of iron into porous templates (see Methods), as 

described previously. 

The binding of poly(MPC) to the nanowire surfaces was visualized by STEM with uranyl 

acetate-staining of the phosphorycholine groups, as for the magnetite nanoparticles above (Fig. 

4).  Both nanowire systems show clear adsorption of poly(MPC). This is evidenced in HAADF-

STEM by a bright halo at the nanowire edge (Fig 4A, lower panels). EDX linescans confirm that 

this is associated with a high uranium signal, indicating a layer of poly(MPC) at the nanowire 

surface (Fig 4B, lower panels). 

The aggregation state of the nanowires was strongly modified by poly(MPC) (Fig. 5). In the 

absence of poly(MPC), both nanowire systems formed large aggregates, visible as disordered 

bunches of nanowires in scanning electron microscopy. This is consistent with expectation for 

these ferromagnetic nanowires, as both short-range surface forces and the permanent magnetic 

moment of the nanowires tend to favor aggregation55. The existence of such aggregates in the 
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solution state is also shown by reflectance mode optical microscopy, where they show up as 

large dark features49. Coating with poly(MPC) removes these aggregates, with no or very few 

such dark patches visible in the optical reflectance image. It should be emphasized that such 

disassembly of pre-existing aggregates is a strong indicator of a molecule’s stabilizing power. 

Higher resolution investigation by SEM confirmed the disappearance of the very large 

aggregates that dominate the non-functionalized samples (Fig. 5). The resulting disaggregated 

samples contain both individualized nanowires and also very small groups of nanowires. In the 

magnetite-maghemite case in particular, these small groups are predominantly end-to-end chains. 

Although these are reminiscent of magnetically-driven end-to-end assembly such as has been 

observed for nickel nanowires56,57, this is unlikely due to the wires’ paramagnetic nature; rather 

the end-to-end interactions are likely to be driven by other factors such as disruption of the 

stabilization layer by the less flat geometry at the nanowire end. 

Poly(MPC) reduces nanowire cytotoxicity 

Antifouling polymers suppress non-specific cell-nanostructure interactions, and should thus 

reduce cytotoxicity of nanostructures where that toxicity arises from direct uptake or adhesion of 

the nanostructures to the cell surface. To see whether poly(MPC) plays such a role in the present 

system, we investigated its effect on nanostructure cytotoxicity. Magnetite and maghemite are 

highly biocompatible, but there is evidence of low level cytotoxicity in nanowires (core-shell 

iron-iron oxide)46, hence these were selected. 

Cytotoxicity studies were carried out using HCT 116 colon cancer cells, with the AlamarBlue 

metabolic assay as a measure of % cell survival (Fig. 6). Visual observation in cell culture 

solutions again indicated a substantially reduced presence of nanowire aggregates for 

poly(MPC)-coated nanowires, as opposed to non-coated wires (Fig 6A). Non-coated wires 
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induced a significant decrease in cell survival at a concentration of 500 nanowires per cell after 

overnight incubation (< 80% of control value, p < 0.001, 4 repetitions), highly consistent with 

previous observations46 (Fig 6B). This cytotoxicity substantially disappears (p < 0.001) for 

identical nanowires that are coated with poly(MPC). These experiments do not reveal the 

mechanism by which cytotoxicity is reduced. It should be noted however in this context, that the 

poly(MPC) layer could in principle inhibit uptake of nanoparticles by sterically screening 

interactions between cell surface lipids and the positively-charged surface of bare magnetite58 

that have been implicated in uptake of positively-charged nanoparticles. Alternatively, 

poly(MPC) could reduce cytotoxicity by influencing the speed of nanowire dissolution in the 

lysosome59, or by reducing potential cytotoxic effects arising from aggregation.  Regardless of 

mechanism, these results clearly establish poly(MPC) as a reagent to increase the already 

biocompatibility of iron oxide nanostructures. 

Click-functionalization via poly(MPC-co-PMA) random co-polymerization 

To enhance the applicability of poly(MPC)-stabilized nanostructures in applications such as 

cell-targeting, we now demonstrate the incorporation of an alkyne (C≡C) group that enables 

functionalization via the well known ‘click’ method, without compromising the simplicity of the 

synthesis. Specifically, we generate a random copolymer of poly(MPC-co-propagryl 

methacrylate), poly(MPC-co-PMA). 

To synthesize poly(MPC-co-PMA), a first step was to perform the MPC polymerization in 

ethanol as a suitable co-solvent for the two monomers (as above). Alkyne groups have proved 

challenging to incorporate into (meth)acrylate ATRP, with the possibility that they may interfere 

with the ATRP control/catalysis process leading to attempts to polymerize them in silane-

protected form, also without success due to deprotecting side-reactions38. Here, as an alternative, 
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we trial a simple ATRP co-polymerization of PMA with MPC, using the copper-bpy catalyst 

system as for the MPC co-monomer. Preliminary experiments indicated that PMA does not in 

fact prevent effective polymerization. Optimization of the process showed that a 1:2 ratio of 

PMA : MPC in the reaction mixture delivered a polymer with a significant number of 

functionalizable alkyne groups, while maintaining reasonable dispersity.  

Synthesis of poly(MPC-co-PMA) is demonstrated by GPC, and functionalization with an 

azide-functionalized fluorescent dye (azide-Fluor 545, Sigma Aldrich). GPC shows that ATRP 

of MPC and PMA in ethanol under the same conditions as MPC alone (8.5 kDa, Mn/Mw = 1.18) 

generates a slightly increased molecular weight and dispersity (11.5 kDa, Mn/Mw = 1.26, Fig 

S.1). The resulting polymer successfully incorporates some alkyne functional groups, clearly 

shown by the copper-catalyzed addition of azide-Fluor545. This is demonstrated by GPC, 

comparing refractive index change (RI) associated primarily with the polymer with UV-

adsorption that indicates the presence of the dye (Fig. 7A). For azide-Fluor545dye-reacted 

poly(MPC-co-PMA), these two signals rise and fall in consort with elution time, showing that 

the polymer has been successfully reacted with the dye. This stands in contrast to poly(MPC) 

incubated with azide-Fluor545 under the same conditions, which shows no UV-absorbance. 

Quantification shows that the number of PMA residues per polymer chain (~ 39 monomers) is 

≥2, i.e. > 5% incorporation, and indeed a large ratio of pMPC to PMA is desired to retain the 

stabilization functionality. 

The ability of this molecule to deliver simultaneous stabilization and functionalization of 

magnetic iron nanostructures was demonstrated using spherical magnetite nanoparticles (20 nm, 

as above). Clearly the strength of click-chemistry is the ability to attach a range of 

(bio)molecules; as a proof-of-principle, azide-Fluor545 dye was again used. Specifically, 
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magnetite nanoparticles (20 nm) were incubated with poly(MPC-co-PMA-azide-Fluor545). The 

polymer binds to the nanoparticles, with a bright halo at the particle surface in uranium-stained 

HAADF-STEM, exactly as for poly(MPC) above (Fig. 7C). Equally, polymer-coated magnetite 

nanoparticles are individualized and stabilized as for poly(MPC) (Fig. 7D, cryo-TEM, comparing 

images of polymer-coated and non-coated particles). Evidently, the incorporation of PMA at this 

level does not interfere with these properties. The incorporation of functionality is successful, as 

shown in this case by UV-vis spectroscopy of polymer-coated nanoparticles, confirming the 

presence of the Fluor545 dye (Fig. 7B, unbound polymer was removed using a magnetic 

separation). Quantification gave values of ~4 dye molecules per nanoparticle, corresponding to 

~2 polymer chains per nanoparticle. Clearly this number would be greatly increased for larger 

nanostructures such as the nanowires studied, whose surface area is ~ 600 times greater. 

Conclusions 

We have demonstrated a novel approach to stabilizing biocompatible magnetic iron oxide 

nanostructures, using one-pot and one-step homopolymerization or simultaneous co-

polymerization of poly(MPC). Nanostructures are thus polymer-coated via a strongly-binding 

phosphate moiety, with no need for end-functionalized polymers, complex architectures or 

multistep processes. This approach combines the ease-of-use of clinically-used long-chain 

carbohydrates with stronger anchoring and the improved definition and flexibility of a synthetic 

polymer. We have validated poly(MPC)-stabilization across spherical nanoparticles and high-

aspect ratio nanowires, with clear evidence that poly(MPC) combines the required attributes of 

binding iron oxide surfaces, stabilizing against aggregation and enhancing biocompatibility. 

Functionality via a click moiety has been incorporated, without compromising stabilization, or 
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ease-of-use. In conclusion, we have demonstrated that poly(MPC) is a candidate stabilizer for a 

new generation of manufacturable high-precision biocompatible magnetic nanomaterials. 

Supporting Information: Additional materials and methods; Characterization of 

electrodeposited magnetite-maghemite nanowires. 
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Figure 1. A) Schematic showing major approaches to iron oxide nanostructure stabilization with 

advantages and disadvantages. (A) Carbohydrate stabilization, e.g. commercial dextran reagents; 

(B) Multistep grafting-from; (C) Direct adsorption of phosphorylcholine homopolymer (MPC) 

that simultaneously binds surface and acts as stabilizing and antifouling layer. 

Acknowledgement: (A) Left and Center panels redrawn after Ref 17, copyright Royal Society of 

Chemistry 2011, used with permission. 
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Figure 2. Poly(MPC) adsorption to magnetite nanoparticle surfaces. The adsorbed polymer 

corona is visualized by STEM in combination with uranium staining of the phosphorycholine 

groups. Poly(MPC)-functionalized and non-functionalized magnetite nanoparticles are visualized 

by HAADF-STEM (top row). The uranium-stained polymer corona is clearly distinguished from 

the iron-rich nanoparticle by an elemental microanalysis (STEM-EDX) linescan (bottom row, 

linescan region marked in HAADF-STEM image). Representative image from >5 particles for 

each condition. 
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Figure 3. Stabilization of magnetite nanoparticles by surface-adsorbed poly(MPC). (A) 

Representative images with (right) and without (left) poly(MPC) coating of magnetite (bright-

field TEM). Top row shows samples dry-deposited on TEM grid, second row shows 

confirmation by in situ cryo-TEM (see Methods). (B) Statistical distribution of aggregate size, 

measured over N > 500 nanoparticles per condition (dry-deposited sample). (C) Dynamic light 

scattering (DLS) of the same solutions at ambient temperature.  
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Figure 4. Poly(MPC) adsorption to iron oxide nanowires, visualized via uranium-staining of 

phosphorylcholine groups. (A) HAADF–STEM of poly(MPC)–functionalized and non-

functionalized nanowires. (B) EDX-linescans across representative nanowire sections.  
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Figure 5. Disaggregation of magnetic nanowires with iron oxide surfaces by poly(MPC). Two 

different nanowire systems, magnetite-maghemite (left panel) and core shell iron/iron oxide 

(right panel) are imaged by SEM (top row) and solution-phase optical reflectance microscopy 

(bottom row). Non-functionalized nanowires (left column of each panel) are compared with 

poly(MPC)-functionalized nanowires (right column of each panel) in each case. Large 

aggregates formed by unfunctionalized nanowires, directly visible by SEM, manifest as dark 

patches in the optical reflectance micrographs. 
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Figure 6.	 Cytocompatibility of poly(MPC)-coated and non-coated iron oxide nanowires. A) 

Brightfield optical micrographs of cells in contact with unfunctionalized and poly(MPC)-coated 

core-shell iron / iron oxide nanowires. B) Incubation of AlamarBlue viability assay on HCT 116 

colon cancer cells incubated with either 250 or 500 nanowires/cell overnight (ON). The cell 

viability is reduced when cells are incubated with 500 non-coated nanowires per cell, but not 

when the nanowires are poly(MPC)-coated. #P<0.05 vs no-nanowire internal control; 

***P<0.001 vs uncoated control. 
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Figure 7. Functional nanoparticles via alkyne-azide click chemistry. A) Conjugation of azide-

Fluor545 dye to  poly(MPC-co-PMA) demonstrated by direct correlation between refractive 

index  (RI, dashed red line) and UV absorption (dashed blue line) signals in GPC; solid lines 

show RI (red) and UV (blue) signal from unlabeled poly(MPC-co-PMA). (B) UV-vis 

spectroscopy of magnetically separated nanoparticles functionalized with poly(MPC-co-PMA) in 

comparison with unfunctionalized particles. (C) Poly(MPC-co-PMA) binding to magnetite 
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nanoparticle surface imaged by HAADF-STEM with uranium staining of phosphorylcholine  

groups, shown as white color; deposited samples of unfunctionalized and poly(MPC-co-MPA)-

functioanlized nanoparticles. (D) In situ aqueous cryo-TEM of poly(MPC-co-PMA) coated 

versus uncoated nanoparticles, showing the change in aggregation state.  
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