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Abstract

Anisotropic magnetic nanoparticles are receiving growing interest for biomedical applications due to their interesting
properties, particularly for MRI and magnetic hyperthermia. In this work, a two-step, relatively simple synthesis pathway of
magnetite nanorods was optimised. A ligand from the catechol family, known for its high iron oxide surface affinity, was used
to transfer them into aqueous phase. The magnetite nanorods were then coated with a layer of fluorescent silica, whose
surface was functionalised in two ways: either by short poly(ethylene glycol) (PEG) chains or by sulfobetaine zwitterionic
molecules. A wide range of techniques were used to thoroughly characterise their physical structure, magnetic properties
and dispersion characteristics. Finally, a study of the adsorption of a fluorescent model protein revealed that zwitterionic
sulfobetaine molecules were more effective than PEG chains in limiting the non-specific adsorption of this protein.

Keywords : magnetite, nanorods, silica, zwitterionic coating, PEG coating, nonfouling.

1. Introduction

Nanoparticles (NPs), and especially magnetic nanoparticles (MNPs), are widely studied for biomedical applications
such as imaging, drug delivery, hyperthermia, cellular engineering or biosensing[1]. In the vast majority of studies,
the NPs or MNPs used are spherical. However, new shapes of NPs have arisen due to their particular properties,
such as nanocubes, nanoflowers, nanotriangles, nanorods (NR), nanowires (NW), nanotubes (NT), nanostars or
nano-urchins. Nanochains (NC), obtained by pre-assembling spherical MNPs, which are then coated with a layer of
silica, are another example of recently developed anisotropic MNPs[2]. In particular, elongated NPs, such as NR,
NW, NT or NC are of utmost interest for biomedical applications, because of the interesting properties that their
shapes lead to. For example, elongated NPs have been shown to exhibit a longer circulation time in vivo, a better
biodistribution and a longer retention time inside the tumour compared to their spherical counterparts[3]—[5].
Functionalizing elongated NPs with antibodies lead to an enhancement of the specific recognition of their target and
a decrease of the non-specific recognition, compared to spherical NPs[6]. Nanostructures, with a bundle-like
morphology, synthesised from magnetic NCs and exhibiting high transverse relaxivity, have also been described[7].
Thanks to the possibility to have multiple interactions between NRs and cellular receptors, NRs can be more
efficiently fixed to cancer cells. The elongated shape of NPs can also have an effect on the protein corona
surrounding them. If NRs can adsorb more proteins on their surface than nanospheres, the denaturation rate of
these adsorbed proteins is higher on the sphere than on the rods[8]—[10]. The high aspect ratio of NRs also has an
impact on their cellular internalization. For example, high aspect ratio gold NRs showed an increased cellular
internalization compared to NPs with lower aspect ratio[11]. It was also shown that some type of elongated NPs,
such as carbon[12], [13] or titanate NTs[14] were able to by-pass the endocytosis pathway to passively diffuse across
the cellular membrane, and hence reach the cytosol, which could enable the targeting of intracellular proteins or
organelles. Finally, it was demonstrated that magnetic NRs displayed higher r; relaxivities in MRI[15] and better
heating efficiency in magnetic hyperthermia[16], [17] than their spherical counterparts. All these properties taken
together make magnetic NRs excellent candidates for biomedical applications.

Several groups already tried to optimize and rationalize the magnetite NRs syntheses and different synthesis
methods of such NRs have been already presented in the literature. Magnetite NRs can be obtained in one step by
co-precipitation with Dextran® as a templating agent[18], or by inverse co-precipitation under a magnetic field[19].
NRs with lengths ranging from 60 to 140 nm can also be obtained by a solvothermal synthesis with Fe(CO)s, oleic

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/


mailto:emilie.secret@sorbonne-universite.fr
mailto:jean-michel.siaugue@sorbonne-universite.fr

acid and hexadecylamine[20]. A high-temperature synthesis protocol using a previously prepared iron oleate
complex as a precursor was also reported[21]. Nevertheless, the most studied processes to synthesize magnetite
NRs rely on two steps, where non-magnetic iron oxide NRs are firstly synthesized and then reduced to obtain
magnetite NRs.

In particular, one of these two-step syntheses was chosen in the present study for its supposed simplicity of
execution, compared for example to synthesis where NPs are calcinated under H; at 450°C[22], for the low cost of
the chemicals used and for the morphology of the obtained NRs that were suited for biomedical applications[15].
This synthesis is based on the formation of akaganeite (B-FeOOH) NRs with poly(ethylene imine) as a templating
agent, followed by their reduction into magnetite using oleylamine as a solvent and a reducing agent. While the
reduction of akaganeite to magnetite by oleylamine leads to a decrease in the size of the NRs, the overall anisotropic
shape is maintained. The control of the reduction process is an important step, since akaganeite nanorods have also
already been used as precursors in the synthesis of other types of iron oxide, notably metastable phases such as ¢-
Fe,03, by annealing with precise temperature control[23], [24].

However, many practical issues were encountered when trying to replicate this synthesis, due to a lack of details
in studies reported in the literature. An optimization of the process was thus carried out by varying parameters such
as the concentration of the precursor salts used (ferric chloride) and of the templating agent, or the reducing
conditions. A protocol for agueous phase transfer of the synthesized NRs was then developed based on the previous
work of Liu et al[25]. A thorough characterization of the synthesized NRs was then performed.

To be used in biomedical applications, NPs need to be colloidally stable and to be able to be functionalised with
biomolecules. The aggregation of NPs leads to an increase in their size, which modifies their biodistribution in vivo,
reduces their circulation time and finally leads to their elimination by the reticulo-endothelial system. Depending on
their surface functionalisation, NPs can be colloidally stabilised in water thanks to repulsive, electrostatic and steric
forces, in order to limit their aggregation[1]. For these reasons, the obtained NRs were here coated by a silica shell,
as the silica layer makes possible both to contain fluorophores necessary for in vitro monitoring and to further
functionalize the surface of the NR with biomolecules and stability agents. In this study, the magnetic silica coated
NRs were functionalised either with short polyethylene glycol (PEG) chains or with sulfobetaine zwitterionic
molecules in order to compare their protein adsorption capacity. Indeed, particular attention needs to be paid to
the events occurring when the NPs are in contact with a biological medium, as it contains proteins, sugars etc. which
form a protein corona surrounding the NPs. While PEG remains the gold standard in nanomedicine to make stealth
NPs, in the last few years zwitterionic molecules were shown to induce a low non-specific protein adsorption at the
surface of NPs[26]—[28]. They can thus avoid quick recognition by the immune system and exhibit delayed blood
clearance from the body, making them promising candidates in nanomedicine.

We thus report in this article the synthesis of silica coated magnetite nanorods functionalized either with short
PEG chains or with sulfobetaine zwitterionic molecules. Their physical structure, magnetic properties and dispersion
properties were characterised using a wide range of techniques. A protein adsorption quantification was also
conducted and revealed that zwitterionic surface functionalization is more efficient than short PEG chains to impede
non-specific adsorption of proteins.

2. Experimental section
2.1 Materials

30% ammonia, sodium hydroxide, acetone, ethanol, hexane, tetrahydrofuran and iron(lll) chloride hexahydrate
(FeCl3:6H,0) were purchased from VWR chemicals (Radnor, USA). 3-(N-morpholino)propanesulfonic acid sodium
salt (MOPS), linear poly(ethyleneimine) (PEI) (My = 5000 g/mol), 70 % oleylamine, 3,4-dihydroxyhydrocinnamic acid
(DHCA), tetraethyl-orthosilicate (TEOS), 3-aminopropyltriethoxysilane (APTS), rhodamine B isothiocyanate (RITC)
and polyacrylic acid (PAA) (M, = 2100 g/mol) were purchased from Sigma Aldrich (Darmstadt Germany). 90% 3-
[methoxy(polyethylenoxy)]propyltrimethoxysilane (PEOS) was purchased from ABCR (Karlsruhe, Germany). 3-
[dimethyl(3-trimethoxysilyl)propyllammonio propane-1-sulfonate (ZSSi) was purchased from Gelest (Morrisville,
PA, USA). Dulbecco’s modified Eagle’s-F12 medium (DMEM-F12), penicillin, streptomycin, and trypsin were
purchased from Gibco (France). All reagents were used without further purification. Distilled water was used for all
experiments.

2.2 Synthesis of akaganeite nanorods (B-FeOOH)

A defined amount of FeCl3-6(H,0) was dissolved in 100 mL of water. As a mean of size control, PEl was added in
different quantities. The PEIl used had a molecular weight of 5000 g/mol and was linear. The mixture was heated at
80°C for 2 hours under magnetic stirring and under a nitrogen atmosphere. The solution was then cooled down to
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room temperature and centrifuged for 20 minutes at 10,000 rpm. The obtained NRs were washed three times with
an ethanol/water solution (1/1 v/v) and finally dispersed in water.

2.3 Synthesis of magnetite nanorods (Fe304)

500 mg of centrifuged akaganeite NRs were mixed with 8 mL of oleylamine (25 mmol). To fully disperse the particles
in oleylamine, they were vortexed and placed in an ultrasonication bath for 15 minutes. The solution was then
heated at 200°C for 4 hours, without magnetic stirring, the solution being stirred by nitrogen bubbling. The brownish
solution turned black. The obtained NRs were washed twice with a hexane/acetone solution (1/1 v/v) and finally
dispersed in hexane.

2.4 Phase transfer of the magnetite NRs

In order to transfer the magnetite NRs from hexane to water, ligand exchange between oleylamine and DHCA
was performed. 50 mg (0.28 mmoles) of DHCA were dissolved in 6 mL of tetrahydrofuran and then heated to 50°C.
1 mL of the dispersion of NRs in hexane was then added and the resulting solution was heated for 3 hours at 50°C.
500 pL of a solution of sodium hydroxide (0.5 M) was then added to precipitate the particles. The particles were
magnetically separated from the solution and finally dispersed in water.

2.5 Synthesis of silica coated magnetite nanorods (Fe30,@Si0;)

In order to coat the magnetite nanorods with silica, a pre-functionalization step using PAA was required. 10 mL of
an aqueous solution of magnetite NRs (10 mg/mL) was stirred overnight with an equal volume of an aqueous
solution of PAA (0.1 g/mL). The PAA excess was removed by washing the NRs three times with water. The obtained
NRs were dispersed in 30 mL of water. The silica coating was then performed as follows: 4 mL of the aqueous solution
of magnetite NRs, 0.8 mL of a 30 % ammonia solution and 14 mL of ethanol were first mixed in a vial by vigorous
stirring, followed by the addition of 40 uL (0.18 mmoles) of TEOS. After 1 hour of reaction, the NRs were washed
twice with water and redispersed in 5 mL in a water/ethanol solution (1/2 v/v). For PEG or sulfobetaine surface
functionalization, 25 pL (0.046 mmoles) of PEOS or 125 uL of an aqueous solution of ZSSi (0.1 g/mL, 0.038 mmoles),
as well as 13 pL of RITC-APTS previously prepared (10 mg of RITC, 1 mL of EtOH and 9 uL of APTS left to react
overnight) were added to the dispersed NPs and left to react overnight. The obtained NPs were washed three times
with water and redispersed in 5 mL of MOPS buffer.

2.6 Characterization

The morphology of synthesized NPs was characterized by transmission electron microscopy (TEM, JEOL 1011). A
droplet of NPs dispersion (in water or in hexane) was deposited on a carbon-coated copper grid and air-dried at
room temperature. Lengths, diameters and aspect ratios were measured using ImagelJ software (n = 200) and the
data obtained were analysed as the mean + standard deviation (normal law). Scanning electronic microscopy (SEM)
was performed on a SEM-FEG Hitachi SU-70.

Dry samples of NRs were analysed by X-ray diffraction on a Rigaku Ultima IV. X-ray absorption near edge
spectroscopy (XANES) at Fe K-edge was performed at Synchrotron SOLEIL on the ROCK beamline in 1 mm diameter
glass capillary.

The total iron concentrations of all samples were measured by atomic absorption spectroscopy (AAS, PinAAcle
500, Perkin Elmer).

The magnetic properties of the produced NRs dispersed in water were measured using Quantum Design Physical
Properties Measurement System (PPMS 6500) and Superconducting Quantum Interference Device (SQUID, MPMS-
XL). The magnetization curves were recorded between 0 and 20 kOe. Zero field-cooled (ZFC) and field-cooled (FC)
measurements were performed over the 5-250 K temperature range. The applied field for ZFC/FC measurements
was set to 50 Oe. The magnetization values have been normalised to the total mass of magnetic material in the
sample.

Dynamic light scattering (DLS) and zeta-potential measurements were performed on a Malvern Zetasizer
instrument.

Small angle X-ray scattering (SAXS) was performed at Synchrotron SOLEIL on the SWING beamline, in 1 mm
diameter glass capillary.

2.7 Protein adsorption studies
Hydrodynamic diameter studies

Silica coated magnetite NRs, with PEG or sulfobetaine surface functionalization, were dispersed at an iron
concentration of 20 mM in DMEM-F12 medium supplemented with serum and incubated at 37°C during 1 h. The
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NPs where then washed 3 times with MOPS buffer and redispersed in 500 puL of MOPS buffer. The hydrodynamic
diameter of the NPs was measured by DLS.

Green fluorescent protein adsorption experiments

The obtained NPs, with PEG or sulfobetaine surface functionalization, and with RITC, were dispersed at an iron
concentration of 20 mM in MOPS buffer with various concentrations of green fluorescent proteins (GFP), ranging
from 3 to 60 ng/mL and incubated at 37°C during 1 hour. Afterwards, the NPs were washed 3 times with MOPS
buffer and redispersed in 500 pL of MOPS buffer. The fluorescence intensity of the NPs (due to the RITC) and of the
adsorbed GFP were analysed by fluorescence spectroscopy with a SpectraMax i3X instrument (Molecular Devices)
and the ratio [GFP adsorbed]/[Nanoparticles] was plotted against [GFP introduced].

3. Results and discussion

3.1 Synthesis of akaganeite nanorods (B-FeOOH)

(a) A80°C20 A200°C ah AS0°C3h
w "o Oleylamine DHCA/THE

uuuuuuu \s FcOON Fe;0,- oleylamin Fe,0,~ DHCA
nnnnn

(b)

Fig. 1 (a) Two-step synthesis procedure of magnetite NRs and their subsequent transfer to an aqueous phase (b)
TEM images of synthesised akaganeite and magnetite NRs according to the experimental conditions (A to F) described
in Table 1. All scale bars are 50 nm.

Aqueous-phase dispersions of magnetite NRs were obtained using a two-step synthesis procedure, reported in
Figure 1, followed by a phase transfer from hexane to water. In the first step of this synthesis procedure[15], [29],
which is fairly simple to implement, anisotropic akaganeite NPs were synthesised in aqueous phase by heating an
inexpensive and abundant iron precursor, FeCls, to 80°C for two hours, in the presence of varying amounts of PEI.

Consequently, akaganeite NPs were synthesised for two different FeCl; concentrations, in the absence and
presence of PEI (linear, M,, =5000 g/mol), at two different PEI/Fe ratios for each of these two iron concentrations.
The results for the size (lengths, diameters) and aspect ratio of the obtained akaganeite NPs are reported in Table
1. The corresponding histogram distributions, which are provided as supplementary material (Fig. S1 a-f), were
analysed using a normal law (Fig. S1 a-f, red curves). Representative TEM images of the akaganeite NPs obtained for
each experimental condition used are shown in the first line of Figure 1b.

[Fel/ [PEI] [FeCls] Length Diameter Aspect

[PEI] (mol/1) (mol/L) (nm) (nm) ratio
A oo 0 0.2 182 + 68 31+13 5.8+0,9
B oo 0 0.1 154 + 66 35+13 43+1,0
C 1000 0.0002 0.2 64 + 16 11+2 59+1,0
D 1000 0.0001 0.1 59+ 10 12+2 50+0,8
E 400 0.0005 0.2 26+8 5+1 49+1,3
F 400 0.00025 0.1 35+8 8+2 45+0,9

Table 1: Lengths, diameters and aspect ratios of the akaganeite NRs synthesised in this work.

In the absence of PEI (Table 1, lines A and B), anisotropic NPs with a spindle-shaped morphology are obtained.
They were characterised by a very broad size distribution, which cannot be properly fitted using a normal or log-
normal law. For comparison with the other samples, the mean diameters and lengths resulting from analysis of the
size distribution using a normal law is shown in Table 1 (Fig S1, a-b, red curves), but analysis using a double normal
law seems more relevant (Fig S1, a and b, green curves). This procedure, carried out in the absence of PEl at these
two iron concentrations, therefore leads to samples containing NPs of at least two size ranges, a majority
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characterised by a length of around 150-200 nm, and a minority characterised by a length of around 300-350 nm.
The different sizes observed for these two batches of NPs are similar and the iron concentration therefore seems to
have only a slight influence.

The addition of PEl to the reaction medium not only decreases the size of the NPs, but also gives a much narrower
size distribution. Unlike the concentration of iron, the concentration of PEl enables the control of the size of the
NPs. The more PEIl present in the reaction medium, the smaller the obtained akaganeite nanorods get. Thus, for an
iron concentration of 0.2 mol/L, the length and diameter of the NPs are respectively 64 and 11 nm for an Fe/PEl
ratio of 1000 (Table 1, row C) and 26 and 5 nm for an Fe/PEl ratio of 400 (Table 1, row E). The same trend was
observed for an iron concentration of 0.1 mol/L (Table 1, lines D and F) with similar sizes, confirming the
predominant influence of the proportion of PEl on the size of the NPs, whatever the iron concentration, in the
studied concentration range.

The adsorption of PEI onto the surface of the NRs is responsible for this decrease in size, as shown by several
previous studies[30], [31]. Although it allows NPs growth to be limited, it does not allow a preferential orientation
along the longitudinal axis, as shown by the aspect ratios which are of the same order of magnitude for all the
samples, with or without PEI.

3.2 Synthesis of magnetite nanorods (Fes0,)

The second step of the synthesis procedure consists in the reduction of akaganeite to magnetite, with some of
iron(l11) ions being reduced to iron(ll) ions. The akageneite NRs are dispersed in oleylamine and heated at 200°C for
4h, according to a previously described procedure[15], [29]. The oleylamine acts as a solvent, both reducing and
capping agent, preventing the NPs from aggregating. The temperature and heating duration must be carefully
controlled for this delicate step, during which the anisotropic shape of the NPs can be lost. For example, heating for
6 hours leads to the formation of spherical NPs whereas heating for 2 hours allowed only an incomplete reduction
of the akaganeite NRs. (Fig. S2).

Table 2 presents the sizes (lengths, diameters) and aspect ratios for the obtained magnetite NRs, as a function
of FeCls and PEI concentrations used during the first synthesis step. The corresponding histogram distributions,
which are provided as supplementary information (Fig. S3 a-f), were analysed using a normal law (Fig. S3 a-f, red
curves). Representative TEM images of the magnetite NPs obtained for each experimental condition used are shown
in the second line of Figure 1b.

In the absence of PEl in the first step of the synthesis, the polydispersity of the akaganeite precursors leads to
the production of highly polydisperse magnetite NRs after the reduction step (Tables 1 and 2, lines A and B). Once
again, analysing the size distribution is difficult. Only the use of a double normal distribution allows this distribution
to be properly fitted (Fig S3, a and b, green curves), indicating the presence of NPs in two size ranges, smaller overall
than before the reduction step. For comparison purposes, the mean diameters and lengths resulting from the
analysis of the size distribution by a normal law are nevertheless presented in Table 1 for samples A and B (Fig S3,
a-b, red curves).

[Fel/ [PEI] [FeCls] Length Diameter Aspect

[PEI] (mol/1) (mol/L) (nm) (nm) ratio
A oo 0 0.2 224472 49+ 14 4.4+0,8
B oo 0 0.1 147 + 69 44+ 25 3.4+0,9
C 1000 0.0002 0.2 51+16 12+2 4.1+1,1
D 1000 0.0001 0.1 37+12 12+2 29+0,5
E 400 0.0005 0.2 215 71 2.8+0,6
F 400 0.00025 0.1 23+6 7+2 3.1+0,8

Table 2: Lengths, diameters and aspect ratios of magnetite NRs synthesised in this work.

A systematic decrease in size and aspect ratio is observed after the reduction step in oleylamine for the samples
prepared with PEI. For example, for an iron concentration of 0.2 mol/L and an Fe/PEl ratio of 1000, the akaganeite
NRs synthesised have an average length of 64 nm before reduction (Table 1, row C) while, after reduction, the
obtained magnetite NRs have an average length of 51 nm (Table 2, row C). The aspect ratio also decreased, from
5.9 to 4.1. However, the elongated shape of the NPs remained after this reduction step. The TEM images of
magnetite NRs (Fig. 1b) also reveal that the NRs appear to be hollowed. The formation of such pores has already
been observed during the reduction of akaganeite to magnetite. The logical consequence of the formation of
magnetite (p =5,2 g/cm3) from a less dense phase (akaganeite, p = 3,0 g/cm3), and the loss of mass corresponding
to the transformation of akaganeite into magnetite, is a reduction in volume, estimated at 50% by Xu et al.[32]. The
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protection of the surface by adsorbed ligands explains why these pores form inside the structure, while the NRs
retain their morphology. The role of water has also been highlighted by Wu et al.[33] who proposed that dissolution
and recrystallisation mechanisms are involved in the formation of these pores.

3.3 Aqueous phase transfer of the magnetite nanorods

The dispersions obtained in hexane after the reduction step were not very stable and the NRs tended to
aggregate and sediment. For this reason, it was decided to transfer them to water. This third step in the synthesis
procedure (Fig. 1a) led to a colloidally-stable suspension of NPs in the aqueous phase. To do so, DHCA[25], a ligand
from the catechol family, well known for its high affinity for the iron oxide surface[34], [35], was used. This affinity
had to be strong enough to displace the oleylamine adsorbed on the surface during the reduction step. The use of
this ligand is particularly advantageous, as it is soluble in THF, which allows ligand exchange to take place on the
surface of NPs in the organic phase. Then, following the addition of an alkaline reagent, deprotonation of the
carboxylic acid functions leads to a highly negatively charged surface, which causes the NPs to precipitate. After
magnetic separation, NPs can be redispersed in water, with repulsive electrostatic interactions ensuring the stability
of the dispersion.

3.4 Synthesis of silica coated magnetite nanorods (Fe30,@Si0;)

The surface coating of magnetic NPs with a layer of silica allows functional groups (NH,, SH, etc.) and polymer chains (such as
PEG) to be easily introduced by the condensation of commercial organosilanes. In addition, the silica layer can be doped with
a fluorophore, allowing fluorescence and magnetic properties to be combined in the NPs.

Afirst attempt to coat DHCA-functionalised magnetic NRs with a silica layer using a protocol developed by our group[36],
and widely used with citrated spherical magnetic NPs[37], was unsuccessful. This protocol, inspired by the pioneering work
of Stober et al.[38] involves the hydrolysis and condensation of organosilanes in an alcoholic medium in the presence of
ammonia. The particles obtained using this protocol were larger than the original magnetite NRs, due to the coating of large
aggregates of NRz embedded in a layer of silica.

To achieve a more individual coating of the NRs, the magnetite NRs were first pre-functionalised with PAA. The increased
number of carboxylic acid functions on the surface of the NPs, provided by PAA, compared to DHCA, probably improves the
stability of the NPs in the synthesis medium and thus favours a more individual coating of NPs. Moreover, the carboxylic acid
functions of the polymer on the surface of the NPs can also be involved in the condensation reactions, thereby promoting
the growth of the silica layer onto the surface of the NPs. This modified protocol enabled NRs to be coated with a layer of
silica without observing a dramatic increase in the size of the NRs. (Figure 2).

The first step in the coating protocol consists in the hydrolysis and condensation of TEOS to form the silica layer
(NR@SiO,). The second step involves the functionalisation of the silica surface by functionalised organosilanes. To compare
their contribution in terms of colloidal stabilisation and reduction of protein adsorption, two organosilanes were used, one
functionalised by a short PEG chain (NR@SiO,-PEG) and the other by a zwitterionic sulfobetaine molecule (NR@SiO,-ZSSi)[28].
Both of them were also functionalised with rhodamine B, in order to obtain fluorescent magnetic NRs[39].

3.5 Characterization

From now on, all the results presented and discussed will be related to sample D, which was chosen because its morphology
is the most suitable one for the future biomedical applications envisioned.

Akaganeite and magnetite NPs were characterised by X-ray powder diffraction (Figure 3A). The diffractogram obtained for
the akaganeite NPs shows three characteristic peaks associated with the (31 0), (21 1) and (52 1) planes (ICDD Card No. 34-
1266), while the one obtained for the magnetite NPs corresponds well to the expected spinel structure, with six diffraction
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peaks for (220),(311),(400),(422),(511)and (4 40) planes representing the face centred cubic structure (ICDD Card
No.72-8151). These two diffractograms confirm that akaganeite NPs were obtained during the first step and that akaganeite
was reduced into magnetite during the second reduction step.
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Fig. 3 A) XRD diffractograms of akaganeite (NR(B-FeOOH), black line) and magnetite (NR(Fe304), blue line) NRs. B)
XANES analysis of magnetite NRs (squares: experimental points; black curve: double normal law fit; black crosses:
residues; light blue curve: contribution of Fe(ll), dark blue curve : contribution of Fe(lll)).

The lattice parameter a of the face-centred cubic spinel structure of magnetite NRs was determined according to equation
(1):
a=-—— 0 2 k412 (1)

- 2 sin(Bhkl)

where A, is the wavelength of the copper Kq X-ray source (1.54 A), Bny is the diffraction angle and h, k, | are the Miller indexes
of the crystalline planes.

Avalue of 8.387 + 0.011 A was thus obtained, in perfect agreement with the value of 8.390 A expected.

The physical diameter of the magnetite NRs was then determined using the Scherrer equation (2):

_ 0,892,
- Bcoso (2)

where f3 is the full-width at half-maximum of the considered diffraction peak.

A diameter of 11 + 1 nm was thus calculated, which is consistent with the average diameter of 12 + 2 nm for sample D
determined by size analysis using TEM micrographs.

In order to obtain a quantification of the stoichiometry of the magnetite samples, XANES at Fe K-edge analyses were
carried out (Figure 3B). After correcting[40] and normalising[41] the data, the pre-peak is modelled by the deconvolution of
two Gaussians centred at 7112.1 eV and 7113.5 eV, corresponding to the contributions of Fe(ll) and Fe(lll) ions
respectively[42]. The ratio Fe(ll)/Fe(lll) is determined by the area ratio of each contribution and was equal 0.46, very close to
the theoretical ratio of 0.5 expected for magnetite. The small discrepancy corresponds to the existence of an oxidised
maghemite surface layer, but of very small thickness, estimated at approximately 0.3 nm.

A high-resolution TEM study (Figure 4) was also performed on the magnetite NRs to characterise their crystalline
structure. The high-resolution micrograph shows regularly paralleled lattice fringes indicating a monocrystalline structure,
confirmed by the single dots on the Fourier transform (FT) pattern of the selected area (insert in Figure 4). The magnetite NRs
are therefore single-crystals despite the porosity observed in the structure, meaning that pores do not prevent the continuity
and alignment of the crystal planes. Moreover, the HR-TEM image reveals that the inter-plane distance is equal to 0.3 nm,
which corresponds to the (2 2 0) crystal plane of the magnetite[43], [44].
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Fig. 4 HR-TEM image of a magnetite NR. Insert: Fourier transform of the selected area.

Figure 5A shows the magnetisation curves as a function of the applied magnetic field over the temperature range 5-250
K. Saturation magnetisation varies from 21 emu/g at 5 K to 15 emu/g at 250 K. Several factors are responsible for these much
lower saturation magnetization values than expected for bulk magnetite (92 emu/g). The 0.3 nm oxidised maghemite surface
layer is not large enough to explain this magnetisation value. Indeed, it corresponds to a maghemite mass proportion of only
about 5.6%. Its contribution to the reduction of the saturation magnetisation of NRs in comparison with that of bulk magnetite
is therefore very low. However, for such small sizes, characterised by a high surface-to-volume ratio, the phenomenon of spin
canting, i.e. the existence of a surface spin disorder layer, is probably responsible for a significant decrease in saturation
magnetisation. Mohapatra et al. showed that the thickness of this layer could be determined from the difference with the
magnetisation saturation of the bulk material and that this thickness decreased as the size of the NPs increased[45]. However,
in our case, such an estimation is not straightforward, because of the anisotropic shape of NRs and especially of their porosity,
which necessarily modifies the surface/volume ratio. The shape anisotropy of NRs may also be involved, since it has already
been shown for NRs that increasing the aspect ratio leads to a decrease in saturation magnetisation[46]. Indeed, the high
values of coercivity observed, from 470 Oe at 5 K to 150 Oe at 250 K, reveal the existence of an easy axis of magnetization
parallel to the NR axis[47]. An increase in the coercive field with aspect ratio was also demonstrated, by comparing the
magnetic properties of spherical MNPs and anisotropic MNPs. In fact, the trend towards orientation along this easy magnetic
axis rather than along the field direction, lowering the saturation magnetization, increases with the aspect ratio, i.e. the shape
anisotropy[48]. Such behaviour demonstrates that the shape anisotropy has a strong influence on the magnetic properties
of NRs.
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Fig. 5 A) Magnetisation curves as a function of the applied magnetic field over the temperature range 5-250 K B)
Field-cooled (FC) and zero field-cooled (ZFC) magnetization curves.

Field-cooled (FC) and zero field-cooled (ZFC) magnetization curves are reported in the figure 5B. No blocking temperature
is observed, confirming that the NRs are magnetically blocked in the studied temperature range (5-250 K). The Verwey
transition is not clearly observed on the ZFC curve, probably because the NRs are too small. Indeed, it has already been
reported that this transition weakens as the size of the NRs decreases, with a higher surface-to-volume ratio resulting in
higher spin surface disorder[46]. The absence of this transition for small nanoparticles may also be due to surface oxidation.
Indeed, It has been reported that the Verwey transition was not observed for nanoparticles containing even a very small
proportion of maghemite[49]. It has been shown that this transition disappears when the off-stoichiometry parameter 9,
defined as Fe3(1-8)0y, is larger than 1%[50], [51]. The mass percentage of maghemite, deduced from the Fe(ll)/Fe(lll) ratio of
0.46, is equal to 5.6%, giving a & value of 0.68%. Thus, surface oxidation alone cannot explain the disappearance of the Verwey
transition. It may therefore be due to a combination of the two factors, spin canting and surface oxidation, as previously
reported for small spherical MNPs by Mitra et al.[52].

At 300 K, the magnetisation tends to saturate at 14 emu/g and no notable coercivity is observed, indicating that the NRs
behave as superparamagnetic NPs at room temperature. As expected for superparamagnetic NPs, zero remanent
magnetisation is also observed at room temperature, which is of significant importance for biomedical applications. Indeed,
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a remanent magnetisation would lead to attractive forces between the MNPs. These must be counterbalanced by repulsive
forces, of a steric or electrostatic nature, to avoid aggregation, which is not always possible if the remanent magnetisation is
too high[53].

The hydrodynamic diameter, measured by DLS, of the magnetite NRs at different steps of their functionalization is
reported in Table 3, as well as the polydispersity index. After synthesis and transfer to the aqueous phase, the hydrodynamic
diameter remains below 100 nm, which seems to be in agreement with the sizes measured by TEM. Pre-functionalisation
with PAA resulted in a slight increase in hydrodynamic diameter, due to the polymer chains on the surface of the NRs.
Interestingly, the polydispersity index decreased after the ligand exchange from DHCA to PAA, probably due to a better
dispersion of the NRs in water. On the contrary, coating with silica results in a sharp increase in hydrodynamic diameter, as
well as an increase in the polydispersity index. This indicates the presence of larger particles corresponding to small
aggregates obtained by the coating of several NRs into the same silica shell, as well as single NRs coated with silica. This result
is in perfect agreement with the previous observation made from TEM image (Figure 2).

Hydrodynamic diameter Polydispersity

(nm) index
NR@DHCA 88 0.21
NR@PAA 102 0.12
NR@SiO, 207 0.38
NR@SiO,-PEG 284 0.25
NR@SiO,-ZSSi 216 0.34

Table 3: Hydrodynamic diameters and polydispersity indexes of magnetite NRs synthesised in this work.

The study of the surface charge, by measuring the zeta potential, as a function of pH is shown in Figure 6A. The negative
surface charge observed for magnetite NRs coated by a layer of non-functionalised silica (NR@SiO,), which is very high at
high pH values, corresponds to the deprotonation of the silanol functions (Si-OH = Si-O- + H*) on the surface of the silica layer.
The progressive protonation of these functions leads to an increase in the zeta potential as the pH decreases, to a near-zero
value at pH 2, close to the point of zero charge of silica. The same trend is observed for magnetite NRs covered by a layer of
silica functionalised by PEG chains (NR@SiO,-PEG). This proves that the silica surface, characterised by the type and
approximate proportion of silanol functions (isolated, geminal and vicinal)[54], with different acidity constants, is similar for
these two types of NPs. In opposition, magnetite NRs covered by a layer of silica functionalised by sulfobetaine molecules
(NR@Si0,-ZSSi) behave very differently, since the zeta potential scarcely changes with the pH. As the sulfobetaine molecules
are neutral overall, since they contain a quaternary ammonium function and a sulfonate function, the negative surface charge
is due to the deprotonation of some of the silanol functions. Such a trend has already been observed for silica NPs
functionalised with the same zwitterionic organosilane. However, in this previous work, the zeta potential was close to zero
whatever the pH. A very significant cross-linking of the silica layer, induced by a heating step, leading to the almost complete
disappearance of the silanol functions on the surface, was proposed to explain this evolution as a function of pH[27]. In our
case, the most plausible explanation would be that the surface is strongly cross-linked and that only certain very acidic silanol
functions, of a geminal (pKa = 2.9) or vicinal (pKa = 2.1) nature[55], remain. These residual silanol functions, protonated at
very acidic pH, would explain this zeta potential, less negative than for non-functionalised silica at pH 7, but more or less
constant up to pH 2.
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Fig. 6 A) Zeta potential as a function of pH of magnetite NRs coated by silica (NR@SiO,, black diamonds), and further
functionalised with PEG chains (NR@SiO,-PEG, dark blue squares) or with sulfobetaine molecules (NR@SiO,-ZSSi, light blue
circles). Solid curves are only a guide for the eye. B) SAXS spectra of magnetite NR (NR, dark blue) and of magnetite NR coated
by silica (NR@SiO,, light blue).

A small-angle X-ray scattering (SAXS) study was also carried out to elucidate the structure of the NRs in solution both
before and after the silica coating (Figure 6B). Similar results were obtained for both types of particles. At low values of g, the
non-zero slope of the curve indicates that some of the NRs are interacting, hence a partial state of aggregation of the NRs in
solution. At medium g values, the slope measured is intermediate between g2 (characteristic of lamellar particles) and g3
(characteristic of more complex structures), and not proportional to g as expected for cylindrical nanorods.

To get a deeper insight of the shape of the NRs, before the silica coating, scanning electronic microscopy (SEM) was
performed on NRs functionalised with DHCA (Figure 7). SEM enables objects to be viewed in three dimensions, so they can
be observed from the front as well as in side, contrary to TEM. Side views revealed that the thicknesses of the NRs seem to
be different from their diameters, i.e. that three dimensions could be needed to describe them: length, diameter and
thickness. Further studies would therefore be necessary to elucidate the real shape of these nanostructures.

Side view

- -

Front view

Fig. 7 Scanning electron microscopy image of magnetic NRs.

3.6 Protein adsorption studies

Preventing protein adsorption is one of the greatest challenges facing the use of magnetic NPs for biomedical
applications[26], [56]. In this context, the silica shell surface of the coated magnetic NRs (NR@SiO;) was functionalised either
by short PEG chains (NR@SiO,-PEG) or by zwitterionic sulfobetaine molecules (NR@SiO,-ZSSi), both well known to limit
protein adsorption thanks to their strong hydration layer[57]. Although the interactions with the water molecules are of
different nature, the same mechanism explains their resistance to protein adsorption. The interactions with the water
molecules on the surface, by hydrogen bonding in the case of PEG chains[58] and by electrostatic interactions in the case of
sulfobetaine molecules[59], [60], prevent the displacement of the water molecules bound to the surface and subsequently
the adsorption of proteins. While these two types of surface functionalisation are widely studied, only a few comparative
studies of protein adsorption on the surface of similar NPs can be found[61] and none, to the best of our knowledge, about
magnetic NPs.

A preliminary study consisted in evaluating the stability of the two types of NPs in a cell culture medium by DLS. No
aggregation was observed after dispersion of the NPs in the culture medium. The hydrodynamic diameters measured are of
the same order of magnitude as those reported in Table 3, i.e. approximately 220 nm for NR@SiO,-ZSSi and 280 nm for
NR@SiO,-PEG. After one hour of incubation at 37°C in the culture medium, no significant change in hydrodynamic diameter
was measured, confirming the good colloidal stability of these NPs in cell culture medium.
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Next, the adsorption of a fluorescent model protein (GFP) was studied using rhodamine-fluorescent NRs. The use of
fluorescent NPs enables the quantity of protein adsorbed to be standardised to the quantity of NPs effectively present in the
sample. Indeed, washing steps, during which losses of NPs may occur, are required to eliminate proteins not bound to the
surface after incubation. Thus, Figure 8 shows the ratio between the concentration of adsorbed proteins and the
concentration of NPs, both determined by measuring their respective fluorescence intensities.
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Fig. 8 A) Schematic diagram of the experiment carried out to measure protein adsorption. B) GFP adsorbed
standardised by the quantity of NPs as a function of GFP introduced for NRs functionalised with PEG chains (NR@SiO2-
PEG, blue squares) or with sulfobetaine molecules (NR@SiO2-ZSSi, blue diamonds). Solid lines are only a guide for the
eye.

Surface functionalisation by zwitterionic sulfobetaine molecules was found to be much more effective in limiting protein
adsorption. The quantity of proteins adsorbed is almost three times greater in the case of NPs functionalised by PEG chains,
at all the protein concentrations studied. This greater efficiency of the sulfobetaine molecules in reducing the adsorption of
the GFP is due to the greater stability of the NP hydration layer. Clearly, the water molecules interact more strongly with the
surface by electrostatic interactions, in the case of sulfobetaine molecules, than by hydrogen bonding, in the case of PEG
chains. They can therefore be more easily displaced from the surface, resulting in greater protein adsorption. Indeed, protein
adsorption is an enthalpically unfavourable process, but the displacement of water molecules and counter ions during the
pairing of the charged sites of the proteins with the surface charges provides a favourable entropic contribution. If this
entropic contribution is sufficiently large to counterbalance the enthalpy of adsorption, then the free enthalpy of the protein
adsorption process is negative and protein adsorption is spontaneous[61]. These results, combined with those of other
studies highlighting intrinsic defects in PEG, such as its structural instability and immunogenicity[62], confirm that
functionalization of the NPs surface by zwitterionic molecules is preferable to limit protein adsorption.

4. Conclusions

In summary, the two-step synthesis procedure studied produces magnetite NRs with a controlled shape and a high aspect
ratio. The influence of the [PEI]/[Iron] ratio on the size of the akaganeite NRs obtained in the first step is predominant in the
iron concentration range studied. The use of PEIl also makes it possible to limit the polydispersity of the synthesised NPs to
some extent. The reduction in the second step, using oleylamine as a solvent and reducing agent, effectively converts
akaganeite to magnetite without losing the anisotropic shape of the NRs. The use of a [PEI]/[Iron] ratio = 1000 for an iron
concentration of 0.1 mol/L allowed us to obtain magnetite NRs with a suitable size for the envisioned biomedical applications.
Powder XRD, XANES and HR-TEM analyses confirmed that the NRs were single-crystal magnetite NPs. The magnetometry
study revealed a relatively modest saturation magnetisation compared to bulk magnetite, counterbalanced by a much greater
coercivity than for spherical NPs. These two characteristics underline the importance of shape anisotropy on magnetic
properties.

A coating with silica enabled the surface of the magnetite NRs to be functionalised with either PEG chains or zwitterionic
sulfobetaine molecules. The DLS study indicated that the dispersions obtained were stable, even in cell culture medium, for
which no significant hydrodynamic size increase was observed. The zetametry study revealed an unusual behaviour for
sulfobetaine-functionalised NRs, with an almost constant zeta potential over the entire studied pH range.

Surface functionalisation with these zwitterionic molecules reduces non-specific protein adsorption by a factor of around
three compared to the functionalisation with PEG chains. This study therefore confirms the advantage of surface
functionalization with zwitterionic groups in limiting protein adsorption, due to a more stable hydration layer with water
molecules more strongly bound to the surface by electrostatic interactions.

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/



Such magnetic NRs, characterised in particular by their high colloidal stability and their low non-specific adsorption of
proteins, are promising candidates for future biomedical applications. Their anisotropic shape could be the key to giving them
specific properties, different from their spherical counterparts, for diagnostic or therapeutic applications.
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