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Ferromagnetic nanoparticles are covalently modified in order
to enhance the dispersion stability as well as the antifouling
properties. Insertion of an azide moiety allows “click”-
reaction of a relevant tag molecule. This and the high
saturation magnetization of the presented nanocomposite
offer a promising platform for magnetic biosensors.

Since the commercial implementation of blood glucose monitoring
devices for diabetes patients or pregnancy tests, biosensors were
accepted as a fast and reliable high-end analytical method.' In
addition to optically based detection methods, target molecules
could also be detected and quantified by magnetically based
techniques.? For these applications nano-sized magnetic particles®
seem to be most promising.* In case of medical diagnostic systems
the requirements for particles include dispersability in aqueous
solution, uniformity of particle sizes, minimization of unspecific
high magnetization.
Furthermore, an efficient method for the attachment of biomolecules

binding (biofouling) and saturation
to the surface of the magnetic labels is crucial.® Ferromagnetic pure
metallic nanomagnets (e.g. carbon coated cobalt nanoparticles
(C/Co)® show a substantially higher saturation magnetization
compared to the often used superparamagnetic iron oxide
nanoparticles’, making them a promising candidate for biosensing
applications. However, these ferromagnetic nanoparticles usually
exhibit several drawbacks for biological or bio-medical applications
namely their inferior dispersion stability (formation of agglomerates)
in biological relevant solvents, their high unspecific binding
tendency with proteins due to their hydrophobic surface and the
difficulty of reliably attaching a desired molecule. This creates an
urgent need for a material, which combines the advantageous
properties  of (high
superparamagnetic (dispersion stability) nanoparticles. Polymer
coating of particles allow achieving this goal by building a defined

organic layer on the inorganic core.® This organic layer not only gives

ferro- saturation magnetization) and

new surface properties to the organic-inorganic colloids and
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therefore changes the particle properties (in terms of hydrophilicty,
aggregation tendency etc) but also gives the particles the
processability of a polymer.? Installation of polymer coatings can be
done in various ways and can be grouped into in situ coatings and
post-synthesis coatings.'” The post-synthesis coating method
consists of grafting the polymer on the magnetic particles after
synthesis. An often used method is polymer growth from the
particles surface by atom transfer radical polymerization (ATRP) as a
“grafting from” approach.’ A key advantage of this controlled radical
polymerization is the possibility to achieve well-defined polymers in
terms of thickness and composition. Post-modification of the
polymer layer enables introduction of various chemical
functionalities for instance via active esters, Diels-Alder cycloaddition,
Michael addition, thiol-ene addition, epoxides, isocyanates, copper-
catalyzed azide-alkyne cycloaddition (CuUAAC) and combinations of
them."

nanocomposite with

Here, we describe the formation of a ferromagnetic
unprecedented dispersion stability and
enhanced antifouling properties by specific “grafting from” surface
modification with a covalently attached, negatively charged block-
copolymer. Post-modification of this material by the well-known
“click”-reaction'?, allows the attachment of various desired target
molecules. These properties enable applications of this highly
demanded magnetic platform for biosensor applications.

The ferromagnetic particles presented here are based on carbon
coated cobalt nanoparticles. They are composed of a metal core and
thin graphene-like protection layers (ca. T nm) which allow covalent
attachment of a broad scope of functional groups to the surface.® The
synthesis of this dispersion-stable, ferromagnetic nanocomposite is
shown in Scheme 1. After covalent implementation of a starter-
moiety for surface initiated atom transfer radical polymerization (SI-
ATRP) to the C/Co-particles (C/Co@initiator 1),"* negatively charged
3-sulfopropyl methacrylate (SPM, 2) was polymerized to the particles
to yield C/Co@pSPM (3). The covalent nature of the binding prevents
detachment of the polymer strands, as it possibly occurs in the case
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Scheme 1: Covalent functionalization of carbon coated cobalt nanoparticles.
Diazonium chemistry and amidation were used to generate C/Co®initiator (1)
for SI-ATRP of 3-sulfopropyl methacrylate potassium salt (SPM, 2) to yield
C/Co@pSPM (3). Glycidyl methacrylate (GMA, 4) was copolymerized to
C/Co@pSPM (3) to obtain C/Co@pSPM-b-pGMA (5). Azide functionality was
introduced by epoxide ring-opening to yield C/Co@pSPM-N; (6). Different
molecules obtaining a propargyl group (7) can be coupled to the magnetic
nanoparticles by copper-catalyzed-azide-alkyne cycloaddition (CUAAC) to obtain
C/Co@pSPM-clicked (8). Catalytic system: copper(ll)bromide (CuBr,;), 2,2’-
bipyridine, L-ascorbic acid.

of physisorption. The polymer helps to stabilize dispersions and to
avoid aggregation by steric hindrance and electrostatic charge
repulsion as previously shown for charged coating.'”®> Longer SPM-
polymer chains afford a better colloidal stability, but lower the overall
magnetization of the material (see equation S1). This opens the
possibility to tune the particle properties concerning colloidal
stability and overall magnetization specifically for a given application.
Usage of too short polymers (less than 6 SPM units) resulted in
unstable dispersions as measured by sedimentation analysis using
analytical centrifugation (see Fig. 1, Table S3, S4 and Fig. S10).
Moreover, the negatively charged polymer SPM is known for its
antifouling properties under relevant aqueous conditions.' In order
to couple a molecule of interest to the magnetic nanocomposite,
copper-catalyzed azide-alkyne cycloaddition (CUAAC), also known as
“click”-reaction, was chosen as one of the most often used coupling
systems in biochemistry (mild conditions, high yields)."”” Attempts to
directly substitute the bromine end-group of C/Co@pSPM (3) by
azide, failed possibly due to charge repulsion between SPM and the
azide ion. Glycidyl methacrylate (GMA, 4) was therefore polymerized
onto C/Co@pSPM (3) to generate the block-copolymer C/Co@pSPM-
b-pGMA (5). The GMA unit offers the possibility of post-modification
in order to insert the azide by epoxide ring-opening, as previously
shown.'® By standard “click’-chemistry a desired substrate linked with
an alkyne (7) can be reliably attached to the magnetic composite
beads. Particles were washed after each reaction step by magnetic
decantation of the reaction solvent and redispersion in different
solvents. Then they were dried in vacuo (see Fig. S4). All reaction
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length of about 6 SPM units per ATRP initiator.

steps were analysed by Fourier transform infrared spectroscopy (FT-
IR) (see Fig. S5) and elemental microanalysis (see Table S1 for results
and discussion). Incorporation of the azide moiety in C/Co@pSPM-Ns
(6) was confirmed by the characteristic azide-vibration peak
appearing at 2108 c¢cm™. The successful coupling of a propargyl
derivative (using the example of biotin-PEGs-alkyne) was confirmed
by the decline of this azide-vibration peak and the appearance of
peaks the
polyethyleneglycol-part of the coupled biotin-PEGs-alkyne (see Fig.

new corresponding  to amid-, urea-, and

S5). We furthermore quantitatively characterized some key
intermediates of our material by thermal gravimetric analysis (see Fig.
$1-S3). By

micrographs (STEM) of non-functionalized and functionalized cobalt

comparing the scanning transmission electron
nanocomposites, it can be observed that the functionalized particles
are clearly separated from each other while the non-modified
nanoparticles stick together and form aggregates (Fig. 2a) and b)).
These findings indicate that the covalently attached polymer brushes
indeed grew from the surface (see also Fig. S7 for STEM pictures of
3)'3. Average particles size of C/Co@pSPM-clicked (8), determined by
optical diameter analysis, is 27 + 19 nm (measured from STEM Fig.
S8). Successful polymerization was additionally confirmed by
(TEM),

surrounding the metal core is clearly visible (Fig. 2c).

transmission electron microscopy where the coating
As mentioned before, dispersion stability in relevant solvents is one
of the key properties of nanoparticles in bio-medical applications.”
The functionalized particles C/Co@pSPM (3) are not only substantially
more stable compared to the non-modified particles in water but
also in biologically relevant phosphate buffered saline (PBS), PBS with
dissolved albumin (50 mg/mL) and Eagle’s minimal essential medium
(DMEM) (Fig. 3). Negative polymer charge is essentially necessary, as
particles coated with cationic poly[3-(methacryloyl amino)propyl]
trimethylammonium chloride (pMAPTACQ)" lack this stability in
aqueous buffer and cell-medium. Conclusion about dispersion
stability can also be drawn from particle size distribution

measurements using analytical centrifugation. An average
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Fig. 2: Scanning transmission electron micrographs (STEM) of (a) non-
functionalized C/Co and (b) C/Co@pSPM-clicked (8). The coated nanoparticles
show clear separation of the individual nanoparticles. The transmission electron
micrograph (TEM) of C/Co@pSPM-clicked (8) (c) shows again the separation as
well as the polymer layer surrounding the metal core.
C/Co@pSPM (3) is shown in (d).
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Fig. 3: Stability test of dispersions of non-functionalized C/Co-nanoparticles (a),
C/Co@pSPM (3) (b) and positively charged pMAPTAC coated C/Co-
nanoparticles13 (c) in different media at a concentration of 1 mg/mL. The non-
functionalized particles completely settled after 1 h while the nanoparticles
containing covalently coated negatively charged polymer (3) still form stable
dispersions after 48 h in all media. Poly[3-(methacryloyl amino)propyl]

trimethylammonium chloride (pMAPTAC) coated particles show enhanced
stability in water but lack this stability in buffer and cell-medium.

hydrodynamic particle size of around 35 nm for C/Co@pSPM-Ns3 (6) in
four different media (H>O, PBS, PBS with albumin and DMEM) was
found (see Table S2 for sedimentation analysis results of analytical
centrifugation of 3 and 6). This suggests good dispersion stability in
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all media. In addition, dynamic light scattering (DLS) measurements
of C/Co@pSPM (3) and C/Co@pSPM-Ns (6) in water over 24 minutes
showed no cluster growth (see Table S6). As the stability in dispersion
directly correlates to the surface potential, the zeta potential gives
additional evidence for the dispersion stability.”” Comparing the
particles following the reaction path direction from C/Co to
C/Co@pSPM-Ns (6), the highest zeta potential (-47 £ 6 mV) is
observed for C/Co@pSPM (3) (Fig 4). After insertion of the non-
charged GMA as a block-copolymer and post-modification with
azide, the negative charge of poly(SPM) is shielded to some extent
and the zeta potential of C(/Co@pSPM-Ns (6) is reduced to -26 + 4 mV.
However, the complete functionalized nanoparticles C/Co@pSPM-N3
(6) still show a zeta potential higher than non-functionalized
superparamagnetic nanoparticles. Ferromagnetic C/Co feature
higher saturation magnetization (151 emu g™)® than the iron oxide
counterpart (max. 92'® emu g”, depending on synthesis route'). In
both cases the saturation magnetization per gram particles is
lowered by the coating process (as coating involves mass gain).?°
However, the azide functionalized cobalt nanoparticles C/Co@pSPM-
Ns (6) still possess a saturation magnetization (93 emu g') in the
range of non-functionalized iron oxide (see Fig. S11 for plots of
magnetic hysteresis susceptibility of C/Co, 3 and 6) while the
saturation magnetisation of commercial dextran-coated iron oxide
nanoparticles drops to 7 emug’' of particles (Fig. 4). This low
magnetization level makes magnetic detection and movement by
application of a magnetic field difficult.?-2°
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Fig. 4: Saturation magnetization (black) and zeta potential (grey) of non-
functionalized C/Co nanoparticles, C/Co@pSPM (3), C/Co@pSPM-N3 (6) and
different commercially available reference materials (plain iron oxide
nanoparticles (FesO,4), dextran-coated iron oxide nanoparticles (Fe;O4-dextran)
and carboxylic acid functionalized iron oxide nanoparticles (Fe304-COOH)).

As mentioned above, the antifouling nature of the nanoparticle
surface is important in biosensing applications. SPM-polymers bear
the potential to avoid or reduce fouling as shown elsewhere.* The
fouling properties of the developed particles and some reference
materials were investigated by adsorption of the enzyme (-
glucosidase from almonds on the nanoparticles.?* To quantify the
amount of adsorbed enzyme, the enzyme activity of the remaining
supernatant was measured. This was done by measuring the
absorbance of the hydrolysis product of 4-nitrophenyl (B-D-
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glucopyranoside by [-glucosidase, which The
absorbance of nitrophenol was measured as a function of enzyme

is nitrophenol.

exposure time. As shown in Fig. S13 the biofouling tendency of
C/Co@pSPM  (3) lowered by 70%
functionalized C/Co and therefore has similar fouling tendency as

was compared to non-
silica particles but slightly higher than dextran or polyethylene glycol
(PEG)-coated iron oxide nanoparticles. Insertion of azide moieties in
C/Co@pSPM-Ns (6) decreased the antifouling properties compared to
C/Co@pSPM (3).

In conclusion we demonstrate the development of novel carbon
coated cobalt nanoparticles with covalent azide-functionality and
high stability in aqueous dispersions. The high stability in dispersion
was achieved by covalent grafting of anionic 3-sulfopropyl
methacrylate from the graphene-like layers surrounding the metal
core by SI-ATRP. The subsequent formation of a block-copolymer
with GMA and post-modification enabled the introduction of azide
functionality. The proposed synthesis route allows the attachment of
various target molecules to the magnetic beads by “click”-chemistry.
The unspecific binding of proteins with functionalized carbon coated
cobalt nanoparticles was more than halved compared to their non-
functionalized equivalent (C/Co) and remains in the same range as
for silica particles. The magnetization of the developed coated
nanoparticles C/Co@pSPM-Nz (6) compared to the commercial
coated magnetite nanoparticles was substantially higher (ranging
from 2 (for FesOs-COOH) to 14 times (for FesOas-dextran)). Thus, this
material provides a promising platform for magnetic detection based
biosensors and other applications.
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