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Bionanomaterials have received increasing attention over the
last decade, owing to their potential to advance medical
science by providing novel solutions for disease diagnostics
and treatment.[1] However, bionanomaterial engineering
imposes considerable challenges, as significant design criteria
and properties, which are dictated by the specific application,
must be met. MRI-trackable magnetic nanoparticles (MNPs)
and their assemblies, which are capable of targeting specific
cell types, such as cancer cells, for image-guided treatment are
increasingly being investigated.[2] The typical design criteria
for MNPs are biomedical in nature, including cellular
selectivity (biorecognition), extended blood circulation
times and biocompatibility, there are also practical consid-
erations such as processability and scalability. Additional
MRI-specific criteria include colloidal stability and high
image contrast. The efficacy of an MNP suspension for
generating contrast by enhancing, or suppressing, a local MRI
signal is quantified by the spin–lattice (r1) and spin–spin (r2)
relaxivities, respectively. These are the water relaxation
enhancement per millimolar concentration of iron. For T1-
weighting applications (localized signal enhancement), r1

must be high, and r2 and the r2/r1 ratio must be low. Particle
aggregation increases the r2 value, so T1-weighting can only be
achieved by ensuring full MNP dispersion and long-term
colloidal stability.

Monosaccharides offer colloidal stability through charge
and steric interactions along with the possibility of cellular
targeting, and so have been used to stabilize MNPs. Recently,
MNP clusters have been prepared by encapsulation of alkyl-
stabilized MNPs using poly(maleic anhydride-alt-1-octade-
cene) followed by EDC coupling of aminated sugars.[3]

Detailed analysis of the effect of coating on cellular uptake
showed that high grafting density is critical for avoiding non-
specific cellular interaction. However, the encapsulation
approach resulted in extensive aggregation, as is usually the
case, thus limiting the possibility of use in a T1-weighting
application. Aggregation was exploited in a recent report
where clickable monosaccharides were used to stabilize MNP
clusters using complex peptide linkers,[3] which allowed
differentiation of cancer cells by quantitative profiling of
carbohydrate binding through changes in T2 (local signal
suppression). In a prominent recent example, a range of
phosphonate-functionalized sugars were used to fully disperse
MNPs, and the effect of MNP size on the T1-weighting and
hyperthermic properties in vitro were investigated.[4] How-
ever, only one sugar per linker was possible, thus limiting the
total sugar density.

Hence, there is a need for platform technologies that
maximize the surface density of functional monosaccharides
while allowing full MNP dispersion. Multifunctional polymers
have the potential to address the first issue; there have been
two recent reports of a “grafting-onto” approach for MNP
modification with glycopolymers. However, dispersion
proved not to be possible. In the first example, glycosylated
polyacrylate was grafted onto silica-coated iron-oxide
MNPs.[5] Although cellular uptake of the micron-scale
aggregates was confirmed, the magnetic component was
quite dilute. In the second example, some improvement in
colloidal control was achieved using glucosylated poly(penta-
fluorostyrene) derivatives to produce suspensions of hydro-
dynamic size (dhyd) ranging from 100–300 nm.[6] However, the
polydispersity index (PDI) from dynamic light scattering was
quite high (> 0.22), which suggests non-uniform particles.

Herein, we describe the novel combination of a polymer
“grafting-from” approach with glycosylation by click chemis-
try for preparing MNPs with a high surface density of
monosaccharides. We hypothesized that this would promote
dispersibility and, based on the important role of carbohy-
drates in cell interaction/recognition,[7] introduce biorecogni-
tion. The polymers are synthetic polypeptides and thus rely on
natural degradable building blocks (amino acids). This is the
first report of glycopeptide-grafted superparamagnetic Fe3O4

nanoparticles (GP-MNP), which exhibit excellent water
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dispersibility, optimal T1-weighting properties and selective
binding.

The synthetic method (Scheme 1) involves the prepara-
tion of highly crystalline Fe3O4 MNPs using the surfactant-
free non-hydrolytic organic phase method.[8] The MNPs were
further functionalized with 3-aminopropyl-triethoxysilane
(APTS), which has been shown to be an effective initiator
in the polymerization of amino acid N-carboxyanhydrides
(NCA) from silica nanoparticles.[9] After APTS modification,
thermogravimetric analysis (TGA) demonstrated the pres-
ence of ca. 15 mass% organic material (see the Supporting
Information) and the MNPs were fully dispersible in nonpolar
solvents, but not at all in water. The particle core diameter
(dcore) was calculated to be (8.3� 2.0) nm, based on transition
electron microscopy (TEM) images (Figure 1) with dhyd =

12.9 nm (PDI 0.14) in CHCl3. The surface-amine-initiated
ring-opening polymerization of propargyl-l-glutamate
NCA[10] afforded polypeptide grafted MNPs (which were
nondispersible in water) with clickable alkyne groups corre-
sponding to a total organic mass of 38% (APTS plus
polypeptide, based on TGA analysis; see the Supporting
Information). The success of the grafting process in forming
poly(propargyl-l-glutamate) (PPLG) on the surface was
further verified by FTIR spectroscopy. The analysis showed

distinct amide I and II bands at 1649 and 1544 cm�1, which are
characteristic of an a-helical conformation, and a glutamic
ester carbonyl band at 1725 cm�1. Glycosylation was achieved
by the Huisgen click reaction of azide-functionalized galac-
tose to the surface bound PPLG. In agreement with the
glycosylation FTIR spectra (see the Supporting Information),
a strong galactose OH signal was observed at 3296 cm�1.[11]

The glycosylation reaction was monitored by TGA analysis
and, in a typical click reaction, an increase of ca. 18% in
organic content upon glycosylation, relative to the PPLG
functional MNP precursor particles, was measured. This

increase in mass corresponds to
about 69 % click efficiency. Energy-
dispersive X-ray spectroscopy
(EDAX) analysis before and after
glycosylation also shows an increase
in nitrogen content from 2.12 to
3.96%. Despite the poor resolution
of the nitrogen peak, these values
correspond to a click efficiency
within 10% of the TGA value.

The resulting glycopeptide-
grafted particles were easily disper-
sible in water, further highlighting
the successful synthesis and exten-
sive glycosylation. In water we find
dhyd = 15.5 nm (PDI 0.12) by DLS,
and this value did not change over
a period of months (see the Support-
ing Information; stability in saline
buffer and in serum has also been
demonstrated). The low PDI value
strongly suggests that the stable
suspensions are composed of fully
dispersed MNPs, which is critical for
biological applications. This is con-
sistent with the TEM analysis, which
showed excellent quality MNPs with
particle core diameters dcore of (8.3�
2.0) nm (Figure 1).

The efficacy of GP-MNP disper-
sions for generating image contrast
was studied primarily by fast field-
cycling NMR relaxometry, or
NMRD. The technique involves the
measurement of r1 as a function ofScheme 1. Synthesis of glycopeptide-grafted magnetic nanoparticles (GP-MNPs).

Figure 1. Representative transmission electron micrographs of APTS-
functionalized Fe3O4 NPs (dTEM = (8.8�2.7) nm; left) and GP-MNPs
(dTEM=(8.3�2.0) nm; right). The scale bars are 50 nm.
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field strength (and hence 1H Larmor frequency). The profiles
provide information on the particle size and magnetization,
and more qualitative insights into the dynamics of the
moment in its local magnetocrystalline field, using the 1H
relaxation of water as a local probe. In this way NMRD can
provide unique insights into magnetic order in suspensions of
nanoparticles and their assemblies in situ.[12]

A typical NMRD profile of a GP-MNP dispersion is
shown in Figure 2. The presence of a mid-frequency minimum
is highly characteristic of superparamagnetic MNPs in
suspension. The solid line included in Figure 2 is a simulation

using SPM theory,[13] which is in very good agreement with the
experimental data. The values obtained from this simulation
are dcore = 10 nm (slightly higher than TEM), Ms =

59 emu. g�1, DEanis = 1.6 GHz, and tN = 16 ns. The low aniso-
tropy energy and rapid N�el correlation time confirm the
superparamagnetism, and hence dispersion, of the MNPs.
SPM theory is known to produce slight overestimates in core
size, but almost quantitative agreement with measured Ms

values, for fully dispersed particles.[12a, 14]The slight mid-
frequency discrepancy arises because of a change in the
relaxation mechanism in this range, which has been de-
scribed.[15]

The utility of the GP-MNP dispersions for MRI is
demonstrated by the values of the relaxivities, r1 and r2. GP-
MNPs have a high r1 of 16 s�l mm

�1 and a low r2 of 62 s�l mm
�1

at the typical clinical frequency of 61 MHz (1.5 T), which
gives an r2/r1 ratio of 3.9. In particular, the low ratio further
demonstrates that the GP-MNPs are fully dispersed in water
without any aggregation. The relaxivities confirm the applic-
ability of the suspensions for T1-weighted imaging at 60 MHz.
Furthermore, the image (Figure 2, inset) demonstrates strong
signal enhancement under T1-weighting at 120 MHz. Hence,
GP-MNPs may be useful over the human clinical MRI range.
The relaxivities also shows that the polymer chains have
minimal effect on the interaction of the magnetic moments
with bulk water.

Most known MNP-based positive contrast agents are of
slightly smaller size, and hence lower r2/r1 ratio, but also have
lower r1 values. Citrate-stabilized MNP dispersions of dhyd =

7 nm were considered as T1-agents for MRI angiography, r1 =

10.9 s�1 mm
�1, r2/r1 = 2.4.[16] The medium-term stability in

blood was an issue, this is presumably due to desorptive loss
of citrate. PEGylated Fe3O4 MNPs of the same core size,
synthesized by ligand exchange of oleate, were also consid-
ered,[17] with similar results: r1 = 7.3 s�1 mm

�1, r2/r1 = 2.4.
However, upon increasing the molecular weight of the
polymer, as would be required for optimal steric stabilization
and to achieve “stealth” effects in vivo, partial aggregation
occurred, which compromised the T1-weighting properties. By
comparison, in our case the larger core used results in
a favorable increase in r1, which is partially offset by an
increase in r2/r1; however, the T1-weighting potential remains.
The grafting-from/click-functionalization strategy provides
a robust and adaptable chemistry that ensures optimal
colloidal properties (such as the prevention of particle
aggregation, which is the key limitation for maintaining
good T1-weighting[17]), but also provides new potential for
targeting. In this regard, it is important to emphasize that the
surface chemistry we have described can be used for any
APTS-coated iron oxide or metal ferrite MNP of any size.

To demonstrate specific targeting we used galactose
functionalized GP-MNPs for binding to Ricinuscommunis
Agglutinin (RCA120) lectin.[18] Figure 3 shows that, owing to
the small size of the dispersed particles, a magnet has no effect
on the GP-MNP dispersion in water (ca. 1.5 mm). The

Figure 2. a) 1H relaxation profile (&) and relaxivity ratios (*), recorded
at 298 K in H2O, for a GP-MNP suspension, dhyd =15.5 nm (PDI 0.12).
The solid line is a simulation generated using SPM theory,[15] the
parameters used were: dcore = 10 nm, Ms = 59 emug�1, DEanis =

1.3 GHz, tN = 16 ns (see text). The inset shows a T1-weighted image
recorded at 120 MHz. From the left: 0.0, 0.008, 0.04, 0.2, and 1.0 mm

Fe. b) Determination of relaxivity, r1 (&) and r2 (*), at 9.25 MHz.

Figure 3. Dispersion of glycopeptide-grafted MNPs in water (1–2 mm)
before (A) and after (B) the addition of lectin RCA120. The addition of
lectin causes particle aggregation (arrow) through selective multivalent
binding and attraction to the magnet. C) Redispersion of MNPs
through the addition of free galactose.
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addition of RCA120 causes particle aggregation through
selective multivalent binding with the lectin, and attraction
to the magnet. When additional galactose was added to the
aggregated particles, competitive binding with free galactose
resulted in the redispersion of MNPs. When the same
experiment was carried out with Concanavalin A lectin
(Con A), which is selective for glucosyl and mannosyl but
unable to bind galactosyl residues, no aggregation was
observed, thus highlighting the specific binding properties of
the GP-MNPs.

There are no technical limits to the types, or indeed the
combinations, of functional groups that can be used. This
differentiates the current work from other approaches to fully
disperse MNPs in water, which include stabilization with low-
or intermediate-molecular-weight ligands. The most prom-
inent of the former are citrate-stabilized dispersed MNPs,
which have been assessed for clinical application;[16] however,
desorption limited their colloidal stability and there was no
potential for targeting. MNP stabilization with biologically
derived ligands of intermediate molecular weight and lower
charge (properties that reduce macrophage uptake) can be
achieved by exchanging the alkyl ligands on MNPs, which
have been synthesized by thermal decomposition, with
bifunctional silanes[19] or phosphate-modified PEG.[18] How-
ever, yields can be low and the ligand density is often limited,
in some cases compromising water stability. More recently, we
reported a novel grafting-to approach using epoxy linker
chemistry for binding amine-bearing polymers or amino acids,
which yields fully dispersed MNP suspensions.[8b] Polymeri-
zation and MNP phase transfer (from THF to water) was
achieved in a single step, which limited the possibility for
targeting with active functional groups. Indeed, those limi-
tations provided the motivation for the approach presented
herein.

In summary, we have reported the first example of
glycopeptide-stabilized hybrid MNPs, using NCA ring-open-
ing polymerization to graft an alkyne-functionalized peptide
from the particle surface followed by glycosylation through
click chemistry. This approach produces biocompatible,
monodisperse, highly crystalline superparamagnetic MNPs
that are suitable for T1-weighted MRI. Furthermore, the click
chemistry provides for any of a range of targeting (or optical)
functional groups, with lectin specificity demonstrated here.
The novel on-particle polymerization method is critical, as it
generates a high surface density of anchoring points that can
subsequently be functionalized as required. To our knowl-
edge, this is the first example of highly dispersed particles
where the density of functional groups is not limited by the
NP surface area. In ongoing work we are extending our
approach to assess the influence of the choice of sugar
group(s) and polymer chain length on the MRI properties and
the cellular uptake of MNPs. Our approach can be used to
produce biologically compatible materials: the GP-MNPs are
formed from iron oxide, amino acids, and monosaccharides,
all of which are tolerated at clinical concentrations in humans.
Finally, it should be noted that GP-MNPs could be used in
responsive, or “smart” T2-weighted MRI; with signal sup-

pression following molecular recognition and subsequent
controlled MNP aggregation.
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