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Abstract In this critical review we discuss the most recent
advances in the field of biosensing applications of magnetic
glyconanoparticles. We first give an overview of the main
synthetic routes to obtain magnetic-nanoparticle–carbohy-
drate conjugates and then we highlight their most promising
applications for magnetic relaxation switching sensing, cell
and pathogen detection, cell targeting and magnetic resonance
imaging. We end with a critical perspective of the field, iden-
tifying the main challenges to be overcome, but also the areas
where the most promising developments are likely to happen
in the coming decades.
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Introduction

Carbohydrates and their conjugates with other biomolecules
such as peptides, proteins and lipids (glycoconjugates) are
fundamental for a multitude of biological processes. For in-
stance, the carbohydrates present on the cell surface
(glycocalyx) are involved in many recognition and inflamma-
tory events, cell adhesion and cell differentiation processes
[1], and most proteins present in human blood are glycosylat-
ed and play key roles in inflammation, immunological re-
sponse, signal transduction and neuronal development [2].
Moreover, correct glycosylation is essential for the folding
of proteins and for their biological activity. Abnormal protein
glycosylation can be indicative of different diseases, such as
cancer and hepatic and autoimmune diseases [3–7]. Conse-
quently, a great deal of research is focused on the development
of efficient early diagnostic tools based on glycoprotein detec-
tion and identification. Typically, isolation and identification
of glycoproteins and their glycoforms are accomplished by
time-consuming and expensive methods, which combine sev-
eral techniques and require highly trained personnel, thus
preventing their implementation in point-of-care analysis.

Lectins are non-enzymatic carbohydrate-binding proteins
able to decipher the information encoded in monosaccharides
and oligosaccharides because of their reversible and highly
specific interactions with the carbohydrate residues present
in glycoproteins, glycolipids and glycans. The study of lec-
tin–glycoconjugate interactions not only can provide useful
information regarding the mechanisms involved in carbohy-
drate–protein interactions, but can also be a useful diagnostic
platform based on the detection and characterization of glyco-
sylated analytes in biological samples. On the other hand,
understanding of these interactions could also contribute to
the development of more efficient diagnostic and therapeutic
tools, as several infections caused by pathogens are mediated
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by the interaction between pathogenic lectins and host cell
surface glycans.

The main drawback in the study of carbohydrate–protein
interactions is the low affinity of interactions involving sugars.
Drawing inspiration from nature, which compensates the low
affinity by a multivalent presentation of the carbohydrate li-
gands, glyconanotechnology offers the possibility to develop
multivalent platforms for the study of biologically relevant
carbohydrate interactions [8, 9]. The high surface-to-volume
ratio of nanoparticles allows the introduction of a high number
of carbohydrate ligands on their surface and excellent control
over the ligand density; moreover, different ligands (carbohy-
drates, but also other types of biomolecules such as peptides,
antibodies and oligonucleotides) can be attached simulta-
neously to create multifunctional glyconanoparticles of high
complexity [1, 9].

Among the different nanoparticles, magnetic nanoparticles
(MNPs) display unique size-dependent and composition-
dependent magnetic properties that are not observed in the
bulk material. These properties have allowed the use of MNPs
for a plethora of biomedical applications, including contrast
agents for magnetic resonance imaging (MRI) [10], magnetic
hyperthermia therapy [11], drug delivery [12, 13],
bioseparation [14] and biosensing [15, 16]. MNPs are partic-
ularly suited for biosensing purposes. The magnetic back-
ground of biological samples is inherently low, therefore
allowing high selectivity and signal-to-noise ratios even in
complex-sample scenarios. Moreover, MNPs can be used to
preconcentrate the analyte before the detection step, thus en-
hancing the sensitivity of the measurement. Another advan-
tage is the possibility to merge MNP technology with
microfluidic platforms towards point-of-care diagnostic de-
vices with significantly enhanced sensitivity, speed and
efficiency.

In this critical review we discuss the last and more relevant
contributions using MNPs conjugated with carbohydrates as
specific biorecognition elements (glycoMNPs) for biosensing
applications, including magnetic relaxation switching (MRS),
cell and pathogen detection, cell targeting and MRI applica-
tions. We discuss the main synthetic routes to obtain
glycoMNPs, and we provide a critical perspective of the field
of magnetic biosensing, identifying the key challenges, as
well as the areas where the most promising developments
are likely to happen in the coming decades.

Preparation of glycoMNPs

The coating of MNPs with carbohydrates is accomplished by
two main routes: in situ during the synthesis of the MNPs and
in a post-synthetic functionalization step. One-pot, in situ pro-
cedures involve the synthesis of the MNPs in the presence of
carbohydrates, resulting in ligand adsorption onto the surface

of the MNPs. In post-synthetic methods, suitably functional-
ized carbohydrates are introduced on the surface of the MNPs
by ligand exchange, covalent linking or non-covalent
functionalization based on affinity interactions. Each
functionalization strategy has advantages and drawbacks,
and the conjugation protocol must be designed in a way that
ensures an optimal ligand presentation on the surface of the
nanoparticles. The control over the density and spatial presen-
tation of carbohydrates on the surface of glycoMNPs is crucial
for biosensing purposes, as well as for other bioapplications.
On the one hand, if the ligand coverage is excessively high,
steric hindrance can interfere with or even compromise recog-
nition events [9, 17, 18]. On the other hand, a low density of
carbohydrate ligands can promote unspecific interactions such
as adsorption of proteins present in the sample to be analysed
[19].

One-pot synthesis of glycoMNPs

Co-precipitation of Fe(II) and Fe(III) salts in the presence of
sugar derivatives (Fig. 1) is the simplest procedure to obtain
carbohydrate-coatedMNPs. Horák et al. [20] reported the first
synthesis of 2-nm D-mannose-coated iron oxide nanoparticles
via a one-pot protocol in which D-mannose was directly added
to a mixture of FeCl2 and FeCl3 in an alkaline medium. To
obtain larger (6-nm) nanoparticles, magnetite nanoparticles
obtained by co-precipitation of FeCl2 and FeCl3 were oxidized
to maghemite and coated with D-mannose in a similar fashion.
In both cases, D-mannose acts as a metal-coordinating ligand
by chelating to the Fe(II) or Fe(III) ions through the OH group
in the C-2 axial position. Carbohydrate stabilizers containing
carboxyl groups can also be used to obtain stable glycoMNPs.
Kekkonen et al. [21] synthesized magnetite nanoparticles
coated with D-gluconic acid, lactobionic acid and Ficoll® (a
sucrose-based polymer), showing that larger carbohydrate sta-
bilizers such as Ficoll® produced nanoparticles with increased
stability when compared with D-gluconic and lactobionic acid.
Baccile et al. [22] compared two one-pot synthetic routes for
the preparation of magnetite nanoparticles stabilized by
sophorolipids (natural functional glycolipids composed of
two glucose units linked to an oleic acid moiety). In the first
procedure the co-precipitation of iron salts was done in the
presence of the glycolipid (one step), whereas in the second
procedure the carbohydrate was added to the reaction flask
after the precipitation of the nanoparticles (two steps). Mag-
netite nanoparticles were obtained only in the two-step proce-
dure, whereas the one-step procedure led to poorly ordered
ferrihydrite nanoparticles, whose formation was attributed to
the complexation of Fe(III) with the COOH groups of the
glycolipid.

Although generally simple and scalable, these procedures
suffer from a lack of control over the size, crystallinity and
monodispersity of the nanoparticles. Moreover, the diversity
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of carbohydrates that can be used to decorate the surface of the
nanoparticles is rather limited.

Postsynthetic functionalization of MNPs
with carbohydrates

Ligand exchange

Carbohydrates can be introduced on the surface of previously
synthesized MNPs by a ligand exchange procedure (Fig. 2a).
One of the commonest ligand exchange strategies exploits the
affinity of phosphonate groups for the surface of iron oxide
nanoparticles. Lartigue et al. [23] reported the first example of
water-soluble rhamnose-coated iron oxide nanoparticles

obtained by replacement of oleic acid and oleylamine ligands
with phosphonate-functionalized rhamnose. Importantly, no
leakage of rhamnose molecules from the surface of the nano-
particles was observed even on intense sonication at physio-
logical pH, confirming the ligand attachment through strong
iron–phosphonate bonds. Similarly, peracetylated mannose
and ribose modified with phosphonate groups were used to
illustrate the versatility of the approach [24]. Recently, Nativi
et al. [25] designed a multivalent glycoconjugate nanoprobe
based on iron oxide nanoparticles functionalized with a mi-
metic of the α-Tn antigen (a glycan antigen which is
expressed in carcinoma-associated extracellular glycoproteins
called mucins). The structures of the α-Tn antigen and its
mimetic are depicted in Fig. 2b; the synthetic carbohydrate

Fig. 1 Examples of
carbohydrates used for direct
synthesis of magnetic
glyconanoparticles (glycoMNPs)

Fig. 2 a The ligand exchange reaction. b Structure of the α-Tn antigen
and its mimetic used in the ligand exchange reaction. c Diblock polyeth-
ylene glycol glycopolymers bearing phosphonate groups.MNPmagnetic

nanoparticle. (b Adapted from [25] with permission of the Royal Society
of Chemistry; c adapted from [26] with permission of the Royal Society
of Chemistry)
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maintains the key recognition elements of the native α-O-gly-
copeptide and incorporates a linker functionalized with termi-
nal phosphonate groups for anchoring to the surface ofMNPs.
By inductively coupled plasma determination of the percent-
age of phosphorus in the functionalized MNPs, Nativi et al.
estimated an average grafting density of 338 α-Tn mimetics
per nanoparticle, which corresponds to 0.84 molecules per
square nanometre. This indicated an almost complete cover-
age of the MNP surface with carbohydrates. Basuki et al. [26]
reported the coating of iron oxide nanoparticles with diblock
glycopolymers bearing phosphonic acid groups at one end and
different sugars (α-D-mannose,α-D-glucose and β-D-glucose)
at the other end (Fig. 2c). X-ray photoelectron spectroscopy
data confirmed that the polymer attachment to the surface of
the nanoparticles occurred through Fe–O–P bonds. All
glycoconjugates displayed similar carbohydrate surface den-
sities (about 225 sugar molecules per 10-nmMNP, as estimat-
ed f rom thermogravimet r ic ana lys i s da ta ) . The
glyconanoparticles showed good colloidal stability in water
(more than 3 months), in N-(2-hydroxyethyl)piperazine-N′-
ethanesulfonic acid buffer and in the presence of bovine serum
albumin with no signs of aggregation.

The ligand exchange strategy can be applied also to hybrid
MNPs, as reported by Gallo et al. [27], who prepared gold-
coated metal-doped ferrite glyconanoparticles. Gold has a
number of advantages as a coating material for MNPs as it
protects the magnetic core against oxidation, increases bio-
compatibility and provides a platform for further
functionalization, without affecting the magnetic properties
of the core. In this work, superparamagnetic ferrite
nanocrystals coated with gold were transformed into water-
soluble ferrites (glycoferrites) by replacement of the hydro-
phobic oleic acid and oleylamine ligands with thiolated sugars
by means of gold–thiol bonds. Different neoglycoconjugates
of lactose, D-glucose and N-acetyl-D-glucosamine were used
to obtain glycoferrites with 100 % sugar surface coverage.
Importantly, this methodol allows tuning of the carbohydrate
surface density. For example, glycoferrites with a 50 % car-
bohydrate density were obtained with a 1:1 mixture of
neoglycoconjugate and a thiolated carboxylic acid in the li-
gand exchange step (Fig. 3). The carboxyl groups available on
the surface of the glycoMNPs can be used as anchoring points
for further functionalization to yield (immuno)fluorescent
glycoMNPs [28–32].

Covalent functionalization with carbohydrates

One of the most straightforward and widely used covalent
methods to construct MNP glycoconjugates is the classic amide
bond formation mediated by carbodiimide coupling reagents
such as water-soluble N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC). The amide coupling
can be done between MNPs bearing carboxyl groups and

amino-functionalized carbohydrates or vice versa. However, a
many examples reported in the literature use amino-
functionalized MNPs and carboxylated sugars, most likely be-
cause of the relatively easy functionalization of MNPs with
ligands containing amine groups. Our group has reported an
optimized method for the synthesis of water-soluble magnetic
iron oxide nanoparticles using an amphiphilic polymer,
poly(maleic anhydride-alt-1-octadecene) [19]. Each anhydride
unit yields two carboxylic acid groups on alkaline hydrolysis;
this not only results in stabilization of MNPs in water over a
broad pH range (4–11), but also provides a relatively high den-
sity of COOH groups for further functionalization. Under stan-
dard amide coupling conditions, COOH groups were reacted
with NH2 groups of 4-aminophenyl β-D-glucopyranoside and
4-aminophenylβ-D-galactopyranoside, respectively, to yield the
correspondingMNP glyconconjugates (Fig. 4a) [19, 33]. A sim-
ilar protocol was used to successfully functionalize gold-capped
magnetite nanoparticles with glucose [34].

Park et al. [35] very recently reported the synthesis of fluo-
rescent MNPs for the study of lectin-associated interactions in
mammalian cells. Commercially available cobalt ferrite
MNPs coated with a layer of silica containing rhodamine B
isothiocyanate as a fluorescent probe were coupled to β-
aminoethylated fucose-bearing oligosaccharides (Fig. 4b)
with EDC. They estimated the glycan conjugation efficiency
indirectly by labelling the remaining rhodamine B carboxyl
groups with another fluorescent dye (Cy5), and concluded that
approximately 80 % of the initial COOH groups were func-
tionalized with the three saccharides.

As mentioned before, most covalent functionalization
routes involving amide bond formation consist of the intro-
duction of amine groups onto the surface of the MNPs and
subsequent coupling with carbohydrates bearing carboxyl
groups or other functional groups reactive towards amines.
There are several protocols to decorate MNPs with amine
groups. In one approach, the coating polymer (typically dex-
tran used in the co-precipitation procedure to stabilize the
MNPs) is cross-linked with epichlorohydrin, followed by
treatment with ammonia. The sugar can be then linked to the
amino-functionalized nanoparticles via classic amide bond
formation or by use of N-hydroxysuccinimide-based bifunc-
tional cross-linkers. Following this approach, Kouyoumdjian
e t a l . [36] repor ted the synthes i s o f magne t i t e
glyconanoparticles functionalized with approximately 100 si-
alic acid copies per nanoparticle for the detection of β-
amyloid aggregates by MRI. Similarly, amino-functionalized
silica MNPs were modified with carboxylic groups and deco-
rated with Lewis X (LeX) and sialyl LeX (sLeX) with use of the
N-hydroxysuccinimide linker [37]. These glycoMNPs were
used as a magnetic resonance contrast agent for imaging
poststroke endothelial inflammation in mice. In an elegant
example of rational glyconanoparticle design, van Kasteren
et al. [38] used S-cyanomethyl as a Bmasked^ functionality
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Fig. 3 Ligand exchange reaction
for the preparation of glycoferrites
with different carbohydrate
surface coverage. (Adapted from
[27] with permission of the Royal
Society of Chemistry)

Fig. 4 a Functionalization of magnetic nanoparticles with amphiphilic
poly(maleic anhydride-alt-1-octadecene) (PMAO) and covalent
attachment of glucose. b Synthesis of fluorescent MNPs via covalent
conjugation of amino-oligosaccharides to carboxylic acid groups present

on the surface of the nanoparticles. EDC (3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride. (a Adapted from [19] with permission
of the Royal Society of Chemistry; b Reprinted with permission from
[35], copyright 2015 American Chemical Society)
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through the synthesis of oligosaccharides of increasing com-
plexity, from monosaccharides to tetrasaccharides. In the last
step of the assembly of the glycoconjugates, the S-
cyanomethyl moiety was activated to react with the amine
groups present on the surface of amino-dextran-coated iron
oxide nanoparticles. This procedure allowed the synthesis of
glycoMNPs bearing multiple (105–107) copies of the
tetrasaccharide sLeX, whose interaction with selectins plays
a key role in the first stages of the inflammatory cascade.
The resulting glyconanoparticles were successfully used for
in vivo imaging of brain lesions (for a critical discussion re-
garding magnetic resonance applications of the glycoMNPs
described in [37–39], see BImaging^).

Alternatively, the surface of MNPs obtained by co-
precipitation can be functionalized with aminosilane deriva-
tives in a sol–gel process to yield amino-functionalized
MNPs, which can be used as platforms to construct multifunc-
tional glycoconjugates. For example, Lai et al. [39] synthe-
sized HepG2 cancer cell targeting glycoMNPs incorporating a
fluorescent dye (Cy3) and galactosyl derivatives of different

valence (triantennary 1a, 1b and monoantennary 2a) and
length (resulting in different ligand spatial presentation on
the MNP surface). The ligands were attached to the amino-
functionalized MNPs by bis(N-hydroxysuccinimide) chemis-
try (Fig. 5). Lai et al. demonstrated that the cellular uptake of
the multifunctional glyconanoparticles by HepG2 cells was
strongly influenced by the spatial orientation of the galactosyl
ligands. The short triantennary conjugate 1a, in which the
distance between galactose units is approximately 2.5 nm,
corresponding to the spatial separation of the galactose-
binding site of the lectin asialoglycoprotein receptor (AGSP-
R; which mediates endocytotic uptake of glycoproteins),
showed the most efficient internalization. Conversely, the tri-
valent derivative 1b, with a longer distance between galactose
moieties (3.5 nm), showed a cellular uptake similar to that of
the monovalent counterpart 2a. GlycoMNPs bearing glucose
(2b) and sialic acid (2c) were synthesized following the same
strategy and were used as negative controls to demonstrate
that the cell internalization was governed by the specific rec-
ognition of galactose moieties by lectin.

Fig. 5 Synthesis of monoantennary and triantennary fluorescent glycoMNPs. DMF dimethylformamide. (Adapted from [39] with permission of John
Wiley & Sons)
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Huang and co-workers [40, 41] reported the synthesis of
glyconanoconjugates obtained by immobilization of carbox-
ylic acid derivatives of different monosaccharides (glucose,
galactose, mannose and sialic acid) on amine-functionalized
MNPs. In this approach, amine groups were introduced onto
the surface of magnetite nanoparticles by silanization with 3-
aminopropyltriethoxysilane. However, the synthesis of the
carboxylated sugars involved several reaction steps, including
hydroxyl group protection and deprotection. From a synthetic
economy point of view, conjugation methods compatible with
the use of native, unprotected carbohydrates are desirable. To
this end, the same authors explored the use of copper-
catalyzed azide–alkyne Bclick^ cycloaddition reaction of
azido-functionalized MNPs with an unprotected N-
acetylglucosamine derivative bearing an alkyne residue. The
disappearance of the azide peak at 2095 cm-1 in the infrared
spectra confirmed the successful immobilization of the
alkynyl-N-acetylglucosamine on the MNPs.

As already mentioned, the density of carbohydrate ligands
on the surface of glycoMNPs plays a key role in their stability
and cellular uptake, as well as in recognition events [9]. Thus,
control of functionalization is essential. Borase et al. [42] re-
ported a combined strategy for the glycosylation of MNPs

coated with 3-aminopropyltriethoxysilane, consisting of an
alkyne polymer grafting followed by click chemistry using
unprotected galactosyl azide (Fig. 6). The method yielded
stable, water-soluble and monodisperse glycoMNPs with a
high surface density of galactose ligands. This is the first ex-
ample of a nanoglycoconjugate whose surface ligand cover-
age is not limited by the surface area of the nanoparticle. The
polymer grafting introduces a high number of functional
groups that can be further derivatized on demand; moreover,
this grafting/click functionalization approach can be adapted
to other nanoparticle systems with a similar silane-coated sur-
face, regardless of their sizes.

The potential of click chemistry for developing
glycoMNPs using unprotected sugars of higher structural
complexity has also been demonstrated. For instance,
Rouhanifard et al. [43] reported the synthesis of MNPs coated
with poly(acrylic acid) and further functionalized with
propargylamine. Click reaction with azido-LeX was then done
to yield multivalent LeX-functionalized MNPs for detection
and separation of dendritic cells (DCs; for more details, see
BPathogen and cell isolation^ and Fig. 13, panel a).

Pfaff et al. [44] exploited the thiol–ene reaction (another
standard click reaction widely used in bioorganic chemistry

Fig. 6 Synthesis of
glycopeptide-grafted MNPs.
(Adapted from [42] with
permission of John Wiley &
Sons)
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and materials science) between silica-encapsulated MNPs
functionalized with methacrylate groups and thiolated fluores-
cent glycopolymers to construct multifunctional glycoMNPs
for optical imaging. The main advantage of the thiol–ene re-
action over the copper-catalyzed azide–alkyne cycloaddition
strategy is the elimination of the copper catalyst, whose use
can result in increased cytotoxici ty even at low
concentrations.

Another covalent functionalization strategy to introduce
carbohydrates on the surface of MNPs relies on photoinitiated
coupling of saccharide derivatives to MNPs bearing
perfluorophenylazides (Fig. 7) [45, 46]. On irradiation with
UV light, the azide group is transformed into a highly reactive
nitrene functionality that can insert into CH and NH bonds.
This approach has been used to functionalize MNPs of differ-
ent compositions and geometries (spindle-type hematite and
spherical magnetite nanoparticles) with monosaccharides and
polysaccharides (D-mannose, D-maltoheptaose and β-cyclo-
dextrin). A 1:1 mannose-to-perfluorophenylazide ratio was
determined from thermogravimetric analysis data, indicating
the efficient functionalization of all the perfluorophenylazide
moieties present on the surface of 10-nm magnetite nanopar-
ticles [45]. Although less exploited than other covalent
functionalization strategies, this method is a convenient ap-
proach for the synthesis of glycoMNPs using native carbohy-
drates, therefore eliminating the need for their previous
functionalization.

Non-covalent functionalization of MNPs with carbohydrates

Non-covalent methods to functionalize nanoparticles are
based on the formation of affinity complexes relying on the
extraordinarily high affinity of streptavidin for biotin, which
leads to one of the strongest non-covalent interactions known
in nature. Several magnetic-nanoparticle–streptavidin

conjugates are commercially available, therefore simplifying
the synthesis of glycoMNPs based on the biotin–streptavidin
interaction. Despite these clear advantages, examples in which
streptavidin–biotin interactions are used to construct
glycoMNPs are scarce, with only two examples being found
in the literature covering the last 5 years. Kulkarni et al. [47]
used the non-covalent conjugation of monoantennary,
biantennary and tetra-antennary carbohydrates functionalized
with biotin (Fig. 8) to streptavidin-coated commercial mag-
netic beads (Invitrogen) to construct MRS sensors for the de-
tection of toxins (see BSensing through MRS^). In a similar
fashion, Parera Pera et al. [48] synthesized galabiose–MNP
conjugates by coupling biotinylated carbohydrates to 250-
nm streptavidin-coated MNPs (purchased from Chemicell).
These glycoconjugates were used for the specific detection
of pathogenic bacteria (see BPathogen and cell isolation^).

GlycoMNPs for biosensing applications

Sensing through MRS

Throughout the years, many nanosystems bearing carbohy-
drates have been prepared as multivalent scaffolds for a vari-
ety of applications, such as sensing, imaging or cellular
targeting [9, 49–51]. One of the major advantages of
glycoMNPs over other systems is that they exhibit
superparamagnetism [52], meaning that in the absence of a
magnetic field and at room temperature, a spontaneous flip
of magnetization occurs owing to thermal effects. The lack
of remanent magnetization in the absence of a magnetic field
is a major asset of theseMNPs, as magnetic attraction between
particles in solution is avoided, maintaining their stability and
preventing aggregation. This feature can be exploited for de-
tection and imaging applications, i.e. in the so-called magnetic

Fig. 7 Photoinitiated coupling of
saccharides to MNPs. (Reprinted
with permission from [45],
copyright 2009 American
Chemical Society)
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relaxation switches, where the detection differences depend
on the distinction between aggregated and non-aggregated
states of the MNPs (see below).

When present in solution, MNPs induce local magnetic
field inhomogeneities, which cause a dephasing (loss of phase
coherence) of the proton spin precession. This ultimately leads
to a shortening of the transverse (spin–spin) relaxation times
(T2) of surrounding water protons [53]. These effects on T2
are normally used in MRI, as T2 shortening results in a de-
crease of the signal intensity, and therefore in the darkening of
the image (negative contrast) [54]. More recently, and com-
bined with the use of portable magnetic resonance systems,
these changes have also been used for biosensing applications
(MRS technology) [55]. This technology is based on the fact
that dispersed MNPs have transverse spin–spin relaxation
times (T2) different from those of clustered MNPs (Fig. 9).

To performMRS assays, MNPs are generally multivalently
functionalized with ligands that can bind simultaneously to a
specific target molecule. When the target is present, particle
aggregation occurs (Fig. 9). MNP multivalency plays a key
role in the interaction of the ligand and the target, and it is
therefore directly related to the sensitivity of the assay [56].
MNP aggregates can be dispersed again by different factors,
such as temperature, enzyme cleavage or competitive binding
analytes (relaxation switches) [57]. The resulting changes in
T2 can be detected by nuclear magnetic resonance (NMR)
spectroscopy. Unlike optical sensors, NMR spectroscopy uses
radiofrequency radiation. This type of radiation can penetrate
biological samples independently of their optical properties,
and therefore assays can be performed in complex samples
such as blood or milk [58]. In addition, biological samples
exhibit lowmagnetic susceptibility, and therefore no magnetic
background, and thus MNPs can be easily distinguished from
the rest of the sample. Assays using MRS are non-destructive
and fast, as they are performed in the entire sample volume
and do not require washing steps. In contrast, the extent of
MNPs clustering many times requires extensive optimization
to achieve the maximum sensitivity, as it depends on the ratio
of target molecules and MNPs [16].

In pioneering work, Sun et al. [59] developed glucose-
functionalized MNPs by reacting amino cross-linked iron ox-
ide nanoparticles with succinic anhydride, followed by incu-
bation with EDC and 2-aminoglucose. Changes in T2 were
recorded after addition of a fixed amount of concanavalin A
(ConA), a lectin isolated from jack bean meal, which exhibits
affinity for mannose and glucose-containing carbohydrates.
ConA is a multimeric protein bearing four carbohydrate-

Fig. 8 Biotinylated
carbohydrates for non-covalent
attachment to streptavidin-coated
MNPs. (Reprinted with
permission from [47], copyright
2010 American Chemical
Society)

Fig. 9 Magnetic relaxation switching assay. Clustering of MNPs when a
specific target is present induces a change in T2 that can be measured by
NMR spectroscopy
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binding sites at pH 7; therefore, when it was placed in contact
with the glycoMNPs, their agglutination occurred. To further
demonstrate the specificity of the interaction, excess glucose
was added. The free carbohydrate acted as a competitive in-
hibitor, binding to the ConA; on dispersion of the MNPs, the
T2 values switched to the initial ones. Therefore, the MRS
could be used to monitor analyte levels in a continuous way.

Similarly, we exploited this strategy using 8-nm MNPs
coated with poly(maleic anhydride-alt-1-octadecene) [19].
EDC was used to functionalize the carboxylic groups present
in the polymer with 4-aminophenyl β-D-galactopyranoside or
glucopyranoside (see BPostsynthetic functionalization of
MNPs with carbohydrates^ for more details on the
functionalization method). To perform the MRS assays, the
stability of MNPs during the assay is of the utmost impor-
tance, to avoid unspecific aggregation of the MNPs when
the ligand is not present. The adsorption of large proteins such
as bovine serum albumin onto the surface of the glycoMNPs
could be prevented even at a low density of glucose, indicat-
ing that carbohydrates could be used as an alternative to poly-
ethylene glycol (PEG) derivatives for passivation of MNP
surfaces. Adsorption of small and positive blood proteins
(lysozyme) could be avoided at higher glucose-to-MNP ratios.
Once we had tested the stability of both glycoMNPs, ConA
was added, resulting in specific T2 changes only with glucose-
functionalized MNPs but not with galactose-functionalized
ones (Fig. 10a). The T2 values decreased as the ConA con-
centration increased, as bigger aggregates were formed, which
was also demonstrated by our measuring the aggregate sizes
by dynamic light scattering (Fig. 10b). Fitting the changes in
T2 (ΔT2) values to the amount of added ConA allowed the
affinity of the lectin–glycoMNP system to be studied, and a
dissociation constant of 78 nM was obtained [60]. This value

was similar to the value obtained with the same glycoMNPs
and transient magnetic birefringence as the detection tech-
nique [60]. The apparent dissociation constant for this
ConA–glycoMNP system is similar to those reported for other
glycosystems where the carbohydrates are attached to the
nanoparticles [61, 62], but is much lower than the value re-
ported when the ligands are in solution (KD on the order of
micromolar) [63]. For this dissociation constant, cooperative
interactions and accessibility to the carbohydrates play a fun-
damental role. Indeed, we demonstrated that apparent
cooperativity existed (Hill coefficient greater than 1)—that
is, the binding of one ConA molecule to a glycoMNP could
favour the binding of the following one in a cooperative way.

Kulkarni et al. [47] reported the use of an MRS assay to
detect in a sensitive way two isoforms of Shiga toxins. To set
up the experimental conditions, they synthesized carbohy-
drates that were known to selectively bind different lectins:
α-mannosides, which bind to ConA or Galanthus nivalis lec-
tin, and β-galactoside to bind to Ricinus communis lectin
(RCA120) and the plant toxin ricin. The carbohydrates were
modified with biotin so that they could bind to micrometre-
sized magnetic particles coupled with streptavidin. To test if
the glycoMNPs could be used in MRS assays, they were in-
cubated with the different lectins, and ΔT2 values were re-
corded with a 60-MHz benchtop NMR system. As expected,
when MNPs bearing mannosides were incubated with ConA
or G. nivalis lectin, aggregation occurred, although with dif-
ferent aggregation rates depending on the lectin used, and a
change in T2 valueswas recorded. No differences in T2 values
were observed when these MNPs were incubated with
RCA120, indicating specificity. The ΔT2 values were greater
for MNPs functionalized with tetra-antennary mannoside
compared with those obtained for monoantennary mannoside,

Fig. 10 a T2 values obtained after incubation of glucose- functionalized
or galactose-functionalized MNPs with concanavalin A (ConA) for
5 min. Addition of increasing concentrations of ConA to glucose-
functionalized MNPs resulted in a sigmoidal curve as a function of T2.
Galactose-functionalized MNPs did not show any change in T2 values. b

Relative size increase of the glucose-functionalized MNPs on addition of
increasing amounts of ConA measured by dynamic light scattering. NPs
nanoparticles. (Adapted from [19] with permission of the Royal Society
of Chemistry)
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even when the amount of attached molecules per MNP was
smaller for the tetra-antennary mannoside. Similarly, β-
galactoside-coated MNPs gave specific ΔT2 changes when
they were incubated with RCA120. Plotting ΔT2 (%) against
RCA120 concentrations allowed the limit of detection of the
lectin to be determined, 0.62 nM. To further demonstrate the
versatility and utility of this MRS assay with more complex
samples, MNPs were functionalized with Pk trisaccharides or
their N-acetylated analogues, which bind preferentially to
Shiga toxin Isoform 1 and Shiga toxin isoform 2, respectively.
Experiments were conducted using unpurified toxins from
bacterial cultures to test the specificity of the system. As ex-
pected, Shiga toxin Isoform 1 bound only to Pk-coatedMNPs,
whereas Shiga toxin Isoform 2 bound only to N-acetylated Pk
MNPs. Therefore, in 25 min it was possible to detect these
closely related toxins in complex mixtures just by measure-
ment of ΔT2. Shiga toxin isoform 2 was also detected in milk,
juice, hamburger and stool samples. The limit of detection of
Shiga toxin was 1 pg/mL in spiked stool samples, much lower
than the sensitivity reported for commercial ELISA kits. Im-
portantly, the test was performed in a single step, and no
washing steps were required.

A similar assay was described by Cai et al. [64]. In this case,
the MRS assay was designed to detect an acute-phase plasma
glycoprotein, α1-acid glycoprotein (AGP). To do so, dextran-
coated MNPs were incubated with a fixed amount of ConA,
and T2 changed during the first few minutes, but remained
constant for at least 1 h during the measurements. Further ad-
dition of AGP caused the redispersion of these aggregated
MNPs, and theΔT2 values from the aggregated to the dispersed
state were used to detect the amount of AGP present in the
solution. The sensitivity obtained was 28.4 ng/mL, which is
much lower than the normal concentration of AGP present in
human plasma. Although the assay was validated as a proof of
concept, to apply it to real serum samples other modifications
should be made to ensure its specificity, as interferences with
other glycoproteins present in the serum could occur.

A great example of the application of MRS with
glycoMNPs was reported by El-Boubbou et al. [40]. Five
kinds of carbohydrates (mannose, N-acetylglucosamine, ga-
lactose, fucose and sialic acid) were functionalized on 6-nm
MNPs and used to detect and profile cancer cells. Nine types
of cancer cells, together with a normal one, were incubated
with the glycoMNPs, and the changes in T2 values were mea-
sured by MRI. Thirty samples could be measured at the same
time, speeding up the whole process. By analysing the chang-
es in T2 values for the five types of glycoMNPs through a
statistical method, El-Boubbou et al. were able to establish
specific molecular signatures for each cell line (Fig. 11a).
Strikingly, on the basis of the magnetic resonance signatures,
they were able to distinguish between cancer and normal cells
(Fig. 11b), and even between closely related isogenic sublines
of cancer cells (Fig. 11c).

Pathogen and cell isolation

One field where glycoMNPs have attracted great attention is
pathogen detection. The adhesion of bacteria, before infection,
is frequently mediated by bacterial proteins and tissue carbo-
hydrates; therefore, these interactions could be used to devel-
op bacterial detection tools [65]. Rapid detection and classifi-
cation of bacteria is of the utmost importance, as classic cul-
ture methods are time-consuming. In this sense, MNPs have
the unique advantage than the bacteria attached to the
glycoMNPs can be separated from the unbound ones just with
a magnet. Pioneering work of El-Boubbou et al. [66] and
Hatch et al. [67] demonstrated that MNPs functionalized with
glycoconjugates could be used to isolate and quantify
Escherichia coli, reaching higher sensitivity and selectivity
than the same MNPs functionalized with antibodies [67].
Since then, some other examples where glycoMNPs are used
to detect bacteria can be found in the literature [68]. Parera
Pera et al. [48] exploited this concept for the detection, for the
first time, of a gram-positive pathogen, Streptococcus suis.
They functionalized 250-nmMNPs with streptavidin, and lat-
er incubated them with biotin-linked monovalent or tetrava-
lent galabiose. The resulting glycoMNPs were incubated for
1 h with different dilutions of S. suis, and after magnetic con-
centration, bound bacteria were detected by a luminescence
assay. The detection limit was on the order of 104 bacteria per
millilitre. Noticeably, this limit of detection was better for the
monovalent galabiose than for the tetravalent one, owing to
the different multivalent presentation of the glycans on the
MNP surface.

Highly porous particles have also been used for E. coli
removal [69]. This system was based on magnetic, porous,
sugar-functionalized (MaPoS) PEG particles. TheMaPoS par-
ticles were composed of a porous PEG hydrogel, functional-
ized with mannose and 8–15 nm MNPs, yielding microparti-
cles with large surface areas. E. coli removal efficiency was
around 70% for bacteria-to-particle ratios below 30:1. MaPoS
particles were more effective in removing E. coli than non-
porous MNPs, as owing to their porosity and large surface
area they were able to bind three to four times more bacteria.

More recently, Park et al. [35] have developed dual-modal
fluorescent glycoMNPs able to recognize mammalian and
pathogenic cell surface lectins. Helicobacter pylori is an in-
fectious pathogen that causes chronic gastritis, in which the
adherence of H. pylori to the gastric mucosa plays an impor-
tant role. Among other molecules, the blood group antigen
binding adhesin (BabA) is known to recognize Lewis b
(Leb) present in the gastric mucosa. To determine if
glycoMNPs could be used to fluorescently detect H. pylori,
cobalt ferrite MNPs coated with silica containing a fluorescent
dye (rhodamine B) were functionalized with different types of
oligosaccharides, Leb and blood group antigen H type 1 (H1).
The glycoMNPs were incubated with two H. pylori strains,
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J99 (expressing BabA) and 26695 (not expressing BabA).
After incubation for 1 h, confocal microscopy images revealed
that Leb-functionalized and H1-functionalized MNPs were

able to recognize BabA expressed in the J99 strain, but none
of them bound to the 26695 strain. These glycoMNPs were
further incubated with human gastric carcinoma cells (AGS)

Fig. 11 a Statistical plot of ΔT2
patterns obtained with a
glycoMNP array on binding with
ten cell lines. Full differentiation
of the ten cell lines was achieved.
Percentage changes of the T2
relaxation time obtained on
incubation of glycoMNPs or the
control MNPs with b MCF-7/
Adr-res breast cancer cells versus
184B5 normal breast cells and c
B16F1 cells versus B16F10 ells.
(Adapted with permission from
[40], copyright 2010 American
Chemical Society)

Fig. 12 GlycoMNP block adhesion of Helicobacter pylori J99 to
mammalian cells. a AGS cells were incubated with H. pylori J99 for
0.5 h. J99 cells adhered to AGS cells were detected by treatment with
fluorescent Lewis b (Leb)-functionalized MNPs (top) and H1-
functionalizedMNPs (bottom) for 1 h. Cells were pretreated with Hoechst

33342 to stain the nucleus. b AGS cells, pretreated with Hoechst 33342,
were incubated with H. pylori J99 for 0.5 h in the presence of Leb-func-
tionalized MNPs (top) and H1-functionalized MNPs (bottom). Scale bar
10 μm. FMNP functionalized MNP. (Reprinted with permission from
[35], copyright 2015 American Chemical Society)
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and H. pylori J99 for 30 min. By confocal microscopy it was
possible to determine that most of the bacteria were not able to
bind to the mammalian cells when the glycoMNPs were pres-
ent (Fig. 12). Thus, these glycoMNPs could serve as a good
platform to detect BabA-displaying pathogens, and at the
same time, to block their adhesion to host cells.

Similar approaches have been used to detect and isolate
DCs [43]. In an attempt to increase the low capture efficiency
of currently available methods (mostly based on antibody-
functionalized MNPs), LeX was used to functionalize MNPs
(Fig. 13, panel a). DC-specific intercellular adhesionmolecule
3 grabbing nonintegrin (DC-SIGN), which is present on

Fig. 13 a fabrication of Lewis X (LeX)-functionalized MNPs (for details,
see BCovalent functionalization with carbohydrates^) and b selective
capture of dendritic cells (DC) from a mixed cell population using LeX-
functionalized MNPs. c THP-1 DC-specific intercellular adhesion mole-
cule 3 grabbing nonintegrin (DC-SIGN) cells were stained and mixed at a
1:1 ratio with unstained THP-1 cells. The cell mixture was incubated with
differentMNPs for 15min and captured on a magnetic strip. The captured
cells were analyzed by flow cytometry. The numbers shown in the dot
plots represent the percentages of each cell type captured by the MNPs.
LeX-functionalized MNPs specifically bound to DC-SIGN-expressing
cells and not to THP-1 cells, whereas control MNPs not bearing LeX

did not recognize any cells. d contour plot showing the total cell popula-
tion before capture, where monocyte-derived DCs (moDC) were defined
as CD1a+/DC-SIGN+ (gated in the box). e cell flow-through after incu-
bation with alkyne-functionalized MNPs (control MNPs). f cell flow-
through after incubation with LeX-functionalized MNPs. g–i histograms
show that the population of cells bound to LeX-functionalized
glycoMNPs were CD1a+/DC-SIGN+/HLA-DR+. BTTP 3-(4-((bis((1-
tertbutyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-
1-yl)-propan-1-ol, DMAP 4-dimethylaminopyridine. (Adapted with per-
mission from [43], copyright 2012 American Chemical Society)
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immature and mature DCs, can recognize and bind these gly-
can epitopes. Therefore, the glycoMNPs could be used as a
detection and cell enrichment tool (Fig. 13, panel b). The
glycoMNPs were tested in a mixed cell population to assess
their ability to capture DC-SIGN-positive cells (THP-1/DC-
SIGN). After incubation with cultured cells, a magnetic field
was applied to isolate theMNPs, and the cell populations were
analysed by flow cytometry (Fig. 13, panel c). The capturing
efficiency was approximately 70–86%, much higher than that
reported for commercially available antibody-functionalized
MNPs used to isolate DCs (10−30 %) [43]. Importantly, in-
cubation for 15 min was sufficient. To test if the glycoMNPs
could be used to isolate primary DC-SIGN-expressing cells
from a heterogeneous cell population, human monocytes were
differentiated with use of growth factors. The method is useful
to obtain monocyte-derived DCs (moDCs), but in most cases
this population is mixed with undifferentiated monocytes. On
incubation of the glycoMNPs with the growth-factor-treated
cells, the cells bound to the glycoMNPs were separated from
the unbound ones with a magnet and analysed by flow cytom-
etry. Cells were stained with antibodies for moDC markers
(DC-SIGN, CD1a and HLA-DR). The moDCs were
completely captured from the heterologous cell population,
as in the cell flow-through after incubation with the
glycoMNPs, moDCs were not present (Fig. 13, panels d–f).
On the other hand, cells isolated with use of the glycoMNPs
were positive for the three markers (DC-SIGN, CD1a and
HLA-DR) (Fig. 13, panels g–i).

Cell targeting

The attachment of carbohydrates toMNPs can be used to form
glycoMNPs to selectively interact with cells, as carbohydrate-
interacting proteins are major components of the surface of
mammalian cells [70].

For instance, Kamat et al. [71] reported the use of
hyaluronic acid (HA)-coated MNPs to target activated macro-
phages. As macrophages play an important role in infectious
and inflammatory diseases, they are an excellent target for
imaging or delivery of drugs. Since activated macrophages
express specific receptors (CD44) that bind to HA, HA-
coated MNPs are an excellent platform to actively target these
macrophages. Results showed that HA-coated MNPs with an
average size of 6 nm by transmission electron microscopy
were rapidly taken up by activated THP-1 cells in vitro and
that the uptake was dependent on the presence of HA and
CD44.

To assess the role of different carbohydrates in cellular
uptake, we synthesized 6-nm MNPs and functionalized them
with glucose or galactose [33]. Both types of glycoMNPs
were incubated with Vero (monkey kidney epithelial) cells
for 15 min and observed by confocal microscopy. Although
both glycoMNPs were taken up by the cells, the cellular

distribution was different, with the glucose-functionalized
MNPs distributed all over the cytoplasm and the galactose-
functionalized MNPs remaining mainly in the cell periphery
(Fig. 14a). The uptake kinetics was also different, as
galactose-functionalized MNPs needed 4 h to be internalized,
whereas glucose-functionalized MNPs were readily taken up
after incubation for 15 min. Both glycoMNPs shared the same
hydrodynamic size and Zpotential, and differed only in the
nature of the carbohydrate, suggesting therefore that slight
changes in the monosaccharide can modify the cellular uptake
of the MNPs. Use of different endocytosis inhibitors revealed
that lipid rafts were preferentially involved in the cellular up-
take of the glucose-functionalized MNPs. A high degree of
colocalization with a lipid raft marker (cholera toxin) sug-
gested that the caveolar route was the main mechanism in-
volved in uptake of glucose-functionalized MNPs (Fig. 14b).
Lysosome accumulation was demonstrated by live-imaging
confocal microscopy using a marker for acidic compartments
and lysosomes (Fig. 14c). Similar entrance patterns have been
described for gold-coated iron oxide nanoparticles functional-
ized with lactose when incubated with a human cervical car-
cinoma cell line (C33) [30].

Apart from the nature of the carbohydrate [72], its spatial
orientation can influence the cellular uptake. For instance, Lai
et al. [39] reported the synthesis of 10-nm MNPs functional-
ized with a fluorescent dye and monoantennary or
triantennary galactosyl ligands to selectively target liver can-
cer cells (HepG2) in vitro. These galactose residues can spe-
cifically interact with the extracellular ASGP-R, which is
abundantly present in HepG2 cells, thus triggering the uptake
of glycoMNPs into the cell. Incorporation of the fluorescent
dye into the MNP produced a multimodal contrast agent,
which could be used in MRI and fluorescence imaging to
track cellular uptake. The specificity towards HepG2 cells
was demonstrated by incubation of the same glycoMNPs with
HeLa cells, which do not express ASGP-R. Receptor-
mediated endocytosis of the glycoMNPs and lysosome accu-
mulation by HepG2 cells was reported. More interestingly, the
cellular uptake was different depending on the galactose res-
idues, with the triantennary molecule 1a showing the best
uptake efficiency owing to an optimal spatial orientation
(see also BCovalent functionalization with carbohydrates^
and Fig. 5 for the structures of the saccharides).

In another example, the incorporation of galactose onto the
silica shell of MNPs led to their cellular uptake by A549 cells,
probably mediated by lectins from the galectin family. As
these proteins are present in the cytoplasm and nucleus of
the cells, these glycoMNPs were also found in the nucleus
of the cells, without exerting cytotoxic effects [44]. These
differences in the final fate of MNPs coated with galactose
(lysosomes versus cytoplasm and nucleus) can depend on
many factors, such as the charge, size and hydrophobicity of
the MNPs or the cell line used.
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Kavunja et al. [41] recently demonstrated the potential of
galactose-functionalized MNPs for the isolation and charac-
terization of lectins overexpressed in B16F10 metastatic mel-
anoma cells. Galectin 3, a galactose-selective lectin, was iso-
lated from the lysate of B16F10 cells after incubation with
galactose-functionalized MNPs. Conversely, no lectin could
be detected when mannose-functionalized MNPs or MNPs
lacking the carbohydrate functionality were used. Importantly,
this method could be extended to whole live cells with the aim
to isolate known or unknown lectins from their native milieu.
Proteomic analysis of the proteins bound to galactose-
functionalized MNPs on their internalization by B16F10 cells

revealed the successful isolation of serine/arginine-rich splic-
ing factor 1 (SFRS1), annexin V and three histone proteins.
SFRS1 is a glycan-binding protein overexpressed in B16F10
cells and has properties and cellular localization similar to those
of galectin 1 and galectin 3, which are involved in metastatic
growth. Therefore, SFRS1 could be a new target for cancer
therapy and diagnosis. The fact that annexin and histone pro-
teins could be co-isolated by galactose-functionalized MNPs
was attributed to the formation of complexes of these proteins
with SFRS1 and indicates the potential of glycoMNPs not only
for the isolation and identification of lectins, but also for the
study of their binding with other biomolecules.

Fig. 14 a Confocal micrographs
taken after 15 min of incubation
of glucose-functionalized MNPs
(Glu) and galactose-
functionalized MNPs (Gal) in
Vero cells. Glucose-
functionalized MNPs were
internalized in only 15 min,
whereas galactose-functionalized
MNPs remained mainly in the
periphery. Scale bar 20 μm. b
Cholera toxin colocalization with
glucose-labelled MNPs analysed
by confocal microscopy. Images
from nanoparticles (NPs), cholera
toxin labelled with Alexa Fluor
488 (CTB) and merged image
(NPs-CTB), where a high degree
of colocalization is observed.
Scale bar 10 μm. c LysoTracker,
a marker for acidic compartments
was used to evaluate the possible
accumulation of
glucose-functionalized MNPs in
lysosomes after incubation with
cells for 2 h. Live-cell imaging
was performed with a confocal
microscope. Images from
glucose-functionalized MNPs
(NPs), LysoTracker (Lys), and
merged channels (NPs-Lys)
superimposed over the bright
field image are shown. Scale bar
10 μm. (Adapted with permission
from [33], copyright 2012
American Chemical Society)
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Imaging

MRI is a non-invasive technique widely used in clinical diag-
nosis. It provides high contrast in soft tissue, three-
dimensional information and spatial resolution of 20-50 μm
for small animals [73]. In recent decades paramagnetic and
superparamagnetic nanoparticles have been routinely used as
contrast agents to improve the sensitivity of MRI [74].
Marradi et al. [75] reported the use of paramagnetic
glyconanoparticles as T1-positive contrast agents, where gold
nanoparticles were functionalized with different carbohy-
drates (glucose, galactose and lactose) and gadolinium com-
plex derivatives. The longitudinal relaxivity (r1) values at
1.41 T were higher for galactose-functionalized and lactose-
functionalized nanoparticles compared than for glucose-
functionalized ones. These longitudinal relaxation values
were almost six times higher than the values provided by
Dotarem®, a contrast agent used clinically. In vivo, glucose-
functionalized nanoparticles were able to reach the tumoral
area in a mouse glioma model and to enhance the contrast in
T1-weighted images, whereas lactose-functionalized ones did
not reach the brain tumour, probably owing to enhanced liver
uptake. Therefore, the nature of the carbohydrate can influence
the relaxation of the water protons and the biodistribution of the
nanoparticles in vivo. Although optimal T1-weighting proper-
ties have also been described for glycopeptide-stabilized
superparamagnetic magnetite nanoparticles [42], most of the
reports describe the use of iron oxide glycoMNPs as T2 contrast
agents. The nature of the carbohydrate can also tune the trans-
verse relaxivity (r2) values of iron oxide nanoparticles function-
alized with rhamnose [24] or grafted with diblock copolymers
bearing α-D-mannose, α-D-glucose or β-D-glucose [26]. In the
latter, r2 relaxivity values at 9.4 Twere higher for those MNPs
bearing mannose than for the same MNPs functionalized with
glucose. Further, r2 relaxivity values were higher for those
MNPs functionalized with carbohydrates than for the MNPs
grafted with only diblock copolymers. This is a consequence
of the hydrophilicity of the MNP surface, which is enhanced
when carbohydrates are present, as the transverse relaxivity
depends on the diffusion of water molecules [76].

In vitro, glycoMNPs have been used in different fields, but
mainly for selective labelling of cells. For instance, by incor-
porating a fluorescent dye into gold-coated MNPs, Gallo et al.
[29] designed dual contrast agents that could be used to assess
cellular labelling in blood. For the specific labelling of low-
population peripheral blood mononuclear cells, glycoMNPs
were functionalized with protein G in order to further incor-
porate in an oriented manner an anti-CD45 antibody to target
leucocytes. Other glycoMNPs were designed with anti-
CD235a to label erythrocytes. Both types of glycoMNPs were
incubated with blood, and the specific labelling of peripheral
blood mononuclear cells and red blood cells was demonstrat-
ed both by MRI and by fluorescence imaging.

In vivo MRI with glycoMNPs has been used to detect dis-
eases [38], track the migration of endogenous neuronal stem
cells in response to an induced tumour [31] or track stem cells
[77] . For ins tance , unfrac t ioned-hepar in-coated
superparamagnetic iron oxide nanoparticles were used to detect
human mesenchymal stem cells, which are considered to be
good candidates in regenerative medicine [77]. In vitro these
glycoMNPs showed enhanced uptake by human mesenchymal
stem cells when compared with dextran-coated MNPs and
could be detected in the cells by Prussian blue staining for
28 days.More interestingly, if these cells were transplanted into
nude mice, they could be detected by MRI even 1 month after
transplantation (Fig. 15).

Presymptomatic in vivo imaging of early-activated cere-
bral endothelium was reported by van Kasteren et al. [38].
In this pioneering work, MNPs were functionalized with
the glycan sLex in order to selectively target E-selectin
and P-selectin, which play a relevant role in the homing
of leucocytes to sites of inflammation. These glycoMNPs
allowed direct detection of activated endothelium in a mod-
el of stroke in vivo by MRI, demonstrating high potential
for early disease detection. A similar strategy was recently
reported by Farr et al. [37], although the results differ
slightly. Amino-functionalized silica iron oxide core–shell
nanoparticles with a diameter of 18 nm were functionalized
with sLeX (SX@MNPs) to specifically target selectins, or
LeX (LX@MNP) as a control. The same MNPs without
carbohydrates (OH-MNPs) were also used as a control.
Results in vitro showed that, as expected, the binding spec-
ificity of the SX@MNPs for rat E-selectin was much
higher than the binding specificity of both control MNPs.
The three formulations were then administered to mice after
they had undergone middle cerebral artery occlusion
(MCAO), the commonest method to model transient stroke.
The accumulation of MNPs was analysed by MRI acquir-
ing T2*-weighted images (Fig. 16, panels a–c). 24 h after
MCAO, and it was found the SX@MNPs accumulated to a
greater extent in the whole brain when compared with both
control MNPs (Fig. 16, panel d). However, when the accu-
mulation of MNPs was analysed as a ratio between the
ischemic tissue and the corresponding mirrored region on
the intact side of the brain, OH-MNPs appeared to have the
highest ratio, whereas SX@MNPs had the lowest ratio
(Fig. 16, panel e). Unexpectedly, in vivo, OH-MNPs accu-
mulated in the ischemic zone to a greater extent than the
glycoMNPs, which was opposed to the results found
in vitro. By analysis of the selectin expression in the ische-
mic brain, it was found that selectins were upregulated
throughout the entire brain and were not confined only to
the injured tissue (Fig. 16, panel f). These results highlight
the challenges that can arise when one changes from
in vitro to in vivo work and the importance of working
with appropriate control samples.
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Perspectives and outlook

Over the past decade, glycoMNPs have demonstrated their
usefulness for different biological applications, mainly in the
fields of biosensing, magnetic separation and MRI. In this
review we have given an overview of both the synthetic
methods for constructing MNP glycoconjugates and their
most promising bioapplications, focusing on relevant litera-
ture reports from the last 5 years.

In terms of sensing and separation applications, MNPs
have shown clear advantages over other types of
nanomaterials. For instance, assays based on MRS can be
done with complex samples without requiring washing steps,
and in some cases the sensitivity reported surpassed that of
commercially available analysis systems. Surprisingly
though, there are only a few examples of MRS sensing appli-
cations based on glycoMNPs, although many outstanding ex-
amples have been reported where MNPs functionalized with
antibodies are used to detect and profile tumoral cells.
GlycoMNPs are also excellent tools for separation and/or
sample preconcentration purposes, as analytes of interest

(including cells and bacteria) bound to glycoMNPs can be
easily separated from complex mixtures by a magnet.

In the coming years, several challenges will have to be
tackled by researchers working in the field of glycoMNPs.
First, the chemistry needed to construct magnetic
glycoconjugates is not as straightforward as the chemistry
used, for instance, to construct gold glyconanoparticles (thi-
ol–gold bond formation) [78]. The lack of a Buniversal^ pro-
tocol to construct glycoMNPs, despite intense efforts to de-
velop both successful covalent and successful non-covalent
approaches for the preparation of glycoMNPs, could be the
reason why the number of articles reporting the synthesis of
glycoMNPs seems to be lower than in the case of gold
glyconanoparticles. At this point, we stress once more the
importance of the control of the surface density and presenta-
tion of carbohydrate ligands, which are both key for
bioapplications of glycoMNPs.

As mentioned in BIntroduction^, MNPs are suitable for
integration with miniaturized diagnostic systems. In this
sense, perhaps the most promising approach is the micro
NMR (μNMR), which has emerged as a novel sensing

Fig. 15 a Axial and coronal
images for the T2- and T2*-
weighted magnetic resonance
imaging of mice 28 days after the
transplantation of
unfractionated-heparin-coated
superparamagnetic iron oxide
(UFH-SPIO)-labelled human
mesenchymal stem cells under the
renal membrane. Transplanted
regions are indicated by white
dashed lines. b Histological
staining results for UFH-SPIO-
labelled human mesenchymal
stem cells 28 days after trans-
plantation. UFH-SPIO
nanoparticles were stained with
Prussian blue (blue) and counter
stained with nuclear fast red
(pink). The magnified image from
the black dotted rectangle is
shown on the right. Scale bars
100 mm. (Reprinted from [77],
copyright 2012 with permission
from Elsevier)
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technology for detection of biomarkers and circulating tumour
cells using portable miniaturized NMR systems (for a com-
prehensive review of μNMR, including its translational as-
pects towards clinical applications, see [55]). Despite several
successful applications of μNMR sensing with MNPs func-
tionalized with antibodies, no examples involving
glycoMNPs have been reported in the literature so far. Some
hurdles associated with this include the difficulty to achieve
controlled synthesis of complex oligosaccharides, whereas
antibodies can be produced against almost every antigen,
ranging from large ones (bacteria, viruses, etc.) to small ones
(hormones, drugs, etc.). Apart from their diversity, antibodies
show high specificity and binding affinity for their target mol-
ecules, making them ideal candidates for functionalization of
MNPs. Antibodies, on the other hand, have a complex three-

dimensional structure, and the orientation on the surface of the
MNP is crucial to attain high sensitivity in biosensing appli-
cations. Carbohydrates are less prone to denaturation than
antibodies and also have high specificity; therefore, their con-
jugation onto the surface of MNPs in an easier way could be
an interesting alternative. Given the potential of glycoMNPs
to detect carbohydrate-binding proteins characteristic of dif-
ferent types of cancer cells, the integration with miniaturized
NMR systems could be one of the most active research areas
in the field of biosensing using glycoMNPs.

Another important challenge is related to the translation
from in vitro to in vivo studies. As highlighted in some of
the examples discussed here, contradictory results can be ob-
tained when one moves to in vivo work, and researchers
should take into account not only the appropriate

Fig. 16 T2 maps and T2*-
weighted images at 5 and 24 h
after middle cerebral artery
occlusion (MCAO) in a mouse
that received a
amino-functionalized silica iron
oxide core–shell nanoparticles
with a diameter of 18 nm without
carbohydrates (HO@MNP), b
amino-functionalized silica iron
oxide core–shell nanoparticles
with a diameter of 18 nm
functionalized with Lewis X
(LX@MNP) or c amino-
functionalized silica iron oxide
core–shell nanoparticles with a
diameter of 18 nm functionalized
with sialyl Lewis X (SX@MNP).
The colour scale corresponds to
the T2 value (ms). d the total
number of dark voxels in the
brains of the mice from each
group. e the number of dark
voxels in the infarcted tissue
expressed as a ratio of the
mirrored contralateral region. f the
amount of CD62E expression (in
relation to sham animals) in the
ipsilateral and contralateral
hemispheres of mice with either 5
or 24 h of MCAO. Not significant
differences in the expression were
found. (Adapted with permission
from [37], copyright 2014
American Chemical Society)
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biofunctionalization of the MNPs, but also the complexity of
the in vivo scenario. Nevertheless, there could be important
advances in the coming years in the field of in vivo applica-
tions of glycoMNPs. The most promising applications, in our
opinion, will arise in the field of imaging, where the advantage
of active targeting through carbohydrate ligands could be
combined with the intrinsic ability of MNPs to act as MRI
contrast agents.
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