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Abstract: The easy and effective separation of proteins from
a mixture is crucial in proteomics. A supramolecular method is
described to selectively capture and precipitate one protein
from a protein mixture upon application of a magnetic field. A
multivalent complex self-assembles in a dilute aqueous solu-
tion of three components: magnetic nanoparticles capped with
cyclodextrin, non-covalent cross-linkers with an adamantane
and a carbohydrate moiety, and lectins. The self-assembled
ternary complex is precipitated in a magnetic field and readily
redispersed with the aid of a non-ionic surfactant and
competitive binding agents. This strategy to purify proteins
by supramolecular magnetic precipitation is highly selective
and efficient.

Magnetic iron oxide (Fe3O4, g-Fe2O3) nanoparticles
(MNPs) have received significant attention owing to the
promise they bring into the biomedical and therapeutic
fields.[1] In particular because of their superparamagnetism,
relative chemical stability, and inherent biocompatibility,
MNPs have become the leading contender in wide variety
of biomedical applications, such as contrast enhancement
agents for magnetic resonance imaging[2] probes for bacteria
capture,[3] drug delivery,[4] biofunctional molecular imaging,[5]

and cell sorters.[6] Another field of interest is the separation
and purification of cells and biomolecules in bioprocesses.[7]

MNPs have several superior characteristics for biotechnolog-
ical separations in comparison with conventional micrometer-
sized beads or resins, such as the fast and effective binding of
biomolecules, good dispersion, and rapid as well as reversible
flocculation owing to their small size and high surface area. In
the last decades, a limited number of studies have explored
the potential of magnetic nanomaterials in the field of protein
purification. Recently, Xu and co-workers demonstrated that
Ni-nitrilotriacetic acid (Ni-NTA) conjugated MNPs are
excellent agents to sequester histidine-tagged (His-tagged)
proteins.[8] Mirkin and co-workers established an efficient and
selective procedure to separate His-tagged proteins using Ni-
containing nanorods with a diameter of about 300 nm.[9]

Furthermore, Philips Magnotech technology exploits the
dynamic properties of MNPs in magnetic fields to establish
immunoassays in blood, serum, and saliva.[10]

A supramolecular approach to immobilize proteins on
surfaces and nanoparticles by using the host–guest inclusion
of b-cyclodextrin (CD) and adamantane derivatives was
described by several groups.[11] In 2012, we reported a light-
responsive supramolecular complex to capture lectins on the
basis of CD vesicles and azobenzene guests.[12] Important
advantages of a supramolecular strategy to capture proteins
are:
1) orthogonal interactions which allow the same system to be

used for very different biological applications without
having to change the CD platform;

2) a lack of denaturing interactions between proteins and
solid supports and creation of a protective hydrophilic
microenvironment around the protein by the CD moi-
eties;

3) multivalent interaction of proteins through non-covalent
supramolecular association.

Herein, we demonstrate a simple dynamic supramolecular
system to selectively capture and separate a desired protein
from a mixture of proteins in a magnetic field. Two
orthogonal non-covalent motifs operate simultaneously in
this system: b-CD-adamantane host–guest inclusion and
protein–ligand interaction. As these non-covalent interac-
tions are inherently weak (binding constant for a single
interaction Ka� 103–104 Lmol�1), multivalent binding is
required to form a stable complex in aqueous medium (Ka

� 106 L mol�1 for a divalent interaction, Ka� 109 L mol�1 for
a trivalent interaction, Ka� 1012 L mol�1 for a tetravalent
interaction, and so on).[13] Herein we report a novel type of
hydrophilic MNP capped with b-CD and their use as support
for selective supramolecular capture of lectins. We demon-
strate an unprecedented and highly effective approach to
magnetic purification of proteins in aqueous medium.

The b-CD capped magnetic nanoparticles (MNP-CDA)
were synthesized in two steps that comprise the preparation
of bare MNPs by alkaline co-precipitation of FeII and FeIII

salts followed by ligand stabilization with per-6-deoxy(car-
boxylpropyl)thio-b-cyclodextrin (CDA). The binding affinity
of typical functional groups to a magnetite surface follows the
order: phosphonate> carboxylate> hydroxy> sulfonate.[14]

We designed a ligand containing seven carboxylic acid
functions that can bind to the MNP surface in multivalent
fashion without affecting the superparamagnetic properties
(Figure 1A). The two-step synthesis of the CDA ligand is
described in the Supporting Information. The size and shape
of MNP-CDA was investigated by transmission electron
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microscopy (TEM). The TEM images and size distributions
(Figure 1B,C) confirm that the MNPs are monodisperse and
uniform in shape. The size distribution shows that the average
diameter of MNP-CDA is 12� 5 nm which also agrees with
the average diameter obtained from dynamic light scattering
(DLS; Figure 1D). The z-potential of MNP-CDA is �43 mV,
which is due to the hydroxy groups present at the secondary
side and residual non-complexed carboxylate groups of
immobilized CDA ligands on the MNP surface (Supporting
Information, Figure S1). The FTIR spectrum of MNP-CDA
exhibits bands consistent with the main vibration modes of

CDA such as the C�H vibration at 2916 cm�1 (at 2924 cm�1 in
case of free CDA), CH2 scissoring band at 1400 cm�1 (at
1398 cm�1 for free CDA), characteristic strong C=O (carbox-
ylate) stretching vibration at 1557 cm�1 (at 1564 cm�1 for free
CDA), and a broad weak band around 3263 cm�1 (at
3274 cm�1 for free CDA) owing to vibration of the hydroxy
groups (Supporting Information, Figure S2). There is no such
band observed in case of bare MNPs, which indicates the
immobilization of the CDA ligand at the surface of the MNP.
Furthermore, thermogravimetric analysis (TGA) was per-
formed on bare and functionalized MNPs (Supporting
Information, Figure S3). In the case of bare MNPs, a weight
loss of 1.0% was detected in a temperature range of 100 to
600 8C that is due to the residual water. The additional weight
loss for MNP-CDA was found to be 17.1%, which is
attributed to the loss of CDA monolayer from the MNPs.
The majority of the weight loss in case of MNP-CDA and
CDA occurred in the temperature range of 150 8C to 400 8C
(Supporting Information, Figure S3). Based on TGA meas-
urements it is possible to calculate the number of CDA per
MNP: We calculated the molar mass of the MNPs by
multiplying the average volume (derived from the diameter
determined by TEM) with the bulk density of magnetite
(2.64 g cm�3). The complete calculation is provided in the
Supporting Information. For MNP-CDA we find about 1.97 �
103 CDA per MNP. The experimental values can be compared
with theoretical values achieved from simple geometrical
consideration. In that case, the CDA ligands immobilized on
the surface are simplified to flat disks with a diameter of
1.53 nm that cover the MNP surface in a hexagonal closed
packing. According to theoretical estimation ca. 0.94 � 103

CDA are required to cover a single MNP. Our experimental
result shows that the number of CDA per MNP is the same
order of magnitude as the theoretical estimation but sub-
stantially higher. This difference can be explained by the fact
that the MNPs are not perfectly spherical, which leads to
a larger available surface area. Furthermore, CDA can bind in
a “side-on” fashion rather than “head-on”, which decreases
the effective footprint of the ligands on the MNP surface.

The selective separation of protein from a protein mixture
was investigated by using MNP-CDA and adamantane–
carbohydrate conjugates, as shown in Figure 2. Two lectins
were selected: peanut agglutinin (PNA) and concanavalin A
(ConA). Both lectins form tetramers at neutral pH and have
four carbohydrate binding sites.[15] ConA binds exclusively to
a-d-glucose and a-d-mannose and their glycosides. PNA
binds exclusively to b-d-galactose and its glycosides. We have
previously coined the term “artificial glycocalix” for the self-
assembled multivalent display of carbohydrates on CD
vesicles.[16] The guest molecules G1 and G2 each contain
two orthogonal molecular recognition sites. The adamantane
group forms a 1:1 inclusion complex with b-CD (Ka

� 104 L mol�1).[16] The adamantane–carbohydrate conjugates
have a tetraethyleneglycol spacer between the adamantane
and the carbohydrate. The surface of MNP-CDA can be
decorated with specific carbohydrates simply by adding the
adamantane–carbohydrate conjugates to the nanoparticles.
We investigated the characteristics of MNP-CDA decorated
with adamantane–carbohydrate conjugates in presence of

Figure 1. Representation and characterization of hydrophilic b-CD
-coated magnetic nanoparticles (MNP-CDAs). A) Illustration of MNP-
CDA and the molecular structure of ligand CDA (inset). B) TEM image
of MNP-CDA. C) Particle size histogram derived from TEM images.
D) Particle size distribution according to DLS.
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lectins. To this end, a 25 mm solution of either G1 or G2 was
added to a dilute buffered solution of MNP-CDA
(0.2 mgmL�1). The optical density (OD400) of a solution of
MNP-CDA is less than 0.05, which remains unaltered after
addition of G1 (after 2 min, denoted by the first arrow in
Figure 3). However, when ConA is added (after 4 min,
denoted by second arrow in Figure 3) to the mixture of
MNP-CDA and conjugate G1, the OD400 value increases from

approximately 0.05 to 0.25 within 10 min. This observation
indicates the rapid and spontaneous formation of a ternary
complex of MNP-CDA, G1, and ConA. As a consequence,
MNP-CDA aggregate in microscale clusters owing to multi-
valent orthogonal cross-linking of MNP-CDA and ConA by
linker G1. Aggregation is also observed by DLS (Supporting

Information, Figure S5). Identical phenom-
ena are observed in case of MNP-CDA, G2,
and PNA (Figure 3, red curve). In case of
an incorrect combination of guest and
lectin (such as G1 and PNA or G2 and
ConA), no aggregation is observed. We
conclude that the formation of the ternary
complex is highly specific and requires
a matching combination of lectin and
adamantane–carbohydrate conjugate.

Most significantly, the ternary complex
composed of cross-linked MNP-CDA,
guest, and lectin shows superparamagnet-
ism owing to the presence of the MNPs and
can easily be separated from the solution by
magnetic precipitation. As a consequence,
lectins that bind to the carbohydrate dec-
orated MNPs can be captured from a mix-
ture by magnetic precipitation of the com-
plex. To quantify the protein separation
efficiency, we measured fluorescence inten-
sity of fluorescein isothiocyanate (FITC)
and tetramethylrhodamine (TRITC) la-
beled proteins before and after complex-
ation. The excitation wavelengths (ex = 490

and 540 nm) of these labeled lectins are distinct, and the
fluorescence observed (em = 520 and 576 nm) for each
protein is independent of the other at the chosen concen-
tration in a mixture (Supporting Information, Figure S6). As
expected, the fluorescence spectrum of the mixture of labeled
proteins showed emission maxima at 520 nm and 576 nm that
correspond to FITC-PNA and TRITC-ConA, respectively. To
a mixture of TRITC-ConA and FITC-PNA (0.05 mg mL�1

each), a solution of MNP-CDA (0.45 mgmL�1) was added
followed by adamantane–mannose conjugate (G1, 40 mm).
After 10 min of incubation and magnetic precipitation of the
complex, a 88 % decrease in intensity was observed at 576 nm,
corresponding to the TRITC-ConA, while only a 8%
decrease was observed in the intensity at 520 nm for the
FITC-PNA (Figure 4A). This observation indicates that the
mannose decorated MNP-CDA bind to TRITC-ConA in
a multivalent fashion to form a ternary complex, which is
precipitated out from the solution. The degree of separation is
proportional to the concentration of MNP-CDA as shown in
Figure 4A. Similarly, the fluorescence measurements (Fig-
ure 4B) show that the magnetic precipitation of the ternary
complex after addition of MNP-CDA and adamantane–
galactose conjugate (G2) to the protein mixture, a 86%
decrease in the intensity was observed at 520 nm correspond-
ing to the FITC-PNA, while only a 6 % decrease in the
intensity was observed at 576 nm for the TRITC-ConA. The
concentration of lectins in every step is calculated from
a reference fluorescence calibration plot (Supporting Infor-
mation, Figure S6 and Table S1). The fluorescence intensities
for both labeled lectins remain unaffected after addition of
either MNP-CDA or adamantane–carbohydrate conjugate
(Supporting Information, Figure S7), which clearly indicates
that the fluorescence intensity decreases only because of the
capture of the specific lectin from the mixture, and non-

Figure 2. Illustration of the separation of proteins using the cross-linking and magnetic
precipitation of MNP-CDA and G1, and molecular structures of G1 and G2..

Figure 3. Formation of cross-linked aggregates of MNP-CDA, adaman-
tane–carbohydrate conjugates, and lectins. Time-dependent optical
density measurement at l = 400 nm. Conditions: [MNP-
CDA]= 0.2 mgmL�1, [G1]= [G2] =25 mm, [ConA] = [P-
NA] = 0.05 mgmL�1; 20 mm HEPES buffer (1.0 mm MnCl2, 1.0 mm

CaCl2, 0.15m NaCl, pH 7.4); T = 23 8C.
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specific capture is negligible. Note that to minimize unspecific
binding, 10 mm of adamantyl tetra(ethylene glycol) (Ad-teg)
was added in all of the experiments (Supporting Information,
Figure S8).

After magnetic precipitation of the ternary complex,
predominantly one lectin remained in the supernatant
solution. To recover captured lectins from the ternary
complex, we used a solution of b-octyl glucoside (OG)
along with b-CD and carbohydrate ligand, as shown in
Figure 2. OG, a nonionic surfactant, was chosen owing to its
ability to solubilize proteins without denaturation.[17] The
surfactant concentration was set above the critical micelle
concentration (ca. 25 mm) at 50 mm to ensure that the MNPs
are solvated by a protective micelle. The supernatant solution
(FITC-PNA: 0.046 mg mL�1) was decanted after the magnetic
separation of the complex, as shown in Figure 2. The
precipitate contains MNP-CDA, G1, Ad-teg, and most of
the TRITC-ConA. The fluorescence intensity at 576 nm
increases 36 % after the incubation of residue with 50 mm of
OG solution which indicates a limited dispersion of ternary
complex and release of TRITC-ConA by OG alone. A 85%
increase was observed when the precipitate was treated with

a mixture of 50 mm OG, 100 mm d-glucose, and 100 mm b-CD
(Figure 5A). Therefore, the formation of the ternary complex
can be completely reversed by the addition of excess
competitive binding agents d-glucose and b-CD. From the
fluorescence intensity at 520 nm, it can be estimated that only
6% of FITC-PNA is present in the solution (Figure 5A;
Supporting Information, Table S1). Similarly, 77 % of FITC-
PNA was released from the ternary complex composed of
MNP-CDAs, G2 and FITC-PNA by incubating the precip-
itate with a mixture of OG, d-galactose, and b-CD (Fig-
ure 5B; Supporting Information, Table S1). These results
indicate that the separation of two lectins by first precipitating
a supramolecular magnetic complex and subsequently dis-
persing it by competitive binding agents is highly efficient and
selective.

The identical separation method was applied to a mixture
of TRITC-ConA and FITC-labeled horseradish peroxidase
(FITC-HRP). HRP does not have any affinity towards either
of the carbohydrates (d-mannose or d-galactose). It was
possible to capture and precipitate selectively 93 % of
TRITC-ConA from the mixture by using MNP-CDA and
G1 without affecting the concentration of FITC-HRP (Sup-
porting Information, Figure S9). After decanting the super-
natant containing FITC-HRP, 74% of captured TRITC-
ConA is released by using OG, d-glucose and b-CD mixture.
Furthermore, to demonstrate the potential of our approach

Figure 4. Fluorescence spectra showing the emission intensity before
and after magnetic precipitation from the mixture (Mix) of lectins.
A) Stepwise decrease in emission intensity at 576 nm after precipita-
tion of the complex of MNP-CDA, G1, and TRITC-ConA (pink to violet
traces), where the emission at 520 nm remains unchanged; light green
traces). B) Stepwise decrease in emission intensity at 520 nm after
precipitation of the complex composed of MNP-CDA, G2, and FITC-
PNA (light green to dark green traces), where the emission at 576 nm
remains unaffected (pink traces). Conditions: [TRITC-ConA]0 = [FITC-
PNA]0 = 0.05 mgmL�1, [G1]= [G2] =40 mm, [Ad-teg]= 10 mm, [MNP-
CDA]= 0.15–0.45 mgmL�1; 20 mm HEPES buffer (1.0 mm MnCl2,
1.0 mm CaCl2, 0.15m NaCl, pH 7.4); T =23 8C. ex = 490 and 540 nm.

Figure 5. Fluorescence spectra showing the emission intensity before
and after dispersion of precipitated lectins. A) Increase in emission
intensity at 576 nm after dissolving the complex of MNP-CDA, G1, and
TRITC-ConA (violet to pink traces). The intensity at 520 nm indicates
residual FITC-PNA. B) Increase in emission intensity at 520 nm after
dissolving the complex of MNP-CDA, G2, and FITC-PNA (dark green
to light green traces). The intensity at 576 nm indicates the residual
TRITC-ConA. Conditions: [OG]= 50 mm, [d-glucose] = [d-galacto-
se] = 100 mm, [b-CD] = 100 mm ; 20 mm HEPES buffer (1.0 mm MnCl2,
1.0 mm CaCl2, 0.15m NaCl, pH 7.4); T = 23 8C. ex = 490 and 540 nm.
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under near-physiological conditions, we extracted TRITC-
ConA from 5% fetal bovine serum (Supporting Information,
Figure S10). Also in this case, the extraction was highly
efficient.

In conclusion, we have presented a straightforward
method for the functionalization of MNPs with CD and we
demonstrate an effective magnetic protein separation by
combining two orthogonal supramolecular interactions, that
is, adamantane-b-CD inclusion and carbohydrate–lectin bind-
ing. The carbohydrate decorated MNPs provide a very large
effective surface area for selective adsorption of protein and
the magnetic core allows the particles to be separated from
the solution by applying an external magnetic field. The
efficiency of the selective capturing and releasing proteins is
85% in a single extraction. To the best of our knowledge,
a dynamic and multivalent supramolecular system which can
capture a specific protein from a protein mixture is unprece-
dented.
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