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The synthesis and assembly of new forms of inorganic
matter organized at the nanometer and mesoscopic
length scales is currently receiving much attention.
Such materials are not only of intrinsic interest but
might be useful in devices that exploit size- and pattern-
dependent properties such as Coulomb charging in
nanoelectronic digital circuits. Recent work has indi-
cated that inorganic nanoparticles can be used as
constructional units for superlattice arrays formed for
example by solvent evaporation of hydrophobic inor-
ganic colloids.1-3 In general, colloidal crystallization
results in hexagonally close-packed arrays, although
alternate geometries have been achieved by using
elliptically shaped particles4 or by direct synthesis in
the presence of porous bacterial membranes with ob-
lique or square lattice symmetry.5 Another approach has
focused on the use of molecular cross-linking of self-
assembled monolayers6,7 to generate periodic and non-
periodic networks of covalently linked metal nanopar-
ticles. One potential strategy which offers much scope
involves the construction of organized systems by bio-
molecular recognition of complementary connecting
units preattached to the surfaces of inorganic nanopar-
ticles. For example, initial studies have shown that
complementary strands of DNA molecules can be used
to self-assemble inorganic nanoparticles.8-10 In this
paper, we describe an alternative approach in which we
use the high-affinity binding of streptavidin to biotinyl-
ated amino acid residues on the surface of a protein,
ferritin, to reversibly generate networks of superpara-
magnetic iron oxide nanoparticles.

The iron storage protein ferritin consists of a hollow
polypeptide shell, 8 and 12 nm in internal and external
diameter, respectively, which is constructed from 24
symmetry-related subunits.11 The central cavity usually
contains a 5 nm diameter ferric oxide core of structure

similar to that of the mineral ferrihydrite (5Fe2O3‚
9H2O). Hydrophilic and hydrophobic channels penetrate
the shell, and as a result, iron atoms can be removed
from the cage by reductive dissolution. Moreover, the
empty cage of apoferritin can be remineralized in vitro
with a range of inorganic oxides and sulfides that have
controlled particle sizes.12-15 In this work we chemically
prime the surface of ferritin for controlled cross-linking
with an auxiliary protein (streptavidin) by nucleophilic
coupling of a succinimidyl derivative of biotin to the 60-
70 exposed lysine residues (Scheme 1). A flexible hex-
anoate spacer is incorporated into the covalent linkage
because the four high-affinity biotin binding sites (Kd
) 10-15 M)16 are partially buried in the streptavidin
molecule. Reversible cross-linking is achieved because
the tetrameric structure of streptavidin provides a
connecting unit for three-dimensional aggregation of the
ferritin nanoparticles (Scheme 2). A similar strategy has
been recently exploited in the controlled aggregation of
multilamellar liposomes formed from biotinylated phos-
pholipids17 and patterning of metallic nanoparticles on
a DNA-based template.10

Biotinylated derivatives of horse spleen ferritin were
synthesized according to standard procedures.18 The
average number of biotinylated groups was determined
as 72 per protein molecule.19 Additions of streptavidin
to give biotinylated ferritin:streptavidin mole ratios of
either 1:6 or 1:8 produced turbid suspensions and
yellow-brown macroscopic precipitates with clear su-
pernatants within a few hours.20 A transparent yellow
supernatant, along with only a small amount of bulk
precipitate, was observed at a stoichiometry of 1:4,
suggesting that the extent of conjugation under these
conditions was limited to the colloidal size range. A
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biotin-free control reaction, in which native ferritin was
mixed with streptavidin in a mole ratio of 1:6, remained
clear and gave no bulk precipitate. TEM images of the
control sample (native ferritin + streptavidin) were
similar to those recorded for native ferritin or biotinyl-
ated ferritin solutions prepared with the same protein
concentration. The micrographs showed discrete elec-
tron dense iron oxide cores with occasional small ag-
gregates due to the air-drying procedure (Figure 1a).
In contrast, the streptavidin-biotinylated ferritin con-
jugates were extensively aggregated across the TEM
grid (Figure 1b). The supramolecular aggregates were
highly disordered and superlattice arrays with periodic
order were not observed. Negative staining of the
extended structures showed that the constituent iron
oxide cores were surrounded by an intact polypeptide
shell (data not shown), implying that the nanoparticle
networks originate from specific intermolecular interac-
tions between streptavidin and the surface biotinylated
ligands of the modified shell of ferritin.

The strength and specificity of these interactions were
confirmed by SDS-PAGE.21 Whereas a mixture of
streptavidin and native ferritin showed well-separated
discrete bands, consistent with a noninteracting system,
the precipitated biotinylated ferritin/streptavidin mate-
rial showed no bands for the constituent proteins
(Figure 2). Instead, a broad band was present in the
stacking gel at the top of the lane, which corresponded
to a conjugated material with significantly increased
molecular weight. Although the intermolecular cross-
linking was sufficiently strong to withstand disaggre-

gation under the relatively harsh conditions used for
SDS-PAGE, the thermodynamic nature of the biotin-
streptavidin linkage could be used to regulate the extent
of the aggregation process. For example, the reversibil-
ity of the aggregation process was demonstrated by
adding a 20-fold excess (with respect to strepavidin) of
free biotin to the turbid suspensions of the conjugated
materials. The solutions turned clear yellow immedi-
ately, and no suspension or precipitate was observed
after several days. TEM images showed that protein-
encapsulated iron oxide nanoparticles were dispersed
back to their original nonassociated state.

Whereas the control experiments showed no changes
in turbidity over periods of several days (Figure 3a,b),
turbidity curves for 1:6 mixtures of the biotinylated
ferritin and streptavidin clearly indicated the formation
of supramolecular aggregates and extended structures.22

In general, the curves were characterized by an increase
in turbidity to a threshold value within the first 10-15
min after mixing, followed by a discontinuous decrease
due to macroscopic precipitation over periods of several
hours. The first stage in this process represents the

(21) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was undertaken on ferritin solutions containing 0.125
M Tris buffer (pH 6.8), 4% SDS, 20% glycerol, 10% 2-mercaptoethanol,
and 0.0004% bromophenol blue. The samples were loaded onto a 3%
stacking gel [3% acrylamide, 0.125 M Tris pH 6.8, 0.1% TEMED
(N,N,N′,N′-tetramethylethylenediamine), 0.05% ammonium persulfate]
with a 7.5% separating gel (7.5% acrylamide/bisacrylamide, 0.375 M
Tris pH 8.8, 0.1% SDS, 0.1% TEMED, 0.05% ammonium persulfate)
and run at 120 V for 4 h with conventional cathode to anode polarity.
The gel was stained with Coomassie Brilliant Blue R250 (0.25% in
water/methanol/glacial acetic acid ) 5:5:1 v/v) for 30 min and then
destained with a water/methanol/glacial acetic acid mixure (6.5: 2.5:
1 v/v).

Scheme 1. Reaction Scheme for Biotinylated Ferritin [a, native horse spleen ferritin; b,
sulfosuccinimidyl-6-(biotinamido)hexanoate; c, biotinylation of surface lysine residues]
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formation of supramolecular aggregates of colloidal
dimensions, whereas the second stage is associated with
larger extended structures that sediment under gravity.
Measurements for a series of samples at a constant mole
ratio of 1:6 showed that the rate of formation of the
colloidal aggregates increased with the higher concen-
trations of biotinylated ferritin and streptavidin present
in the solutions (Figure 3c-e). Similar increases in the
rates of formation of ligand-induced cross-linking and
associated aggregation were determined for samples in
which the biotinylated ferritin to streptavidin mole ratio
was increased from 1:2 up to 1:6 at a constant ferritin
concentration of 0.8 µM (Figure 4a,c,e). The rate of
aggregation was particularly enhanced for a 6-fold
molar excess of streptavidin. Under these conditions,
colloidal aggregates were rapidly formed within 10 min.
Interestingly, further increases in the streptavidin
concentration resulted in progressive decreases in con-
jugation (Figure 4d,b). Thus, although the degree of bulk
precipitation observed after several hours for mixtures
with a mole ratio of 1:8 was similar to that at a ratio
1:6, the rate of aggregation within the first 30 min was
significantly reduced at the higher ratio. Increasing the
biotinylated ferritin to streptavidin mole ratio to 1:12

gave changes in turbidity that were less pronounced
than those recorded for samples prepared with the much
lower ratio of 1:4.

These results indicate that the rates of formation of
biotin-induced streptavidin cross-linking of ferritin mol-
ecules were dependent on the concentrations and stoi-
chiometry of the components of the conjugated system.
At ferritin to streptavidin mole ratios less than 1:4,
there is insufficient streptavidin in the system to induce

(22) The change in turbidity (τ) of solutions containing various mole
ratios of biotinylated ferritin and streptavidin was determined by
monitoring the optical transmission (T ) I/Io) at 600 nm with time,
using a Perkin-Elmer Lambda II UV-vis spectrometer equipped with
Perkin-Elmer UV Winlab (Version 1.1) computer software. The turbid-
ity was calculated from τ ) -ln(T)/l, where l, the cell length, was equal
to 1.0 cm.

Scheme 2. Controlled Aggregation of Iron Oxide
Nanoparticles in Biotinylated Ferritin by

Streptavidin Connectors (a, biotinylated ferritin;
b, streptavidin; c, organized product)

Figure 1. TEM micrographs. (a) Control experiment (addition
of streptavidin to native ferritin) showing discrete electron
dense iron oxide cores of nonaggregated protein molecules. (b)
Aggregated network of nanoparticles formed by addition of
streptavidin to biotinylated ferritin. Biotinylated ferritin:
streptavidin mole ratio ) 1:6 in both cases. Scale bars ) 20
nm.

Figure 2. Coomassie Blue stained SDS-PAGE profiles: (1)
protein markers, (2) native ferritin, (3) streptavidin, (4) control
(native ferritin + streptavidin), (5) biotinylated ferritin +
streptavidin (1:6), (6) biotinylated ferritin.
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the formation of extended networks of the protein-
encapsulated inorganic nanoparticles. In general, the
propagation of such arrays will depend not only on the
concentration of streptavidin but also on the distribution
and number of both free and streptavidin-bound bioti-
nylated ligands on the surface of individual ferritin
molecules in solution. As the number of biotinylated
groups (72 per ferritin molecule) was significantly larger
than the number of added streptavidin molecules, an
excess of unbound ligands was always present in the
experiments studied. However, relatively large amounts
of surface-bound streptavidin could sterically block the

remaining (uncoupled) ligands from participating in
bridging interactions with other streptavidin-ferritin
complexes. This appears to be the case at a mole ratio
of 1:12, where streptavidin-coated ferritin molecules
remain dispersed in solution. Moreover, the results
suggest that there is an optimum stoichiometry (1:6) at
which the biotinylated ferritin molecules bind sufficient
numbers of streptavidin molecules without seriously
compromising the cross-linking interactions. This must
represent a balance between primary and secondary
coupling of the biotinylated moieties to the binding sites
of streptavidin and streptavidin-ferritin complexes,
respectively. Apparently, these interactions become
cooperative rather then competitive when approxi-
mately 10% (6/72 × 100) of the surface biotin groups
are involved in primary coupling (assuming one bioti-
nylated ligand binds to each streptavidin molecule).
Whether this ratio is structurally determined, for
example, by the high (cubic) symmetry of the ferritin
24-mer, which geometrically distributes the binding
sites, or arises from the minimization of steric and
electrostatic forces between streptavidin molecules at-
tached to the ferritin surface is not currently known.

To conclude, we have shown that the well-known
specific binding of streptavidin to biotin can be exploited
in the reversible assembly of networks of protein-
encapsulated inorganic nanoparticles. Ferritin is an
attractive candidate for this approach because the
polypeptide shell can be readily derivatized with ap-
proximately 70 biotinylated ligands that are available
to interact with streptavidin to form a network of
intermolecular cross-links. One potential disadvantage
is that the strength and speed of the biotin-streptavidin
coupling mitigates against the formation of ordered
inorganic superlattices, although the use of excess
amounts of nonligated biotin or soluble auxiliary mol-
ecules that competitively bind but not cross-link might
counteract this. As the 8 nm internal cavity of apofer-
ritin can be reconstituted with a variety of non-native
inorganic cores, such as magnetite,12 iron sulfide,13

manganese oxides,14 and cadmium sulfide,15 it should
be possible to generate nanoparticle networks consisting
of other inorganic components with controllable size and
composition by ligand-induced cross-linking. Moreover,
because encapsulation of the inorganic phase within the
protein cage restricts the length scale of particle-
particle interactions and prevents direct physical con-
tact, particle fusion, and growth within the organized
phase, ferritin-based arrays could have important ap-
plications in magnetic storage and nanoelectronic devices.
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Figure 3. Initial change in turbidity at 600 nm (τ600) with
time after addition of streptavidin (SA) to biotinylated ferritin
(BFn; ca. 72 biotin ligands per molecule) at a constant mole
ratio of 6:1, respectively: (a) control, 4.8 µM SA + 0.8 µM
native ferritin; (b) control, 0.8 µM BFn; (c) 2.4 µM SA + 0.4
µM BFn; (d) 3.6 µM SA + 0.6 µM BFn; and (e) 4.8 µM SA +
0.8 µM BFn.

Figure 4. Change in turbidity at 600 nm (τ600) with time after
the addition of different amounts of streptavidin (SA) to 0.8
µM solutions of biotinylated ferritin (BFn; ca. 72 biotin ligands
per molecule) to give ferritin to streptavidin mole ratios of (a)
1:2, (b) 1:12, (c) 1:4 (d) 1:8, and (e) 1:6.
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