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T
he covalent conjugation of biomole-
cular probes such as proteins to nano-
particles has led to a novel plat-

form of biotargeting and nanoanalytics;1

however, the retention of protein structure
and function in the nano�bio hybrids re-
mains an overarching challenge. The utiliza-
tion of magnetic iron oxide nanoparticles is
mainly derived from their small size and
consequent large specific surface area2�8

crystallinity, superparamagnetism and pre-
dominantly a non or minimum dose-
dependent cytotoxic behavior.9 This pecu-
liar combination of attributes opens up
broad range of biomedical applications
of superparamagnetic iron oxide nano-
particles (SPIONs) including drug carriers,10

vectors for gene therapy11 and anticancer

therapy through hyperthermia treatment12

as well as contrast agents (MRI).5,6,13

For nanoparticle-based imaging or diag-
nostic applications, SPIONs are usually con-
jugated with tagged biological entities for
their rapid and site-specific accumulation in
regions of interest based on several success-
ful methods derived from click chemistry
principles.14�16 New synthetic protocols to
decorate the surface of such particles with
biomolecules or target receptors are essen-
tial to modulate the coincidental interac-
tions of nanoparticles with bioenvironment
ensuring specific attachment.17,18 For mak-
ing magnetite particles conducive for bio-
logical applications, appropriate surface
functionalization enabling covalent immo-
bilization of drugmolecules or antibodies as
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ABSTRACT Superparamagnetic iron oxide nanoparticles (SPIONs)

coated with azide groups were functionalized at the surface with

biotin (biotin@SPIONs) and cysteine protease inhibitor E-64

(E-64@SPIONs) with the purpose of developing nanoparticle-based

assays for identifying cysteine proteases in proteomes. Magnetite

particles (ca. 6 nm) were synthesized by microwave-assisted thermal

decomposition of iron acetylacetonate and subsequently function-

alized following a click chemistry protocol to obtain biotin and E-64

labeled particulate systems. Successful surface modification and

covalent attachment of functional groups and molecules were confirmed by FT-IR spectroscopy and thermal gravimetric analysis. The ability of the surface-

grafted biotin terminal groups to specifically interact with streptavidin (either horseradish peroxidase [(HRP)-luminol-H2O2] or rhodamine) was confirmed

by chemiluminescent assay. A quantitative assessment showed a capture limit of 0.55�1.65 μg protein/100 μg particles. Furthermore, E-64@SPIONs were

successfully used to specifically label papain-like cysteine proteases from crude plant extracts. Owing to the simplicity and versatility of the technique,

together with the superparamagnetic behavior of FeOx-nanoparticles, the results demonstrate that click chemistry on surface anchored azide group is a

viable approach toward bioconjugations that can be extended to other nanoparticles surfaces with different functional groups to target specific therapeutic

and diagnostic applications.

KEYWORDS: microwave-assisted synthesis . click chemistry . iron oxide magnetite nanoparticles . biotin .
streptavidin�HRP and rhodamine . cysteine protease inhibitor E-64
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targeting unit toward cell application is essential with-
out influencing the biological function of these
molecules.19 In this context, click chemistry offers a
powerful and reliable tool toward the development of
functionalized nanomaterials and to label target of
interest in biology and medicine.14,20 The specific and
strong binding interaction between biotin and strep-
tavidin that is stable in a wide range of pH and
temperature forms the basis for many diagnostic
assays and forms a convenient biochemical systems,
e.g., in biosensors applications such as high affinity
receptor binding.21,22 Several proteins, such as insulin,
pepsin, glucose oxidase, horseradish peroxidase, and
fungal protease have been directly conjugated to
SPIONs.23 In most cases, however, the applied strategy
had altered the structure and active center of the
protein. The advantage of using biotin click chemistry
is that it employs suitable reaction conditions, endow-
ing considerable versatility of bioconjugation for a
wide variety of biomolecules without reducing their
activity.24 In addition, biotin functionalized SPIONs are
suitable for bindingwith streptavidin bearingmodified
proteins or antibodies for nanomedicinal applica-
tions.25 Similarly papain-like Cys-proteases (PLCPs)
are important biological molecules responsible for
plant immunity and their identification is performed
with the aid of DCG-04 (biotinylated derivative of
cysteine protease inhibitor E-64), which irreversibly
reacts with PLCPs when these proteases are active.26,27

To this end, SPIONs functionalized with protease in-
hibitor eliminates nonspecific adsorption of other un-
wanted interfering biomolecules by controlling the
surface chemistry of the particles so that proteases
can be selectively removed from the crude proteome
that eliminates the centrifugation step thereby
preventing stress-induced damage to biological
materials.28 In this manuscript, we demonstrate the
functionalization of magnetite particles by introducing
activity-based probes on the surface of SPIONs. The
modified particles enable a fast and efficient way of
identifying entire proteome through specific binding
and thereby circumventing the multistep co-purification
used in the conventional approach.
Given the applicability of click chemistry to surface-

attached groups, functionalized SPIONs were synthe-
sized in this work to link biotin and cysteine protease
inhibitor E-64. Specifically, SPIONs decorated with
azide groups were linked with biotin and cysteine
proteases inhibitor E-64 and chemiluminscence and
fluorescence scanning methods were used to verify
immobilization of biotin on the surface of SPIONs,
which confirmed successful surface modifications. Sub-
sequently, E-64@SPIONs were used to capture pro-
teases from crude leaf extracts of Arabidopsis thaliana
to demonstrate, for the first time, the use of magnetic
nanoparticles coated with activity based probes
to selectively capture protease from crude proteome.

In our system, the protease capturing via function-
alized SPIONs provides an excellent alternative to
handle extensive proteinwork and this approach could
offer significant advantage especially when multiple
proteins need to be studied.

RESULTS AND DISCUSSION

Synthesis and Functionalization of Nanovectors. The inte-
gration of surface-functionalized SPIONs and click
chemistry principles offers a promising approach to
specify biomolecular interactions between the surface
anchored chemical functionality and target molecules
for creating new biodiagnostic assays such as cell-
tracking and targeting of biomolecules.29 Click chem-
istry on magnetic vectors is a versatile pathway for
covalent immobilization of drug molecules, especially
for the attachment of targeting moieties in which
orientation and stability of linkages are particularly
important.30,31Furthermore, the SPIONs can be used,
after functionalization, to magnetically separate target
proteins from crude plant leaf extract (Scheme 1).

The crystal structure of as-synthesized nanoparti-
cles was investigated using powder X-ray diffraction
studies (Figure 1B) that confirmed the formation of
magnetite nanoparticles of various sizes subject to
synthesis time periods. The (311) plane of Fe3O4 was
used to calculate the mean crystallite size using
Scherer's equation, D = 0.9 λ/β cos θ, where D is the
particle size, λ is the wavelength of X-ray used, Cu
(R = 0, 15 406 nm), θ is the half diffraction angle of 2θ,
and β is full width at half-maximum. The volumetric
average particle size was 6 ( 1 nm, which was sup-
ported by transmission electron microscopic analysis
(Figure 1A). By varying the synthesis time, we success-
fully obtained the mean particle sizes of 6 nm (5 min),
9 nm (10 min), and 13 nm (15 min). As-synthesized
SPIONs were dispersible in water and largely exhibited
single domain character as confirmed by high-resolution
TEM analysis (Figure 1A). The particle dispersions in
neutral pH range were stable for at least one month
when stored at 4 �C in deionized water or phosphate
buffer saline (PBS). It was evident from dynamic light
scattering that the SPIONs are nanosized and exhibit a
narrow size distribution and indeed are compatible
with biological buffers (Figure 1D).

As a preliminary step, SPIONs were treated with
11-bromoundecyltrichlorosilane to obtain a Br-terminated
surface coverage. The conversion of bromine groups
with azide groups was established by a nucleophilic
substitution reaction with NaN3 performed in DMF.
For the click part, two biological molecules were
used, namely, alkylatedbiotin and alkylated E-64, which
provided two working systems, i.e., biotin@SPIONs
(to capture biotin-binding proteins) and E-64@SPIONs
(to capture Cys-proteases). E-64 contains a leucine-
epoxide reactive group, providing specificity for PLCPs.
TEM image investigation of the bromide and azide
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modified SPIONs reveals the organic modified charac-
ter of SPIONs causing agglomeration whereby nano-
particles showed the same grain size distribution
suggesting that surface modification caused no big
change on the size and morphology after the click
reaction. Attachment of the surface groups evidently
altered nanoparticles interaction but primary size
(6 ( 1 nm) remained nearly unchanged (Figure 1A).
One observable variation is hydrodynamic radius
of the nanoparticles, which was significantly larger
(ca. 38�78 nm) than those found in the TEM analysis
and is possibly due to the hydrogen bond formation
between the organic groups on adjacent surfaces caus-
ing cross-linking between the SPIONs to form larger

aggregates. In Br-terminated SPIONs, the hydrody-
namic size of the nanoparticles shifted to ca. 295 nm
apparently due to organic group modification of the
nanoparticle surface consequently resulting in the en-
hancement of hydrodynamic size due to larger polarity
(stronger dipole due to the presence of electronegative
bromine that will augment H-bonding) of the surface
groups. Similarly, hydrodynamic radius of biotin@
SPIONs and E-64@SPIONs tends to increase after the
click reactions due to more organic groups on the
surface of nanoparticles. This suggested that the parti-
cles were agglomerated in the medium due to the
interaction between organic surface molecules and
�OH groups (Figure 1D). The aggregated nature of

Scheme 1. Schematic representation of the practical steps involved. Microwave assisted synthesis, click chemistry and
functionalization of superparamagnetic iron oxide nanoparticles (SPIONs) to capture biotin binding protein and Cys protease
in plant proteome. Structure of the alkyne-biotin probe (upper right); structure of the Cys protease inhibitor E-64 containing a
leucine-epoxide reactive group provides specificity for PLPCs.
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particles as indicated by DLS measurements was also
observed in TEM images. The magnetic response of
these SPIONs was visualized by holding the sample
close to a small magnet (Figure 1C, inset). The magne-
tization curve of the as-synthesized Fe3O4 measured at

room temperature showedno hysteresis and no satura-
tion indicating their superparamagnetic nature, which
is advantageous for many applications such as recycl-
able catalysis, bioseparation, and controlled drug
delivery.

Figure 1. Morphology, crystallinity, magnetization and hydrodynamic size of SPIONs. (A) TEM of spherical SPIONs as
synthesized (upper left), HRTEM image with crystalline planes (red) which revealed the highly crystalline nature of SPIONs
(upper middle), bromide@SPIONs (upper right), azide@SPIONs (lower left), biotin@SPIONs (lower middle) and E-64@SPIONs
(lower right). (B) X-ray diffraction pattern of SPIONs generated at 200 �C at different time points 5, 10, and 15 min. (C)
Hysteresis loop of SPIONs shows magnetization curve recorded in applied magnetic field at room temp (inset: magnetic
separation). (D) Hydrodynamic size of SPIONs, bromide@SPIONs, biotin@SPIONs and E-64@SPIONs.
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FT-IR spectra of pure SPIONs exhibited a strong
band in the lower wavenumber region (at 540 cm�1)
attributed to Fe�O�Fe stretching frequencies
(Figure 2A). Upon surface modification with 11-bro-
moundecyltrichlorosilane and sodium azide, the spec-
trumwas dominated by absorbance bands at 2096 and
2990 cm�1 corresponding to the characteristic asym-
metric stretching mode of the azide group and C�H
stretching frequency, respectively (Figure 2B). The
successful occurrence of click reaction was evident in
the reduction of azide peaks that was accompanied by
the emergence of new peaks at 1412 cm�1 assignable
to amide II mode (N�CdO) of biotin, while the peak at
1531 cm�1 is due to amide I mode (CdO) of biotin

(Figure 2C). In a similar manner, the click reaction with
alkyne-E64 was verified by the disappearance of
the azide peak supported by the epoxy ring peak
observed at 1010 cm�1 (Figure 2D). After the click
reaction, the intensity of Fe�O�Fe vibration at 546
was evidently decreased possibly due to the attach-
ment of organic groups on the surface of SPIONs.32,33

The inorganic phase of biotin@SPIONs and E-64@
SPIONs was identified to be Fe3O4 by XRD pattern
(Figure S1). Thermal analysis of the modified SPIONs
under a nitrogen atmosphere in the temperature range
of 30�800 �C and with a 10 �C/min heating rate
showed a two-step decomposition process. In the
temperature range of 20�381 �C, adsorbed humidity

Figure 2. FT-IR and TGA analysis of intermediates used for the functionalization of SPIONs: (A) SPIONs as synthesized (black);
(B) azide@SPIONs (red); (C) biotin@SPIONs (blue); (D) Cys protease inhibitor E-64@SPIONs (green) and thermo gravimetric
analysis; (E) SPIONs; (F) azide@SPIONs; (G) biotin@SPIONs; (H) E-64@SPIONs.

A
RTIC

LE



ILYAS ET AL. VOL. 7 ’ NO. 11 ’ 9655–9663 ’ 2013

www.acsnano.org

9660

and protective organic groups on the surface of the
nanoparticles were removed. A complete removal of
the carbonaceous species was observed at 687 �C with
total mass loss being 8% and 2%, respectively. No
further weight loss after this point was indicative of
the formation of a metal oxide (XRD evidence) of
definite composition (Figure 2E). After azide func-
tionalization, thermal characteristics of azide@SPIONs
showed four-step decomposition process (Figure 2F),
whereby first weight loss at 283 �C and second at
422 �C are indicative of the removal of volatile content
and carbonaceous groups on the surface, which is
supported by an exothermic event and corresponded
to a total weight loss of 12.5%. At 490 �C, additional 4%
weight loss was observed possibly due to the removal
of residual adsorbed groups present on the nanopar-
ticle surface. After 603 �C, there was no further ob-
servable weight loss which confirmed the formation of
iron oxide. After click reaction with alkyne-biotin and
alkyne-E-64, decomposition behavior of conjugates
changed displaying four distinct events indicating a
multistep decomposition process involved in the
removal of the organic contents present on the surface
of nanoparticles. Biotin grafting resulted in two small
weight loss events at 198 and 298 �C, respectively,
which correspond to a total weight loss of 8% ascrib-
able to the removal of adsorbed water molecules
(Figure 2G). A prominent exothermic peak around
565 �C that resulted in ca. 12%weight loss is attributed
to partial removal of organic shell, which continues
until 760 �C and resulted in a further weight loss of 9%.
Nanoprobes modified with E-64 showed loss of sur-
face-attached water between 128 and 260 �C, which
corresponded to 6.5%weight loss (Figure 2H). The next
weight loss of 12.5% is due to the elimination of
organic molecules, whereas the last weight loss
(7%) is indicative of the removal of residual organics.
Biotin@SPIONs showed 3% more weight loss as
compared to E-64@SPIONs that can be due to the
hydrophilic nature of the biotin as well the particle
size-distribution among the different samples. The
differential decomposition profiles of various nano-
probes are attributed to the nature (strength) of
chemically grafted groups, thermal stability and their
interaction with water (e.g., hydrophilic periphery
would showmoreweight loss in the initial temperature
range typical for loss of adsorbed water). Finally, the
slight deviation in the results is also due to the differing
amount of SPIONs present in the samples and the size-
distribution of particles present in different probes.

Biodetection Assays with Magnetic Nanovectors. To deter-
mine if biotin@SPIONs can capture biotin binding pro-
teins, biotin@SPIONs and control SPIONs (bare SPIONs)
were incubated with streptavidin�HRP (horse radish
peroxidase) and bovine serum albumin (BSA) at room
temperature for 1 h. The particles were washed and
incubated with luminol containing chemiluminescence

solution to detect HRP activity. Emitted light was
recorded using light sensitive films, whereupon a
strong chemilumiscence signal was detected for the
biotinylated SPIONs (Figure 3A, right). In contrast, no
measurable signal was detected for control SPIONs
(Figure 3A, left). Similar results were obtained using
fluorescent streptavidin incubatedwith biotin@SPIONs
and bare SPIONs (Figure 3B). To get quantitative pro-
spect for the interaction between the biotin@SPIONs
and streptavidin, we performed a concentration course
assay using fluorescent streptavidin. To obtain clear
evidence, 100 μg dispersions of biotin@SPIONs were
prepared in PBS, with different concentrations of fluo-
rescent streptavidin ranging from 0.55 to 2.75 μg.
After 1 h incubation, beads were washed and eluted
by boiling at 95 �C in protein gel loading buffer. The
samples were separated on protein gel, and detected
by fluorescent scanning. The observed signal intensity
proved that capturing 100 μg of biotin@SPIONs re-
quired 0.55μgof fluorescent streptavidin (Figure 3C,D).
In summary, we have developed a biotechnological
assay technique using clickable-SPIONs and based
on biotin�streptavidin interaction. The results of the

Figure 3. Biotin@SPIONs selectively capture streptavidin�
HRP and rhodamine. (A) Biotin@SPIONs was detected with
streptavidin�HRP and chemiluminescence. (B) Captured
streptavidin�rhodaminewas detectedwith SDS-PAGE elec-
trophoresis. (C) Concentration course of streptavidin�
rhodamine using biotin@SPIONs (100 μg). Each mixture of
biotin@SPIONs and streptavidin�rhodamine was incubated
for 1 h, and maximum emission intensities at 580 nm were
recorded after each addition of streptavidin�rhodamine
solution. (D) Saturation binding curve determined by quan-
tification of luminescence intensity.
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present assay can greatly facilitate optimization of
experimental conditions for such specific detections
in a variety of applications, since biotin functionalized
nanoparticles are suitable for binding to streptavidin
and modified proteins or antibodies.

To use surface modified SPIONs for other pro-
tein capture approaches, E-64, a reversible inhibitor
of PLCPs, was used as a specific probe. To examine
whether E-64@SPIONs can selectively capture cysteine
proteases, a leaf extract of the model plant A. thaliana
with E-64@SPIONs and control beads (see Experimen-
tal Section) was incubated and the captured proteins
were analyzed with an antibody against RD21, an abun-
dant cysteine protease in Arabidopsis leaf extract.34

After antibody binding, the beads were washed and
boiled in SDS sample buffer and eluted proteins were
separated on a protein gel to analyze the protein blot
using a secondary antibody that detects the RD21
antibody. The RD21 antibody was only detected using
E-64@SPIONs and not by the control beads (Figure 4).
Preincubation of leaf proteomes with an excess of E-64
before adding the SPIONs prevented the capture of
RD21 on the nanoparticles, thereby demonstrating
that capture was specific for Cys proteases. (Figure 4).
In summary, we report that specific capture of Cys
proteases present in crude leaf extract is possible with
functionalized SPIONs. The experimental data shows
that this new labeling system is not only useful for
specific tracking and targeting of Cys protease, but it
can also be extended to other alkylated molecules to
target different proteins in a specific system.

CONCLUSIONS

Superparamagnetic magnetite nanocrystals (SPIONs)
synthesized by microwave-assisted thermal decomposi-
tion of iron(III) acetylacetonate precursor were modified
based on click chemistry protocols to successfully intro-
duce bromide and azide groups on their surface. Follow-
ing the modulation of surface chemistry landscape,
the grafted azide groups were utilized to attach biotin
and Cys-proteases inhibitor E-64 through click-chemistry
protocols. The detection of attached biotin with
streptavidin�HRP and Rh conjugates provided amodel
system for the validation of our initial hypothesis.
Furthermore, E-64@SPIONs were successfully applied
to capture cysteine proteases from crude leaf extracts
that demonstrates the successful utilization of mag-
netic separation. Additionally, capturing proteases on
the functionalized SPIONs significantly simplified the
process and it is fast andpotentiallymore target-specific
than traditional assays. In general, azide@SPIONs can
be used to attach various chemical groups on the surface
of SPIONs and to adapt this flexible surface chemistry
to separate specific molecules from crude proteomes
for developing new biotechnological assays and target
specific therapeutic and diagnostic applications.

EXPERIMENTAL SECTION
Materials. Iron acetyl acetonate, [Fe(acac)3], streptavidin�

HRP, streptavidin�rhodamine, sodium azide (NaN3), and N,N-
dimethylformamide (DMF, 99.99%) were purchased from
Sigma-Aldrich. Benzyl alcohol (99.5%, Fluka) and 11-bromoun-
decyltrichlorosilane (95%, C11H22BrCl3Si, ABCR) were also com-
mercially procured. All chemicals were used as received.
A. thaliana ecotype Columbia was grown in a standard green-
house at 22 �C under a 16-h light regime. Leaves were obtained
from 6 week-old Arabidopsis plants. Horseradish-peroxidase-
conjugated anti-rabbit antibodies were from Amersham Phar-
macia Biotech.

Synthesis of Fe3O4 SPIONs Using Microwave Method. Super-
paramagnetic magnetite nanoparticles were prepared by a
microwave-assisted thermal decomposition method based on

previous reports and undertaking minor modifications in the
procedure.35 Iron acetylacetonate (1 mmol) was dissolved in
5 mL of benzyl alcohol under an inert atmosphere at room
temperature and the resulting solution was transferred into a
glass vial (vessel inner volume of 10 mL, sealed with a Teflon
cap) and subjected to microwave irradiations operating at 2.45
GHz and 300 W. The solution was treated at 200 �C for 5 min.
Upon cooling, the product was magnetically separated and
washed several times with absolute ethanol and dried at 60 �C
for 6 h. The final black powder was collected for further
characterization.

Surface Modification of SPIONs. SPIONs (500 mg) were dis-
persed in toluene by ultrasonication of suspensions followed by
the addition of 250 μL of 11-bromoundecyltrichlorosilane. The
reaction mixture was stirred overnight at room temperature.

Figure 4. E-64@SPIONs capture of Cys protease RD21 from
plant proteome. (A) Schematic representation of capturing
and detecting Cys protease RD21 using Le@SPIONs
(Leucine-Epoxide E-64). (B) Detection of RD21 antibody
captured on E-64@SPIONs incubated with leaf proteome.
The eluted proteins were separated on protein gel and
analyzed on protein blot using a secondary antibody linked
to horseradish peroxidase (HRP) that detects the RD21
antibody. The RD21 was only detected using E-64@SPIONs
but not control SPIONs. Lower panel represents the loading
control. TLE represents total leaf extract.
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After centrifugation, it was washed with toluene and alcohol to
remove any unbound 11-bromoundecyltrichlorosilane. The
retrieved particles were dried overnight at room temperature
and treatedwith 10mL of saturated solution of sodium azide for
48 h at room temperature in DMF to replace bromide groups
present on the surfacewith azidegroups. The resulting suspension
was centrifuged and azide-modified particles were washed with
acetone and alcohol and dried overnight at room temperature.36

Synthesis of Biotin@SPIONs via Click Reaction. For biotinyla-
tion, click reaction between azide@SPIONs and alkylated biotin
was carried out in a solution prepared by dispersing the
azide@SPIONs in toluene (2 mg/mL). The dispersion was added
into 1 mL of DMSO solution containing 2 μL of 50 mM alkylated
biotin and refluxed under constant stirring for 48 h at 110 �C in
mild conditions using CuSO4.5H2O as a catalyst. The obtained
suspension was centrifuged and biotin modified particles were
washed with toluene and dried overnight at room temperature.37

Specificity of Biotin@SPIONs Using Streptavidin�Rhodamine
Assay. Fordetectionofbiotin@SPIONsbystreptavidin�rhodamine
conjugate, 1 mg of biotin@SPOINs was dispersed in 1 mL
of Tris-buffered saline (TBS) containing 3% BSA for 1 h on a
rotary shaker at room temperature followed by washing with
TBS containing 1% Tween to remove the access BSA. A total of
50 μL of biotin@SPIONs was incubated with streptavidin�
rhodamine conjugate (0.5 μL of 1 mg/200 μL PBS) for 1 h on
a rotary shaker at room temperature followed by washing
with Tris-buffered saline Tween (TBS-T, 3�) to remove unbound
streptavidin�rhodamine using anexternalmagnet. Sampleswere
boiled in 50 μL of gel loading buffer to elute the streptavidin�
rhodamine. Equal amounts of samples were separated on
SDS-PAGE (15% acrylamide) using Novex Minicell system
(Invitrogen) at 160 V/250 mA for 70 min. Fluorescent gel was
analyzed on typhoon scanner with excitation range of 580 nm.

Scanning and Quantification of Biotin@SPIONs. The amount
of streptavidin�rhodamine conjugate required to interact with
100 μg of biotin@ SPIONs was determined by performing a
concentration assay. For this purpose, the streptavidin�rhoda-
mine conjugate was reconstituted with PBS (1 mg/200 μL). The
dispersed biotin@SPIONs were incubated with different
amount of streptavidin�rhodamine conjugate ranging from
0.22 to 2.75 μg for 1 h on a rotary shaker. The blank experiment
involved the use of unbiotinylated SPIONs with the addition of
0.55 μg of streptavidin�rhodamine conjugate. Particles were
then washed with TBS-T (5�) and separated using external
magnet. Standard SDS-PAGE gel electrophoresis was implied
(Novex Minicell system, Invitrogen). Fluorescence gel was sub-
jected to wash (5�) with water and the gel was scanned for
fluorescence with typhoon scanner with excitation range of
580 nm. The scanned signals were quantified using Image
Quant software.

Specificity of Biotin Conjugated SPIONs Using Streptavidin�
HRP. For detection of biotin@SPIONs by streptavidin�HRP, the
black microtiter plate was used. After removing unbound
streptavidin�HRP, sampleswere poured into thewells ofmicro-
titer plate followed by addition of ECL substrate and incubation.
The plate was exposed to X-ray films in the dark room and
developed by automatic X-ray film processor, when signals
were visualized after a short exposure of the microtiter plate.

Synthesis of E-64@SPIONs via Click Reaction. For a click
reaction, 10 mg of azide@SPIONs was dispersed in toluene by
ultrasonication for 1 h followedby the addition of 1mL of DMSO
containing 2 μL of 50 mM alkylated E-64 in mild conditions
using CuSO4 3 5H2O as a catalyst . The dispersion was refluxed
under constant stirring for 48 h at 110 �C. The product was
collected by centrifugation, washed several times with dry
toluene, and dried overnight at room temperature.

Protein Extraction from A. thaliana Leaves and Western Blot Analysis.
One rosette leaf of A. thaliana ecotype Columbia (4�6 week-
old) was ground withmetal beads in 500 μL of water containing
1 mM dithiothreitol (DTT). Samples were centrifuged at
12 000 rpm for 5 min at 4 �C and the supernatant was used
for labeling experiments. Preincubation (30min)was carried out
mixing 425 μL of leaf extract with 50 mM sodium acetate, pH 6,
1 mM DTT, and 60 mM E-64 inhibitor to reach a final volume of
500 μL. Onemilligram of E- 64@SPOINs was dispersed in 1mL of

TBS containing 3% BSA for 1 h on a rotary shaker at room
temperature followed by washing with TBS containing 1%
Tween to remove the access BSA. The dispersed 50 μL of
E-64@SPIONs and uncoated SPIONs (1 mg/500 μL) were added
into preincubated samples separately. All samples were incu-
bated under gentle agitation on a rotator (STR4, Stuart) for 5 h.
SPIONs were sorted out using external magnet followed by
washing with freshly prepared 6 M urea and PBS buffer sepa-
rately. Washed SPIONs were probed with 1:3000, 3.3 μL primary
antibody against RD21 for 1 h under gentle shaking followed by
washingwith TBS-T. Tris-glycine SDS gel (12% acrylamide) was run
to separate the proteins using Novex Minicell system (Invitrogen)
at 160 V/250 mA for 70 min. Proteins were transferred onto an
Immobilon-P polyvinylidenedifluoride membrane (Immobilon-P,
Millipore) usingX-Cell II BlotModule system (Invitrogen) at 250mA
for 60min. After themembranewas blockedwith 5% BSA in TBST,
residual BSA was removed by TBS-T. The washed membrane
was probed with anti-rabbit (1:5000, 1 h shaking) linked to
horseradish peroxidase (HRP). The membrane was washed with
TBST, and HRP was detected by enhanced chemiluminescence
(ECL, Pieice) and recorded by X-ray films.

Instrumentation. FT-IR (Fourier Transform Infrared) spectra
were recorded on a Perkin-Elmer-Spectrum 400 with Universal
ATR sampling accessory in the range 400�4000 cm�1. The
particle size and morphology of SPIONs were determined by
LEO 912-Omega, microscope Carl Zeiss, Germany, operating
with an accelerating voltage of 120 K eV. The samples were
prepared by releasing a drop of ethanol dispersion of particles
directly onto the carbon-coated copper grid and drying at room
temperature. High resolution electronmicroscopy of nanocryst-
als was performed on a Philips CM 300 microscope. Powder
X-ray diffractorgrams of nanopowders were recorded on a
STOE-STADI MP diffractometer equipped with a Cu (R =
0.15406 nm) source and operating in transmission mode.
Magnetization curve was monitored with an ADE Magnetics
Vibrating Sample Magnetometer EV7 at room temperature to
investigate dependence of sample magnetic moment on ap-
plied magnetic field. Samples were measured in sealed Teflon
vessel, placed on a glass sample holder between two poles of an
electromagnet and vibrated at a frequency of 75 Hz. Quantita-
tive bioassay was carried out in 96 well plates using a commer-
cial chemiluminescent assay system and exposed to X-ray films
(Bio Max MR, Kodak) in the darkroom. The exposed film was
developed by automatic X-ray film processor (Optimax, Protec)
at Max Planck Institute for Plant Breeding Research, Cologne,
Germany. Proteins were separated on 12% SDS-PAGE gels and
transferred onto polyvinylidene fluoride (PVDF) membrane.
Membranes were blocked with 5% (v/w) bovine serum albumin
(BSA) in Tris-buffered saline Tween (TBST) for 10 min and
incubated for 1 h with anti-rabbit antibody (linked to horse-
radish peroxidase (HRP)) at a dilution of 1:5000 in blocking
solution. The membranes were washed and developed using
chemiluminescence (ECL, Pieice). For visualization, an auto-
matic X-ray film processor was used.
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