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O
ver the past three decades, MNPs
have found a great number of
applications in fields such as drug

delivery, magnetic resonance imaging (MRI),
or biosensing,1�8 to name a few. Many re-
search lines have been devoted to establish
synthetic procedures resulting in MNPs with
high magnetization values, monodisperse
size distribution, and high stability in a vari-
ety of environments.9�12 In addition to
synthesize “good”MNPs, it is crucial to devel-
op procedures for their adequate biofunctio-
nalization, which ultimately confers the
appropriate features for biotechnological
andbiomedical applications. Therefore, awide
variety of biomolecules including aptamers,
peptides, enzymes and carbohydrates have
been used to provide MNPs with specificity
and bioactivity.13�17 However, among these
biomolecules, Abs present themselves as
very convenient candidates due to their
large diversity, high specificity, and recogni-
tion efficiency.18�21 Several strategies have
been developed for the incorporation of
Abs on different supports.22�27 It must be
said though that Ab functionalization of
MNPs have some limitations when com-
pared to surfaces and microbeads, such as
easy aggregation with small changes of pH
and/or ionic strength, polymeric shell in-
stability, batch to batch MNPs irreproduci-
bility, or presence of surfactants. This can be
the reasonwhy, to our knowledge, there are
in the literature several contributions re-
garding the complexation of magnetic mi-
crobeads with Abs, but only a few for
MNPs.28�32 One of the most popular strate-
gies entails the covalent attachment of theAb
through their most reactive amine groups.
This is a simple methodology which does

not involve the chemical modification of
the Ab since amine groups are present
in most proteins and are very reactive
moieties.33�38 However, the use of this pro-
tocol implies working at pH values below
8.0, which results in a random orientation of
the Ab on the MNP surface. This is because
at these pH values, the most reactive amine
moieties reside in the antigen binding site
of the Ab molecule, the Fab domain.39,40 To
prevent Ab random orientation, a number
of strategies proposes linking the Ab in a
oriented manner by alternative methods
such as by using immobilized protein A41

or protein G,42 via covalent immobilization
through the sugar chains of the Ab,43,44 or

by Ab site-directed biotinilation.45�49 All
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ABSTRACT Several strategies for linking antibodies (Abs) through their Fc region in an oriented

manner have been proposed at the present time. By using these strategies, the Fab region of the Ab

is available for antigen molecular recognition, leading to a more efficient interaction. Most of these

strategies are complex processes optimized mainly for the functionalization of surfaces or

microbeads. These methodologies imply though the Ab modification through several steps of

purification or the use of expensive immobilized proteins. Besides, the functionalization of magnetic

nanoparticles (MNPs) turned out to be much more complex than expected due to the lack of stability

of most MNPs at high ionic strength and non-neutral pH values. Therefore, there is still missing an

efficient, easy and universal methodology for the immobilization of nonmodified Abs onto MNPs

without involving their Fab regions during the immobilization process. Herein, we propose the

functionalization of MNPs via a two-steps strategy that takes advantage of the ionic reversible

interactions between the Ab and the MNP. These interactions make possible the orientation of the

Ab on the MNP surface before being attached in an irreversible way via covalent bonds. Three Abs

(Immunoglobulin G class) with very different isoelectric points (against peroxidase, carcinoem-

bryonic antigen, and human chorionic gonadotropin hormone) were used to prove the general

applicability of the strategy here proposed and its utility for the development of more bioactive NPs.
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these strategies are based on the immobilization of the
Ab through the Fc region which leaves the Fab regions
available for antigen molecular recognition. Unfortu-
nately, most of them are complex processes that imply
the Ab modification through several steps of purifica-
tion or the use of expensive immobilized proteins.
Moreover, immobilization through oxidized oligosac-
charide chains is limited to Ab bearing these chains,
which is not always the case. Therefore, there is still
missing an efficient, easy, and universal methodology
for the immobilization of nonmodified Abs onto MNPs
without involving their Fab regions during the immo-
bilization process.
Herein, we propose the functionalization of MNPs

via a two-step strategy which involves an initial rapid
ionic adsorption of the Ab followed by a much slower
Ab covalent attachment. Thus, the irreversible binding
(covalent) only occurs through the region of the Ab
surface where ionic adsorption took place. Summariz-
ing, we use the unspecific reversible interactions be-
tween the Ab and the MNP in order to orient the Ab on
the surface of the MNP before being attached in an
irreversible way via covalent bonds.

RESULTS AND DISCUSSION

Since the ionic adsorption rate depends mainly on
the number of charged groups present on the protein
surface, ionic adsorption can be used to orient Abs. In
any protein, the zone with the greater density of
charged residues would have the faster adsorption rate.
As a result, most of the protein molecules would be

adsorbed on any support mostly through this zone in
an oriented manner. Unfortunately, positive and ne-
gative charges are homogeneously distributed on any
Ab surface and hence, they lack regions with either a
well-defined positive or negative net charge. However,
since the Ab is asymmetric, there are a number of
planes of interaction which have different surface
areas. The largest area, and thus, the region with the
greater number of charges is the plane involving the
four Ab subunits during the immobilization. Hence, our
working hypothesis is that if the Ab is adsorbed
through its richest negative or positive region, the
antigen recognition sites will remain close to the
MNP surface but they will not be involved during
immobilization, preserving its antigen binding capa-
city (Figure 1). On the other hand, amino acid sequen-
cing studies have shown that only small differences
can be found in the protein sequence of different
Abs.50,51 These differences are all localized in the
recognition site of antibodies (Fab region). The largest
region of any Ab is called the constant region (Fc
region) because of how well it is conserved in different
Abs, even among different species. Therefore, the
proposed immobilization strategy can be extended
to any Ab (for an extended argument on this matter,
see Supporting Information, section 2).
This functionalization strategy requires the design

of MNPs containing two functional groups: (i) ion-
izable groups that allow the Ab ionic adsorption and
(ii) reactive groups for further covalent attachment
(Figure 2). Though over the past years, we have

Figure 1. 3D structure of an Ab showing the positive and negative charge surface distribution. The Ab structure was taken
from the Protein Data Bank (PDB) and visualized using PyMol v0.99. The PDB entry 1IGY was selected for this 3D represen-
tation. Negative and positive charges are displayed in red and blue, respectively. (a) Graphic representations of the Ab inter-
action planes arranged consecutively as the number of charges residues decreases, i.e., front, lateral, top, and bottom views.
(b) Number of charged residues per possible plane of interaction. (c) Schematic representation of the interaction of a MNP
with the Ab plane of interaction (front) with the largest number of charged groups.
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extensively worked on the synthesis of bifunctional
supports using agarose and epoxy-acrylic resins,52�54

the introduction of bifunctionality on MNPs turned out
to be much more complex than expected. This is
mainly due to the fact that colloidal stability of MNPs
depends on a delicate interaction balance among
attractive (van der Waals, magnetic) and repulsion
forces (electrostatic, steric). Chemical modification of
the surface of MNPs is a challenging task because of
their lack of stability at high ionic strength and non-
neutral pH values.
As negative charges would be required on the MNP

surface for binding the Ab through its richest positive
charged region at the working pH, MNPs bearing
carboxyl groups were selected. The partial activa-
tion of some of their carboxyl groups, with 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC) and
N-hydroxysuccinimide (NHS), was optimized in order
to introduce the required bifunctionality (Figure 2a).
Thus, a covalent reaction can occur between the ac-
tivated carboxylic groups and amino groups in the
vicinity of the Ab area involved during the precedent
ionic absorption. Since this strategy changes the sur-
face charge distribution of the MNP (a negative charge
is neutralized per each carboxylic group which are
activated), zeta potential measurements were used to
confirm the partial activation of the carboxylic groups
(Supporting Information, Figure S2). This partial activa-
tion must reach a compromise between an enough
number of unmodified carboxylic groups (to ensure
the ionic adsorption of the Ab) and a sufficiently high
amount of activated COOH groups (in order to achieve
the Ab covalent attachment once it has been ionically
adsorbed (Supporting Information, Table S1)).
Conversely, to bind the Ab through its richest nega-

tive charged region, MNPs containing primary amine
groups were chosen. In this case, epoxy groups have
been introduced bymodification of the amine moieties

with epichlorohydrin (Figure 2b). Epoxy groups were
selected as the reactive moieties due to their ability to
react with different nucleophilic groups on the Ab
surface (e.g., amino, hydroxyl, thiol moieties, etc.). The
formed bonds are extremely strong bonds (secondary
amino bonds, ether bonds, thioether bonds, etc.) with
minimal chemical modification of the protein
surface.55,56 Besides, since the pK values of the new
secondary amino groups are very similar to those of the
original primary amino groups of the MNPs, this che-
mical modification did not affect their capacity to
ionically adsorb proteins with negative net charge
(anionic exchange capacity) (Supporting Information,
Figure S4). To quantify the degree of introduced epoxy
groups, the decrease of reactive amino groups was
determined colorimetrically using Trau�ts and Ellma�ns
reagents (Supporting Information, Table S2).
Dynamic light scattering (DLS) measurements con-

firmed that nonsignificant changes on the hydrody-
namic diameter were introduced after both activation
strategies. Therefore, MNPs did not aggregate along
any of the activations strategies (Supporting Informa-
tion, Table S3).
Both kinds of bifunctional MNPs validated the two-

step immobilizationmechanism proposed in this work.
To evaluate the formation of covalent bonds after the
ionic adsorption step, we took advantage of the re-
versible character of ionic interactions. The Ab mol-
ecules attached to the MNP only via ionic adsorption
could be eluted away by increasing the ionic strength
and/or changing the global net charge of the Ab by
shifting the pH of the media. In contrast, if the Ab is
covalently attached through activated carboxyl or
epoxy groups of the MNP, the bond would last at any
pH or salt condition.
The general structure of most Immunoglobulin G

(IgG) Abs is very similar; the major difference among
them is a small region at one end of the protein (the
antigen recognition sites). Therefore, to optimize both
immobilization strategies, antiperoxidase (anti-HRP)
was selected as the working model. The anti-HRP
biological activity could be determined in a straightfor-
ward way by measuring the enzymatic activity of
peroxidase (HRP) that is specifically recognized by
the anti-HRP. Hence, anti-HRP was incubated for dif-
ferent time periods with both kinds of bifunctional
MNPs. In both cases, most of the attached Ab could be
desorbed from the MNPs after 15 min of incubation at
the suitable pH conditions. This demonstrates that ionic
adsorption is very rapid and undoubtedly, faster than
the irreversible covalent binding of the Ab molecules.
The incubation for a longer period of time reduces the
percentage of Ab that could be released from both
kinds of MNPs, and ultimately, most Ab molecules were
irreversible covalently attached after 2 h (Figure 3).
To confirm that the Fab region of the Ab was not

involved during the immobilization, the efficiency of

Figure 2. Novel bifunctional MNPs for binding Abs through
their richest (a) positive and (b) negative charged surface
regions.
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the Abs covalently attached to MNPs able to recognize
HRP was evaluated (Figure 4). MNPs functionalized
with anti-HRP immobilized through their more reactive
amine groups or through their sugar chains were also
prepared as control for random or oriented immobili-
zation, respectively. All the Ab-MNP preparations were
incubated with an excess of HRP. After several wash-
ings, the amount of HRP boundwas quantified spectro-
photometrically by determining the biological activity
following the oxidation of the 2,20-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS). MNPs without
Ab or with an antibody that did not bind HRP (anti-
hCG) but blocked with bovine serum albumin (BSA)
were used as blanks of HRP unspecific binding to the
MNPs surface. Provided that in none of the cases HRP
unspecific binding to the MNPs was observed, the
enzymatic activity of each Ab-MNPs preparation can
be used directly to calculate the average of HRP
molecules joined by a molecule of antibody in each

immobilization strategy (more details in Supporting
Information: section 3.1).
If the Fab regions are sufficiently exposed to the

medium, the molar ratio of antigen to Ab (HRP to anti-
HRP) should be two since IgG Abs have two antigen
binding sites. In the case of random immobilization,
a decrease of this ratio was observed (close to 1)
(Figure 4). This result confirms that the Fab zones of
many Ab molecules are involved during the immobiliza-
tion strongly reducing their antigen recognition effi-
ciency. As expected, HRP to anti-HRP ratio was close to
two when the Ab was immobilized by its sugar moieties.
In the case of Abs immobilized by the proposed two-step
strategy, both positive and negativeMNPs, the biological
activity of the Abswas close to the expected value (>90%
efficiency in both cases). In each immobilization strategy,
the final anti-HRP content perm2was the same, since the
size of both aminated and carboxylated MNPs was
200 nm and the amount of bound Ab was similar in all
the cases. Therefore, the differences observed in the HRP
to anti-HRP ratio must be a consequence of a different
orientation of the Ab on the MNP surface. The use of this
new two-step immobilization strategy allows to obtain
MNPs functionalized with fully active Abs.
As already mentioned, the general structure of all IgG

Abs is very similar. In that sense, the developed metho-
dologymustbeapplicable tomostof theAbs. To favor the
initial ionic absorption step, the incubation pH must be
adjusted depending on the Ab pI. As both strategies gave
similar results, a preferential use of any of them would
be onlymotivated by the colloidal stability of theMNPs at
the pH where Ab ionic adsorption is most favorable.
Hereby to show the most general feasibility, anti-

bodies against human chorionic gonadotropin hor-
mone (anti-hCG) and carcinoembryonic antigen (anti-
CEA) were bound through its richest positive charged
region to partially activated carboxylated MNPs. Anti-
hCG and anti-CEA have significant differences in their
pIs (6.55�6.85 and 7.35�8.15, respectively) in compar-
ison with anti-HRP (pI = 5.2�6.55) (Supporting Infor-
mation, Figure S6). As in the case of anti-HRP, the

Figure 3. (a) Scheme of the two-steps immobilization mechanism proposed when using bifunctional MNPs that bind the Ab
through its richest positive charged area. (b) Results obtained using this strategy that confirms the mechanism proposed.
Similar results were obtained with amino-epoxy MNPs. In black desorption after 15 min; in gray desorption after 2 h.

Figure 4. Capacity to capture HRP of the anti-HRP anchored
toMNPs by different orientations. The protein content of all
anti-HRP-functionalized MNPs was similar (2 μg Ab per mg
MNP).
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antigen binding capacity was reduced dramatically
when the Ab was immobilized in a random manner.
The biological activity of the Ab immobilized using the
proposed strategy was again close to the value ob-
tained when they were linked through their sugar
moieties (Figure 5). Thus, the general applicability
of the strategy here proposed was demonstrated by

choosing Abs with pIs covering a broad range of pH
values (5.20�8.15).
Another key point to be considered in the optimiza-

tion process is the surface density of Abs on the MNPs.
As shown in Figure 6, an increased Ab density reduced
their antigen binding capacity as the spatial accessi-
bility of the antigen is reduced due steric hindrance
between Abs in close proximity. Even when Abs were
linked in an oriented way, a strong reduction of their
activity was observed when MNPs were overloaded.
The reduction of antigen binding capacity due to

steric hindrance increases dramatically with the com-
plexity of the detection method. In Figure 5, the
differences observed between oriented and random
methodologies are higher when using an indirect
antigen detection method, that is, anti-hCG and anti-
CEA (Supporting Information, sections 3.1.2 and 3.1.3).
These differences cannot be attributed to different Ab
loadings since the amount of Ab attached to the MNPs
was the same in all cases (6 μg Ab per mg of MNP).

CONCLUSIONS

The activity of Abs immobilized onMNPs is a balance
of two factors: density and orientation. The results
shown here demonstrate that maximizing the amount
of Ab is not as advantageous as frequently assumed.
Moreover, we have shown that by controlling unspe-
cific ionic adsorption, it is possible to covalently attach
the Ab in an oriented way, preserving its biological
activity. The developed methodology is applicable to
most Abs as long as the pH of incubation is adjusted
depending on the Ab pI. Moreover, this conjugation
strategy can also apply to other proteins (i.e., enzymes,
protein receptors, etc.), and it can be easily optimized
for the use of another kind of nanoparticles or nanos-
tructured materials (for more details see section 4 in
the Supporting Information). For short-term applica-
tions, MNPs functionalized with anti-hCG and anti-CEA
have interesting diagnostic applications. The antigen
hCG is not only a reliable marker of pregnancy but also
a marker of some types of testicular and ovarian
cancers (germ cell tumors) and gestational trophoblas-
tic disease.57�59 On the other hand, CEA is the pre-
ferred tumormarker to help predict outlook in patients
with colorectal cancer.60,61 The proposed methodol-
ogy can be very suitable for more sensitive, selective,
and bioactive nanodevices.

METHODS

Synthesis of Bifunctional Magnetic Nanoparticles. Partially Car-
boxylic Activated Magnetic Nanoparticles. A 10 mg portion of
carboxylated magnetic nanoparticles (1601/08, 0302/08, 1505/
08, 1711/08, 0212/08, 1001/09, 1402/09, 0605/09, 0906/09,
3008/09 from Chemicell) was washed several times with 1 mL

of 10mMMESpH6.1. Then theNPswere incubated for 30min at
37 �Cwith 1mL of 10mMMES pH 6.1 containing 5 μmols of EDC
and 7.5 μmols of NHS. After that, they were washed three times
in the same buffer and used immediately.

Amino-epoxy Activated Magnetic Nanoparticles. A 10 mg
portion of aminatedmagnetic nanoparticles (1901/08, 1602/08,
2804/08, 1411/08, 1711/08 from Chemicell) was washed several

Figure 5. Relative biological activities of MNPs functionalized
with anti-HRP, anti-CEA, and anti-hCG using random orien-
tation and our two-step strategy. Results are normalized to
thebiological activity ofMNPs functionalizedwithAbs through
its sugar moieties (positive control).

Figure 6. Influence of antibody density in the antigen bind-
ing capacity of anti-HRP functionalized MNPs.
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times with 1mL of 10mM sodium bicarbonate pH 8.5. Then, the
NPs were incubated 16 h at 25 �C in 25 mL of 10 mM sodium
bicarbonate pH 12.0 containing 10% acetone and 0.3% epyclor-
ohydrin. Afterward, the activated supports were washed several
timeswith 10mMbicarbonate pH 8.0 and stored in this buffer at
4 �C until used.

General Procedures for Characterization of the Chemical NPs Functio-
nalization. To verify the partial activation of carboxylated MNPs,
zeta-potential measurements were carried out in MNPs acti-
vated with EDC/NHS. In the case of aminated MNPs, their
activation with epoxy groups was characterized by determining
the decrease of reactive amine groups colorimetrically using
Trau�ts and Ellma�ns reagents. More details on the characteriza-
tion tools used can be found in the Supporting Information,
section 1.2.

Light scattering and zeta-potential measurements were
performed on a Brookhaven Zeta PALS instrument at 25 �C.
Each sample was measured three times, combining 10 runs per
measurement.

Covalent Immobilization of the Antibody on Magnetic Nanoparticles.
Immobilization via the More Reactive Amine Groups of the Anti-
body. A 10 mg portion of partially carboxyl activated nanopar-
ticles was incubated with 1 mL of 10 mM MES pH 7.0 300 mM
NaCl with 100 μg/mL of antibody solution during 2 h at 37 �C.
Then, the remaining carboxyl activated groups were blocked at
25 �C for 16 h with 1 mL BSA 1% in 10 mM MES pH 6.1. Finally,
they were washed several times with 10 mM MES pH 6.1 and
stored at 4 �C until used.

Immobilization via the Carbohydrates Moieties of the Anti-
body. One milliliter of an antibody solution 1 mg/mL in 10 mM
sodium phosphate pH 7.0 was incubated with 100 μL of 0.1 M
NaIO4 (prepared in water) during 2 h at 4 �C and preserved from
light. Then, the oxidized antibody was purified by Sephadex
G-25 gel filtration column with 10 mM sodium phosphate pH
8.0. Aliquots of 10 mg of aminated nanoparticles were incu-
bated during 2 h at 37 �C with 1 mL of a 100 μg/mL solution of
oxidized antibody in 10 mM sodium phosphate pH 8.0. Then,
NaCNBH3 was added in order to have a final concentration of
0.25 M. After 30 min at 37 �C, the functionalized nanoparticles
werewashed three timeswith 10mMsodiumphosphate pH 8.0.
Finally, the remaining amine groups of the nanoparticles were
blocked by incubation with 1 mL BSA 1% in 10 mMMES pH 6.1
for 16 h at 25 �C and were stored at 4 �C until used.

Immobilization via the Positive-Charged Richest Zone of the
Antibody. A 10 mg portion of partially carboxyl activated
nanoparticles was incubated during 2 h at 37 �C with 1 mL of
10mMMESpH5 or pH6with 100μg/mLof anti-HRP or anti-hCG
and anti-CEA respectively. Then, the remaining carboxyl acti-
vated groupswere blocked at 25 �C for 16 hwith 1mL BSA 1% in
10mMMES pH 6.1. Finally, they were washed several times with
10 mM MES pH 6.1 and stored at 4 �C until used.

Immobilization via the Negative-Charged Richest Zone of the
Antibody. A 10 mg portion of amine epoxy-activated magnetic
nanoparticles was incubated with 1 mL of 10 mM sodium
phosphate pH 8.0 with 100 μg/mL antibody solution for 24 h
at 37 �C. The remaining activated groups were blocked at 25 �C
for 16 h with 1 mL BSA 1% in 10 mM sodium phosphate pH 8.0.
Then, they were washed several times with 10 mM sodium
phosphate pH 8.0, and stored at 4 �C until used.

Determination of the Immobilized Antibody. Determination of the
Amount of Immobilized Antibody. Samples of supernatants
before and after every step in the immobilization process were
withdrawn and measured using Bradford assay.62 A reference
solution was prepared with exactly the initial antibody concen-
tration and media conditions (pH, ionic strength) and BSA was
used as protein standard. Therefore, the decrease in the super-
natant concentration can be directly correlated to the amount
of the antibody immobilized (μg Ab/mg MNPs). NATIVE-PAGE
(polyacrylamide) electrophoresis was also used to reconfirm
the obtained results (more details in Supporting Information,
section 2.1).

Determination of the Biological Activity of the anti-HRP-MNPs
Preparations. A 10 mg portion of nanoparticles was incubated
with 1 mL of 1 mg/mL of peroxidase (HRP) in 10 mM MES pH
7.0 300mMNaCl during 30min. After that, theNPswerewashed

several times with 10mMMES pH 7.0 300mMNaCl. Then, 10 μL
of this solution were added on 1 mL of a solution ABTS-H2O2

(100:1, v/v) in 50 mM sodium phosphate buffer, pH 6.0. The
increase in the absorbance at 414 nm is measured. One unit of
enzyme (IU) was defined as the amount of enzyme catalyzing
the hydrolysis of 1 μmol of substrate per minute under the
specified conditions (more details in Supporting Information,
section 3.1).

Determination of the Biological Activity of the anti-hCG-MNPs
Preparations. Aliquots of 10 mg of all Ab-MNPs preparations
were incubated with 1 mL of 1000 mUI/mL of hCG in 10 mM
sodium phosphate pH 7.0 during 30 min. After that, they were
extensively washed with 10 mM sodium phosphate pH 7.0.
Then they were incubated with 1 mL of 0.5 mg/mL anti-hCG
clon 5016 for 30 min in 10 mM MES pH 7.0 300 mM NaCl. After
extensive washings with 10 mM MES pH 7.0 300 mM NaCl, the
samples were incubated with 1 mL of 0.25 mg/mL polyclonal
goat Antirabbit/HRP in 10mM sodium phosphate pH 7.0 during
another 30 additionalminutes. Again, after extensivelywashing,
the amount of bound polyclonal goat Antirabbit/HRP was
quantified spectrophotometrically by determining the HRP
activity present on each functionalized MNP sample following
the oxidation of ABTS. The enzyme activity wasmeasured under
identical conditions already described (more details in Support-
ing Information, section 3.2).

Acknowledgment. This work has been funded by CONSOLI-
DER CSD2006-12, CTQ2008-03739/PPQ, and ERC-Starting Grant
239931;NANOPUZZLE projects. S. Puertas thanks DGA, P.
Batalla thanks CSIC and FEDER funds for an I3P fellowship,
and J.M. de la Fuente thanks ARAID for financial support. We
thank Maria del Carmen G�amez for linguistic revision. We thank
E. Hernandez for graphical design. The authors also thank I~nigo
Echaniz for technical support and other BioNanoSurf members
for their contributions to the paper. We also thank to A. Divine
and C. Tizio for fruitful discussion.

Supporting Information Available: Details on the character-
ization of MNPs biofunctionality (zeta potential, DLS, determi-
nation of the reactive groups of theMNPs) and on the validation
of the proposed immobilization methodology (Bradford assay,
electrophoresis, and biological activity). This material is avail-
able free of charge via Internet at http://pubs.acs.org

REFERENCES AND NOTES
1. De, M.; Ghosh, P. S.; Rotello, V. M. Applications of Nano-

particles in Biology. Adv. Mater. 2008, 20, 4225–4241.
2. Shubayev, V. I.; Pisanic, T. R., 2nd; Jin, S. Magnetic Nano-

particles for Theragnostics. Adv. Drug Delivery Rev. 2009,
61, 467–77.

3. Gao, J.; Gu, H.; Xu, B. Multifunctional Magnetic Nanoparti-
cles: Design, Synthesis, and Biomedical Applications. Acc.
Chem. Res. 2009, 42, 1097–1107.

4. Veiseh, O.; Gunn, J.W.; Zhang,M. Design and Fabrication of
Magnetic Nanoparticles for Targeted Drug Delivery and
Imaging. Adv. Drug Delivery Rev. 2010, 62, 284–304.

5. Haun, J. B.; Yoon, T.-J.; Lee, H.; Weissleder, R. Magnetic
Nanoparticle Biosensors. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 2010, 2, 291–304.

6. Godin, B.; Sakamoto, J. H.; Serda, R. E.; Grattoni, A.; Bouamrani,
A.; Ferrari, M. Emerging Applications of Nanomedicine for
the Diagnosis and Treatment of Cardiovascular Diseases.
Trends Pharmacol. Sci. 2010, 31, 199–205.

7. Bhaskar, S.; Tian, F.; Stoeger, T.; Kreyling, W.; de la Fuente,
J. M.; Graz�u, V.; Borm, P.; Estrada, G.; Ntziachristos, V.;
Razansky, D. Multifunctional Nanocarriers for Diagnostics,
Drug Delivery and Targeted Treatment across Blood�Brain
Barrier: Perspectives on Tracking and Neuroimaging. Part.
Fibre Toxicol. 2010, 7, 3.

8. Liu, G.; Swierczewska, M.; Lee, S.; Chen, X. Functional
Nanoparticles forMolecular ImagingGuidedGeneDelivery.
Nano Today. 2010, 5, 524–539.

9. Berry, C. C. Progress in Functionalization of Magnetic
Nanoparticles for Applications in Biomedicine. J. Phys. D:
Appl. Phys. 2009, 42, 224003.

A
RTIC

LE



PUERTAS ET AL. VOL. 5 ’ NO. 6 ’ 4521–4528 ’ 2011

www.acsnano.org

4527

10. Chen, S.; Wang, L.; Duce, S. L.; Brown, S.; Lee, S.; Melzer, A.;
Cuschieri, A.; Andr�e, P. Engineered Biocompatible Nano-
particles for in Vivo Imaging Applications. J. Am. Chem.
Soc. 2010, 132, 15022–15029.

11. Hao, R.; Xing, R.; Xu, Z.; Hou, Y.; Gao, S.; Sun, S. Synthesis,
Functionalization, and Biomedical Applications of Multi-
functional Magnetic Nanoparticles. Adv. Mater. 2010, 22,
2729–2742.

12. Goesmann, H.; Feldmann, C. Nanoparticulate Functional
Materials. Angew. Chem., Int. Ed. 2010, 49, 1362–1395.

13. Kouassi, G. K.;Wang, P.; Sreevatan, S.; Irudayaraj, J. Aptamer-
Mediated Magnetic and Gold Coated Magnetic Nanopar-
ticles as Detection Assay for Prion Protein Assessment.
Biotechnol. Prog. 2007, 23, 1239–1244.

14. Gan, Z.-F.; Jiang, J.-S.; Yang, Y.; Du, B.; Qian, M.; Zhang, P.
Immobilization of Homing Peptide on Magnetite Nano-
particles and its Specificity in Vitro. J. Biomed. Mater. Res.,
Part A. 2008, 84, 10–18.

15. �Sulek, F.; Drofenik, M.; Habulin, M.; Knez, �Z. Surface
Functionalization of Silica-Coated Magnetic Nanoparti-
cles for Covalent Attachment of Cholesterol Oxidase.
J. Magn. Magn. Mater. 2010, 322, 179–185.

16. Sperling, R. A.; Parak, W. J. Surface Modification, Functio-
nalization and Bioconjugation of Colloidal Inorganic Na-
noparticles. Phil. Trans. R. Soc. A. 2010, 368, 1333–1383.

17. Thanh, N. T. K.; Green, L. A. W. Functionalisation of
Nanoparticles for Biomedical Applications. Nano Today.
2010, 5, 213–230.

18. Reichert, J. M.; Valge-Archer, V. E. Development Trends for
Monoclonal Antibody Cancer Therapeutics. Nat. Rev. Drug
Discovery 2007, 6, 349–356.

19. Mitchell, J. Small Molecule Immunosensing Using Surface
Plasmon Resonance. Sensors 2010, 10, 7323–7346.

20. Pohanka, M. Monoclonal and Polyclonal Antibodies Pro-
duction;Preparation of Potent Biorecognition Element.
J. Appl. Biomed. 2009, 7, 115–121.

21. Conroy, P. J.; Hearty, S.; Leonard, P.; O'Kennedy, R. J.
Antibody Production, Design, and Use for Biosensor-
Based Applications. Semin. Cell Dev. Biol. 2009, 20, 10–26.

22. Jung, Y.; Jeong, J. Y.; Chung, B. H. Recent Advances in
Immobilization Methods of Antibodies on Solid Supports.
Analyst. 2008, 133, 697–701.

23. Derwinska, K.; Sauer, U.; Preininger, C. Adsorption versus
Covalent, Statistically Oriented and Covalent, Site-Specific
IgG Immobilization on Poly(vinyl alcohol)-Based Surfaces.
Talanta 2008, 77, 652–658.

24. Jung, Y.; Lee, J. M.; Kim, J. W; Yoon, J.; Cho, H.; Chung, B. H.
Photoactivable Antibody Binding Protein: Site-Selective
and Covalent Coupling of Antibody. Anal. Chem. 2009, 81,
936–942.

25. Ikeda, T.; Hata, Y.; Ninomiya, K. I.; Ikura, Y.; Takeguchi, K.;
Aoyagi, S.; Hirota, R.; Kuroda, A. Oriented Immobilization
of Antibodies on a Silicon Wafer Using Si-Tagged Protein
A. Anal. Biochem. 2009, 385, 132–137.

26. Moser, A. C.; Hage, D. S. Immunoaffinity Chromatography:
An Introduction to Applications and Recent Develop-
ments. Bioanalysis 2010, 2, 769–790.

27. Kausaite-Minkstimiene, A; Ramanaviciene, A; Kirlyte, J.;
Ramanavicius, A. Comparative Study of Random and
Oriented Antibody Immobilization Techniques on the
Binding Capacity of Immunosensor. Anal. Chem. 2010,
82, 6401–6408.

28. Das, R. D.; Maji, S.; Das, S.; RoyChaudhuri, C. Optimization
of Covalent Antibody Immobilization on Macroporous
Silicon Solid Supports. Appl. Surf. Sci. 2010, 256, 5867–
5875.

29. Wang, J.; Wang, Q.; Ren, L.; Wang, X.; Wan, Z.; Liu, W.; Li, L.;
Zhao, H.; Li, M.; Tong, D.; Xu, J. Carboxylated Magnetic
Microbead-Assisted Fluoroimmunoassay for Early Bio-
markers of Acute Myocardial Infarction. Colloid Surf. B.
2009, 72, 112–120.

30. Roque, A. C; Bispo, S.; Pinheiro, A. R.; Antunes, J. M.;
Gonc-alves, D.; Ferreira, H. A. Antibody Immobilization on
Magnetic Particles. J. Mol. Recognit. 2009, 22, 77–82.

31. Arruebo, M.; Valladares, M.; Gonz�alez-Fern�andez, �A. Anti-
body-Conjugated Nanoparticles for Biomedical Applica-
tions. J. Nanomater. 2009, 1–25.

32. Aguilar-Arteaga, K.; Rodriguez, J. A; Barrado, E. Magnetic
Solids in Analytical Chemistry: A Review. Anal. Chim. Acta
2010, 674, 157–165.

33. Pham, T. T. H.; Sim, S. J. Electrochemical Analysis of Gold-
Coated Magnetic Nanoparticles for Detecting Immunolo-
gical Interaction. J. Nanopart. Res. 2010, 12, 227–235.

34. Mu, B.; Huang, X.; Bu, P.; Zhuang, J.; Cheng, Z.; Feng, J.;
Yang, D.; Dong, C.; Zhang, J.; Yan, X. Influenza Virus
Detection with Pentabody-Activated Nanoparticles.
J. Virol. Methods. 2010, 169, 282–289.

35. Chou, S.-W.; Shau, Y.-H.; Wu, P.-C.; Yang, Y.-S.; Shieh, D.-B.;
Chen, C.-C. In Vitro and in Vivo Studies of FePt Nanopar-
ticles for Dual Modal CT/MRI Molecular Imaging. J. Am.
Chem. Soc. 2010, 132, 13270–13278.

36. Moon, J.-M.; Kim, B.-S.; Choi, Y.-S.; Lee, J.-O.; Nakahara, T.;
Yoshinaga, K. Preparation of Polymer-Coated Magnetite
Fine Particles for Immunoassay Magnetic Marker. Macro-
mol. Res. 2010, 18, 793–799.

37. QuanFu, X.; Hong, X.; Hongchen, G.; JingBo, L.; Wang,
Yanyan; Meng, W. Development of Lateral Flow Immu-
noassay System Based on Superparamagnetic Nano-
beads as Labels for Rapid Quantitative Detection of
Cardiac Troponin I. Mater. Sci. Eng. C. 2009, 29, 702–707.

38. Yang, J.; Lee, C.-H.; Park, J.; Seo, S.; Lim, E.-K.; Song, Y. J.; Suh,
J.-S.; Yoon, H.-G.; Huh, Y.-M.; Haam, S. Antibody Conju-
gated Magnetic PLGA Nanoparticles for Diagnosis and
Treatment of Breast Cancer. J. Mater. Chem. 2007, 17,
2695–2695.

39. Rao, S. V.; Anderson, K. W.; Bachas, L. G. Oriented Immo-
bilization of Proteins.Mikrochim. Acta 1998, 128, 127–143.

40. Fuentes, M.; Mateo, C.; Guis�an, J. M.; Fern�andez-Lafuente,
R. Preparation of Inert Magnetic Nanoparticles for the
Directed Immobilization of Antibodies. Biosens. Bioelec-
tron. 2005, 20, 1380–1387.

41. Granade, T. C.; Workman, S.; Wells, S. K.; Holder, A. N.;
Owen, S. M.; Pau, C.-P. Rapid Detection and Differentiation
of Antibodies to HIV-1 and HIV-2 Using Multivalent Anti-
gens and Magnetic Immunochromatography Testing.
Clin. Vaccine Immunol. 2010, 17, 1034–1039.

42. Kaittanis, C.; Santra, S.; Perez, J. M. Role of Nanoparticle
Valency in the Nondestructive Magnetic-Relaxation-
Mediated Detection and Magnetic Isolation of Cells
in Complex Media. J. Am. Chem. Soc. 2009, 131, 12780–
127891.

43. Lin, P. C.; Chen, S. H.; Wang, K. Y.; Chen, M. L.; Adak, A. K.;
Hwu, J. R. R.; Chen, Y. J.; Lin, C. C. Fabrication of Oriented
Antibody-Conjugated Magnetic Nanoprobes and Their
Immunoaffinity Application. Anal. Chem. 2009, 81, 8774–
8782.

44. Puertas, S.; Moros, M.; Fern�andez-Pacheco, R.; Ibarra, M. R.;
Graz�u, V.; de la Fuente, J. M. Designing Novel Nano-
immunoassays: Antibody Orientation versus Sensitivity.
J. Phys. D-Appl. Phys. 2010, 43, 474012.

45. Aurich, K.; Glöckl, G.; Romanus, E.; Weber, P.; Nagel, S.;
Weitschies, W. Magneto-optical Relaxation Measure-
ments for the Characterization of Biomolecular Interac-
tions. J. Phys. Condens. Matter. 2006, 18, S2847–S2863.

46. Gaster, R. S.; Hall, D. A; Nielsen, C. H.; Osterfeld, S. J.; Yu, H.;
Mach, K. E.; Wilson, R. J.; Murmann, B.; Liao, J. C.; Gambhir,
S. S.; et al. Matrix-Insensitive Protein Assays Push the
Limits of Biosensors in Medicine. Nat. Med. 2009, 15,
1327–1332.

47. Wang, J.; Cao, Y.; Xu, Y.; Li, G. Colorimetric Multiplexed
Immunoassay for Sequential Detection of Tumor Markers.
Biosens. Bioelectron. 2009, 25, 532–536.

48. Koh, I.; Hong, R.; Weissleder, R.; Josephson, L. Nanoparti-
cle-Target Interactions Parallel Antibody-Protein Interac-
tions. Anal. Chem. 2009, 81, 3618–3622.

49. Baio, G.; Fabbi, M.; Salvi, S.; de Totero, D.; Truini, M.; Ferrini,
S.; Neumaier, C. E. Two-Step In Vivo Tumor Targeting by
Biotin-Conjugated Antibodies and Superparamagnetic

A
RTIC

LE



PUERTAS ET AL. VOL. 5 ’ NO. 6 ’ 4521–4528 ’ 2011

www.acsnano.org

4528

Nanoparticles Assessed by Magnetic Resonance Imaging
at 1.5 T. Mol Imaging Biol. 2010, 12, 305–315.

50. Goldsby, R. A.; Kindt, T. J.; Osborne, B. A. Kuby Immunology,
4th ed.; W. H. Freeman: New York, 2000; pp 81�93.

51. Harlow, E.; Lane, D. Antibodies: A Laboratory Manual, 1st
ed.; Cold Spring Harbor Laboratory Press: New York, 1988.

52. Mateo, C.; Grazu, V.; Palomo, J. M.; Lopez-Gallego, F.;
Fernandez-Lafuente, R.; Guisan, J. M. Immobilization of
Enzymes on Heterofunctional Epoxy Supports. Nat. Pro-
toc. 2007, 2, 1022–1033.

53. Batalla, P.; Fuentes, M.; Mateo, C.; Grazu, V.; Fernandez-
Lafuente, R.; Guisan, J. M. Covalent Immobilization of
Antibodies on Finally Inert Support Surfaces through their
Surface Regions Having the Highest Densities in Carboxyl
Groups. Biomacromolecules. 2008, 9, 2230–2236.

54. Graz�u, V.; L�opez-Gallego, F.; Montes, T.; Abian, O.; Gonz�alez,
R.; Hermoso, J. A; García, J. L.; Mateo, C.; Guis�an, J. M.
Promotion of Multipoint Covalent Immobilization through
Different Regions of Genetically Modified Penicillin G
Acylase from E. coli. Process Biochem. 2010, 45, 390–398.

55. Mateo, C.; Abian, O.; Fern�andez-Lorente, G.; Pedroche, J.;
Fern�andez-Lafuente, R.; Guisan, J. M.; Tam, A.; Daminati, M.
Epoxy Sepabeads: A Novel Epoxy Support for Stabilization
of Industrial Enzymes via very IntenseMultipoint Covalent
Attachment. Biotechnol. Prog. 2002, 18, 629–634.

56. Mateo, C.; Torres, R.; Fern�andez-Lorente, G.; Ortiz, C.;
Fuentes, M.; Hidalgo, A.; L�opez-Gallego, F.; Abian, O.;
Palomo, J. M.; Betancor, L.; et al. Epoxy-Amino Groups: A
New Tool for Improved Immobilization of Proteins by the
Epoxy Method. Biomacromolecules 2003, 4, 772–777.

57. Barlow, L. J.; Badalato, G.M.; McKiernan, J. M. Serum Tumor
Markers in the Evaluation of Male Germ Cell Tumors. Nat.
Rev. Urol. 2010, 7, 610–617.

58. Arrieta, O.; Michel Ortega, R. M.; Angeles-S�anchez, J.;
Villarreal-Garza, C.; Avil�es-Salas, A.; Chanona-Vilchis, J. G.;
Ar�echaga-Ocampo, E.; Lu�evano-Gonz�alez, A.; Jim�enez,
M. A.; Aguilar, J. L. Serum Human Chorionic Gonadotropin
is Associated with Angiogenesis in Germ Cell Testicular
Tumors. J. Exp. Clin. Cancer Res. 2009, 28, 120.

59. Seckl, M. J.; Sebire, N. J.; Berkowitz, R. S. Gestational
Trophoblastic Disease. Lancet 2010, 376, 717–729.

60. Jokerst, J. V.; Raamanathan, A.; Christodoulides, N.; Flor-
iano, P. N.; Pollard, A. A.; Simmons, G.W.;Wong, J.; Gage, C.;
Furmaga, B. W.; Redding, S. W.; et al. Nano-biochips for
High Performance Multiplexed Protein Detection: Deter-
minations of Cancer Biomarkers in Serumand Saliva Using
Quantum Dot Bioconjugate Labels. Biosens. Bioelectron.
2009, 24, 3622–3629.

61. Viswanathan, S.; Rani, C.; Anand, A. V.; Ho, J. A. Disposable
Electrochemical Immunosensor for Carcinoembryonic
Antigen Using Ferrocene Liposomes and MWCNT
Screen-Printed Electrode. Biosens. Bioelectron. 2009, 24,
1984–1989.

62. Bradford, M. M. A Rapid and Sensitive Method for the
Quantitation of Microgram Quantities of Protein Utilizing
the Principle of Protein-Dye Binding. Anal. Biochem. 1976,
72, 248–254.

A
RTIC

LE


