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B
iofunctionalized nanoparticles (NPs)
are receiving much attention because
of their extended use in biotechnol-

ogy and bionanomedicine.1,2 In particular,
core�shell magnetic NPs are common
supports for macromolecules of biological
interest. These particles show magnetic be-
havior (which can be varied from ferri- or
ferro-magnetic to superparamagnetic, de-
pending on the particle size), thus widening
their possibilities for biomedical applica-
tions.3,4 With respect to the shell, it can be
either organic or inorganic, thus allowing, in
principle, the use of distinct functionalization

protocols to link a large variety of biofunc-
tionalization moieties, depending on the
final purpose.
The functionalization of NPs with antibod-

ies (Abs) further increases the possibilities
of these structures for use in applications
based on immune-recognition processes,
in which the particles act, for example, as
carriers for targeted drug delivery,5,6 as
smart Magnetic Resonance Imaging con-
trast agents,7 or as labels for immune-
assays.8 An adequate immobilization strat-
egy is critical in order to guarantee not only
the stability of the Ab binding on the NP
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ABSTRACT

Spatially resolved electron energy loss spectroscopy (SR-EELS) using scanning transmission electron microscope (STEM) allows the identification and

determination of the spatial distribution of the components/elements of immuno-functionalized core�shell superparamagnetic magnetite nanoparticles.

Here, we report that SR-EELS measurements allow the direct identification and study of the biological moieties (protein G and anti-HRP antibody) in

complex bionanocarriers of relevance for biomedical applications. Our findings show that the biomacromolecules are located on specific areas on the

nanoparticles' surface. In addition, efficiency of this functionalization was evaluated by means of biochemical techniques.

KEYWORDS: EELS-STEM . antibody functionalization . organic/inorganic systems . magnetic nanoparticles

A
RTIC

LE



ARENAL ET AL. VOL. 7 ’ NO. 5 ’ 4006–4013 ’ 2013

www.acsnano.org

4007

surface, but also its correct orientation.8�13 Therefore,
detailed knowledge of the NP functionalized surface is
crucial when working with NP�Ab conjugates. During
the biofunctionalization of NPs with complex biomo-
lecules such as Abs, one of the most difficult tasks is
the full characterization (orientation and quantity) of
the Ab on the NP surface. Some information can be
obtained mainly by nondirect measurements, such as
quantification of remanent antibodies in the super-
natant after Ab and NP incubation, or by studying Ab
activity. Other relevant data related to the direct
measurement of the total amount of conjugated bio-
molecule per NP or its exact localization on the surface
is not easily available, hence the need for characteriza-
tion at microscopic level. In this regard, transmission
electron microscopy (TEM) is one of the most suitable
techniques to locally probe and analyze organic/
inorganic complex systems at subnanometer scale, in
particular by means of electron energy loss spectros-
copy (EELS).14 Until very recently, these directmeasure-
ments in NPs with organic biomolecules or coatings
were not performed because of the intrinsic difficulties
involved. Indeed, organic materials are highly sensitive
to electron beam damage, which limits and renders
their study complicated.14,15 Recent advances in TEM,
including the improvement of detectors and correctors
of aberrations, have overcome these limitations, and
EELS in combination with Scanning Transmission Elec-
tron Microscopy (STEM) has allowed the visualization
and quantification of the organic and inorganic com-
ponents of a lipid-coated silica particle that contains
a semiconductor quantum dot.14 Applications in
biotechnology and biomedicine based on immune-
recognition call for the use of complex systems such as
Ab-functionalized NPs. In response to this need, here
we studied the distribution of these biomacromole-
cules on the surface of core�shell magnetic NPs. Un-
like the study reported by van Schooneveld et al.where
NPs were covered with a continuous lipidic layer,14 in
our case the biological compounds (Abs) are nonho-
mogeneously distributed on the NPs. Here, we used
the above-mentioned TEM techniques not only to
obtain information on themorphology/structure/com-
position of these immuno-functionalized NPs at the
subnanometer scale, but also to gather data on the
spatial localization/distribution of the Abs by means of
coupling biochemical characterization and nanoscopic
measurements.
Here, we prepared core�shell MgO-coated magne-

tite following the procedure described elsewhere.16

These particles were then functionalized with a protein
G/Anti-horseradish peroxidase (anti-HRP) system. The
immobilization of an antibody on nanoparticle surface
is a useful tool every time the particle is wanted to
recognize and link a specific target that must corre-
spond to the antigen. In this work, this antibodymodel
was chosen to optimize the functionalization prior to

future development of more specific immuno-parti-
cles. To achieve the correct orientation of the antibody,
we functionalized NP with protein G,12,17,18 before the
Ab immobilization (the protein G (PG) is a recombinant
form of a bacterial cell wall protein). Once the protein
is immobilized on nanoparticle surface, it is able to site-
specifically bind the Ab through its heavy chain Fc
(fragment crystallizable) region. This orientation of the
antibody leaves its antigen-binding sites available for
the immune-recognition event with the target mole-
cule. We used SR-EELS STEM to study the hybrid bio-NP
complexes. This approach provided data on the direct
localization and chemical composition of the proteins
on NPs surface. We conclude that the data obtained in
this study, together with those gathered by conven-
tional biochemistry techniques, provide insight into
the efficiency andpotential applications of theseNPs in
biomedicine and related fields.

RESULTS AND DISCUSSION

Amino-Modification of NPs. To immobilize the anti-
HRP Ab on our magnetic NPs, the first objective was
to obtain the suitable NP surface charge to favor the
electrostatic interaction with the protein G (PG). PG has
a pI of ≈4, implying that this study involved working
with a positively charged particle. For this purpose,
amino groups were introduced on the particle surface
by means of coating with a functionalized silica shell. By
tuning the ratio between TEOS (tetraethylorthosilicate)
and APTES (3-aminopropyl triethoxysilane), this strategy
allows modification of the number of amino groups on
the surface. Using this approach, an optimal balance can
be achieved between surface charge and particle stabil-
ity. By using a low APTES/TEOS ratio, we introduce a low
positive surface charge, enough to ensure the electro-
static interaction between the particle surface and PG,
while preserving satisfactory stability of particle suspen-
sion. We performed an in depth characterization of the
aminatedparticle surface andalsoof thePG/anti-HRPAb-
functionalizedNPs. In addition to the routinebiochemical
analysis, the latter included studies of the spatial localiza-
tion of the Ab on the NP surface by electron microscopy
techniques.

Silica-coated NPs were characterized in order to
verify the correct working of the coating reaction
and surface functionalization with amino groups. The
morphology of these NPs was studied by conventional
BF-TEM. From the image shown in Figure 1a, it is pos-
sible to clearly distinguish the amorphous silica layer
coating small aggregates of two or more MgO-coated
magnetite particles (see scheme of Figure 1b). The
thickness of the shell was regular and was estimated at
25�30 nm, whereas the diameter of NPs was between
100 and 150 nm.

The presence of the outer silica shell and the amino
groups on particle surface was detected by FTIR anal-
ysis (Figure S1, Supporting Information). In addition,
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we determined the number of amino groups on the
particle surface using the Orange II spectrophoto-
metric assay.19,20 The particles were found to carry an
average of 50 nmol NH2/mg NPs. In the coating reac-
tion, the two precursors were placed into contact with
the MgO-coated particles by a one-step addition to
form a mixed network. By adding the APTES together
with TEOS, some amino groups remain trapped inside
the silica shell, resulting in a small loss of functional
groups, while providing a thinner silica coating. The
amount of APTES added was very low in order to find a
compromise between an effective surface functionali-
zation and water stability of the NPs.

The surface charge and the isoelectric point (IEP)
of the amino-modified particles were measured
through ζ-potential analysis (see Figure S2, Supporting
Information), and data were compared with those of
the same synthesized particles without amino groups
on the surface (data not shown). The presence of
amino groups altered the acid�base character of the
surface, displacing the IEP toward a more basic pH
(i.e., pH ≈ 6.5) compared with the SiO2 surface IEP
(i.e., pH ≈ 2). These results are consistent with those
reported in the literature for silica surfaces.

NP Biofunctionalization. Prior to Ab immobilization,
we functionalized the aminated silica shell of the NP
with PG.12,17,18 To test the contribution of the positive
charge of the amino group to the efficiency of protein
binding, PG was also immobilized on nonaminated
silica-coated NPs. The binding of this protein was
evaluated by SDS�PAGE analysis (see Figure 2a), and
the band intensities in the electrophoretic gel were
quantified using the ImageJ software (see Figure 2b).
We found that around 95% of the PG bound to the
aminated silica-coated NPs; however, only 35% ad-
sorbed on non-aminated particles.

After incubating the PG-functionalized aminated
NPs with the anti-HRP Ab, we used SDS�PAGE analysis
to estimate the amount of linked Ab. From the ImageJ
quantification of the band intensity in the electro-
phoretic gel (see Figure 3b), bare NPs without PG
presented a very small percentage of nonspecifically
adsorbed Ab while an appreciable amount of Ab

bound when PG was present on the NP surface (i.e.,
≈ 5�10% of the total amount present in the reaction
mixture for bare NPs, and≈50% for PG-NPs) (Figure 3).

Finally, to test the biological activity of the
immobilized Ab, the PG/Ab-functionalized particles

Figure 1. (a) BF-TEM image of amino-functionalized core�shell nanoparticles (scale bar 50 nm). (b) Model/scheme of the
hybrid-nanostructures: anti-HRP Ab bound onto the nanoparticles shown in panel a, through the PG, which electrostatically
interacts with the nanoparticle surface.

Figure 2. SDS�PAGE analysis. (a) Electrophoretic gel image
and (b) ImageJ analysis: (C) PG control (i.e., total amount of
PG initially incubated with the NPs); (1) supernatant of
nonaminated NPs; and (2) supernatant of aminated NPs.

Figure 3. SDS�PAGE analysis. (a) Electrophoretic gel image
and (b) ImageJ analysis: (C) anti-HRP control (i.e., total
amount of Ab initially incubated with the NPs); (1) PG-
functionalized NPs supernatant; and (2) bare NPs.
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(PG/Ab-NPs) were incubated with HRP. The bare
NPs (NPs, i.e., without PG or Ab), nonspecifically Ab-
functionalized NPs (Ab-NPs, i.e., NPs without PG,) and
PG-functionalized NPs without Ab (PG-NPs) were
also incubated with HRP and used as controls. The
enzymatic activity for ABTS (2,20-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid)) oxidation was measured.
Results are reported in Figure 4.

The highest Ab activity was obtained for the PG/Ab
NPs, as expected from SDS�PAGE analysis. In contrast,
NPs incubated directly with anti-HRP Ab showed very
low activity. This was expected due to the low amount
of Ab (∼5�10%), immobilized onto bare NPs (see
Figure 3). Moreover, HRP absorption to bare NPs or
PG-NPs was also very low, ensuring that the high
enzymatic activity measured on PG/Ab NPs is due to
specific Ab/recognition.

Local Observation and Analysis of Biofunctionalized NPs. SR-
EELS is the most appropriate technique to gain insight
not only into the morphology and chemical composi-
tion of the NP surface, but also into the direct visualiza-
tion and spatial localization of the organic biomolecules.
We therefore performed SR-EELS-STEM analyses on
PG/Ab-NPs. Because of the organic nature of proteins
and antibodies, the experiments were performed un-
der cryogenic conditions (150 K), thus limiting the
effects of potential electron beam damage. Particular
attention was paid to reducing the beam dose used to
optimize the acquisition conditions. Figure 5a,b shows
bright field (BF-TEM) images of bioconjugated NPs in a
grid area. After the PG/Ab-functionalization, the parti-
cles maintained their spherical shape (Figure 1a). An
EELS spectrum-image (SPIM) was recorded in the area
of Figure 5b. The acquisition time for each EEL spec-
trum was 30 ms and the electron dose was up to
0.7 � 105 e�/Å2. The elemental maps of carbon,

nitrogen, oxygen and iron are shown in Figure 5c�f.
This mapping was obtained from the corresponding
absorption edges (K edge for C, N and O and the L2,3
edge for Fe) after background subtraction from the

spectra of this SPIM data cube. Typical EEL spectra
are shown in Figure 5g,h. The former corresponds to
the sum of all the EEL spectra of the SPIM where the
Si-L2,3, C�K and O�K edges are visible. The spectra of
Figure 5h are the sum of the spectra extracted from
the areas marked in Figure 5b,d,f. C�K, O�K edges are
visible in all of them. The N�K edge is shown in the
spectra recorded in the area marked as (i) and (ii), and
the Fe-L2,3 edge in the area marked as (iii). The spatial
distribution of these elements matches with that ex-
pected for these hybrid organic/inorganic nanomater-
ials, see scheme in Figure 1b. In fact, Fe corresponds to
the core of the NP, O is associated with several com-
pounds (Fe2O3, MgO, SiO2, and to PG and Ab), and C
and N correspond, as discussed below, to the PG/Ab-
NP. Furthermore, it is worth noting that the compar-
ison of the elemental maps reveals clear correlations
between C and N, which are localized at specific areas
on the surface of the functionalized NP. In particular,
the area marked as (i) corresponds to a portion of the
surface of three NPs suspended in vacuum and area
(ii) is the surface of a NP, which in this region can be
considered as isolated. In addition, another example of
EEL-SPIM analyses of a different agglomerate of PG/Ab-
NPs is shown in Supporting Information (Figure S3).

Figure 6 shows another example of an EEL-SPIM of
PG/Ab-NPs on a different grid area, where we focused
on the study of C andNbecause of their importance for
the analysis of these complex hybrid organic/inorganic
nanostructures and their relevance in the composition
of the biomolecule. Particular care was taken to avoid
electron beam damage during the acquisition of all the
spectra. The acquisition time was 80 ms and the electron
dosewas up to 1.9� 105 e�/Å2. Panels a and b in Figure 6
correspond to thebright-field andhigh angle annular dark
field (HAADF) images of the NPs, respectively.

C and N maps, extracted after background subtrac-
tion, from the EEL spectra displayed in Figure 6e, are
shown in panels c and d of Figure 6, respectively. Again,
a clear correspondence is observed between the spa-
tial distributions of these elements, which are detected
on the surfaces of the NPs. This finding indicates that
the C andN on the NPs surface correspond to PG andAb.

To avoid any misinterpretation of our findings
related to N content and origin, in particular given that
APTES (which contains low amounts of N) was used for
NP surface functionalization, we also examined theNPs
before Ab linking (see Supporting Information Figure S4).
We did not detect any N in the nonfunctionalized NPs,
at least up to the detection limit (∼1%) of our instru-
ment. Thus, we conclude that the N detected in the
functionalized NPs can be attributed only to the biological
components (G protein and antibody) of the NP.

The analysis of the EEL spectra (Figure 6e) provides
information about the relative amounts of the different
elements in a particular area. In this case, we focus on
the regions rich in C and N because they correspond

Figure 4. Spectrophotometric quantification of HRP activ-
ity. NPs, bare NPs; Ab-NPs, anti-HRP-functionalized NPs;
PG-NPs, PG-functionalized NPs; and PG/Ab-NPs, anti-HRP
and PG-functionalized NPs.
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to the areas where the functional biomacromolecules
were located (Figure 6c, (i) and (ii) regions). The atomic
relative concentration of N and C in these regions was
homogeneous, with a value around 20% of N in all the
areas analyzed. It is worthmentioning that this value of
atomic N content is consistent with that expected for
proteic moieties such as PG and Ab.23,24

To analyze the nature (in terms of chemical bond-
ing) of the species/compounds present in these nano-
structures, we took advantage of the wealth of infor-
mation provided by the analysis of the electron energy
loss near edge structure (ELNES).25 ELNES directly
probes the unoccupied states and therefore informs
about environment of the excited atom: chemical
bonding, coordination, and valence, among others.

Figure 6f,g displays ELNES of the C- and N�K edges
from the EEL spectra of Figure 6e. In Figure 6f, we
compare the C�K ELNES signal from three areas of the
sample: (i) and (ii) correspond to areas where the

PG/Ab-NPs are localized and (iii) corresponds to the
carbon grid membrane supporting the NPs. The C�K
ELNES signal of the latter is used as reference. In fact, it
corresponds to an amorphous C showing the well-
identified features of this kind of sp2 carbons: sharp
π* peak at ∼285 eV and a σ* band starting at
∼292 eV.26�28 However, the ELNES features recorded
in the areas (i) and (ii) differ greatly from those described
for the amorphous C. Three signatures can be observed
in Figure 6f: a peak at ∼288 eV, another at ∼291.7 eV
and a last one at∼304 eV. These peaks can be assigned
to: CdC π* (from CH2 groups, after reduction by the
electron beam), C�O σ* and CdO σ*excitations
respectively.12 Interestingly, comparing these spectra
with the one acquired in the C membrane, we can
conclude that the C detected in the areas marked as (i)
and (ii) does not derive from any source of contamina-
tion, because the π* peak at∼285 eV, characteristic of
amorphous-like or less organized C (as for instance the

Figure 5. EELS elemental mapping of PG/Ab-functionalized NPs. (a) Global BF-STEM view of a representative area of the
sample. (b) BF-STEM image of the EELS area analyzed corresponding to a selected region of panel a (marked in panel a in
hatched box). A 300� 300 EELS spectrum-image was recorded in this area. (c�f) C, N, O and Femaps extracted from the sum
of the EEL spectra of the SPIM, after background removal for each of the corresponding absorption edges (C�K, N�K, O�K
and Fe�L2,3 edges, respectively). For the sake of clarity, these elemental maps have been colored with a temperature color
scale. (g) Sum of all the EEL spectra of the SPIM. Si�L2,3, C�K and O�K edges are clearly visible. (h) EEL spectra collected in
areas (i), (ii) and (iii) in panels d and e, where absorption edges, labeled in the figure, are detected.
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C in the grid membrane), is not observed in the ELNES
spectra of (i) and (ii).

The ELNES analyses of the N�K edge of the EEL
spectra recorded in the same regions are shown in
Figure 6g. As expected, no N was detected in the C
membrane (area (iii)). The spectra of regions (i) and (ii)
showed a strong peak at ∼398.5 eV and a small band
at ∼407.5 eV. They were assigned to π* and a σ* con-
tributions. Thus, the nature of these bands can be
analyzed with reference to previous studies performed
on CNx materials, either on CNx films or on CNx-
MWNTs.28�33 Our ELNES analyses indicate that in our
PG/Ab-NPs, nitrogen is in the characteristic sp2-hybri-
dized state,32,33 as indicated by the presence of the π*
band. This band can correspond to the pyridine-like
atomic configuration of N in CNx materials.28�33

To summarize, these spectroscopic EELS findings
allow us to conclude that the PG/Ab-functionalized
NPs are composed by the combination of entities
localized in specific areas on the surface of the NPs.
Thus, we can deduce that only limited regions of the
whole surface of these structures are adequate for
functionalization. This suitability may be due to local
accumulation of positive charges, which allow a better
electrostatic interaction with PG.

CONCLUSION

EELS-STEM provides a wealth of information, at a nano-
meter scale, of complex heterogeneous nanomaterials

composed by magnetic NPs functionalized with a
PG/Ab system. Our results reveal unique details about
the composition of the surface of such complex hybrid
organic/inorganic nanomaterials. EELS-STEM is a
powerful tool for identifying and localizing the func-
tional bio-macromolecules on the NP surface at nano-
metric resolution. We have shown that our functional
moieties (i.e., the Abs) are located only in specific areas
of the NP surface, namely those in which N was
detected. The observation that the biological entities
were discontinuously distributed over the NP ami-
nated silica shell is in good agreement with what was
expected from our functionalization protocol. Our
hypothesis was that the use of a critical amount of
amino groups on the NP shell could be tuned to
simultaneously achieve a satisfactory water particle
stability and the proper PG adsorption for the suitable
Ab immobilization on the particle surface, thus leading
to a highly efficient immuno-recognition. The validity of
our functionalization strategy in terms of the biological
activity of the Abs was assessed by means of biochem-
istry techniques. The role of the surface amino groups in
binding the PG/Ab complexes to the NP surface was
confirmed by our electron microscopy studies. We con-
clude thatbothbiochemistry techniques andTEMstudies
provide complementary information to evaluate and
understand the validity of our functionalization protocol.
These findings, which can be obtained only

by the TEM techniques used here, have a very

Figure 6. (a) BF image of an agglomerate of biofunctionalized nanoparticles. (b) HAADF image of this agglomerate where a
300 � 300 EELS-SPIM was recorded at 150 K in the marked area of panel a. (c and d) C and N chemical maps extracted, after
background subtraction, from the EELS-SPIM. For the sake of clarity, these elemental maps were colored with a temperature
color scale. (e) Individual EELS spectra, after the background removal, corresponding to the sumof the spectra collected in the
positions marked in panel c. (f and g) Zoom of the EELS spectra at C- and N�K edges, respectively.
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important impact on the application of these
nanomaterials. Indeed, the use of these tech-
niques for the characterization of functionalization

processes paves the way for the design of more
efficient immuno-functionalized NPs for medical
and bioapplications.

MATERIALS AND METHODS
Materials. Silica precursors, tetraethyl orthosilicate (TEOS)

98%, and 3-aminopropyltritethoxysilane (APTES) 99% were
purchased from Sigma-Aldrich. Rec G Protein was purchased
from Invitrogen and also anti-peroxidase antibody produced in
rabbit. H2O Milli-Q was used in all the reactions.

Nanoparticle Functionalization. Aminated Silica Coating. Func-
tionalization with amino groups of magnesium oxide-coated
magnetite, previously reported by De Matteis et al., was
obtained by a sol�gel silica coating.16 First, 20 mg of magne-
sium oxide-coated nanoparticles was resuspended in 20 mL of
absolute ethanol under sonication during 20 min. By keeping
the suspension under sonication, reactants were added: 5mL of
H2O, 6mL of 30%NH3 and finally TEOS (270 μM) andAPTES (4:1).
The reaction mixture was left under sonication during 30 min.
Then the mixture was kept 15 h under gentle stirring. The
nanoparticles were separated from the reaction mixture by
centrifugation and were washed once with absolute ethanol.
After centrifugation and resuspension in ethanol, the sample
was kept undermagnetic stirring at 60 �C for 6 h. Finally, ethanol
was removed by centrifugation, the particles were washed with
water to remove the residual alcohol, and they were resus-
pended in 50 mM acetate buffer at the appropriated pH.

G Protein Adsorption for Anti-HRP Polyclonal Antibody Immobilization.
Two milligrams of magnetic particles was resuspended in
acetate buffer pH 5.5, placed in contact with 50 μg of protein,
and kept under stirring for 1 h. The particles were precipitated
magnetically and they were washed twice with buffer. Finally,
they were resuspended in 1 mL of buffer.

One milliliter of a 0.5 mg/mL suspension of G protein-
adsorbed nanoparticles was placed in contact with a proper
amount of antibody (50 μg) and kept at pH 5.5 under stirring for
2 h. Also nanoparticles without G protein were placed in contact
with the antibody to be used as controls to evaluate the
effective antibody specific link. The particles were precipitated
magnetically and they were washed twice with buffer. Finally,
they were resuspended in 1 mL of buffer solution.

Biofunctionalized Nanoparticles Characterization. ζ-Potential Anal-
ysis. Nanoparticle ζ-potential was determined using a BI 90 Plus
Particle Size Analyzer (Brookhaven Instruments Corporation). A
diluted suspension of nanoparticles was prepared in 5 mM KCl
aqueous solution and pH of every sample was adjusted by
adding some drops of concentrated NaOH or HCl solutions.

FTIR Spectroscopy. FTIR spectra of amino-modified core�
shell particles were recorded using a JASCO FT/IR 4100
Fourier Transform Infrared Spectrometer, in the range of
600�4000 cm�1.

Orange II Spectrophotometric Assay. Nanoparticle amino
content was measured by the Orange II spectrophotometric
assay.19,20 A total of 1.5 mg of nanoparticles was placed in
contact with 1.5 mL of 14 mg/mL of orange II acidic solution
(pH 3) and maintained in stirring 30 min at 40 �C. The particles
were precipitated and washed with an acidic water solution
until all the unbound dye was removed. Then an alkaline
solution (pH 12) was added and the bound dye was desorbed
from the surface. After particle removal from the medium, the
pH was adjusted at 3 and the amount of desorbed dye
was measured at a wavelength of 480 nm with a Varian Cary
50 UV/vis spectrophotometer.

SDS�PAGE Analysis. The sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS�PAGE) analysis was performed
using 4�20% polyacrylamide stacking gels. G protein or the
antibody not linked to the particle eventually present in the
absorption reaction supernatants was denatured by boiling in
presence of a SDS/β-mercaptoethanol mixture. A molecular
weight marker (spectra multicolor broad range protein-Thermo
Scientific) was also used. A silver staining method was used to

reveal the electrophoretic gels and band intensities in the gel
were estimated by using ImageJ software.

HRP Activity Assay. Nanoparticles were incubated with an
excess of anti-horseradish peroxidase (anti-HRP) and the spec-
trophotometric activity assay was carried out by using the
following conditions: 1.25 μg NPs were placed in contact with
0.3 μmol ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid)) and 0.3 μmol H2O2 in a buffered solution at pH 6.0 at room
temperature. The enzymatic activity was determined by mea-
suring the increase in absorbance at 430 nm due to ABTS
oxidation in a microplate reader.

Direct Visualization and Identification via TEM: Imaging and
EELS Analyses. The samples were prepared for transmission
electron microscope (TEM) studies placing a drop of the nano-
particle aqueous suspension directly on a copper carbon holey
grid that was left drying at the air before putting it inside the
microscope. Bright field (BF) images of nanoparticles were
obtained using a FEI Tecnai T20 operated at 200 kV.

Spatial resolved EEL spectra were recorded using a VG-
HB501 dedicated scanning TEM (STEM) instrument equipped
with a cold field emission gun (FEG), operated at 100 kV
with an energy resolution close to 0.7�0.8 eV in the core-loss
region. This microscope is equipped with Gatan 666 parallel-
EELS spectrometer. EEL spectra were recorded with a back-
illuminated charge-coupled device (CCD) camera optically
coupled to a scintillator in the image plane of a Gatan magnetic
sector. Furthermore, in order to avoid the effects of electron
beam damage, these measurements have been performed
using a liquid-nitrogen-cooled cryo-stage installed in this
microscope.14 Convergence angle on the sample and collection
angle of the spectrometer were 15 and 24 mrad, respectively.
This spectroscopic information was obtained using the spec-
trum-imaging (SPIM) acquisition mode, using a subnanometer
electron probe (∼0.6 nm).21,22 The energy dispersion was
0.5 and 0.2 eV/channel for the ELNES case. EELS-STEM studies
have been also carried out using a FEI Titan Low-Base micro-
scope, working at 80 kV, which is equipped with a Cs probe
corrector and ultra-bright X-FEG electron source. The conver-
gence and collection angle were 25 and 35 mrad, respectively,
and the energy resolution ∼1 eV.
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