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ABSTRACT: Light assisted molecular immobilization has
been used for the first time to engineer covalent bioconju-
gates of superparamagnetic nanoparticles and proteins. The
technology involves disulfide bridge disruption upon UV
excitation of nearby aromatic residues. The close spatial
proximity of aromatic residues and disulfide bridges is a
conserved structural feature in proteins. The created thiol
groups bind thiol reactive surfaces leading to oriented
covalent protein immobilization. We have immobilized
a model carrier protein, bovine serum albumin, onto
Fe3O4@Au core–shell nanoparticles as well as arrayed it
onto optically flat thiol reactive surfaces. This new immo-
bilization technology allows for ultra high dense packing of
different bio-molecules on a surface, allowing the creation of
multi-potent functionalized active new biosensor materials,
biomarkers identification and the development of nanopar-
ticles based novel drug delivery system.
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Introduction

Advanced clinical diagnostic methods have been devel-
oped in order to understand the molecular mechanisms
underlying disease processes. Since biomolecules such as
nucleic acids and proteins are nanosized, probes of
equivalent dimensions are very efficient tools at the sub-
cellular level. New nanotechnological applications have
recently emerged such as drug targeting and delivery
(Huang and Lee, 2006), cell labeling and separation (Park
et al., 2007), cancer therapy (Chu et al., 2006), magnetic
resonance image (MRI) contrast agents (Cho et al., 2006),
bio-sensors (You et al., 2007), and bio-imaging (Sharma
et al., 2006). Among nanomaterials, magnetic core–shell
nanoparticles resulting from the combination of metals
with relevant optical, electrical, magnetic and catalytic
properties can be used for nano applications. Fe3O4@Au
particles are widely used because of their chemical
stability, easy dispersibility, affinity towards biomolecules
and convenient preparation techniques (Daniel and
Astruc, 2004; Laurent et al., 2008). Their magnetism
is used extensively in biosciences even for tissue
engineering and to build complex 1D–3D structures
(Ito et al., 2004; Lee and Liddell, 2009; Safarik and
Safarikova, 2002). Tuning their plasmonic properties,
by changing shell thickness, physic-chemical environment
or through interactions with fluorophores, can greatly
contribute to the development of clinical diagnosis
Biotechnology and Bioengineering, Vol. 108, No. 5, May, 2011 999



methods (Baptista et al., 2008; Imahori et al., 2001; Lyon
et al., 2004).

Since biomolecules are highly sensitive to pH, tempera-
ture and chemical environment, immobilization protocols
should secure high molecular activity and stability.
Incorporation of chiral molecules onto nanoparticles leads
to specific protein surface recognition (You et al., 2008).
Trypsin immobilization onto super-paramagnetic nanopar-
ticles allowed using high enzyme concentrations leading to
shorter digestion times, facilitating the separation of
derivatized nanoparticles from solution (Li et al., 2007).
Immobilization of biomolecules not only easies their
separation and manipulation but also increases enzyme
stability towards pH, temperature, chemical denaturants
and organic solvents as well as preventing auto proteolysis
(Yang et al., 2004, 2008). Several proteins have been coupled
to magnetic particles using organic agents (Koneracka et al.,
2002; Mehta et al., 1997) or by carrying out the reaction
through ligand exchange, metal ions affinity, electrostatic as
well as hydrophobic interactions (Brewer et al., 2005; Ma
et al., 2006; Park et al., 2007). The covalent bond between
thiol groups and gold surfaces is stronger than electrostatic
interactions (Di Felice and Selloni, 2004; Uvdal et al., 1992;
Varghese et al., 2008).

UV light assisted molecular immobilization (LAMI) is a
novel photonic technology that results in covalent and
uniform orientated coupling of biomolecules onto thiol
reactive surfaces (Duroux et al., 2007; Jonkheijm et al., 2008;
Petersen et al., 2006; Neves-Petersen et al., 2009a,b; Skoven
et al., 2009a,b). The technology involves formation of free,
reactive thiol groups upon UV excitation of protein
aromatic residues located in spatial proximity of disulfide
bridges, a conserved structural feature in proteins. LAMI has
been successfully used to array functional biomolecules of
medical interest (Duroux et al., 2007). LAMI combined with
the Fourier-transforming properties of lenses as well as with
a simple millimeter scale feature spatial mask lead to high-
density protein arrays with a spatial resolution of a few
hundred nanometers. An improvement of tenfold over
existing commercially available high-density protein array-
ing methods was demonstrated (Neves-Petersen et al.,
2009b; Skoven et al., 2009a).

In this paper we report light assisted immobilization of a
carrier protein, BSA, onto Fe3O4@Au core–shell nanopar-
ticles for the first time, as well as arrayed BSA onto a thiol
reactive surface using LAMI. BSA has aromatic residues in
close spatial proximity of disulfide bridges making it a good
candidate for LAMI. Furthermore, we report the synthesis
of Fe3O4@Au core–shell nanoparticles and the character-
ization of the engineered bioconjugates using spectroscopy
techniques. In house imaging software package was used for
advanced analysis of the protein array images and also to
understand the nanoparticle size distribution. Binding
therapeutic molecules onto nanoparticles leads to sensitive
nanoprobes for bio-medical applications such as bio-
separation, bio-sensing, drug delivery, and cellular specific
binding.
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Materials and Methods

Preparation of Fe3O4@Au Core–Shell Nanoparticles

Successive precipitation of two metals from metal precursors
is used for the preparation of magnetic core–shell particles.
Acidic solutions of 0.1M FeSO4.7H2O and 0.2M FeCl3 (pH 1)
were mixed in 1:1 ratio upon constant stirring at room
temperature. pH was rapidly increased to 10 by adding 10mL
25% aqueous ammonia. Tenminutes after the solution turned
black, 10mL 1.0M sodium citrate was added and the solution
was stirred for 30min. These magnetite particles were used as
seeds onto which gold was deposited by citrate reduction
method. Onemilliliter of the above suspension was transferred
into 100mL 1mM sodium citrate. The solution was heated
with constant stirring. Upon boiling, 10mL 0.01M HAuCl4
solution was rapidly added and stirred for 30min. The
solution turned deep red, the characteristic color of gold
colloids indicating presence of metallic gold. The suspension
was cooled to room temperature and washed twice with water
and centrifuged (10,000 rpm for 10min) in order to eliminate
excess surfactant and reaction byproduct salts. The super-
natant was decanted. Bottom agglomerated particles were re-
dispersed in water and re-washed.
Protein Labeling

BSA-AF532 labeling was carried out according to the protein
labeling kit (A10236) from Molecular Probes (Invitrogen,
Leek, The Netherlands). After labeling, BSA was dialyzed
against 10mM Tris–HCl buffer pH 7.5. Labeled protein
concentration and degree of labeling (DOL) were calculated
measuring the Abs530nm using 81,000 cm�1M�1 as the molar
extinction coefficient of AF532 at 530 nm. DOL was 1.46.
0.02M ANS solution in dimethylsulfonic acid (DMSO) was
diluted to 70mM in 10mM Tris–HCl pH 7.5 buffer.
Concentration was calculated using 5,000 cm�1M�1 as the
extinction coefficient of ANS at 350 nm. Protein–nanopar-
ticle bioconjugates were incubated with an excess of ANS
(1:10 molar ratio). ANS protein binding was monitored
upon measuring the characteristic ANS absorption peak at
350 nm. Characteristic protein absorption was monitored at
220 and 280 nm.
Photonic Immobilization of BSA Onto Functionalized
Slide

Chemical modification of optically flat quartz slides and
optical setup used for immobilization were carried out as
previously described (Duroux et al., 2007). Onemicroliter of
7mM BSA/AF532 was placed and dried on the thiol
functionalized slide. A UV laser beam (1mW, 280 nm) was
sent through a computer controlled shutter, a beam
expander and an iris diaphragm and focused through a
quartz lens onto the sample mounted on a computer
controlled 3D translation stage. One hundred milliseconds
exposure time was used. A 4� 6 array with 20mm spots



interspaced 150mm was created. The slide was washed with
1% Mucasol for 1 h changing the mucasol solution every
15min and scanned with a Tecan LS 200 scanner for protein
array visualization (exc. 532 nm, 6mm resolution).
Photonic Immobilization of BSA Onto Gold Coated
Superparamagnetic Nanoparticles

A sample containing 8.0mMBSA and 0.8mM concentration
of gold in the form of nanoparticles superparamagnetic
nanoparticles in 10mM Tris–HCl buffer pH 7.5 was
illuminated for 1 h with 295 nm light in a RTC 2000 PTI
spectrofluorimeter. Lamp power at the sample location was
142 nW. Slits were kept at 5 nm and temperature at 208C.
The sample was stirred every 10th minute during illumina-
tion. The uncoupled BSA was washed out by two
centrifugations and particle-protein bioconjugates were
re-dispersed in buffer and characterized. As a negative
control, identical experiments were carried out in the
absence of UV illumination.
UV–Visible Absorption Spectroscopy

Thermo scientific UV–visible spectrophotometer (VWK
International UV1 v4.60, West Chester, PA) was used to
characterize the free thiol groups in BSA, nanoparticles,
protein, degree of labeling and protein coated nanoparticles.
The path length of the quartz cuvette was 1 cm. Absorbance
spectra were acquired between 220 and 700 nm.
Ellman’s Reactions

Ellman’s assay was used to determine the concentration of free
thiol groups in BSA prior to and after 1 h 295nm excitation
upon measuring the intensity of the absorption at 412 nm
(Riener et al., 2002). BSA concentration was 8.0mM in 10mM
Tris–HCl buffer pH 7.5. Ellman’s reagent (5,50-dithiobis(2-
nitrobenzoate), DTNB) concentration was 500mM.
Fluorescence Spectroscopy

Fluorescence characterization of native BSA, BSA-AF532,
and BSA-ANS coupled to nanoparticles were carried out in a
RTC 2000 PTI spectrofluorimeter at 208C. Quartz cuvette
path length was 1 cm. Slits were set at 5 nm. Intrinsic protein
fluorescence spectra were acquired upon 295 nm excitation.
Extrinsic fluorescence emission spectra of BSA-AF532 were
acquired upon 530 nm excitation. Intrinsic protein fluor-
escence spectra were acquired upon 295 nm excitation. ANS
fluorescence spectra of BSA-ANS alone and coupled to
nanoparticles were acquired upon 350 nm excitation.
Dynamic Light Scattering (DLS)

Measurements were carried out in a Zsizer Malvern
with temperature controlled MicroSampler. Average
hydrodynamic size and size distribution of the core–shell
nanoparticles, protein, and protein tagged nanoparticles
were estimated. Fifty microliters was transferred to a 1 cm
path length cuvette for each measurement.
Scanning Electron Microscopy—Energy Dispersive
X-Ray spectroscopy (SEM-EDS)

Carl Zeiss 1540XB SEM with Noran EDS system was used
for particle’s size estimation and composition. SEM images
were collected upon optimizing the voltage between 5 and
12 kV on silicon substrate where dried magnetic core–shell
particles were placed. The average size of core–shell
nanoparticles and protein–particles bioconjugates were
estimated. The electron beam was focused over the particle
projection area during X-ray acquisition. The X-ray
spectrum was acquired for 60 s, at an acceleration voltage
of 12 kV. NORAN system six version 2.0 software from
Thermo Fischer scientific was used to analyze the EDS data
(particles’ chemical composition).
Fluorescence Microscopy

Nanoparticles coupled to labeled proteins were visualized
with a fluorescence microscope (Leica TCS SP5) in oil-
immersion 60� objective and images recorded with CCD
camera. Before imaging, the samples were dried over the
glass slide surface at room temperature. In order to image
AF532, N2.1 filter cube was used (exc 515–560 nm; long pass
filter (LP) at 590 nm). For ANS, A4 filter cube was used (exc
340–380; LP 425 nm).
Particles and Protein Array Image Processing

MATLAB v7.8 was used to develop BNIP-Pro software
package that allows for advanced image analysis. The SEM
image was baseline corrected using manually placed
multiple control points in the base of the image. The image
was then converted to a binary image, using a threshold
value that allowed for the observation of a maximum
number of separated particles. Morphological erosion and
dilation was applied to the binary image in order to break
residual contacts between particles. The modified binary
image was then multiplied with the original image, leading
to an image where only the particles are visible. Contours
were draw around all particles, and their individual area and
intensity analyzed.
Pairwise Sequence Alignment

Clustal W, version 2, was used to carried out the pairwise
sequence alignment of BSA (607 aa) and HSA (585 aa). The
matrix used was EBLOSUM62 with gap penalty 10 and
extended penalty 0.5.
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igure 1. A: Pairwise sequence alignment of BSA and HSA. Standard one letter abbreviations are used for the amino acids; (j) Indicates identical amino acids; indicates

imilar (homologous) amino acids; (:) indicates unrelated amino acids. The cysteins (C) and tryptophans (W) are highlighted in gray and bold. Moreover, all 35 cysteins are

onserved. B: 3D representation of HSA (PDB code: 1ao6) which displays identity, similarity, and gap of 72.6%, 84.2%, and 4.3%, respectively with BSA [http://www.ebi.ac.uk/Tools/

mboss/align/]. Cysteines are highlighted in red ball and stick; W 214 is highlighted in blue CPK and the hydrophobic amino acids are highlighted in red.
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Results and Discussion

Protein Characterization

Since BSA 3D structure is not available, a pairwise sequence
alignment between BSA and human serum albumin (HSA)
has been carried out, revealing identity, similarity and gap of
72.6%, 84.2%, and 4.3%, respectively. Alignment not only
shows high identity between the two proteins but also
reveals a consistently dispersed identity and similarity
(Fig. 1A). Thus, structural homology can be inferred. It is
likely that the distances between homologous Trp and
disulfide bridges in HSA may be comparable to those in
BSA. The shortest distance between conserved Trp214
chainA and the nearest disulfide bridge (Cys200–Cys246) in
HSA is 11 Å. The 3D structure of HSA is shown in
Figure 1B. HSA contains 1 tryptophan and 17 disulfide
bridges. BSA contains 3 Trp residues and 17 disulfide bridges
and one free thiol group Cys34. Cys34 has low or no solvent
accessibility making it difficult to react with the nanopar-
ticles’ Au surface (Brahma et al., 2005; Wang et al., 2009;
Zhu et al., 2001). The combined presence of 3 Trp and 17
disulfide bridges make BSA a good candidate for LAMI
technology.
Thiol Groups Formation Upon 295 nm Irradiation

UV-light induced changes in amino acid residues of proteins
have been reported (Bent and Hayon, 1975a,b; Creed,
1984a,b,c Kerwin and Remmele, 2007; Grossweiner and
Usui, 1971; Li et al., 1989; Neves-Petersen et al., 2009b).
Tryptophan (Trp) has the highest absorption coefficient in
the near UV region. Since excitation has been carried out at
295 nm, we will focus on Trp photochemistry. Flash
photolysis studies of lysozyme demonstrated that enzyme
inactivation was due to the production of photo-oxidized
tryptophan residue and due to electron transfer between Trp
triplet state and a nearby disulfide bridges, resulting in SS
disruption. Two non-radiative relaxation pathways were
observed: (1) Electron ejection to the solvent, yielding
solvated electrons e�aqðTrpþ hn ! Trp�þ þ e�aqÞ, (2)
Intersystem crossing, yielding the triplet-state 3Trp
ð1Trpþ hn ! 1Trp� ! 3TrpÞ. e�aq and 3Trp can transfer
an electron to a nearby disulfide bridge forming RSSR��,
which will lead to SS disruption (Sander et al., 1993):

RSSR�� , RS� þ RS�

RSSR�� þ Hþ , RS� þ RSH

H� þ RSSR ! RS� þ RSH

The resultant free thiol radicals/groups can then form a
new disulfide bridge with other thiol groups or thiol reactive
surfaces. This can be used to carry out LAMI of proteins
onto thiol reactive surfaces. Therefore, LAMI is used to
immobilize BSA onto thiol derivatized slides as well as
superparamagnetic particles aiming at the development of
nanoparticles based drug delivery system and biosensors.
Our earlier work as well as Vanhooren’s work verified the
crucial role of Trp on the photolytic cleavage of disulfide
bridge using protein engineering (Petersen et al., 2006;
Vanhooren et al., 2006). The estimated concentration of free
thiols in BSA before and after 1 h 295 nm illumination was
0.35 and 0.98mM, respectively. The value for non-
illuminated sample is due to the presence of Cys34 (though
it is difficult to bind with Au surface, it can react with some
probes (Brahma et al., 2005; Wang et al., 2009; Zhu et al.,
2001)) and the observed increase in free thiol groups
concentration after excitation indicates disulfide bridge
disruption upon 295 nm excitation.

For LAMI we use energy per pulse �100 pJ, which is at
least 107 times smaller than the energies required in the flash
photolysis studies. No protein denaturation has been
observed while carrying out the hereby presented illumina-
tion experiments. Circular dichroism, dynamic light
scattering, steady state fluorescence and static light
scattering experiments indicate that 295 nm excitation
(excitation carried out at the spectrofluorimeter) did not
induced structural changes, for example, denaturation and
aggregation of BSA (data not shown).
Microarray Visualization

A 4� 6 BSA array with 20mm diameter spots and 150mm
pitch is displayed in Figure 2. BSA-AF532 extrinsic
fluorescence can be observed. The spots are well resolved
indicating that protein has been washed out from regions of
the slide that have not been illuminated. The array shows
uniform vertical and horizontal fluorescence intensity
profiles (Fig. 2).
Fe3O4@Au Core–Shell Nanoparticles Characterization

Citrate stabilized magnetite nanoparticles dispersion is
shown in Figure 3A (brown color dispersion, I). Magnetite
nanoparticles were nucleated by simultaneous reaction of
iron salts hydrolysis into Fe2þ-Ferrihydrite complex
material (at pH< 8) and condensation of the complex into
inverse spinel structure (pH> 8) (Tronc et al., 1992).
Particles below critical size (�26 nm for magnetite) exhibit
superparamagnetism where the coercivity and remenence of
the hysteresis loop are zero. These particles can therefore be
controlled by external magnetic fields but retain no residual
magnetism after the field is removed since thermal energy
overcomes the anisotropic energy barrier.

While preparing magnetic core–shell particles, citric acid
plays four major roles: (1) Prevention of magnetite
nanoparticles agglomeration immediately after nucleation
due to affinity between carboxylic group and iron oxides
(Lesnikovich et al., 1990), (2) Reduction of gold cations
(Au3þ) into gold (Au0), (3) Stabilization of Fe3O4@Au core–
shell nanoparticles (magnetic nanoparticles were very stable
with zeta potential of �75mV at pH 9 (Lattuada and
Hatton, 2007)), and (4) Easy replacement of citrate ions on
the gold surface by thiol groups. Gold cation in the form
Parracino et al.: Engineering Nano-Bioconjugates With Light 1003
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Figure 2. Microarray of BSA-Alexa-Fluor532 immobilized onto the SH functionalized optical flat surface through LAMI technique (A). The array contains 4� 6 spots with

150mm pitch and each spot is �20mm in diameter. Uniform vertical and horizontal fluorescence emission intensity profiles are displayed in panels B and C, respectively.
AuCl�4 is a strong oxidizing agent with E0þ 1.002 (Cushing
et al., 2004). Therefore, biocompatible weaker reducing
agents such as carboxylates or alcohols can be used to reduce
these cations. Since citrate ions are weak reducing agents,
gold salt reduction process occurs at a slow reaction rate and
precipitation onto existing seed magnetite particles is
observed instead of primary nucleation. The use of
borohydride as well as other strong reducing agents results
in the formation of a large number of tiny gold particles due
to high reaction rate (Gnanaprakash et al., 2007). In
contrast, citrate reduction methodology leads to secondary
nucleation on the magnetite core particles, resulting in the
formation of Fe3O4@Au core–shell nanoparticles
(Fig. 3A and II). The magnetic nature of the gold coated
magnetite nanoparticles is shown in Figure 3A and III using
a permanent magnet. Upon exposure to a permanent
magnetic field, the wine-red (purple on dilution) color
disappears leaving a clear solution behind and accumulating
particles at the permanent magnet location (Fig. 3A and III).
Upon magnetic field removal, the particles re-dispersed in
solution.

Figure 3B displayed the SEM image of Fe3O4@Au core–
shell nanoparticles. EDS experimental analysis qualitatively
confirms the presence of the elements C, O, Fe, Na, Si, Au,
and Cl (Fig. 3C). C, O, and Na peaks can be expected from
sodium citrate surfactant; Si from substrate; Cl from buffer;
Fe, Au, and O from Fe3O4@Au core–shell nanoparticles. The
1004 Biotechnology and Bioengineering, Vol. 108, No. 5, May, 2011
estimated average nanoparticle size observed with SEM was
22 nm. Using BNIP image analysis, the particles’ size
distribution was estimated (Fig. 3D). DLS measurements
revealed an average hydrodynamic diameter (Dh) of
37.4 nm. The observed single peak confirmed that the
particles dispersed in solution were isolated and not
agglomerated (data not shown). The average size difference
between the SEM and DLS measurements is due to the
particles solvation by water and surfactant molecules in
solution.

Absorption at 534 nm confirmed the presence of gold
layer over the magnetite particles (Fig. 3E).
Figure 3E displays the UV–visible absorption spectra of
citrate stabilized particles of Fe3O4 (average size of 8 nm), Au
nanoparticles (average size of 22 nm) and Fe3O4@Au
nanoparticles (average size of 22 nm) in aqueous solution
and of water (blank). Fe3O4 nanoparticles dispersion shows
absorption band with maximum at 220 nm which extends
into the visible region due to the charge transfer transitions
involving Fe3þ–O and Fe2þ–Fe3þ(Schwertmann and
Cornell, 1991). Plasmonic excitation of citrate stabilized
20 nm gold nanoparticles has a maximum at �520 nm in
agreement with literature (Brown et al., 2000). Fe3O4@Au
particles show a clear surface plasmon absorption band at
534 nm (14 nm red shift compared to Au nanoparticles) and
the suppression of the intense magnetite absorption peak in
the UV region. Earlier works report similar shifts for gold



Figure 3. A: Display of samples containing (I) Magnetite dispersion (brown), (II) gold modified magnetite nanoparticles dispersion (purple) and (III) separation of

superparamagnetic gold coated magnetite nanoparticles from solution using a permanent magnet, illustrating the separation potential of the technique. B: SEM image of Fe3O4@Au

core–shell nanoparticles. The estimated average particle size is 22 nm. C: EDS analysis of gold covered superparamagnetic nanoparticles. D: Particles’ size distribution obtained

from BNIP image analysis. E: UV–visible absorption spectra of citrate stabilized particles of Fe3O4 (8 nm average size), Au nanoparticles (22 nm average size) and Fe3O4@Au

nanoparticles (22 nm average size) in aqueous solution and of water (blank).
coated magnetite nanoparticles (Lyon et al., 2004; Wang
et al., 2005). These previous studies revealed that the surface
plasmon resonance property of the Au shell is dependent on
its thickness. As the thickness of the gold layer increases the
plasmon resonance peak gradually blue shifts towards
520 nm. The observed red shift (�14 nm) in the plasmon
resonance peak, the suppression of magnetite absorption
band in UV region for Fe3O4@Au nanoparticles (Fig. 3E)
and the magnetic nature of the wine-red colored solution
confirms the completely covered magnetite core with thick
Au shell (more than 1 nm (Wang et al., 2005)).

At pH 7.5, gold covered magnetite nanoparticles (22 nm)
are more stable than magnetite particles (8 nm) in solution.
This is expected due to higher surface to volume ratio and
magnetic dipole–dipole interactions in 8 nm magnetite
dispersion than in 22 nm core–shell nanoparticles dispersion
Parracino et al.: Engineering Nano-Bioconjugates With Light 1005
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(Lyon et al., 2004). Hence, depositing Au layer over
magnetite particles is a better choice as compared to
magnetite alone for the protein immobilization onto
superparamagnetic nanoparticles.
Figure 4. A: Fluorescence emission spectra of the supernatant recovered after

the first and second washes. The proteins’ intrinsic fluorescence was acquired upon

295 nm excitation. The spectra show the negligible amount of free protein present in

the supernatant after the second wash. B: Fluorescence emission spectra of the

supernatant recovered after the first and second washes. The proteins’ extrinsic

fluorescence was acquired upon 532 nm excitation. The spectra show the negligible

amount of free protein present in the supernatant after the second wash.
Confirming BSA Immobilization Onto the
Superparamagnetic Nanoparticles

At pH 7.5 the created free thiol groups will likely be partially
deprotonated (typical pKa in proteins from 8 to 11
(Creighton, 1993)), thus being more reactive towards gold.
Since thiols bind stronger to gold than citrate does, citrate
ions are usually substituted by thiols (Lim et al., 2008;
Schmid and Corain, 2003). Therefore, Au–S bond is a likely
bond between the protein and the core–shell nanoparticles.
BSA and citrate stabilized gold nanoparticles interact
electrostatically through carboxylate–ammonium salt
bridges between the citrate and amino group of lysine
and arginine on the protein surface (Brewer et al., 2005).
Since the pI of BSA is 5.82, at pH 7.5 the protein will have a
negative net charge. Therefore, it is likely that the protein
molecules will replace citrate molecules and interact
electrostatically with the positively charge Au surface.
However, salt bridges interactions (2–15Kcal/mol) are
weaker than Au–S bonds (47 Kcal/mol). Thus, solvent
accessible free thiol groups created in BSA are likely
covalently bound to the gold nanoparticles surface. Thiol
groups covalently bind gold surfaces through the sulfur
atom (Bain et al., 1989; Uvdal et al., 1992). The reaction
formally is considered an oxidative addition of the S–H
bond to the gold surface, followed by reductive elimination
of the hydrogen (Ullman, 1996; Varghese et al., 2008):

R-S-H þ Au0n ! R-S�AuþAu0n þ
1

2
H2

Templeton et al. (1999) demonstrated that it is easy to
replace one molecule with another present in higher
concentration while providing enough heat and/or sonica-
tion. In order to optimize protein immobilization, protein
concentration was kept 10-fold higher than the particles
concentration. This will favor protein immobilization.
Likewise the protein concentration should be higher than
the citrate concentration. Finally, pH was adjusted to pH 7.5
in order to secure a significant proportion of deprotonated
thiol groups and protein stability.

Binding of BSA onto the superparamagnetic nanoparti-
cles was confirmed by DLS, SEM, UV–visible spectroscopy
and fluorescent spectroscopy. Fluorescence emission spectra
of the supernatant were acquired in order to monitor the
removal of excess unbound protein from the nanoparticles
after each washing step (Fig. 4A and B). Washing for a
second time the derivatized nanoparticles lead to the
removal of the majority of the unbound protein molecules.
The intensity of the protein peak observed in the second
wash was much smaller than the protein absorption peak of
bottom settled particles, though the particles were diluted
1006 Biotechnology and Bioengineering, Vol. 108, No. 5, May, 2011
500 times with buffer. Further washing did not show any
significant change in the intensity of the protein absorption
peak of the nanoparticle-BSA bioconjugates and of the
supernatant. Data confirms that two washes were sufficient
to remove non-immobilized protein from the solution
(Fig. 4A and B). After two washing procedures, the bottom
settled particles were re-dispersed in buffer and used
characterized. BSA shows a hydrodynamic diameter (Dh) of
9.6 nm. The observed Dh values for the protein–particles
bioconjugate showed a distinct dominant peak at
217� 63 nm in DLS, accounting for 95.5% of the signal.
A smaller peak accounting for 3.3% of the signal has been
observed centered at 1,029� 309 nm and a very small third
peak centered at 5227 nm accounting for 1.2% of the signal
(Fig. 5A). The polydispersity and the increase of the particles
size indicates that aggregation of derivatized nanoparticles



Figure 5. A: DLS data of BSA immobilized onto Fe3O4@Au core–shell nanoparticles showing a dominant peak at 217� 63 nm (95.5% volume). B: SEM image of BSA

immobilized core–shell nanoparticles and observed sizes. C: Fluorescence microscopy images of BSA-AF532 immobilized onto Fe3O4@Au core–shell nanoparticles. D: ANS

fluorescence from ANS molecules bound to BSA-Fe3O4@Au core–shell nanoparticles bioconjugates. ANS becomes fluorescent upon binding hydrophobic regions of BSA.
has occurred after protein immobilization. The protein
derivatized nanoparticles were stable in solution and the
particles–protein bioconjugate does not show any peak at
9.6 nm or 37.4 nm corresponding to free BSA or core–shell
nanoparticles, respectively. When carefully observing the
SEM data (Fig. 5B) we see bioconjugates at �133, �200,
�336 nm. All these peaks are located within the observed
statistically relevant DLS peak at �217� 63 nm. The
presence of 17 disulfide bridges in BSA makes it likely that
upon UV excitation several bridges break, generating
multiple free thiol groups. The reactivity of these groups
induces aggregation among derivatized nanoparticles due to
new SS bridges formed between several bioconjugates.
Figure 5C displays the fluorescence of BSA-AF532 coupled
to superparamagnetic gold coated nanoparticles, confirming
the presence of labeled BSA onto the nanoparticles. In order
to confirm protein immobilization onto the nanoparticles,
ANS has been added to the derivatized nanoparticles. ANS is
non-fluorescent in water and becomes fluorescent upon
adsorption onto hydrophobic regions of the protein
(Haugland, 2002). Figure 5D shows the fluorescence of
the adsorbed ANS to the proteins bound onto the
nanoparticles, confirming the presence of protein onto
the core–shell nanoparticles.
Figure 6A displays the normalized fluorescence emission
spectra of free (not immobilized) and immobilized protein,
revealing a 15 nm blue shift in the fluorescence emission
maximum after protein immobilization. A blue shift
(�10 nm) in ANS fluorescence emission is also observed
for Fe3O4@Au-BSA-ANS versus BSA-ANS (Fig. 6B). The
blue shift is likely to be caused by the lower dielectric
constant of the core–shell particles compared to the aqueous
environment. Data confirms that ANS as well as the Trp
becomes less solvent accessible upon BSA immobilization
onto nanoparticles.

Figure 7A shows the UV–visible absorption spectra of
nanoparticles with and without BSA-AF532. Core–shell
particles show the single characteristic 534 nm gold
absorption peak. The spectrum of functionalized nanopar-
ticles shows characteristic protein absorption at 220 and
280 nm, and an enhanced peak at 530 nm. The peak at
280 nm is due to aromatic residues absorption, the peak
around 220 nm is due to protein backbone absorption and
the enhanced peak at 530 nm is due to the presence of gold
and dye molecules attached to the protein. This clearly
indicates the immobilization of protein onto the particles.
The concentration of BSA tagged to nanoparticles was
estimated to be 0.566mM. The final molar ratio of coupled
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Figure 6. A: Normalized intrinsic fluorescence emission spectra of free BSA

(not immobilized) and immobilized labeled BSA onto Fe3O4@Au core–shell nanopar-

ticles. B: Normalized emission spectra of ANS bound to free BSA and ANS bound to

BSA immobilized onto Fe3O4@Au core–shell nanoparticles. Spectra show a blue shift

in the ANS fluorescence emission maximum when ANS is bound to the immobilized

protein.

Figure 7. A: Absorption spectra of Fe3O4@Au core–shell nanoparticles with and

without BSA-AF532. B: Fluorescence emission spectra of BSA-AF532 coupled

Fe3O4@Au core–shell nanoparticles and of Fe3O4@Au core–shell nanoparticles.

The difference spectrum is also displayed.
BSA-nanoparticles was 1:0.7 in solution indicating the
successful immobilization of BSA onto Fe3O4@Au core–
shell nanoparticles using LAMI. In Figure 7B it can be seen
that nanoparticles alone do not show any significant
fluorescence emission at 552 nm. However, when exciting
BSA immobilized onto nanoparticles with 532 nm light a
fluorescence emission peak is observed at 552 nm, confirm-
ing the presence of BSA on the nanoparticles’ gold surface.
The spectra obtained for the samples that were illuminated
with UV light and for the non-illuminated samples (negative
control) are displayed in Figure 8. The illuminated sample
exhibits higher 552 nm fluorescence emission upon 532 nm
excitation, while the non-illuminated sample shows low
552 nm fluorescence intensity, indicating that UV excitation
has increased the immobilization yield of labeled protein
onto the particles.
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Conclusions

Immobilization of BSA on the surface of gold coated
magnetite nanoparticles as well as on flat sensor surface has
been achieved with LAMI. The protein–nanoparticles
bioconjugates are more stable in solution than non-
derivatised nanoparticles since it was always possible to
re-disperse them into solution after centrifugation. The
non-derivatised nanoparticles aggregated as a black pellet
after two centrifugation/washing steps and no longer re-
disperse. The photonic immobilization technology can lead
to the creation of multi-potent covalently bio-functionalized
new materials as well as drug and gene carriers. These results
encourage future development of magnetic nanoparticle
based protein carriers with targeted technological applica-
tions such as bioseparation, drug targeting, tissue engineer-
ing and to improve the enzyme stability towards pH,
temperature and solvents.



Figure 8. Fluorescence emission spectra of coupled Fe3O4@Au core–shell

nanoparticles with BSAAF532 with and without light (negative control).
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