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Abstract The unique optical properties of gold nanoparticles make them attractive for a wide range of applications
which require optical detection and manipulation techniques. Here, we experimentally demonstrate the use of single
femtosecond pulses at resonance wavelength for a controlled conjugation of gold nanoparticles and fluorescent
proteins. This optically driven reaction is rigorously studied
and analyzed using a variety of experimental techniques,
and a detailed model is proposed which describes the adsorption of the proteins onto the nanoparticles' surface, as
well as their subsequent desorption by a reducing agent.
Potential applications of the resulting nanoparticle–protein
conjugates include controlled delivery of fluorescent
markers and local sensing of biochemical processes.
Keywords Gold nanoparticles . Femtosecond pulses .
Plasmon resonance . Fluorescent proteins

Introduction
Gold nanoparticles play an important role in recent biomedical research and applications due to their small dimensions
and high biocompatibility [1]. A single coating agent or a
combination of several chemical compounds are often used
to improve the particles' chemical and physical stability,
increase their targeting specificity, and enhance their overall
Electronic supplementary material The online version of this article
(doi:10.1007/s11468-012-9349-1) contains supplementary material,
which is available to authorized users.
G. Bisker (*) : L. Minai : D. Yelin
Department of Biomedical Engineering,
Technion–Israel Institute of Technology,
32000 Haifa, Israel
e-mail: bisker@tx.technion.ac.il

functionality [2–4]. Examples of such coatings include
layers of polyethylene glycol (PEG) [5, 6], cetyltrimethylammonium bromide [7], peptides, and specific antibodies
with high affinity to various targets such as epidermal cells
[8–10], breast adenocarcinoma tumor cells [11], and lymphoma cells [12]. Functionalized gold nanoparticles have
also been demonstrated useful for delivering conjugated
pharmaceutical agents to specific targets [13, 14].
Additional important features of gold nanoparticles include unique absorption and scattering resonances in the
visible–near infrared wavelength range [15, 16]. Interactions
between laser irradiation and gold nanoparticles have been
utilized for multiphoton imaging [17], ablation of human
chromosomes [18], protein degradation [19, 20], and photothermal therapy of cancer [21, 22]. When resonantly illuminated with intense short laser pulses, gold nanoparticles can
directly affect their nearby environment through a variety of
physical mechanisms, including near-field enhancement
[23–26], local heating [27], generation of acoustic shock
waves [28], and the formation of cavitation bubbles [29].
High-power pulse lasers were recently demonstrated useful
for assisting the synthesis process of gold nanoparticles
[30–34] and for tuning their size and morphology [35–38].
Using gold nanoparticles and fluorescent molecules in a
single chemical complex could provide further control over
the fabrication, delivery, and functionality of such substances [39]. Quenching of fluorescent molecules when in close
proximity to a nanoparticle, a process which was extensively studied both theoretically [40, 41] and experimentally
[42, 43], could provide valuable insights on the exact particle–chromophores interaction on a nanometric scale. Monitoring the fluorescence signal of gold nanoparticles and
green fluorescent protein (GFP) complexes, which were
fabricated in a two-step reaction using positively charged
ligands [44, 45], has been utilized for detecting different
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proteins in human serum [44] and for differentiating between cancerous cells [45]. Highly uniform GFP-coated
gold nanoparticles were recently synthesized in a singlestep chemical procedure using chloroauric acid and silver
nitrate, where the fluorescent signal was utilized for monitoring the synthesis process [46].
Recently, a new approach for the production of functionalized gold and silver nanoparticles was demonstrated [37,
47, 48], using high-power femtosecond laser illuminating a
bulk surface in the presence of a liquid medium which
contains the functionalizing molecules. The high level of
both chemical and optical control parameters offered by this
technique allow high throughput and provide valuable flexibility in the design of the final conjugates [49, 50]. In some
cases, however, it may be desired to selectively adsorb
specific molecules onto existing nanoparticles; such a process could be also triggered and controlled by laser irradiation. The benefits of such step-by-step hybrid approach
include high particle uniformity, high level of control, and
low production cost.
In this work, we experimentally study and demonstrate a
laser-driven chemical process for a controlled conjugation of
gold nanoparticles to different fluorescent protein molecules.
The process was enabled by illuminating PEG-coated nanoparticles with intense single ultrashort laser pulses at wavelengths that were tuned to their plasmonic resonance, while
monitoring the signal emitted from the fluorescent proteins.
Following the single-pulse irradiation, the fluorescent proteins
were rapidly adsorbed onto the gold nanoparticles' surface,
replacing the original PEG coating layer. The immediate
fluorescence quenching and spectral changes provided realtime verification for the adsorption process.

ratios of approximately 1:2,400 were kept between the
nanoparticles and the protein molecules.
The sample was illuminated (Fig. 1) by directing (mirror
M1) a slowly focused beam of 50-fs pulses from an optical
parametric amplifier (Topas, Newport Corp.), producing a
1-mm-diameter spot on the solution chamber. The pulse
central wavelength was tuned to 545 nm for matching the
plasmonic resonance frequency of the 20-nm-diameter gold
nanospheres. The fluence of a single pulse was approximately 33 mJ/cm2 (6.6×1011 W/cm2), adjusted by changing
the distance between the focusing lens (500 mm focal
length) and the sample and by using a variable neutral
density (ND) filter. Lateral raster scanning at 3 Hz line rate
of the 330-μm-diameter beam (100-Hz pulse repetition rate)
resulted in the illumination of the entire sample volume
(11×11×0.75 mm) with a single pulse at each spot.

Experimental System
PEG is a hydrophilic coating favorable for biomedical applications since it can be readily used as a biocompatible cross
linker to different functional groups and antibodies [6, 12,
51, 52]. PEG-coated gold nanoparticles of 20 nm in diameter were prepared by trisodium citrate reduction of hydrogen tetrachloroaurate trihydrate salt followed by ligand
exchange, where polyethylene glycol conjugated to thioctic
acid (PEG-TA) replaced the citrate capping [5, 6]. The
resulting coated nanoparticle solution (1.4×10−9 M) was
then mixed with 3.4×10−6 M fluorescent protein solution
and placed in a 0.75-mm-thick glass chamber on a motorized stage of an inverted microscope. A similar procedure
was repeated for seven different fluorescent proteins which
share a similar conformation, including GFP, blue fluorescent protein (BFP), cyan fluorescent protein (CFP), enhanced green fluorescent protein (EGFP), yellow
fluorescent protein (YFP), dsRED, and mCherry. Mole

Fig. 1 Schematic illustration of the experimental system for laserdriven adsorption of fluorescent proteins on gold nanoparticles. M1,
M2 broadband mirrors, ND neutral density, EX excitation filter, EM
emission filter, DM dichroic mirror, OPA optical parametric amplifier
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After illumination, an objective lens (NA00.13) was
placed back at the main optical path for imaging the fluorescence distribution on a CCD camera, while different
combinations of filters and dichroic mirrors were used to
match the spectra of the different fluorescent proteins.

Results
The fluorescence emission of each protein–nanoparticle solution following illumination by single femtosecond pulses
showed a pattern of dark regions which corresponded to the
array of the illumination spots (Fig. 2a). The relative
changes in fluorescence were calculated according to (I −
Ii)/Ii, where Ii and I denote the averaged fluorescence pixel
value before and after pulse illumination, respectively, and
plotted on a bar chart in Fig. 2b. A consistent drop of the
fluorescence signal following irradiation was measured for
all solutions, ranging from 17 % for the nanoparticle–BFP
solution up to 51 % for the nanoparticle–GFP solution,
whereas most protein solutions in the absence of nanoparticles showed much smaller fluorescence reductions.
In order to shed light on the underlying process and show
that the loss of fluorescence resulted from protein adsorption
on the nanoparticles, the illuminated solutions have been
further analyzed using light spectroscopy, electron microscopy, gel electrophoresis, western blotting, and mass spectrometry. Extinction spectra of the irradiated solutions were
measured in transmission mode using a tungsten–halogen
lamp at the microscope's diascopic illumination system and
a commercial spectrophotometer (USB4000, Ocean Optics
Inc.) which was attached to one of the microscope ports (see
Fig. 2 a Fluorescence images
of the nanoparticle–protein
solutions following resonant
illumination by a single pulse.
The (false) colors correspond to
the fluorescence emission
wavelength of each protein. The
field of view of each frame is
2.5×1.87 mm. b A bar chart
showing the relative changes of
the total fluorescence intensities
after laser irradiation for
protein-only solutions (blue
bars) and for nanoparticle–protein solutions (green bars)

Fig. 1). The spectra of the GFP–nanoparticle solution (Fig. 3)
after a single-pulse illumination (solid blue line) revealed a
noticeable 22-nm narrowing and 7-nm blue shift of the plasmonic peak, compared to the spectrum before illumination
(dashed blue line). Such spectral changes could be attributed
to structural changes of the nanoparticles [36] and partial
removal of the particles' coating layer [53–56]. In contrast,
the extinction spectrum of a pure PEG-coated nanoparticle
solution (no fluorescent proteins) showed significant loss of
the plasmonic peak (solid green line) following irradiation,
indicating the formation of large aggregates [57]. A similar
loss of the plasmonic peak was observed following pulse
illumination of PEG-coated nanoparticles in the presence of
myoglobin (solid black line) and streptavidin (solid red line),
two non-fluorescent proteins of molar concentrations similar
to that of the fluorescent protein solutions.
Transmission electron microscopy (TEM, Tecnai Inc.) of
the remaining portion of the nanoparticle–GFP solution after
single-pulse irradiation has confirmed that the particles did
not form aggregates (Fig. 3, left inset), while large aggregates were observed throughout the sample in the absence of
GFP (Fig. 3, right inset), in agreement with the observed
loss of the plasmonic peak (Fig. 3, solid green curve).
For quantifying the effect of the laser pulses on the
fluorescent protein molecules, sodium dodecyl sulfate polyacrylamide gel electrophoresis (12 % Tris–glycine) of the
irradiated nanoparticle–GFP solutions was performed, followed by Coomassie brilliant blue staining (Fig. 4a). With
no reducing agent added to the solution prior to gel electrophoresis, a monotonic decrease of the main GFP band at
28 kDa was observed for increasing pulse fluence (Fig. 4b,
blue diamonds), which correlated well with the observed
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Fig. 3 Extinction spectra of illuminated nanoparticle solution with
GFP before (dashed blue curve) and after a single-pulse illumination
(solid blue curve). Loss of the absorption peak after a single-pulse
irradiation was observed when the nanoparticles were mixed with
myoglobin (solid black curve), streptavidin (solid red curve), and
without proteins (solid green curve). Left inset: TEM image of an
irradiated nanoparticle–GFP solution. Right inset: TEM image of irradiated gold nanoparticles in the absence of fluorescent proteins. Scale
bars represent 200 nm

weakening of the total fluorescence signal from the entire
sample volume (green diamonds). Without nanoparticles, an
illuminated control sample exhibited negligible decrease in
fluorescence (green squares) and only a small decrease in
the GFP band intensity (blue squares).
Western blot analysis (primary polyclonal rabbit antibody,
secondary goat anti-rabbit HRP conjugate labeling) using an
antibody that specifically recognizes GFP further confirmed
the reduction of the original GFP band intensity at 28 kDa
following a single-pulse irradiation (Fig. 5a). More importantly, large amounts of GFP were found in the loading wells
(white arrows) of nanoparticle–GFP solutions which were
irradiated by 1, 2, and 5 pulses (lanes d, e, and f, respectively).
These noticeable bands could be attributed to the formation of
nanoparticle–GFP conjugates, but could also result from large
aggregates of pure GFP which may have formed by the intense
pulse and were too large to migrate through the gel matrix.
In order to prove that the newly formed bands at the
loading wells of lanes d–f in Fig. 5a are gold nanoparticles
coated by fluorescent proteins, we added a strong reducing
agent (25 mM dithiothreitol, DTT) to the sample loading
buffer, to separate between the nanoparticles and the fluorescent proteins. This resulted in a complete loss of the high
molecular weight bands and a noticeable recovery of the main
GFP bands at 28 kDa, ruling out the possibility of a massive
protein degradation caused by the heated nanoparticles. Since
high concentrations of DTT are expected to unfold GFP

Fig. 4 a GFP bands in gel electrophoresis of solutions illuminated by
a single pulse. b Plots of the relative fluorescence signals (green) and
the GFP band intensities (blue) of solutions containing gold nanoparticles and GFP (diamonds), or GFP only (squares) as a function
of pulse fluence. Dashed lines are shown as guides

aggregates, and thus could not differentiate between protein
adsorption on the nanoparticles and protein aggregation, we
have repeated the experiment with mCherry fluorescent protein, which is similar to GFP in many ways, but has no
cysteine residues which form disulfide bonds that can be
reduced by DTT. The disappearance of the band from the
loading well of an irradiated nanoparticle–mCherry solution
(Fig. 5b, lane a, arrow) due to the addition of DTT (lane b)
implies that the bands at the loading well are not protein
aggregates. Additional experiments with RFP, which contains
only a single cysteine residue (and hence could not form large
aggregates by disulfide bonds), have shown similar disappearance of the loading well band (Supplementary Fig. S1).
When DTT was added to all nanoparticle–protein solutions
after irradiation, faint bands corresponding to molecular
weights in the range of 11–17 kDa have appeared (Fig. 5a,
enhanced contract region), suggesting fragmentation of a small
portion of the GFP molecules into smaller peptides which
could still be recognized by the anti-GFP antibody. Mass
spectroscopy analysis (using matrix-assisted laser desorption/
ionization time of flight, Applied Biosystems) of the region
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Fig. 5 a Western blot analysis of GFP solutions. Lane a GFP only; lane
b GFP only, five-pulse irradiation; lane c nanoparticles + GFP; lane d
nanoparticles + GFP, one-pulse irradiation; lane e nanoparticles + GFP,
two-pulse irradiation; lane f nanoparticles + GFP, five-pulse irradiation;
lane g nanoparticles + GFP, one pulse, added DTT; lane h nanoparticles +
GFP, five-pulse irradiation, added DTT. The region which corresponds to

molecular weights between 11 and 17 kDa (dotted white rectangle) was
brightened (×4), and its contrast was enhanced (×10) to improve visibility
of faint bands. b Western blot analysis of irradiated nanoparticle–
mCherry solution without (lane a) and with (lane b) addition of DTT. c
Mass spectrometry analysis of the GFP band at 17 kDa (lane d in a).
Identified peptide sequences of GFP are marked by bold font

corresponding to the 17-kDa molecular weight of the irradiated
nanoparticle–GFP solution (lane d in Fig. 5a) has identified
various fragments of GFP (Fig. 5c), suggesting degradation of
the protein through the breakage of covalent bonds. The addition of DTT to the irradiated nanoparticle–GFP solution (lane g
in Fig. 5a) has resulted in a higher intensity of these bands,
suggesting that some fragments of the GFP were also caught at
the loading well. Excessive irradiation of the nanoparticle–
GFP solution by five pulses showed considerably weaker
bands at all molecular weights (lane h in Fig. 5a), suggesting
massive protein degradation into small peptides comprised of
only a few amino acids. Similarly, repeated single-pulse
experiments with BFP, CFP, EGFP, YFP, dsRED, and mCherry
showed decrease in the main protein bands in gel electrophoresis, appearance of new bands at the loading wells, and their
subsequent disappearance by the addition of DTT to the sample loading buffer (supplementary Fig. S1).

protein conjugates. While the actual process of protein adsorption onto the nanoparticle surface is fast and requires
only a single pulse, careful measurements were necessary in
order to confirm the existence of such conjugates. A model
which closely represents the pulse–particle–protein interaction would need to account for the experimental results
described above, including the decrease in fluorescence
(Fig. 2), the blue shift of the plasmonic resonance peak
(Fig. 3), the decrease of the protein band intensities in gel
electrophoresis (Fig. 4), and their recovery following the
addition of DTT (Fig. 5a and b). During the course of this
work, we have ruled out several possible explanations for
the observed decrease in fluorescence; the most important
one was the possible denaturation and aggregation of the
protein molecules due to the mechanical and thermal energy
released from the irradiated nanoparticles. Such aggregates
could readily explain the rapid loss of fluorescence and the
smaller protein bands in gel electrophoresis. This hypothesis, however, fails to explain the recovery of the main
protein bands of the mCherry and the RFP in western blot
analysis (Fig. 5b and supplementary Fig. S1), since RFP has
only one cysteine residue and mCherry lacks cysteine residues, which contain the only thiol group capable of forming
disulfide bonds, which in turn could be reduced by DTT.
Another weakness of this model is the lack of intermediate-

Discussion
By illuminating a mixed solution of fluorescent proteins and
gold nanoparticles with a single, intense optical pulse at
resonance wavelength, we present a simple, yet robust,
technique for the fabrication of nanoparticle–fluorescent
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Fig. 6 Proposed model for
optical pulse-driven adsorption
of fluorescent proteins on gold
nanoparticles. a Gold nanoparticles coated with PEG-TA
within a solution of fluorescent
proteins. b Irradiation by a single femtosecond pulse results in
a cavitation bubble and shock
wave formation, leading to partial removal of the PEG molecules. c The fluorescent
proteins are adsorbed onto the
particle, and their fluorescence
is quenched. d Following additional pulses, the quenched
proteins are gradually degraded.
e The addition of DTT to the
solution results in protein desorption from the nanoparticles

sized bands (e.g., dimers, trimers) in the gels, which would
be expected from a stochastic formation of large aggregates.
Our model for representing the interaction between the
light, particles, and proteins is schematically illustrated in
Fig. 6. Before irradiation, the particles were chemically
stable due to the PEG-TA coating layer which was linked
to the particle surface by two S–Au bonds (Fig. 6, a).
After a single 50-fs optical pulse of approximately 33 mJ/
cm2 at resonance wavelength (545 nm), the irradiated 20nm-diameter gold nanoparticles rapidly heat above their
melting temperature, which may result in small shockwaves
of rapidly expanding vapor bubbles [28, 58]. The released
energy from the plasmonic interaction can induce gold–
sulfur bond breaking [59], partially removing the PEG coating layer [60] (Fig. 6, b). With no fluorescent proteins in the
irradiated solutions, massive nanoparticle aggregation was
observed (see Fig. 3, right inset). In the presence of fluorescent protein molecules, however, the PEG coating of the
illuminated particles was replaced by the proteins which
were adsorbed onto the cooling particle surfaces (Fig. 6,
c), preventing nanoparticle aggregation (see Fig. 3, left
inset). The mechanism by which proteins and peptides adhere to gold surfaces [46] depends on various parameters,
including the availability of side chains and functional
groups with high affinity to gold, as well as the proteins'
three-dimensional structure [61–63]. In similar experiments
with streptavidin and myoglobin, two proteins that normally
do not fluoresce and are very different from the group of
fluorescent proteins in this work, we have observed no
protein adsorption on the nanoparticles after irradiation,
which resulted in a massive nanoparticle aggregation
(Fig. 3).
The newly formed protein-coated nanoparticles (estimated molecular weight higher than 5×104 kDa) were too large

to effectively migrate through the gel matrix and remained
within the loading well (arrows in Fig. 5a). The observed
blue shift and narrowing of the plasmonic peak could be
attributed mainly to the increased uniformity of the nanoparticles following the intense pulse [36]. With the irradiation of additional pulses (Fig. 6, d), further degradation and
defragmentation of the proteins which were already
adsorbed on their surface were evident (Fig. 5a, lanes d–
h). Finally, the addition of DTT, which has two SH residues
and competes with the fluorescent proteins for gold nanoparticle binding, to the nanoparticle–protein solutions after
irradiation has led to the desorption of the protein molecules
from the nanoparticle (Fig. 6, e) and their subsequent replacement by the stabilizing DTT molecules [64].
The main advantage of the laser-triggered particle–protein conjugation presented in this work is its relative simplicity: the decoupling between the production of the gold
particles, their initial coating, and the subsequent optical
adsorption of selected fluorescent proteins allow control
and flexibility throughout the fabrication process. Furthermore, the optical trigger could be chosen so as to optimize a
certain parameter; for example, a certain amount of the
original coating layer could be left on the particles if a less
intense pulse is used. Different pulse durations would also
affect the desired outcome; however, the pulse must be still
shorter compared to the characteristic time of heat diffusion
from the nanoparticles, which is of the order of 10 ps [27].
Longer pulses would be less effective for this task, inducing
thermal-only effects on the particle and its surroundings.
The high control over the exact location (focal volume of
the beam) and timing (pulse triggering) of the adsorption
process would allow accurate triggering or probing of local
interactions. While the pulse irradiation affects mainly the
molecules on the particle surface, it is also sufficiently
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intense to cause changes to the particle's own morphology
[36]. While useful for creating a more homogenous particle
solution, this effect may limit the method only to spherical
particles, as other particles such as nanorods could lose their
shape and consequently their unique optical properties [35].
Finally, multiple optical fabrication steps for the adsorption
of several layers of molecules would be difficult to execute
due to the observed degradation of the proteins adjacent to
the nanoparticle surface; such an additional coating layer
would need to be deposited chemically.

Conclusions
In summary, we have established a new method for triggering and controlling the adsorption of various fluorescent
proteins on gold nanoparticles, using intense single ultrashort pulses with wavelength that was tuned to the plasmonic resonance of the nanoparticles. By continuously
monitoring the fluorescence signals, our approach offers a
real-time feedback for studying and analyzing the resulting
chemical interactions which lead to the adsorption of the
fluorescent proteins onto the gold nanoparticles' surfaces.
Optical and chemical analyses have confirmed the formation
of the nanoparticle–protein conjugates and negate the formation of protein aggregates. The products of those interactions would have potential benefits in various imaging
and diagnostic applications [44, 45] in which fluorescent
variations are utilized for sensing their nearby chemical and
physical environments and for differentiating between various types of proteins and cells.
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