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ABSTRACT: The integrity of a small model protein, the 36-residue villin headpiece
HP36, attached to gold nanoparticles (AuNP) is examined, and its response to laser
excitation of the AuNPs is investigated. To that end, it is first verified by stationary IR
and CD spectroscopy, together with denaturation experiments, that the folded structure
of the protein is fully preserved when attached to the AuNP surface. It is then shown by
time-resolved IR spectroscopy that the protein does not unfold, even upon the highest
pump fluences that lead to local temperature jumps on the order of 1000 K of the
phonon system of the AuNPs, since that temperature jump persists for too short a time
of a few nanoseconds only to be destructive. Judged from a blue shift of the amide I
band, indicating destabilized or a few broken hydrogen bonds, the protein either swells,
becomes more unstructured from the termini, or changes its degree of solvation. In any
case, it recovers immediately after the excess energy dissipates into the bulk solvent. The
process is entirely reversible for millions of laser shots without any indication of
aggregation of the protein or the AuNPs and with only a minor fraction of broken protein−AuNP thiol bonds. The work
provides important cornerstones in designing laser pulse parameters for maximal heating with protein-capped AuNPs without
destroying the capping layer.

■ INTRODUCTION

Nanomaterial-based carriers have provided a novel and effective
route for targeted drug delivery1 as well as cancer treatment and
diagnosis.2−8 Over the past decade, various delivery vehicles
have been designed on the basis of different nanomaterials,
such as liposomes,1,9 dendrimers,10 nanotubes,11 and nano-
rods.12 Recently, gold nanoparticles (AuNPs) have also
emerged as a candidate of choice for targeted delivery of
drugs13 and various biomolecules.14 There are many ways to
control sustained release of drugs within the therapeutic
window from AuNPs used as drug delivery systems, such as by
the biocatalytic action of an enzyme,15,16 differential concen-
tration of intracellular glutathione versus extracellular thiol
levels,17,18 photothermal or photodynamic therapy,8,19−21 etc.
AuNPs with antibodies on the surface that specifically bind to
cancer cells are significantly more efficient; otherwise, photo-
therapy would not be selective and would affect normal and
tumor cells alike.22 For the latter applications, it is critical to
understand the folding and stability of biomacromolecules on
AuNPs under the influence of laser radiation.
Most attention, so far, has been given to the cell fate in

response to applied laser intensities. In contrast, the effect on
the capping molecules of AuNPs used in photothermal and
photodynamic treatments has barely been studied. Apart from a
few reports on the heating effects on DNA and bovine serum
albumin (BSA) conjugated with AuNPs,23−25 basically nothing
is known about the dynamics or structural changes of a protein
or an antibody attached to the AuNP surface upon heating by a

laser beam. Heat absorbed by the AuNPs is transferred to the
biomolecule and the local environment by rapid electron−
phonon relaxation in the AuNP followed by phonon−phonon
relaxation,26−28 resulting in an increase in the temperature of
the surrounding medium.29 Under such conditions, an
important question is whether the attached protein remains
stable, and if yes, up to which laser intensities? It has been
shown that AuNPs can reach dramatic temperatures upon
pulsed laser excitation,30 reaching many hundreds of degrees
Celsius, that in principle would unfold any protein on the
surface of a AuNP or dissociate the covalent bond between
protein and AuNP. On the other hand, heat deposited into a
AuNP dissipates very quickly into the bulk solution within a
few 100 ps,25 many orders of magnitude faster than typical
protein unfolding times.31 The temperature jump is quite
moderate after thermalization into the bulk solution (on the
order of 1 K for the excitations conditions discussed in this
paper), per se too small to unfold a protein. The interplay
between the size of the initial temperature jump and its short
lifetime will determine whether a protein actually unfolds. If it
does unfold, it might be irreversible and lead to aggregation of
the protein or the AuNPs.
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Independent of the question about the stability of conjugated
proteins, local heating is also interesting as a method to study
vibrational energy transport in molecular systems. This idea has
been explored, for example, for thiolated self-assembled
monolayers (SAMs) of aryl and alkyl thiol adsorbates on a
polycrystalline Au (111) surface3233 or for a helical peptide
layer on small AuNPs.34 These works address the question
whether heat transport is ballistic3233 or diffusive34 and,
ultimately, whether vibrational energy transport is isotropic or
can occur through defined pathways. Directed vibrational
energy transport is discussed as a possible mechanism of
communication in allosteric proteins.35

In the present work, we examine the integrity of a small
model protein, the 36-residue villin headpiece HP36, attached
to AuNPs, and investigate its response to the deposited laser
energy. A sketch of the system under study is shown in Figure
1. HP36 has been used extensively to study protein folding,

both experimentally and theoretically.36−46 Because of its
monomeric nature, high thermal stability, and the fact that it
shows properties of a folded protein despite its small size, the
thermodynamics of HP36, its folding kinetics, and structural
dynamics, etc., have been fully characterized, and it therefore
constitutes an interesting model system.36−46 To the best of
our knowledge, there is, however, no report on the effect on
secondary and tertiary structure of HP36 when attached on a
AuNP. We report on the synthesis and characterization of
HP36/AuNP conjugates, and we look into the dynamic
response of the protein upon pulsed laser irradiation of the
AuNP.

■ MATERIALS AND METHODS
Protein Synthesis. The wild-type villin headpiece

HP36WT (PDB ID: 1VII) has no thiol containing amino
acids that could be attached to a AuNP surface. Therefore,
serine at position 56 was replaced by cysteine (resulting in the
mutant HP36Cys) to provide a specific anchor point (in line

with previous studies of HP36, the numbering of amino acid
residues is based on the full-length 76-residue villin headpiece
with the first residue of HP36 assigned to position 41). This
position was chosen because it is solvent-exposed and, thus,
easily accessible to the linking reaction.
HP36 and HP36Cys samples were synthesized in-house on a

peptide synthesizer (CEM) using a standard solid-phase Fmoc
protection protocol with Rink Amide MBHA resin (100−200
mesh, 0.1−0.25 mmol) to achieve a stepwise coupling of amino
acids. All the chemicals were bought from Sigma Aldrich and
used as received. The crude samples were purified using a
Cosmosil 5C4 HPLC column with a 30%/80% acetonitrile/
water gradient in the presence of 0.1% trifluoroacetic acid
(TFA). The samples were dried in vacuo and analyzed with
electrospray ionization mass spectrometry (Supporting In-
formation Figure S1). The purity of the protein was about 85%.

AuNP Synthesis and Functionalization. Tannic acid-
capped AuNPs were synthesized as reported earlier.47 In brief,
for a 100 mL reaction, 1 mL of 1% w/v HAuCl4 was added to
79 mL of Milli-Q water (18.2 MΩ·cm) and heated to 60 °C.
While the gold solution was heating, a reducing solution of 4
mL 1% w/v of trisodium citrate dehydrate (Na3C6H5O7·2H2O)
and 1 mL of 1% w/v of tannic acid in 14 mL Milli-Q water was
prepared and put in a water bath maintained at 60 °C. Just
before adding the two solutions together for the reduction
reaction, 1 mL of 0.2 M K2CO3 was added to the gold solution,
followed by quickly adding the reducing solution. As soon as
the second solution was added, the yellow gold solution turned
to red wine color, characteristic for AuNP formation. The
solution was refluxed at 95 °C for 0.5 h, cooled, and filtered
through a 0.45 μm syringe filter before storing at 4 °C.
For transmission electron microscope (TEM) measurements,

the AuNPs were applied to a previously glow-discharged,
carbon-coated, 300-mesh copper grid for 1 min; the excess
solution was immediately blotted dry with filter paper.
Microscopy was performed with a Philips CM100 TEM
operating at an accelerating voltage of 80 kV. High-resolution
TEM images were captured with a fitted 4k × 3k pixel 12-bit
Gatan digital camera and processed using the Image J and
Origin program packages. Supporting Information Figure S2
shows a TEM image, together with a size distribution, revealing
an average diameter of 5.7 ± 1 nm and a polydispersity of 21%.
For the functionalization of the AuNPs, a 5:1 molar mixture

of thiolated PEG (SHC11EG6OH, hereafter named PEG) and
HP36Cys was used. The reaction was carried out overnight in
the presence of a detergent (3 mM SDS). To avoid oxidation of
the PEG molecules into aldehydes and carboxylate salts (visible
through the asymmetric carboxylate stretch peaking at 1605
cm−1 in the FTIR spectrum), PEG samples were freshly
prepared in ethanol, and all the chemical solutions, including
AuNPs, were degassed for 2 h before functionalization in a
nitrogen-purged environment.

Filtration and Desalting. Excess tannic acid, PEG, and
SDS as well as unreacted protein molecules were filtered out
using a 30 kDa centrifugal cutoff filter (Amicon filters from
Milipore). The conjugate was then run through a FPLC
desalting column (GE Healthcare HiPrep 26/10). To prevent
aggregation of the protein−AuNP conjugate on the column, it
was saturated with 100 μM SDS in deionized degassed water
before applying the samples. The concentration of SDS was
chosen such that it was enough to prevent aggregation but well
below the critical micelle concentration (8 mM). The filtrate

Figure 1. Sketch to the scale of HP36Cys (cyan) attached to AuNPs of
5.7 nm diameter (yellow) through a cysteine residue. PEG molecules
(green) are shown in a stretched configuration.
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was concentrated and lyophilized for later D2O exchange
required for the IR spectroscopy
Figure 2 depicts a chromatogram of the filtered protein−

AuNP conjugates measured at 520 (green, sensitive to the

surface plasmon resonance of the AuNP) and 280 nm (black,
sensitive to the protein as well as to tannic acid). At both
wavelengths, a first peak at around 7.5 mL elution volume from
the HP36/AuNP conjugate is observed, followed by two more
peaks appearing at 9 and 18 mL observed only at 280 nm.
Figure 2 (inset) shows an independent chromatogram for
tannic acid in water, showing that the 18 mL peak stems from
residual tannic acid; thus, the 9 mL peak in Figure 2 stems from
unbound proteins. The 7.5 mL elution peak was therefore
collected as the final purified sample. It contains only minor
contributions from unbound protein (<10%).
Laser Setup. The response of the amide I vibration of the

proteins attached to the AuNPs was measured by UV pump/IR
probe spectroscopy. Laser pulses from a Ti:sapphire laser/
amplifier system (repetition rate 1 kHz) were split into two
parts. One portion was frequency doubled in a BBO crystal
generating 400 nm pulses of 100 fs duration. This pump beam
was mechanically chopped at half the laser repetition rate and
used for the excitation of the protein−AuNPs conjugates. The
diameter of the 400 nm pump beam at the sample was 150 μm.
The pump fluence at the sample was varied with the help of an
adjustable neutral density filter from ≈20 to 110 J/m2.
The second part was used to feed a white light-seeded two-

stage optical parametric amplifier (OPA)48 for the generation of
infrared probe pulses (center frequency, 1650 cm−1; bandwidth,
200 cm−1). The probe pulses were focused into the sample in
spatial overlap with the pump pulses; a reference beam, split off
beforehand, was focused ∼1 mm separated into a nonexcited
volume of the sample. Both probe and reference beams were
frequency dispersed in a spectrometer and imaged onto a
double-array HgCdTe detector with a spectral resolution of ≈4
cm−1. The pump pulse was delayed with respect to the probe
pulse with the help of an optical delay stage. The overall
instrument response time was 200 fs.
The protein−AuNPs conjugates were dissolved in D2O at

with a protein concentration of ≈2 mM and measured in an
optical cell with path length of 50 μm. The samples were stable

over millions of laser shots, and no flow cell to exchange the
sample volume between laser shots was necessary.

■ RESULTS: STRUCTURAL CHARACTERIZATION
UV/Vis and FTIR Spectroscopy. The UV−vis spectrum

was measured to see to what extent functionalization and the
subsequent cleaning process affects the stability of the AuNPs
(Figure 3, inset). A clear surface plasmon resonance peak at 520
nm without any additional feature or shift suggests that the
AuNPs are, indeed, stable.

Apart from revealing characteristic absorption peaks for α-
helices, β-sheets, and random coils, Fourier transform infrared
(FTIR) spectroscopy also gives a first-hand look into
aggregation of the proteins into amyloids/β-sheets, in which
case a distinct absorption band at 1618 cm−1 and a minor
component at the high-frequency end of the amide I region
would be observed.49 FTIR spectroscopy was therefore
performed as a first step to investigate the protein stability
upon conjugation with AuNPs. Figure 3 shows the FTIR
spectra of HP36Cys (red) and HP36/AuNP (green), both
redispersed in D2O at concentrations of ≈2 mM and ≈4 mM
protein, respectively (both spectra in Figure 3 have been scaled
accordingly). Both samples show a broad amide I band
centered at ≈1645 cm−1, as is expected for an α-helical protein
in D2O.

49 The absence of a characteristic amyloid aggregation
signature shows that the conjugate is stable even at the high
concentrations needed for IR experiments.
The attached PEG molecules do not interfere with the amide

I spectrum because their absorption is flat between 1550 and
1750 cm−1 (see Supporting Information Figure S3). The
intensity of the 1100 cm−1 peak, characteristic for the ether
group of PEG, would correspond to ≈30 mM PEG
concentration, about 8 times more than that of protein. The
characteristic peak for tannic acid (1600 cm−1, see Supporting
Information Figure S3), is missing from the FTIR spectra of
HP36/AuNP, confirming complete exchange during function-
alization.
At this point, however, it is important to note that the

concentrations of protein and PEG in the HP36/AuNP sample
given above (4 and 30 mM, respectively) were determined by

Figure 2. FPLC chromatogram of the HP36/AuNP conjugate at 520
(green) and 280 nm (black). Inset: FPLC of tannic acid in water at
280 nm.

Figure 3. FTIR spectra of free HP36Cys (red) and of HP36/AuNP
(green) in the amide I region and (inset) UV−vis spectrum of HP36/
AuNP.
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comparing the intensities of their IR absorption spectra with
those of PEG and HP36Cys in solution. This procedure
implicitly assumes that the IR cross section is the same both in
solution and on the AuNP surface, which is known not to be
correct. Surface enhancement effects can modify the cross
section by a factor 1.5−5, depending on the AuNP radius,
distance from the surface, and orientation relative to the
surface.50−53 In certain cases, surface selection rules can also
decrease the cross section, but when averaging over individual
amide I vibrations with all possible orientations, as in a globular
protein, the overall cross section will always be enhanced.
AuNPs of size 5.7 nm have a surface area of ≈100 nm2, whereas
cross-sectional areas of ≈3 nm2 for the protein (Figure 1) and
0.2 nm2 for PEG would require ≈200 nm2 if the concentrations
given above were correct. We therefore conclude that surface
enhancement effects overestimate the concentrations by
roughly a factor 2. Taking all together, the sum formula of
t he p ro t e i n−AuNP con juga t e i s t hu s rough l y
Au5700PEG200Protein25. It should be added, though, that the
above estimate assumes that PEG is in an extended
conformation, which is not necessarily the case. As such, the
enhancement factor is considered to be a lower limit, and the
resulting number of PEG molecules on the AuNPs an upper
limit.
CD Spectroscopy. Circular dichroism (CD) spectroscopy

is a sensitive probe of, in particular, α-helices, which is the
dominant secondary structure motif of HP36. CD spectra were
recorded at 25 °C with the help of a Jasco Spectropolarimeter
(model J-810) in a 10 mm path length quartz cuvette. Purifying
the conjugate from any unreacted proteins by FPLC (Figure 2)
ensured that we selectively study the folding of proteins
attached to the AuNP surface. CD spectroscopy of ligands
attached to AuNPs is challenging because the metal core
strongly absorbs in the far UV. Therefore, the best compromise
between CD signal size and background absorption was
searched in terms of signal-to-noise ratio, resulting in a
concentration of ≈4 μM with an absorbance of A ≈ 2 at 222
nm. Spectra were averaged over ≈1000 scans to increase the
signal-to-noise ratio. The AuNP contribution to the CD signal,
which has been measured independently, has been subtracted
(but, as expected, its contribution was minor).
Figure 4 shows CD spectra of HP36WT, HP36Cys (to assess

the effect of the mutation on the stability) and HP36/AuNP.

The two characteristic peaks at 208 and 222 nm are indicative
of a helical structure, which is very similar for both the wild type
protein HP36WT and the mutant HP36Cys. In the case of the
conjugate HP36/AuNP, the shape of the CD signal remains the
same, clearly indicating that the protein is still α-helical on the
AuNP surface. It should be added that the amplitude of the CD
signal in Figure 4 requires the knowledge of protein
concentration, which has been estimated from the IR
absorption together with a surface enhancement factor of ≈2
discussed above. At the same time, this analysis assumes that
surface enhancement effects play essentially no role for the CD
signal (which to the best of our knowledge have not yet been
investigated).
To further probe the folding of the protein, we performed

denaturation experiments for all three samples as a function of
guanidinium concentration (Figure 5), again at 25 °C. From

the midpoints of these unfolding curves, we see that mutant
HP36Cys (2.1 M) is slightly less stable than the wild type
HP36WT (3.2 M). Furthermore HP36/AuNP goes through a
characteristic sigmoidal unfolding transition with a midpoint
that is the same as HP36Cys. From the plateau of that
sigmoidal transition at low guanidinium concentrations, we
conclude again that HP36/AuNP is folded on the AuNP
surface and that the AuNP surface does not affect its stability.

■ RESULTS: HEAT RESPONSE
Laser excitation of the AuNP leads to a rapid temperature jump
within the AuNP on a picosecond time scale through electron−
phonon relaxation followed by phonon−phonon scatter-
ing.27,28,54 That temperature jump eventually also affects the
capping layer. To study the response of the proteins, HP36/
AuNP was excited with a 400 nm laser pulse, and time-resolved
infrared spectra were recorded in the amide I region (i.e., the
CO stretch vibration of the protein backbone). The spectral
window considered here is free from vibrational bands of the
other capping molecule, PEG (Supporting Information Figure
S3). On the other hand, the contribution of electrons in the
conduction band of the metal core at early delay times as well
as the heating of the bulk solution at later delay times cause a
tilted broadband background that was removed from the

Figure 4. CD spectra expressed in terms of the mean residue ellipticity
(MRE) of HP36WT (black), HP36Cys (red), HP36/AuNP conjugate
(green).

Figure 5. Unfolding of HP36WT (black), HP36Cys (red), and HP36/
AuNP (green) upon addition of guanidinium. The CD signal at 222
nm was measured as a function of varying concentration of
guanidinium chloride at 25 °C and normalized for comparison.
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transient spectra by subtracting a linear baseline determined
from the edges of the detected spectral window.
A time series of pump−probe difference spectra is shown in

Figure 6. The absorption decreases on the red side of the amide

I absorption spectrum (see Figure 3) and increases on the blue
side; that is, the response in Figure 6 reflects a blue shift of the
protein amide I band. Apart from the overall intensity of the
signal, the spectral response is the same at all delay times within
signal-to-noise.
Figure 7 shows the time dependence of the transient signal

for different pump fluences (the difference between the

negative feature at 1625 cm−1 and the positive feature at
1666 cm−1 is shown in order to be as insensitive as possible to
residual backgrounds from conducting electron or solvent
heating effects). The signal peaks at 75 ps and then decays on a
few nanosecond time scale. Normalizing all curves onto each
other (Figure 7, inset) shows that the kinetics of the amide I
band response do not change with pump fluence within signal-

to-noise (the outliers in that plot stem from the data with very
low pump energy, which consequently become rather noisy).
In Figure 8, we show the peak amplitude of the transient

signal as a function of pump fluence evaluated at 75 ps and at

2.7 ns, respectively. Interestingly, the protein response upon
AuNP heating is not linear. The thin black line in Figure 8
shows the best linear fit to the 75 ps data when forcing it to go
through the origin, which it should because no signal is
expected without pump. The linear fit systematically deviates
from the data. In contrast, a fit based on a two-state equilibrium
(eq 1 discussed below) perfectly reproduces the sigmoidal
shape of the response (thick red line) with root-mean-square
displacement (rmsd) that is improved by a factor 3. The same
model parameters (except for a smaller amplitude) also fit the
late 2.7 ns data (thick blue line).
Finally, we note that the process is completely reversible and

the proteins remain unchanged over millions of laser-induced
heating−cooling cycles. Supporting Information Figure S4
shows that the pump−probe signal decreases by only ∼10% in
intensity for 90 J/m2 pump fluence within ≈75 min of
measurement time, corresponding to 2.3 × 106 pump laser
shots hitting the sample. Only a minor fraction of the gold−
protein thiol bonds is thus dissociating. The sample was not
actively exchanged during that measurment time by flowing the
sample, stirring, or moving the sample cell, but a certain
exchange due to diffusion certainly happened. Furthermore, the
shape of the amide I response remains the same, indicating that
no aggregation nor irreversible unfolding of the protein took
place.

■ DISCUSSION
Structural Characterization. AuNPs have been shown to

bring about a change in stability and structural properties of
many proteins attached to their surfaces.52,55−57 For example,
in ref 52, it has been shown that for a peptide (CFGAILSS)
prone to aggregate into extended amyloid fibrils with an
antiparallel β-sheet structure in aqueous solutions, when
constrained to a nanoparticle surface, it has a curvature-

Figure 6. Pump−probe spectra of the amide I band recorded at
various delay times (black, 30 ps; red, 75 ps; blue, 240 ps; magenta, 0.5
ns; green, 3 ns; dark blue, 7 ns) after laser excitation of the AuNP with
a pump fluence of 90 J/m2.

Figure 7. Time dependence of the blue shift (calculated as the
difference between the negative and positive spectral feature) recorded
for the pump fluence varied from 20 to 110 J/m2. The inset shows the
same curves normalized onto each other.

Figure 8. Amplitude of the transient signal (calculated as the
difference between the negative and positive spectral feature) as a
function of pump fluence, evaluated at the peak of the signal (75 ps)
and toward the end of the process (2.7 ns). The thick red and blue
lines are fits of eq 1 to the data; the thin, black line, the best linear fit.
See text for discussion.
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dependent tendency to form parallel β-sheets with hydrogen
bonding between adjacent peptides. Another example is small
AuNPs capped by cytochrome c, which revealed local
perturbation and considerable denaturation of the α-helical
part of the protein.55

In contrast to these previous works, we provide here multiple
evidence that the villin headpiece HP36 does, in fact, stay stably
folded on the AuNP surface. That is, the IR absorption
spectrum does not give any indications of aggregation (Figure
3), and we observe the characteristic CD spectrum of a helical
protein with two negative peaks at 222 and 208 nm. In
addition, the sigmoidal response upon guanidinium denatura-
tion reveals a distinct transition at about the same denaturant
concentration as the HP36Cys mutant (Figure 5); hence, the
AuNP surface has essentially no effect on the stability of the
protein (whereas the serine-to-cysteine mutation has a sizable
effect). The explanation for this high stability of the conjugated
protein may lie in the large number of PEG molecules that
surround the protein in the ligand layer: at least in solution,
PEG has been shown to stabilize the secondary structures of α-
helical peptides by reducing the solvent accessible surface
area.58

The structural picture that emerges from the stationary
characterization of the protein−AuNP conjugates is sketched in
Figure 1 with an overall sum formula of the protein−AuNP
conjugate of ∼Au5700PEG200Protein25. The sketch is on scale,
but it assumes that the PEG molecules adopt a stretched
configuration, which probably does not reflect the reality. On
the other hand, we know from CD spectroscopy that the
proteins are stably folded. We therefore assume that the
proteins are mostly surrounded by PEG, with only small direct
contact to the solvent water.
Heat Response. Laser excitation of the AuNPs at 400 nm

excites the electronic system of the AuNPs, which relaxes via
electron−phonon coupling into the phonon system.26−28,30,54

For our experimental conditions, we can estimate from the
absorption cross section and the heat capacity of gold that every
AuNP absorbs ∼500 photons (assuming an extinction
coefficient of 1.3 × 107 M−1cm−1, which was linearly
interpolated for the 5.7 nm AuNPs from the values given in
ref 59 and corrected for the fact that we excited at 400 nm and
not in the plasmon resonance), resulting in an initial
temperature jump of 1000 ± 200 K at the highest pump
fluence we considered, 110 J/m2. This estimate of the
temperature jump is consistent with previous works.30 It is
important to realize that in contrast with molecular heaters,60

which either absorb a photon or not, AuNPs can absorb many
photons for a single laser shot; hence, the pump fluence
determines the size of the initial temperature jump, and not the
probability with which an individual molecule is excited.
The phonon system subsequently cools into the environ-

ment, that is, into the capping layer and eventually into the
solvent. It has been shown that the time scale on which the
AuNP cools is a function of particle size.27 It scales roughly as
the square of the AuNP radius, which reflects the solution of a
diffusion equation together with the surface/volume ratio of a
spherical particle. For the 5.7 nm particles used here, a cooling
time of 10 ± 5 ps has been reported.27 That value has been
measured for AuNPs in water without a capping layer, but what
enters into the theory is the thermal conductivity of the
surrounding of the AuNP, which is not very different for our
capping layer,61 so the cooling time of the AuNPs per se is of
the same order of magnitude. It has been shown (albeit for

smaller temperature jumps)27 that the cooling time is not a
function of the size of the temperature jump.
Because of the interfacial thermal resistance at the AuNP

surface, the temperature jump reached in the capping layer is
significantly smaller than that in the AuNP itself, and the heat
transfer is delayed. For example, Plech and co-workers have
shown that the water layer in contact with 10 nm AuNPs
reaches a maximum temperature jump of only 30% of that of
the AuNP and that this maximum temperature is reached after
150 ps.25 Given that our AuNPs are smaller (5.7 nm), we
conclude that the peak maximum we observe in the amide I
response (75 ps, see Figure 7) reflects the time when the
temperature in the protein capping layer is maximal. The
authors of ref 25 investigated the heat transfer from a AuNP
directly into the solvent, whereas the proteins in our case are
covalently bound, so the interfacial thermal resistance might be
smaller,62 and consequently, the heat jump might be somewhat
larger than the 300 K that would be estimated, along the lines
of ref 25.
A temperature jump of that order of magnitude, of course,

would unfold any protein (for our particular case, the melting
temperature of HP36WT is 71 °C36). Furthermore, it could
result in a barrier-free unfolding, in which case it might become
must faster than known protein unfolding times. Indeed, the
shape of the blue-shifted amide I response (Figure 6) is
qualitatively the same as that observed in a stationary thermal
unfolding experiment of the villin headpiece,44−46 but if the
protein would really unfold, its refolding, which could occur
only once the system has cooled completely into the bulk
solvent, would occur with the typical few microsecond folding
time of HP36.31,43 In contrast, we observe that the amide I
signal recovers on a nanosecond time scale (Figure 7), orders of
magnitudes too fast to account for a refolding kinetics. On the
other hand, the time scale of the recovery of the amide I signal
we observe agrees well with what is predicted from radial heat
diffusion from the AuNPs into the bulk solvent.25 Hence, the
protein is not unfolding upon the temperature jump because
the temperature jump exists for too short a time to be
destructive. In accordance with that conclusion, the size of the
signal in Figure 6 is, indeed, significantly smaller than that
obtained in a thermal unfolding experiment.44,45

The absorption frequency of the amide I vibration red shifts
by ≈20 cm−1 upon hydrogen bonding;49 hence, the blue shift
we observe after the temperature jump (Figure 6) reflects an
overall weakening of either the intramolecular hydrogen bonds
of the protein or of those to water around the protein. Breaking
of intramolecular hydrogen bonds is the very reason why a
similar blue shift is also observed upon thermal unfolding of the
villin headpiece,44−46 but as discussed above, that cannot be
what is happening here. In addition, N-methyl-acetamide
(NMA), with only one amide unit and no structural flexibility,
undergoes spectral shifts due to weakening of hydrogen
bonding to the solvent.63 We assume that the protein either
is swelling, thereby increasing on average all hydrogen bond
distances; destabilizes from the termini; or changes with respect
to its solvation shell. Whatever the process is, however, it does
not yet lead to any irreversible structural change that would
destroy secondary or tertiary structural motifs. The protein can
thus restore its original structure essentially instantaneously
once the system cools back to room temperature. A vibrational
Stark effect, which has also been shown to cause shifts in the
amide I spectrum,64 can be excluded because its kinetics would
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follow the much shorter lifetime of the electronic excitation of
the AuNP.
An interesting observation is the nonlinear dependence of

the protein response on pump fluence (Figure 8). The
sigmoidal shape suggests some degree of cooperativity of the
process. Without any concrete molecular dynamics simulation
of the system, our discussion of that effect will remain rather
vague and speculative. It is nevertheless intriguing that the
experimental data, ΔA, can be fit to a simple two-state chemical
equilibrium (in which we implicitly assume that the system
reaches a quasiequilibrium on the time scale of the experi-
ment):

Δ Δ ∝
+

−
+Δ +Δ ΔA T( )

1
1 e

1
1 eF k T T F k T/( ( )) /B 0 B 0 (1)

Here, T0 is the starting temperature (i.e., room temperature),
ΔT is the temperature jump in dependence of the pump
fluence, ΔF = ΔE − TΔS is a free energy with T = T0 + ΔT,
and the second term assures that the response ΔA is zero for
ΔT = 0. The fit shown in Figure 8 (red line) reveals an
energetic contribution of ΔE = 23 kJ/mol and an entropic
contribution ΔS = 45 J/(mol·K), the latter of which must
reflect the entropy gain of the destabilized protein. These
numbers assume that the temperature jump of the protein is
300 K at a pump fluence of 110 J/m2; if the temperature jump
is larger as a result of an interfacial thermal resistance that is
smaller than what is assumed in ref 25 (see the discussion
above), then ΔE and ΔS would be correspondingly smaller. In
any case, the energetic contribution ΔE = 23 kJ/mol is in the
range of the typical binding energy of one hydrogen bond, so
the analysis gives an idea on the amount of structural
modification in the transiently destabilized state.
The process is almost completely reversible, and the

protein−AuNP conjugates remain essentially unchanged over
millions of laser-induced heating−cooling cycles. First, only a
small fraction (≈10%) of the AuNP−protein thiol bonds break
after ∼2.3 × 106 laser shots. A roughly quadratic energy
dependence of thiol bond cleavage of the AuNP−ligand
conjugates has been observed in ref 24 with a cleavage
efficiency of 4 × 10−4 for 3 μJ pulses focused onto a 100 μm
spot, using comparable pulses at 400 nm with 100 fs duration.
This number is in qualitative agreement with our observation,
given the fact that our pump fluences are lower (the values
reported in ref 24 correspond to 400 J/m2 pump fluence) and
that a certain diffusive exchange of sample into and out from
the pumped volume does occur during the measurement
(which prevents us from quantifying the cleavage efficiency).
Second, the proteins remain folded without any sign of

aggregation. The high stability of our system can be attributed
to the high intrinsic stability of HP36 combined with the
refolding capabilities of PEG, which is present at a very high
local concentration. Indeed, several studies have shown that
high concentrations of PEG enable the refolding of proteins
either through molecular interactions (“chaperone” type
effect)65 or through molecular crowding.66

■ CONCLUSION

In this study, we report on the stability of the villin headpiece
36 (HP36) attached to small AuNPs. From IR and CD
spectroscopy together with denaturation experiments, we
conclude that the AuNP surface essentially does not affect
the stability of the protein, a result that we attribute to the high

intrinsic stability of HP36 as well as the high PEG content of
the capping layer. Even more so, the protein still stays stable
upon laser pumping of the AuNPs that reach dramatic
temperature jumps up to 1000 K. Even though the temperature
jump of the protein is presumably significantly smaller due to
the interfacial thermal resistance, it is still large enough to, in
principle, unfold any protein. However, the temperature jump
persists for too short a time of a few nanoseconds only to be
destructive. Consequently, the protein swells or becomes a bit
unstructured from the termini, as indicated by destabilized or
broken intramolecular or solvent hydrogen bonds, but not yet
to the extent that tertiary or secondary structure is destroyed,
so the original folded structure of the protein is restored
essentially instantaneously once the excess energy dissipates
into the bulk solution. The process is entirely reversible for
millions of laser shots, with only minor cleavage of the
protein−AuNP thiol bonds and no indication of an aggregation
of the protein or the AuNPs. It would be very interesting to
address the question of what the structure of the transiently
destabilized state is by molecular dynamics (MD) simulations.
In terms of system size and required simulation length, such
MD simulations would be well within reach, and models that
relate structures from a MD trajectory to the amide I spectrum
are well developed.46

The study provides important cornerstones for the design of
protein−AuNP conjugates as well as of the excitation scheme
for phototherapeutic purposes. That is, we address the interplay
of the size of the temperature jump on one hand versus its
short lifetime on the other hand and show that a protein may
remain stably folded even at pretty large pump fluences. Villin
headpiece is a small and, as such, a fast-folding protein.31,43 We
have shown that the folded state on the AuNPs is kinetically
stabilized after the heat jump. One may therefore assume that
larger proteins with corresponding even longer folding times
survive such a short-lived temperature jump equally well.
We considered a pulsed excitation here, whereas continuous

excitation is more common in concrete applications. The
nonlinear response (Figure 8) emphasizes that pulsed or
continuous excitation may result in a qualitatively different
mechanism; continuous excitation integrates over the heating−
cooling response shown in Figure 7, which for typical
intensities (50 W/cm2)67 would correspond to a pulsed
excitation with 0.5 mJ/m2 (assuming an integration time of 1
ns), orders of magnitude lower than what is used in the present
study. But the heat jump then is stationary, and affects the bulk
solution, as well, so it might be destructive, despite the fact that
it is much smaller. In terms of the amount of energy that can be
deposited into a cancer cell without directly destroying the
protein−AuNP conjugates, pulsed excitation with an optimal
compromise between laser repetition rate and pulse energy
might therefore be advantageous.
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Figures are included about the mass spectrum of the
synthesized HP36Cys (Figure S1), TEM micrographs of the
AuNPs and their size analysis (Figure S2), infrared spectrum of
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