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Molecular Hyperthermia: Spatiotemporal Protein 
Unfolding and Inactivation by Nanosecond 
Plasmonic Heating

Peiyuan Kang, Zhuo Chen, Steven O. Nielsen, Kenneth Hoyt, Sheena D’Arcy, 
Jeremiah J. Gassensmith, and Zhenpeng Qin*

Proteins are the functional machinery of biological systems, 
and the development of techniques to change a protein’s con-
formation and control its function with both high spatial and 
temporal resolutions is a crucial pursuit in the development 
of next-generation medicine. This capability is being rigor-
ously pursued as it offers significant and broad implications 
for uncovering a protein’s folding and unfolding mechanisms, 
elucidating a protein’s biological function in situ,[1–3] nonin-
vasively manipulating biological activity,[4] and developing 
novel therapeutics for disease treatment. This is partially evi-
denced by the development and application of optogenetic 
approaches that have utilized light-responsive activity-modu-
lating proteins in the last decade.[4,5] While the genetic modi-
fication represents a challenge for clinical translations, such 
novel approaches to spatiotemporally modify protein con-
formation and function promise to lead to paradigm shifting 
advances.

Nanoparticles offer a direct interface with proteins, and 
there have been significant advances in using nanoparticles 
for the long-term labeling and tracking of proteins in living 
cells owing to their excellent photostability.[6–8] While nano-
particle labeling has led to new understanding of protein 
localization and dynamics in live cells, the ability to further 
manipulate protein structure and activity with a high spati-
otemporal resolution represent a significant advancement DOI: 10.1002/smll.201700841
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Spatiotemporal control of protein structure and activity in biological systems has 
important and broad implications in biomedical sciences as evidenced by recent 
advances in optogenetic approaches. Here, this study demonstrates that nanosecond 
pulsed laser heating of gold nanoparticles (GNP) leads to an ultrahigh and ultrashort 
temperature increase, coined as “molecular hyperthermia”, which causes selective 
unfolding and inactivation of proteins adjacent to the GNP. Protein inactivation is 
highly dependent on both laser pulse energy and GNP size, and has a well-defined 
impact zone in the nanometer scale. It is anticipated that the fine control over protein 
structure and function enabled by this discovery will be highly enabling within a 
number of arenas, from probing the biophysics of protein folding/unfolding to the 
nanoscopic manipulation of biological systems via an optical trigger, to developing 
novel therapeutics for disease treatment without genetic modification.
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with a wide range of new possibilities and applications. 
Continuous wave laser heating of plasmonic nanoparticles 
is known to induce a macroscopic temperature change and 
has been widely studied for photothermal hyperthermia 
therapy.[9] Recently, Thompson et al. demonstrated that 
gold nanorod heating under continuous wave laser leads 
to enzyme inactivation[10] and attributed this effect to the 
nanoscale heating effect in addition to the macroscopic 
heating. The laser heating increases the medium temperature 
by 10–20 °C; however, such a temperature change is insuffi-
cient to inactivate enzymes by holding the enzymes at equiv-
alent temperatures without nanoparticles. While promising, 
the large temperature change may lead to changes in other 
cellular proteins at hyperthermic temperatures.

Pulsed laser heating of plasmonic gold nanoparticle 
(GNP) is known to create a highly localized heating.[11–15] 
Here, we utilize GNP and pulsed laser heating to generate a 
highly localized ultrahigh temperature in a few nanoseconds 
to cause ultrafast protein unfolding and inactivation, coined 
as “molecular hyperthermia”. To test the idea, we conju-
gated an enzyme protein, α-chymotrypsin (Cht), to GNP 
through either the covalent bond or electrostatic absorption. 
By measuring and comparing the enzyme activity before and 
after the nanosecond laser irradiation, we determined the 
fraction of protein inactivated by the nanosecond plasmonic 
heating. The heating is localized within a few nanometers 
around the nanoparticle without changing the bulk medium 
temperature. We then systemically investigated the effects 
of GNP size, distance between GNP and protein, and laser 
pulse number on the protein inactivation, and found a well-
defined protein inactivation impact zone around the GNP 
in the nanometer scale as a function of laser pulse energy 
and GNP size. We further examined the fate of GNP and 
GNP–protein conjugate after laser treatment and uncovered 
the GNP aggregation due to protein unfolding at high laser 
intensities. Both the high spatial (nanometers) and temporal 
(nanoseconds) capabilities offered by this new technique 
will find broad applications in the biophysical study of pro-
tein folding/unfolding, inactivation of protein activity in situ 
to elucidate protein function, remote manipulation of bio-
logical activity, and development of novel methods to treat 
diseases.

First, we analyzed the temperature response of GNPs and 
the surrounding medium in response to nanosecond laser 
pulses. As shown in Figure 1, the GNP sample was irradiated 
by a 532 nm nanosecond laser. When measuring the bulk 
solution temperature with a thermal couple, no temperature 
change in the medium was observed from the laser treat-
ment (Figure 1C), indicating that the thermal response is 
limited to the nanoscale. We then analyzed the heating of an 
individual GNP by using GNP optical absorption properties 
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Figure 1. Thermal analysis of the plasmonic GNP heating with 
nanosecond laser pulses. A) The nanosecond laser pulse selectively 
heats up GNPs without increasing the solution temperature. B) Spatial 
and temporal temperature profile (from room temperature) of 15 nm 
gold nanoparticle in response to a 6 ns laser pulse with a Gaussian 
profile (87 mJ cm−2). The heating is confined tens of nanometers within 
the GNP surface and lasts less than 25 ns (insert). The experimental 
conditions do not cause vapor bubble formation. C) The nanosecond 
heating does not change the bulk temperature of the GNP solution. 
The temperature was measured before and after laser pulse irradiation 
for 15 and 30 nm GNP solutions. The laser energy densities used here 

are consistent with the highest energy used in the protein inactivation 
experiment. Briefly, for single pulse, the energy densities of laser are 
603 ± 5 mJ cm−2 (15 nm GNP) and 611 ± 6 mJ cm−2 (30 nm GNP). For 
20 laser pulses, energy of 248 ± 4 mJ cm−2 per pulse was used. There is 
no measurable bulk temperature change after laser irradiation even at 
the highest laser energy level.
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and solving the heat conduction equation.[16,17] Figure 1B 
shows the temperature profile of a single nanoparticle after 
a single 6 ns laser pulse exposure. The temperature of GNPs 
rises rapidly due to plasmonic absorption. The temperature 
with GNP is uniform due to the small size and high thermal 
conductivity (thus very small Biot number). The heat dif-
fuses from GNP to the surrounding water and causes a 
significant temperature increase and steep temperature gra-
dient within several nanometers around GNP. Importantly, 
the temperature rise is limited to the nanoparticle and its 
immediate surrounding medium, and is insufficient to heat 
up the entire solution (Figure 1C). Furthermore, the dura-
tion of the temperature change is less than 25 ns both on 
the nanoparticle surface and in the water around the par-
ticle. This molecular hyperthermia is fundamentally different 
from traditional hyperthermia or photothermal therapy, 
which requires macroscopic temperature changes that last 
seconds to minutes and lead to cell death within the entire 
tumor.[18] This nanoscale confinement can cause significant 
superheating to the water adjacent to the nanoparticle, and 
previous studies have confirmed that the water can be super-
heated to 85% of its critical temperature, or up to 276 °C, 
without vaporization.[11,19,20] The laser energy density values 
used in this study are considered below the vaporization 
threshold based on previous measurements (400 mJ cm−2 for 
250 nm gold nanoshells and 10 ns laser pulse, and dramati-
cally increased vaporization threshold for smaller GNP).[21] 
To further confirm the nanoscale GNP heating, we measured 
the photoacoustic signal (Figure S1, Supporting Information) 
corresponding to thermoelastic expansion of the GNP and 
water,[22] which is a result of the nanoscale heating. Further-
more, gold nanocrystals have vortexes and edges (Figure S5, 
Supporting Information) and lead to higher heat genera-
tion[23] and altered temperature distribution of water around 
the GNP. Further investigation is required to elucidate the 
effect of GNP shape on the nanosecond thermal responses 
and protein inactivation.

Next, we demonstrated experimentally that proteins 
adjacent to GNP can be efficiently and selectively unfolded 
and inactivated by molecular hyperthermia. GNP with a 
diameter of 15 nm was synthesized. First, GNP was mixed 
with egg white and treated by the nanosecond laser pulse. 
Compared with bulk heating (100 °C, 10 min) that causes 
egg white protein unfold and aggregate (i.e., opaque appear-
ance), molecular hyperthermia does not change sample mac-
roscopic properties (i.e., stays transparent, Figure 2A). This 
shows that the nanosecond laser pulse selectively causes 
nanoscale protein unfolding and inactivation close to GNP, 
without affecting most proteins that are not bound to GNP. 
To further investigate the selective protein inactivation, pro-
teins were either absorbed directly to the GNP or conjugated 
with a polyethylene glycol (PEG, 1 kDa) spacer between the 
protein and GNP. Here, we used a protein enzyme, Cht, as 
its activity can be readily measured by a colorimetric assay. 
Approximately 15 Cht molecules are bound to one 15 nm 
GNP (Figure S4, Supporting Information). To check the Cht 
thermal stability, circular dichroism spectrum of Cht was 
performed (Figure S2, Supporting Information). The dena-
turation temperature for Cht α helix structure was found to 

be 59 °C under both bulk and slow heating. After applying 
a single 6 ns laser pulse, the activity of Cht–GNP conjugate 
showed a laser energy-dependent inactivation (Figure 2B). 
When Cht was not conjugated to the GNP or no GNP was 
present, the protein remained intact and catalytically active. 
The addition of the 1 kDa PEG spacer between GNP and 
Cht required an increase in the laser energy to achieve sim-
ilar level of protein inactivation. Specifically, the 1 kDa PEG 
spacer increased the laser pulse energy required for 50% of 
protein inactivation from 82 to 127 mJ cm−2. This is because 
the presence of PEG molecules increases the distance 
between Cht molecules and GNP. The PEG spacer length 
can be calculated using a previously reported method,[24] 
leading to an estimated PEG layer thickness in the range of 
2.28 nm (mushroom structure) to 7.95 nm (fully expanded) 
as detailed in the Supporting information. Since the temper-
ature decreases rapidly from the GNP surface (Figure 1B), 
the local temperature change that the protein experiences in 
the presence of a PEG spacer is much lower than the case 
without the PEG spacer. For instance, as shown in Figure 1B, 
the temperature increase within 6 ns at 5 nm from GNP sur-
face (88 °C) is only about 48.9% of GNP surface temperature 
increase (180 °C).

We further studied different GNP sizes (5, 15, and 30 nm) 
and found that the larger 30 nm GNP requires less laser energy 
for Cht inactivation compared with smaller 5 and 15 nm  
(Figure 2C). The laser pulse energy required for 50% 
protein inactivation reduced from 127 mJ cm−2 for 15 nm 
GNP to 47 mJ cm−2 for 30 nm GNP. Interestingly for 5 nm 
GNP, the protein activity remained at 66% even at a very 
high laser pulse energy density 576 mJ cm−2, while all pro-
tein activity was lost when conjugated to 15 and 30 nm GNP. 
This clearly demonstrates that the protein inactivation due to 
the nanoscale plasmonic heating is strongly size dependent, 
since large GNP absorbs more laser energy than smaller 
GNPs and thus leads to higher temperature changes. Next, 
we examined the use of multiple laser pulses (Figure 2D). 
The catalytic efficiency of Cht continued to decrease for up 
to ten laser pulses, beyond which no further loss in protein 
activity was observed. The final protein inactivation at ten 
laser pulses shows a strong laser pulse energy dependence. 
Finally, we demonstrated that protein inactivation is specific 
to the protein that is tagged or linked to the GNP in solution. 
By linking GNP to Cht but not alkaline phosphatase (ALP), 
the Cht activity was selectively reduced without significantly 
affecting the function of ALP. As shown in Figure 2E, one 
laser pulse decreased the Cht activity to 9%, but ALP activity 
still stayed high at 79%. The slight decrease in the ALP 
activity may be due to some passive absorption of ALP to 
GNP.

Furthermore, we analyzed the kinetics of molecular 
hyperthermia by nanosecond plasmonic heating-induced 
protein inactivation. Molecular dynamic simulations of 
protein unfolding at elevated temperatures (up to 550 K) 
have suggested that proteins can unfold as fast as within 
nanoseconds.[25,26] However, the experimental measure-
ment at such short time scales has been challenging. Earlier, 
T-jump experiments measured protein unfolding kinetics 
within milliseconds,[27] and recently, a laser gold film heating 
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Figure 2. Experimental characterization of the nanosecond protein inactivation. A) The nanosecond protein inactivation is specific to proteins 
around the GNP surface. Inactivation or denaturation of egg white makes itself opaque. First column shows bulk heating of the egg white–GNP 
mixture, egg white only, and GNP only, while the second and third columns show the nanoscale heating and no treatment for the same samples, 
respectively. The bulk heating changes the egg white and egg white–GNP mixture to an opaque appearance, compared with the transparent 
appearance of nanoscale heating treatment and no treatment. A background cross label is used for visualization. Laser pulse energy density is 
114 ± 4 mJ cm−2 for the nanoscale heating. B) Effect of the distance between GNP and protein on the protein inactivation. Legends: Protein refers to 
α-chymotrypsin (Cht); GNP protein mixture refers to simply mixing Cht with the polyethylene glycol (PEG)-protected GNP without conjugation; 15 nm 
GNP-PEG-Protein refers to α-chymotrypsin conjugated onto GNP via 1 kDa PEG spacer; 15 nm GNP-Protein refers to α-chymotrypsin conjugated 
to GNP by electrostatic absorption. C) Effect of GNP size on the protein inactivation (diameter, 5, 15, and 30 nm). Protein is conjugated to GNP 
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study by Steel et al. confirms protein unfolding and inacti-
vation within tens of nanoseconds.[28] Further comparison of  
the measured protein inactivation rate suggests that protein 
inaction follows an Arrhenius behavior, although the inacti-
vation rate spans over 10 orders of magnitude (k, 10−3–108 s−1) 
in a wide temperature range. As an approximation, the nano-
second protein inactivation around GNP was calculated using 
the Arrhenius kinetics (activation energy = 244.05 kJ mol−1  
and frequency factor = 9.75 × 1038 s−1).[27] The result suggests 
that the combination of the rapid temperature rise and 
the sharp temperature gradient creates a highly localized 
region of protein inactivation next to the nanoparticle sur-
face, referred to as the impact zone. Here, we quantitatively 
define the impact zone (z) as the distance between the GNP 
surface to the position where the protein has 50% of its 
original activity after the nanosecond laser pulse treatment 
(Figure 3A):

50% GNP= −z R R  (1)

By analyzing a range of GNP sizes (5–70 nm) and 
laser pulse energies, the impact zone ranges from 0–16 nm 
(Figure 3B). Larger nanoparticles require less laser inten-
sity to inactivate proteins and also generate larger impact 
zones, due to the higher laser energy absorption and lower 
surface-to-volume ratio for heat dissipation. Very small 5 nm 
GNP gives a very small impact zone and thus does not inac-
tivate proteins efficiently as evidenced by our measurement 
(Figure 2C). Also, increasing laser energy density for the same 
GNP size increases the impact zone due to the higher temper-
ature which accelerates protein unfolding and inactivation, 
consistent with our experimental observations in Figure 2.  
Here, we note that the increase in laser energy is limited 
by the possibility of vaporization which has been shown 
to repel the protein from GNP surface with shorter pico-
second laser pulse durations.[29] Further comparison of the 
theoretical analysis and experimental measurement shows 
that the laser energy for the protein inactivation is on the 
same order of magnitude (tens to hundreds of mJ cm−2). 
Here, the location of the protein was taken as 1.9 nm based 
on a spherical protein shape approximation.[30] The length of 
the 1 kDa PEG spacer was estimated to be approximately  
4.0 nm for 5 nm GNP, 3.9 nm for 15 nm GNP, and 5.8 nm 
for 30 nm GNP based on hydrodynamic measurements by 
dynamic light scattering (DLS) (Figure S3, Supporting Infor-
mation). The slight difference in the PEG length estimation 
may be attributed to the different footprints of PEG on the 
two GNP sizes.[31]

Lastly, we examined the fate of GNP and GNP–protein 
conjugate after laser treatment. By comparing TEM images 
(Figure S4, Supporting Information) before and after the 
laser treatment, no significant GNP structure change was 
observed at moderate laser intensities (137 mJ cm−2) while 

GNP fragmentation was observed at high laser intensity 
(≈600 mJ cm−2). This is consistent with previous reports on 
the laser fragmentation of plasmonic nanoparticles with high 
laser intensities.[32] Interestingly, when comparing PEG and 
Cht-conjugated GNP, the PEG coating stabilizes the GNP 
while the Cht–GNP conjugate shows significant aggrega-
tion after high energy laser pulse treatment, as seen in the 
DLS (Figure 4), agarose gel electrophoresis (Figure S6, Sup-
porting Information), and UV–vis measurements (Figure S7, 
Supporting Information). This is possibly a result of protein 
unfolding, which exposes the hydrophobic interior and leads 
to the aggregation of the Cht–GNP conjugate, similar to the 
protein aggregation after complete unfolding[33,34] (Figure S8, 
Supporting Information).
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Figure 3. Impact zone for the nanosecond laser pulse-induced protein 
inactivation around GNPs. A) Schematic of the protein inactivation 
impact zone and analytical result of the predicted protein activity due 
to the nanoscale heating. B) Effect of laser energy and GNP size on the 
impact zone.

surface via a 1 kDa PEG spacer. D) Effect of laser pulse number on the protein inactivation. E) Specificity of the nanosecond protein inactivation. 
ALP refers to alkaline phosphatase. Cht is conjugated to GNP surface while ALP is not conjugated to GNP surface. Laser energy density is  
510 ± 25 mJ cm−2, and GNP size is 15 nm.
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In conclusion, molecular hyperthermia by nanosecond 
plasmonic GNP heating selectively unfolds and inactivates 
targeted proteins and offers a novel platform to remotely 
manipulate protein structure and activity without genetic 
modification. The effects of GNP size, laser energy, and pulse 
number on the protein inactivation process were system-
atically studied. Our findings not only quantified the pro-
tein inactivation kinetics but also revealed the aggregation 
behavior of protein–GNP conjugates at high laser intensi-
ties and thus significant protein unfolding. Further work is 
warranted to investigate the ultrafast kinetics of the protein 
unfolding by time-resolved X-ray scattering[35–37] and detailed 
structural change using hydrogen/deuterium exchange 
and mass spectrometry.[38–40] In particular, further work is 
needed to understand the mechanism and kinetics of pro-
tein unfolding at these extremely high temperatures and very 
short time scales (nanoseconds). Furthermore, the selective 
protein inactivation combined with nanomaterial labeling 
may prove useful for basic protein functional research,[41–43] 

Figure 4. Protein unfolding leads to aggregation of protein–GNP 
conjugate at high laser intensities. A) PEG-coated GNP is stable under all 
laser intensities attempted (up to ≈609 mJ cm−2). B) High laser intensity 
(609 mJ cm−2) leads to protein–GNP conjugate aggregation while 
moderate laser intensity (137 mJ cm−2) does not cause aggregation.

remote control of biological activity and behavior, and in 
therapeutic applications.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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