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Metal plasmonic NPs are the best converters of light into heat through the mechanism of
surface plasmon resonance.[1:2] This unique photothermal (PT) property was developed to
allow precise manipulations of thermal energy at nanoscale through engineered plasmon
resonances.[3-8] Enhancement of the PT efficacy and spectral selectivity of such engineered
NPs is associated with several principal limitations. Most commonly, stationary optical
excitation creates high thermal lossesl’=9] that, in turn, require additional excitation energy,
while the pulsed excitation involves high optical intensities that destroy NP structure that
provides optical absorbance.[10-13] Spectral width of absorption spectra of single NPs is tens
of nanometers at best, while random clustering of NPs further broadens their spectra to
hundreds of nanometers.[2:14-16] An ability to deliver high PT efficacy with high spectral
resolution and minimal thermal losses will therefore significantly improve current
applications of plasmonic materials.

Until now, the PT and spectral properties of metal NPs have been set during their
synthesis[2-6.17] and have been assumed to stay constant during their excitation. Unlike this
stationary paradigm we considered an alternative approach based on the non-stationary
excitation of NPs. We hypothesized that the absorption of a short laser pulse by a metal NP
and the induced non-stationary modification of the NP would enhance optical absorbance
(and hence the PT efficacy) in the narrow, nanometer-wide, spectral window. We therefore
studied the PT responses of the basic and well-studied metal NPs, solid gold spheres (known
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for more than one hundred years as gold colloids [18] to short laser pulses under resonant
and off-resonant pulsed optical excitation, under a wide range of models and conditions that
represent the current major applications of gold NPs.

Initially we analyzed individual NPs in water under the levels of laser fluence associated
with the formation of vapor nanobubbles around NPs. Gold NPs were exposed to single 70
ps laser pulses at specific wavelength and fluence (Supporting Information, Figure S1A).
The nanobubble lifetime was used as a PT metric. It was obtained optically through a
nanobubble-specific trace, the duration of which was measured as the nanobubble lifetime
(Supporting Information, Figure S1B, S2A). Spectra of the nanobubble lifetime for the
single pulse excitation of 60 nm gold spheres revealed a 2 nm wide single peak at 780 nm
(Figure 1A). The lifetime at 780 nm was comparable to that at 532 nm (close to plasmon
resonance), while neighboring near-infrared (NIR) wavelengths returned much lower
lifetimes. Contrastingly, the optical absorbance of 60 nm gold spheres at 780 nm is only
about 1% of that of the same NP at 532 nm under ambient conditions.[Z] Thus we observed
an 88-fold amplification of PT efficacy of gold spheres at 780 nm (Table S1). This effect
was stably observed in in a wide range of excitation fluences (Figure 1A, 2A). Such narrow
and enhanced PT spectra (associated with optical absorbance, not scattering) had never been
observed beforehand for single metal NPs.

We next varied the NP state to clusters of 5-20 aggregated NPs (Figure 1B) and water
suspensions of NPs (Figure 1C) of 20, 60 and 120 nm size. Both NP states yielded the PT
amplification in the range of 70-95 at the same wavelength of 780 nm and the spectral
narrowing from hundreds of nanometers (for optical absorbance of NP clusters) to 3.5-4 nm
(Table S1) in a wide range of excitation fluences, starting from 10-15 mJ cm~2 (Figure 2B,
C). Next, the NP environment was varied from water to living matter. Living cancer cells
HN31 were targeted with 60 and 20 nm spheres conjugated to cell-specific antibody,
C225[29] resulting in intracellular NP clusters.[20] In response to a single 70 ps laser pulse
the cells revealed a 2 nm wide PT peak also at 780 nm with the PT amplification above 100
(Figure 1D, Table S1). At the next stage the same conjugates of gold NPs were systemically
targeted /n vivoto a tumor grown in mice with xenografted HN31 cells. The PT spectrum
was obtained acoustically, since opaque tissue compromises optical detection (Figure
1D).[21] The amplitude of acoustic traces of vapor nanobubbles correlate well to optical
scattering traces in NP-treated cancer cells (Supporting Information, Figure $3).[22 pT
spectra of a tumor of the NP-treated and intact animals were obtained in a single laser pulse
at 40 mJ cm~2. The NP-treated tumor revealed a 3 nm wide peak at 780 nm with the PT
amplification about 95 (Figure 1E, Table S1) in a wide range of the excitation fluence
(starting from 20-25 mJ cm~2, Figure 2D). The tumor of an intact animal returned zero
signals under identical optical excitation (Figure 1E). Therefore, the alternative detection
method demonstrated a similar effect of the PT amplification and spectral narrowing to that
which was previously observed optically.

All the five models studied above, single NPs, clusters and suspensions in water and in
living matter showed similar effects of the NIR amplification of the PT efficacy at the same
excitation wavelength in a very narrow, nanometer wide, spectral window that is far from
the typical plasmon resonance of gold spheres in the visible region (Table S1). Such narrow
PT or absorption (not scattering) spectra were never observed beforehand for single or
randomly clustered metal NPs. This spectral narrowing was obtained in a wide range of
conditions such as optical energy (fluence) and the NP and environment properties, that
usually broaden the spectral width and shift the peak wavelength of all plasmonic NPs under
stationary excitation. In particular, a variation of the excitation fluence in a wide, ten-fold,
range did not influence the peak wavelength and width, showing that the observed PT
amplification is not threshold-specific unlike some other non-linear optical phenomena that
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are energy-sensitive and can provide spectral amplification and narrowing only close to a
specific energy threshold, but disappear when the excitation energy is far from the specific
threshold.[23.24] Such phenomena can improve the spectroscopic techniques as was reported
previously but they cannot support the energy conversion in a wide range of excitation
energies as we demonstrated. Therefore, the observed effect of the non-stationary excitation
of metal NPs is associated with a new but universal mechanism.

In order to understand the mechanism of the discovered effect, we performed several
additional studies. Initially, we compared the PT responses of water suspension of 60 nm
NPs at the resonant (532 nm) and off-resonant (780 nm) wavelengths at fluence levels below
and above the nanobubble generation thresholds. Optical traces obtained at 532 nm at low
fluence showed traces of another, “thermal” shape, thus demonstrating a bulk heating-
cooling cycle (Supporting Information, Figure S2B). The amplitude of the thermal trace at
532 nm increased with the fluence until the onset of nanobubbles reduced the amplitude of
the thermal trace (Figure 2C). This demonstrated that the NP acted as a heat source for
nanobubbles. In contrast to the above, the PT responses at 780 nm showed no detectable
bulk heating at the fluence level below the nanobubble generation threshold (Supporting
Information, Figure S2B). Therefore, NPs apparently did not heat at 780 nm as much as at
532 nm and this corresponds to the low optical absorbance of NP at 780 nm relative to that
at 532 nm.[2] At the same time we observed the relatively early onset of nanobubble
generation at the low fluence of 10-15 mJ cm™=2 (Figure 2C), so that the generation of
nanobubbles at 780 nm was even more efficient in the fluence range of 10 to 40 mJ cm™2
than that at 532 nm (Supporting Information, Figure S2C and Figure 2C). These
nanobubbles were apparently generated at 780 nm without thermal support from the NP,
while the generation of nanobubbles at the resonant wavelength of 532 nm was thermally
supported by NP (Supporting Information, Figure S2C). Therefore, the thermal energy
required for the generation of nanobubble at 780 nm came from something else, but not
from the parent NP. This, in turn, suggests that the observed PT amplification and ultra-
narrow spectral peaks cannot be associated with the parent NP.

We hypothesize that the spectrally selective PT amplification resulted from the non-
stationary formation of a transient plasmonic structure around the NP because theory does
not allow such narrow (2 nm) peaks for individual NPs alone.[2.17] We excluded localized
NP-induced optical breakdown (plasma) as a possible mechanism, because the employed
optical fluence (10 — 100 mJ cm~2) and intensity (< 1 GW cm™2) were several orders of
magnitude below the reported thresholds of plasma formation near the surface of gold
NPs.[25.26] |n addition, plasma does not have narrow optical absorbance peaks. We therefore
modeled the initial temperature dynamics of a single gold 60 nm NP in water during the
absorption of a single 70 ps laser pulse at 780 nm (Figure 3A). Our estimates showed that
even under off-resonant excitation at 780 nm, the NP rapidly reaches the surface melting
threshold of 104°C [26] in 7 ps that can therefore develop much faster than the onset of a
vapor nanobubble that requires 50-100 ps.[27:28]

The surface melting of NPs was further evaluated through the TEM (transmission electron
microscopy) analysis of intact (Figure 3C) and laser-exposed (Figure 3D, 3E) NPs.
Exposure at the two wavelengths, 532 nm and 780 nm at the fluence of 66 mJ cm=2
(identical to that in Figure 1A, 3A) reduced the roughness of NPs from the initial 13+6% to
4+4% for 532 nm treated NPs and 8+4% for 780 nm treated NPs. A significant reduction in
the NP diameter was observed mainly for 532 nm treated NPs (536 nm versus 5946 nm for
intact NPs) and not for 780 nm treated NPs (58+4 nm). The obtained TEM images and their
two metrics indicate that, at 780 nm, NPs experienced surface melting, while at 532 nm, the
melting impact was more pronounced and showed the formation of multiple gold droplets
(Figure 3D), possibly due to the higher optical absorbance at 532 nm compared to 780 nm.
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Thus, theoretical and experiment data indicated that NP surface can rapidly melt under off-
resonant excitation. Finally, we analyzed the influence of the pulse duration on the observed
PT amplification effect. Longer, 400 ps excitation pulse of an identical fluence of 66 mJ
cm~2 reduced the nanobubble lifetime of 60 nm NPs by three-fold compared to that at 70 ps
under the excitation at 532 nm (possibly due to thermal diffusion [7:21.29]) and by 60-fold at
780 nm (Figure 3F). Thus, the off-resonant PT amplification effect almost disappeared
under the 400 ps excitation. Modeling of the NP temperature dynamics under excitation with
780 nm single 400 ps pulse at 66 mJ cm~2 (Figure 3B) showed that the onset of surface
melting conditions takes longer than 100 ps and thus the onset of a vapor nanobubble may
occur even before surface melting. Therefore, the observed mechanism of the PT
amplification involves surface melting and requires a short excitation pulse of a relatively
low fluence.

This mechanism requires further studies and can be associated with a transient nanostructure
with high optical absorbance at 780 nm and a nanometer-wide peak of its optical absorption
spectrum. Narrow resonances in optical absorbance were observed for stationary ensembles
of metal-dielectric arrays and resonators[34:30:311 and as fano-resonances.[32:33] In our case,
the increase in optical absorbance may result from emerging melted gold nanodroplets in
water vapor near the surface of the parent NP.[34:3%] Unlike the resonant excitation, the off-
resonant excitation does not significantly heat the parent NP due to its low optical
absorbance (Figure 2C). In contrast, the laser-induced temperature of the NP will be much
higher under the resonant excitation due to the maximal optical absorbance as can be seen
by comparing the bulk thermal responses (Figure 2C) and NP melting under resonant
(Figure 3D) and off-resonant (Figure 3E) conditions. Under the resonant excitation the
development of the transient narrow spectral peak is accompanied by significant thermal
modification of the parent NP as was also observed by us previously for other NPs, gold
nanorods and nanoshells2. Thus, off-resonant excitation may be preferable for minimizing
the thermal damage of parent NPs and the unwanted bulk thermal effects. Despite
significant difference in the stationary optical properties of parent NPs such as solid spheres
and rods and previously studied by us hollow shells[?%], they all returned similar 2 — 4 nm
narrow PT spectral peaks with the similar peak wavelengths in the range 770 — 790 nm
under a non-stationary excitation. Therefore, a non-stationary plasmonics may be associated
with the universal transient structures that can be induced around various types of NPs.

Biomedical applications of the observed effects may raise a safety concern. We therefore
checked the biodamage of the irradiated living cells and tissues. The optical dose applied /in
vitro (60 mJ cm=2 in a single pulse mode) did not compromise the viability of the cells (at
98 %) that remained close to that in intact, untreated cells (at 99 %) 72 hours after the
generation of nanobubbles. Following the /n vivo studies, we also measured the level of the
surface and subcutaneous necrosis in irradiated (6+4 %) and intact (2+3 %) tumors 72 hours
after laser treatment. Thus laser pulses and nanobubbles showed negligible biodamage. The
optical dose applied 77 vivo (40 mJ cm~2) was comparable to the established safety limits[36]
and besides was 46 orders of magnitude lower than those employed in previously reported
in vivo photothermal therapeutic effects of gold NPs.[4-8] The off-resonant excitation, in
addition, reduced bulk heating thus further improving the biosafety of the observed PT
effect. Furthermore, we applied gold nanospheres, the safest, FDA-approved and most easily
available gold NPs, with high storage stability, ease of functionalization and a low price. In
all studied cases the photothermal effect was spatially localized by a short duration of the
excitation laser pulse and, in addition, by vapor nanobubble that efficiently confines the
heated volume.[37] Thus, the single pulse off-resonant excitation mode is relatively safe,
employs low optical doses starting from 10 mJ cm™2 and thus can be applied to various
biomedical tasks.
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In conclusion, we report an approximately 100 fold transient amplification of the
photothermal efficacy and the unprecedented narrowing of the photothermal spectrato 2 — 3
nm for solid gold nanospheres under the off-resonant non-stationary optical excitation at 780
nm. This amplification and spectral narrowing were achieved with a short (70 ps) laser pulse
for a wide range of fluences starting from10 mJ cm=2 and gold nanoparticle properties, such
as their size, aggregation states and environments including living matter. The transient
nature and high spectral selectivity of the observed effect can be associated not with the
nanoparticle itself, but with the non-stationary formation of a transient nanostructure with
new optical properties. Thus, the non-stationary optical excitation of metal nanoparticles can
significantly improve their photothermal efficacy and spectral selectivity that can be reliably
reproduced using the methodology described above. In particular, it allows the successful
use of solid nanospheres, which are cheap, easily available, biologically safe and stable NPs
for near-infrared applications.

Experimental Details (See also Supplementary Information for details)

Individual solid spherical gold NPs in water were exposed to a single laser pulse of 70 ps
duration at the variable wavelength (PL-2250 Ekspla laser, see Supporting Information,
Figure S1A). The fluence of the laser pulse was varied below and above the threshold for the
formation of a vapor nanobubble around an NP. We recently showed that such nanobubbles
can be used for imaging and the characterization of the PT properties of plasmonic NPs
under pulsed optical excitation [37,38]. The PT response of an NP to a single pulse was
detected with several methods: (1) optically, through the nanobubble-specific scattering
trace of the probe laser beam (Supporting Information, Figure S1B). The nanobubble
lifetime was used as a metric for the PT efficacy of the NP [37,38]. (2) Optically, through
the heating-specific refractive trace of the probe laser beam (Supporting Information, Figure
S1C). The amplitude of the trace was used as a metric for the PT efficacy of the NP. (3)
Acoustically, through the nanobubble-specific acoustic trace of the pressure pulse
(Supporting Information, Figure S1D). The amplitude of the acoustic trace was used as a
metric for the photothermal efficacy of the NP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Spectra of photothermal responses of gold spheres to 70 ps laser pulse (measured through
the lifetime of vapor nanobubbles). (A) Individual gold 60 nm spheres at 66 mJ cm=2
(hollow dots) and 230 mJ cm=2 (solid dots) in water. (B) Clusters of 20 nm (so/id dots) and
60 nm (hollow squares) spheres in water (44 mJ cm=2). (C) Water suspensions of gold
spheres with diameters of 20 nm (dotted hollow squares), 60 nm (solid dots) and 120 nm
(dashed hollow triangles) (60 mJ cm~2). (D) Spectra of individual cancer cells 7 vitro
targeted with C225-conjugated 60 nm gold spheres (60 mJ cm™2). (E) Spectra of acoustic
responses of a tumor (solid dots) and intact tissue (follow squares) in vivoin a mouse
systemically treated with C225-conjugated 60 nm gold spheres (40 mJ cm=2).
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The metrics of the photothermal responses of gold spheres as a function of the laser fluence
(dashed cross. 532 nm, solid circles. 780 nm, hollow circles. 776 nm). (A) The nanobubble
lifetime for individual 60 nm gold spheres in water. (B) The nanobubble lifetime for clusters
of 60 nm gold spheres in water. (C) The nanobubble lifetime, for a water suspension of 60
nm gold spheres and the amplitude of the thermal trace (#ollow dotted triangles. 532 nm,
hollow dotted squares. 780 nm). (D) The amplitude of the acoustic trace for the gold NP-
C225 treated mice as a function of the fluence of a single 70 ps laser pulse (cross: 532 nm,
solid dot: 780 nm, NP-treated mouse: solid dots and intact mouse: hollow squares (780 nm)
and triangles (532 nm)).

Adv Mater. Author manuscript; available in PMC 2014 February 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lukianova-Hleb et al.

7 1,0x10%
X <17 ___bubble 9 E ¥ T
& 1290 transiént /]’/“\ onset leoxie S @ '2%°] transient
Emoo- structure s \ = \.Z_ 1000 ] Structure
o / | \\ L6, 0x105§' °
© 800 ,/] . S @ 800
=1 / c 5
® 6001 7 \ Laoe L g 800
@00l S E @ 400
g’ — f \\ F2,0x10% © g’
200 ‘ ’ 12
5] y | N c O
= p | Sy 4
0 T T 0,0 0

0,00 0,05 0,10 0,15 0,20 00 02

Figure 3.

Page 9
<— bubble onset | | LR
¥ b 1.6x10°
| \ o
/! \ ;
| 77 H1,2x108
=
| 7 \ 2
[ / \ 2
/ \ 80107 &
\ 2
| . E
Faox10" G
(7]
©
-
. : : r 7 0,0
4 _06 08 10 12
Time/ ns
400
5 f
QD
S L300]
a_ '
3 oo -
SE
SO
T 4=100{ |
=" N
0

532

780

Laser wavelength/ nm

The calculated time-course of the temperature of gold 60 nm spheres in water (sofid line)
during the absorption of a single laser pulse at 780 nm with a Gaussian temporal profile
(dashed line) with the fluence of 66 mJ cm~2, (A) the duration of 70 ps and (B) 400 ps. The
horizontal dotted line shows a temperature threshold of NP surface melting. The solid
vertical line indicates the potential onset of the transient structure and the dashed vertical
line indicates the onset of the vapor nanobubble. Arrows show the temporal window for the
transient nanostructure. Transmission Electron Microscopy (TEM) images of 60 nm gold
spheres before (C) and after exposure to single laser pulses (70 ps, 66 mJ cm=2) at 532 nm
(D) and 780 nm (E); (F): comparison of the nanobubble lifetime in water suspensions of 60
nm NPs under excitation at 66 mJ cm=2 with 70 ps (solid bars) and 400 ps (hollow bars)
laser pulses at resonant (532 nm) and off-resonant (780 nm) wavelengths.
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