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ABSTRACT: Metallic nanoparticles are routinely used as fs
nanoscale antenna capable of absorbing and converting photon
energy with subwavelength resolution. Many applications, notably

in nanomedicine and nanobiotechnology, benefit from the enhanced @ R

optical properties of these materials, which can be exploited to

image, damage, or destroy targeted cells and subcellular structures

with unprecedented precision. Modern inorganic chemistry

enables the synthesis of a large library of nanoparticles with an

increasing variety of shapes, composition, and optical character-

istic. However, identifying and tailoring nanoparticles morphology to specific applications remains challenging and limits the
development of efficient nanoplasmonic technologies. In this work, we report a strategy for the rational design of gold plasmonic
nanoshells (AuNS) for the efficient ultrafast laser-based nanoscale bubble generation and cell membrane perforation, which
constitute one of the most crucial challenges toward the development of effective gene therapy treatments. We design an in silico
rational design framework that we use to tune AuNS morphology to simultaneously optimize for the reduction of the cavitation
threshold while preserving the particle structural integrity. Our optimization procedure yields optimal AuNS that are slightly
detuned compared to their plasmonic resonance conditions with an optical breakdown threshold 30% lower than randomly
selected AuNS and 13% lower compared to similarly optimized gold nanoparticles (AuNP). This design strategy is validated using
time-resolved bubble spectroscopy, shadowgraphy imaging and electron microscopy that confirm the particle structural integrity
and a reduction of 51% of the cavitation threshold relative to optimal AuNP. Rationally designed AuNS are finally used to
perforate cancer cells with an efficiency of 61%, using 33% less energy compared to AuNP, which demonstrate that our rational
design framework is readily transferable to a cell environment. The methodology developed here thus provides a general strategy
for the systematic design of nanoparticles for nanomedical applications and should be broadly applicable to bioimaging and cell
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nanosurgery.
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D 1 etal nanostructures hold a great potential for guiding

and manipulating light at subwavelength scales due to
localized surface plasmon resonance (LSPR).'~* Over the last
decades, their unique ability to locally enhance electromagnetic
fields has enabled using light to interact with cellular and
molecular structures with unprecedented precision.””” In
particular, this capability has been leveraged to develop new
diagnostic and therapeutic approaches in the context of targeted
gene® ™" and drug'”"? delivery, tissue imaging,'*~"” and photo-
thermal therapy.'"”

The development of plasmon-based nanomedicine has been
greatly supported by the intense effort made by chemists and
material scientists to synthesize nanoscale particles with diverse
shape and composition, providing tunable plasmon resonance
wavelength and near-field patterns.”*™>® Notably, structures
with near-infrared resonance such as gold nanoshells (AuNS)**
and gold nanorods™ have been developed to match the trans-
parency window of biological tissues, ensuring minimal collateral
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damage and maximal penetration depth for biomedical applica-
tions.”® Moreover, AuNS have been used for enhanced bio-
sensing,27 cancer treatment,28 gene silencing,29 DNA release,30
and steam generation.‘“’32

Recently, nonlinear interaction of photons with plasmonic
particles has brought new opportunities for enhancing optical
processes in the near-field, including Raman scattering and
frequency mixing,” surface nanoablation®® and nanocavita-
tion.*>* Typically, nanoparticles specifically designed for these
nonlinear processes are challenging to optimize because their
efficiency not only depends on the resonance cross sections but
more importantly on the near-field enhancement nanolocaliza-
tion. Often, the magnitude of the near-field enhancement must

Received: February 8, 2016
Revised: ~ March 29, 2016
Published: April 5, 2016

DOI: 10.1021/acs.nanolett.6b00562
Nano Lett. 2016, 16, 3187—-3194


pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.6b00562

Nano Letters

be balanced with resistive losses that may heat and irreversibly
damage the particle,’”*® deteriorating their plasmonic pro-
perties. In such conditions, simply tuning the plasmonic
resonance to the incident laser wavelength is not optimal and
a more involved rational design strategy must be employed.
The complexity inherent to nonlinear processes thus justifies
the development of a systematic method that could enable the
rational design of nanomaterials with optical properties tailored
to specific applications, which we here address.

In this work, we sought to enhance the near-field mediated
cavitation process that uses nonlinear photoionization and
photoexcitation of a quasi-free electron plasma in the near-
field of water-immersed nanoparticles to generate nanoscale
bubbles.”**** When targeted to a cell, these particles transiently
perforate the membrane and can lead to eflicient cell trans-
fection in the context of gene therapy.’ Here, we aim to
rationally design AuNS with the objective of minimizing the laser
energy that is required to induce cavitation while avoiding
irreversible damage to the nanostructure (Figure 1). We arbitrarily
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Figure 1. Principle of the in silico rational design of plasmonic
nanostructures for plasmon-enhanced nanocavitation and cell
optoporation. We aim to minimize the fluence required to generate
plasmonic bubbles (objective function) while avoiding damage to
nanoparticle (constraint). The example given here is for AuNS with a
total diameter under 200 nm. Our model-based constrained
optimization framework yields the parameters describing the AuNS
morphology that optimizes the objective function while respecting the
constraints over the parameter search space. These designed particles
enable bubble generation and cell membrane perforation at lower
fluence.

restrained the design space to silica—gold nanoshells with a total
diameter under 200 nm, irradiated with near-infrared (800 nm)
ultrashort (70 fs) pulses. We present a computational method
that enables designing in silico AuNS that can yield robust
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near-field cavitation while limiting resistive losses below a
theoretically predicted damage level. We provide numerical
evidence that these designed AuNS should lead to significant
improvement compared to suboptimal AuNS and rationally
designed gold spherical nanoparticles (AuNP). Using time-
resolved spectroscopy, shadowgraphy imaging, and structural
characterization, we then demonstrate that synthesized AuNS
behave accordingly to the theoretical predictions and that our
rational design methodology enables reducing the cavitation
threshold by 51% compared to 150 nm AuNP, while preserving
their structural integrity. Finally, these optimal AuNS are shown
to efficiently optoperforate breast cancer cells with a fluence
33% lower than 150 nm AuNP, showing the transferability of
our rational design framework to a biological context.

First, we developed a rational design framework that leverage
the unique tunability of water-immersed AuNS, which optical
properties can be adjusted across the visible and near-infrared
range by a careful modification of their silica core radius and
gold layer thickness.”' Mie theory**’ was used to calculate the
AuNS optical properties. Briefly, we utilized the morphology-
dependent near-field enhancement magnitude (Figure 2a) and
absorption cross sections (Figure 2b) calculated from the Mie
theory to evaluate the fluence-morphology loci corresponding
to nanocavitation and irreversible damage to the particle and
used this result to optimize the AuNS geometrical characteristics.

In the ultrafast regime, laser-induced cavitation is associated
with the creation of a nanoscale plasma in the enhanced near-
field.*® In a first approximation, it is commonly assumed that
optical breakdown and bubble generation occurs when a critical
plasma density p = 10*' cm™ is reached™ although lower
density (p = 10'®—~10* cm™) have also been reported to induce
breakdown.* Similar to previous work,**** we used a
combination of Keldysh photoionization theory in strong
electric field*® and avalanche ionization** to estimate the laser
intensity required to reach optical breakdown (p = 10*' cm™)
for each AuNS morphology, thus defining a fluence-morphology
cavitation locus (Supporting Note 1).

Similarly, irreversible damage to the particle is due to energy
absorption within the AuNS due to resistive losses. From the
absorption cross-section and considering gold thermodynamic
properties and the fast energy deposition time that enables
neglecting energy diffusion, we calculated the maximum
temperature reached by AuNS (Supporting Note 2). We
associated the irreversible damage threshold to AuNS reaching
the fusion temperature of gold (1337 K) e although significant
damage can realistically occur at much lower temperature.*®
This defines a fluence-morphology locus associated with
irreversible damage to the AuNS.

Combining the fluence-morphology damage and cavitation
loci defines a four-dimensional diagram that informs to which
“state” the laser-particle system behavior corresponds: (N)
noncavitating intact AuNS, (D) damaged noncavitating AuNS,
(B) cavitating (bubble) intact AuNS, and (B+D) cavitating
(bubble) damaged AuNS (Figure 2c). At a fluence of 0 J/cm?,
all AuNS are in state (N). As the fluence is increased, the state
of each AuNS evolves along a trajectory that depends on their
morphology. Our optimization procedure consists in identify-
ing what morphology defines a state-trajectory that penetrates
state (B) directly from state (N), thus avoiding state (D) and
(B+D), and to minimize the fluence at which this state transition
occurs (Figure 2d).

We further require that the laser fluence at the cavitation
threshold is at least twice the laser fluence at the damage threshold.
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Figure 2. In silico rational design strategy of AuNS. The two optimizing parameters are SiO, core radius and gold layer thickness. (a) Maximal near-
field enhancement as a function of AuNS dimensions. The white lines define the locus of cavitation (p = 102 cm™) for a fluence of 35 mJ/cm? a
judicious fluence example that corresponds to the breakdown threshold of NS660. (b) Linear absorption coefficient as a function of AuNS
dimensions. The white line indicates the locus of irreversible damage for a fluence of 35 mJ/cm?® (c) The four different “states” defined by the
intersection of the cavitation and irreversible damage loci: (N) noncavitating intact AuNS, (D) damaged noncavitating AuNS, (B) cavitating
(bubble) intact AuNS, and (B+D) cavitating (bubble) damaged AuNS. (d) Threshold fluences for nanocavitation as a function of AuNS dimensions.
The plasmon resonance condition at 800 nm is indicated by the solid black line. The factor of safety (Fyynage = 2Fpreakdown) is indicated by the solid
white line. The optimal AuNS (triangle) and the selected AuNS (NS800 (square), NS660 (circle), and NP150 (hexagon)) are shown. (e) The state

trajectories of NS800, NS660, and NP150 as a function of fluence.

This arbitrary “factor of safety” ensures a reasonable margin
between the cavitation and the damage threshold that leaves
some flexibility for experimental variability and the adequate
tuning of nanobubble sizes. Randomly selected AuNS that cor-
respond to this stricter criterion present a cavitation threshold of
50 + S mJ/cm? on average (Supporting Note 3). In comparison,
optimal AuNS (42 nm core radius, 29 nm shell thickness) reduce
this threshold by 3 standard deviations, down to 35 mJ/cm?
which justify our approach. Importantly, optimal AuNS are quite
far from the plasmon resonance condition, which demonstrate
that a delicate balance between energy absorption and near-field
enhancement must be reached to ensure optimality. Interest-
ingly, for the special case of AuNP (core-radius of 0 nm), the
optimal morphology (diameter = 150 nm) yields a cavitation
threshold 13% higher than optimal AuNS, which suggests that
the extra tunability of AuNS is beneficial to near-field mediated
cavitation processes. The diameter of optimal AuNP is in agree-
ment with previous reports.””

We next sought to validate experimentally our in silico
rational design strategy. We thoroughly investigated and
characterized the nanocavitation process and structural damage
sustained by three particles of carefully selected morphologies.
These morphologies were chosen to examine the behavior of
particles that yield very different trajectories in the state diagram
(Figure 2e). The first one (label: NS800, bare AuNS with 56 nm
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core radius and 15 nm shell thickness, from nanoComposix,
Inc.) follows the trajectory (N) — (D) — (B+D) without
reaching state (D). This particle is resonant at 800 nm and is
predicted not to induce cavitation without sustaining irreversible
damage. The second one (label: NS660, bare AuNS with 39 nm
core radius, 28 nm shell thickness, from nanoComposix,
Inc.) follows the trajectory (N) — (B) — (B+D) and is close
(3% higher cavitation threshold) to optimal AuNS (42 nm core
radius, 29 nm shell thickness). The third one (label: NP150,
bare AuNP with 150 nm diameter, from Nanopartz) follows a
similar trajectory and corresponds to the optimal AuNP.

First, we used the scattering®®*”*" and shadowgraphy®’
techniques to assess the nanobubble generation threshold
for each of the nanoparticles (Supporting Note 4). Those
techniques were used because nanobubbles cannot be studied
by conventional high speed cameras due to their extremely
short lifetime (<150 ns). Briefly, an ultrafast pump laser beam
(Ti:sapphire, 800 nm, 70 fs, 10 Hz, Spitfire, Spectra-Physics)
was coaligned with two probe laser beams. The first probe laser
(He:Ne 633 nm, 2 mW, continuous-wave, Thorlabs) measured
the scattering signal coming from the bubbles. The second
probe laser (Nd:YAG, 532 nm, 6 ns, 10 Hz, Brilliant b, Quantel)
excited a fluorescent dye (rhodamine) to yield a broad light
emission pulse that was used to take shadowgraphic images of
the bubbles (Figure Sla). Note that the local fluence irradiating
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Figure 3. Experimental characterization of AuNS-assisted nanocavitation. (a) Experimental bubble threshold for the NS800 and the NS660 using
both shadowgraphy and scattering methods. (b) Consecutive bubbles generated from a single particle. Thirteen single-NS660 were irradiated with
50 mJ/cm? pulses and tracked. Consecutive bubbles were measured using the shadowgraphy technique and their diameters measured (green line).
The same methodology was applied to single-NS800 at 10 mJ/cm? but no consecutive bubbles have been observed (blue line).

each AuNS was considered rather than the average fluence
within the whole pump Gaussian beam (Supporting Note ).

Plasmonic nanobubbles were detected for fluences of 7—9
and 35—40 mJ/cm? for the NS800 and NS660, respectively
(Figure 3a). In comparison, plasmonic nanobubbles were detected
at much higher fluences for 150 nm AuNP (~77 mJ/cm?)
(Figure S2). These results follow the general trend predicted
by the simulation and confirm that the rationally designed
AuNS (NS660) provide a significant reduction of the cavitation
threshold relative to 150 nm AuNP.

While the measured cavitation threshold for NS660
(~35 mJ/cm®) is in excellent agreement with simulation
(36 mJ/cm?), the one for NS800 (~7 mJ/cm?) is significantly
lower than what was predicted at the design stage (~20 mJ/cm?).
This discrepancy is probably due to the contribution of the
energy absorbed in the AuNS to the cavitation process, which
can become non-negligible for resonant particles.”> More
complex modeling would be required to include these effects
at the rational design stage but is beyond the scope of this
work because these particles would inevitably be characterized
by a high absorption cross-section, a low damage threshold,
and would consequently be suboptimal. This hypothesis is
consistent with observations showing that multiple consecutive
bubbles could be generated from NS660, while only a single one
could be generated with NS800 (Figure 3b). In this experiment,
single particles irradiated with multiple, consecutive laser pulses
at 10 Hz were tracked while bubble generation was monitored
using shadowgraphy imaging. We conclude from these experi-
ments that NS660 could generate multiple bubbles while NS800
could not. This suggests that energy absorption in NS800 leads
to an irreversible degradation of their plasmonic properties,
which is in agreement with modeling predictions.

Second, we thoroughly investigated the structural integrity of
AuNS following laser irradiation using transmission electron
microscopy (TEM). Quartz cuvettes containing 1 mL of particles
solution were irradiated at 1 kHz for 1 h at three different
fluences around the ones where plasmonic nanobubbles could
be detected (Figure 4a,d). The solution was magnetically stirred
during irradiation to ensure uniform and complete irradiation of
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the particles. Analysis of TEM imaging (Figure S3) reveals the
presence of three distinct populations of particles (intact,
cracked, and melted particles) with proportions that vary
according to the irradiation fluence (Figure 4b,e). Importantly,
at a fluence where bubbles could be detected (40 mJ/cm?), the
proportion of cracked and melted particles remains relatively low
(~19%) for the NS660 sample. This confirms that NS660 can
generate nanobubbles while preserving structural integrity, which
is in agreement with simulation predictions. On the other hand,
NS800 sustains heavy damage (~98% of cracked and melted
particles) when irradiated with a fluence corresponding to the
bubble detection threshold (8 mJ/cm?), which is also consistent
with our modeling,

In order to establish the damage threshold with more pre-
cision, we monitored the shift of the plasmon peak that result
from laser irradiation. Plasmon resonance being extremely
sensitive to the structure and dielectric properties of the nano-
particle, thorough monitoring of the plasmon resonance should
inform on the structural damage sustained by the particle
following irradiation. Similarly to the TEM study, quartz
cuvettes containing 1 mL of particles solution were irradiated
at 1 kHz for 1 h at a given fluence (Figure S1b). A visible-near
IR spectrometer (Ocean Optics USB4000 VIS-NIR) was used
to monitor the plasmon resonance in real-time (Figure 4c,f).
The damage threshold was defined as the inflection point of the
peak position as a function of fluence.

Damage thresholds of 65 and 6 mJ/cm® were measured for
NS660 and NS800, respectively. The measured damage
threshold for NS660 is in relatively good agreement with the
simulation result (73 mJ/cm?), while the simulated threshold
for NS800 is slightly higher (12 mJ/cm?). This discrepancy
could be explained by nonlinear absorption and nonthermal
damage that has been reported to occur for resonant particles.”
Nevertheless, these measurements confirm that NS660 trajectory
in the state diagram goes directly from state (N) to state (B) and
thus that cavitation occurs for fluences lower than the damage
threshold. In opposition, NS800 are damaged at fluences lower
than the fluences that are required to generate bubbles, as
predicted by the rational design methodology. This important
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Figure 4. Characterization of the structural damage sustained by AuNS following laser irradiation. (a) TEM image of the NS660 after 40 mJ/cm?
irradiation. (b) Proportion of intact, cracked, and melted NS660. Dark blue bars correspond to 0 mJ/cm? light blue to 40 mJ/cm? yellow to
67 mJ/cm?, and orange to 80 mJ/cm?. (c) Plasmonic resonance peak position of the NS660 after laser irradiation as a function of fluence. Damage
and bubble threshold are indicated. (d) TEM image of the NS800 after 8 mJ/cm? irradiation. (e) Proportion of intact, cracked, and melted NS800.
Dark blue bars correspond to 0 mJ/ cm?, light blue to 1 mJ/ cm?, yellow to 3 mJ/ cm?, and orange to 8 mJ/ cm?. (f) Plasmonic resonance peak position
of the NS800 after laser irradiation as a function of fluence. Damage and bubble threshold are indicated.

result confirms that tuning the plasmonic resonance peak to the
laser wavelength does not lead to an optimized design in this
case and highlights the importance of our in silico rational design
procedure to rigorously optimize the plasmonic nanoparticles for
nonlinear processes.

Finally, we sought to evaluate the performance of our
rationally designed AuNS for perforating the membrane of
human breast cancer cells (MDA-MB-231). Cancer cells were
routinely seeded onto glass bottom dishes (1 X 10° cells, 19.63
cm?, MatTek) and grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with antibiotics and 10% fetal
bovine serum (FBS, Invitrogen). Before laser treatment, the cells
were incubated with 6 X 10® AuNS/mL in 3 mL cell culture
medium for 2 h. These AuNS were provided by nanoComposix
with lipoic acid conjugation to increase nonspecific binding to
cell membranes. Afterward, the cells were washed twice with
phosphate-buffered saline and finally phenol red free medium
was added to the dishes. The presence of AuNS on the
cell membrane was confirmed using dark-field microscopy”’
(Figure S2b). The cells were then irradiated with 70 fs, 800 nm
laser pulses at 200 Hz. Areas of 1.25 mm X 10 mm have been
scanned with a 400 ym Gaussian laser spot (1/¢®) at a speed of
10 mm/s, giving ~64 pulses per particle. The cell perfora-
tion rate was measured from the uptake of cell impermeant
green fluorescent dye (calcein, high purity, final concentration
2.5 uM) introduced S min before laser irradiation. Cell death
was measured by adding a red fluorescent dye (propidium
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iodide (PI), final concentration 1.5 uM) to the cells 1 h after
irradiation. PI is cell impermeant and stained only those cells
having nonhealed cell membranes 1 h post laser treatment. The
cell viability was defined as the ratio of viable (nonred) cells on
the total number of cells. The cell perforation rate was defined
as the ratio of viable green cells on the total number of cells.
Note that in the special case of both green and red cells, those
were counted as dead. The proportion of viable and dead cells
was counted manually from 61 fluorescence images similar to
Figure Sa,c for a total of 7750 cells. The optoporation threshold
was defined as the first fluence yielding more than 10% per-
foration rate. Control experiments were performed using dishes
without AuNS and laser fluence of 180 mJ/cm? (~10 times the
AuNS assisted optoporation threshold). No green dye uptake
was observed (Figure S4). Three independent experiments were
performed in separate dishes.

We measured an optoporation threshold of 40 mJ/cm?* when
using the rationally designed NS660 (Figure Sb). Importantly,
this threshold is in good agreement with the bubble detection
threshold for NS660 (40 mJ/ cm? vs 35 mJ/ cmz), similar to
previous reports with AuNP.>* A maximal perforation rate of
61% with viability over 90% was obtained at a slightly higher
fluence of 60 mJ/cm® This fluence however remains lower
than the damage threshold (65 mJ/cm?), implying that the
laser process leaves the particle intact. Compared to AuNPs,
the fluence required for optoporation is significantly lower
(Figure SS). Note that perforation rates of more than 80% have
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Figure S. Breast cancer cell perforation with AuNS. Green and red staining indicate membrane perforation and cell death, respectively.
(a) Fluorescence image of the cells at 30, 60, and 100 mJ/cm? using NS660. (b) Perforation rate and viability as a function of fluence using NS660.
The perforation threshold is 40 mJ/cm?* and the maximal perforation rate is 61 + 15% at 60 mJ/cm? Bubble, damage, and optoporation thresholds
are indicated. (c) Fluorescence image of the cells at 10, 40, and 60 mJ/cm* using NS800. (d) Perforation rate and viability as a function of fluence
using NS800. The perforation threshold is 20 mJ/cm? and the maximal perforation rate is 49% at 40 mJ/cm? Bubble, damage, and optoporation

thresholds are indicated.

been reported using 100 nm AuNP>* but were achieved with
100 mJ/ cmz, almost twice as large as what we achieved in this
report. This confirms that our in silico rational design
framework successfully identified AuNS that could efficiently
perforate cell membranes at low fluence while preserving their
structural integrity.

In comparison, suboptimal resonant NS800 could achieve
optoporation at even lower fluence (20—40 mJ/cm?) (Figure 5d).
Unlike NS660, the optoporation fluence for NS800 is much
higher than the fluence required to generate bubbles (7 mJ/cm?).
This behavior is probably due to the heavy damage sustained by
the resonant AuNS, which prevents the generation of multiple
bubbles that are hypothesized to help enhancing the perforation
rate. In addition, the presence of small gold fragments from
damaged particles raises significant concerns relative to long-term
toxicity.55

In summary, we have successfully developed and demon-
strated the use of an in silico rational design framework to tailor
particle morphology to a specific nonlinear plasmon-enhanced
process. Specifically, we designed AuNS that minimize the
fluence required to induce cavitation in a water medium while
preserving their structural integrity. These simulation predic-
tions were thoroughly verified using time-resolved spectroscopy

and electron microscopy, and the tested AuNS were shown
to behave according to the simulated predictions (Figure 6).
Also, the cavitation enhancement and robustness of the
designed AuNS were shown to be transferrable to a biological
context, and breast cancer cells were perforated using the
optimized robust particles with unprecedentedly low fluences
while preserving AuNS structural integrity.

In the process of analyzing our computational optimization
framework, we uncovered an interesting structure-performance
relationship that brings important insight into the design of
plasmonic particles for specific applications. Importantly,
optimal AuNS were shown to deviate significantly from the
plasmon resonance condition. Consequently, one has to be
especially careful when applying the usual paradigm that consists
in adjusting the plasmon resonance to the irradiation wavelength
to optimize a nonlinear plasmonic process. In addition,
visualizing plasmon-enhanced process as trajectories in a
morphology-fluence space was helpful to provide intuition on
defining relevant design criteria.

We believe that a similar in silico rational design process
could be applied for the optimization of a large number of
plasmon-based technologies, including photothermal therapy, "’
cell nanosurgery,” surface-enhanced Raman scattering,” dark-field
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Figure 6. Comparison of the design and experimental state-trajectory
for NS660, NS800, and NP150.

imaging,'” and energy-harvesting.” Although it was here applied
to plasmonic gold nanoshells, combined with eflicient
minimization algorithms,56 this procedure could be generalized
to enable the in silico screening of large libraries of plasmonic
materials, structures, and irradiation conditions to identify
potential candidates tailored to specific applications. This type
of virtual screening approach, popular in the drug discovery
process’’ and recently applied in the field of organic
electronics™® could help foster discovery in the field of nonlinear
plasmonics.
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