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In a recent study by Voliani et al. [Small, 2011, 7, 3271], the electromagnetic field enhancement in
the vicinity of gold nanoparticle surface has been exploited to achieve photocontrolled release of
a molecular cargo conjugated to the nanoparticle via 1,2,3-triazole, a photocleavable moiety. The
aim of the present study is to investigate the mechanism of the photorelease by characterizing the
nanoparticle aggregation status within the cells and simulating the electric field enhancement in a
range of experimentally realistic geometries, such as single Au nanoparticles, dimers, trimers and
random aggregates. Two plasmon-enhanced processes are examined for triazole photocleav-
age, i.e., three-photon excitation and third-harmonic-generation (one-photon) excitation. Taking
into account the absorption cross sections of triazole, we conclude that the latter mechanism is
more efficient, and provides a photocleavage rate that explains the experimental findings. More-
over, we determine which aggregate geometries are required to maximize the field enhancement,
and the dependence of such enhancement on the excitation wavelength. Our results provide de-
sign principles for maximizing the multiphoton molecular photorelease by such functionalized gold

nanoparticles.
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1 Introduction

Recently, functionalized nanoparticles (NPs) have demonstrated
a clear potential for drug delivery 12, On one hand, by exploiting
proper functionalization on their periphery, they can be directed
to a specific target where the drug should be delivered, maximiz-
ing the therapeutics efficiency by minimizing side effects*®. On
the other hand, nanoparticles can also have an active role in the
drug release, being able to transduce an external stimulus (e.g.,
light) in the liberation of a payload and thus in its “on demand”
bioavailability at a specific time and location”®. This is achieved
by exploiting the plasmonic excitation of the metal NPs, i.e. the
effects of the collective coherent excitations of the conductive
electrons taking place at specific frequencies in the Vis-NIR”1°,
A proof of principle that such a remotely-controlled delivery is
possible has been previously given using gold nanoparticles func-
tionalized with a peptide spacer connected by click-chemistry to
a payload via a photolabile moiety !, In particular, the experi-
mental data indicated that payload delivery through photodisso-
ciation involves a non-linear excitation process promoted by the
plasmonic gold nanoparticle.

In such a system, the NPs are covered by an organic moi-
ety (peptides) bridging the payload and the particle surface (as
sketched in Figure 1). The connection between the peptide and
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Fig. 1 Out of scale schematic picture of the click-chemistry conjugation
and 561nm photorelease. On the left, the click-chemistry reaction with
the peptide-encapsulated nanostructure (water-synthesized gold
nanoparticles, in green, and hexa-peptide CLPFF-propargylglycine, in
red) and the azide-modified payload, yellow square. On the right, the
photocleavage process induced by low-power irradiation at 561 nm of
the 1,2,3-triazolic ring (in blue) and subsequent release of the payload.
For the sake of simplicity the modifications of peptide and payload
induced by the reactions are not shown.

the payload is accomplished by means of click-chemistry via a
1,2,3-triazole photocleavable unit. 1,2,3-triazole is known to un-
dergo fast photochemical decomposition upon irradiation in the
far UV (at 190nm) '3, Experimentally, release of the cargo, im-
plying cleavage of the peptide-payload bond, is observed when
the system is irradiated at the wavelength of 56Inm. This be-
havior along with the observed cubic dependence of the release
rate upon irradiation intensity suggested a three-photon exci-
tation (3PE) process as the mechanism of photodissociation 14,
To enable such a low-probability process at the intensity asso-
ciated with the incident laser beam, electromagnetic (EM) field
enhancement should occur, provided by the gold nanoparticles
resonating at the plasmon wavelength. The parameters of the ex-
perimental apparatus suggested that an enhancement of around
ten order of magnitude is required for this process to be relevant,
namely (13F)% ~ 10'0(7i2¢)3, where I is the EM field intensity
of the incident laser beam (the derivation is detailed in the Elec-
tronic Supplementary Information of Ref.!! and expanded here).
Note that this value implies an enhancement of the electric field
around 50, which is not unreasonable in light of literature re-
sults 1525,

Besides that, it is well-known that irradiating a gold NP at the
plasmon wavelength not only results in a strong enhancement of
the linear optical properties of the NP, e.g., the extinction cross
section and the linear EM near—ﬁeld26’27, but also increases the
non-linear response of the metal NPs, such as Second and Third
Harmonic Generation (SHG and THG)2829, In particular the
plasmon-enhanced conversion of three photons with frequency
o into one photon with frequency 3w (THG)3%32 may supply
photons of suitable wavelength (around 190nm) for exciting the
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triazole moiety, thus competing with the three-photon absorption
process, and also resulting in a cubic dependence on the irradi-
ation intensity. Similarly to the 3PE case, to make this process
relevant an enhancement of the incident EM field is required,
and in particular such that the ratio 179 /(1"")? is larger than
a threshold derived here.

The present work aims at investigating the effectiveness of
these two excitation mechanisms - 3PE and THG - in experimen-
tally realistic conditions. Indeed, the EM field close to the NP is
affected by the presence of other NPs, which can either hinder
or foster the near-field enhancement depending on the config-
uration of the aggregate?>33-35_ Hence, local hot spots could
appear in the gap of strongly coupled NP aggregates or near the
sharp tip of non-spherical nanoparticles 122636, The role of these
so-called "plasmonic hot-spots" has been identified as the main
cause of local EM field enhancement, exploited in particular in
Surface Enhanced Raman Scattering (SERS) applications. Thus,
we simulated the EM field around isolated NPs and various ag-
gregates of NPs in order to identify favorable NPs configurations
in relation to the payload photorelease. Since the near-field en-
hancement decreases rapidly by increasing the distance from the
nanoparticle surface, molecular dynamics (MD) simulations were
also performed to determine the thickness of the peptide spacer
and, in turn, the distance between the photocleavable bond and
the NP surface. The latter turns out to be around 1-2nm, so that
we focused on the electric field enhancement at this distance from
the NP surface, for both investigated processes. We have first
analyzed 3PE, for which we generally found enhancements only
barely sufficient to justify photorelease in the experimental condi-
tions. Because of that, for 3PE we have considered a large variety
of NP arrangements, all compatible with experimental evidences,
to search as extensively as possible for the highest possible 3PE
rate. For THG, we found that NP dimers are sufficient to yield an
excitation rate in line with the experimental results, and, based
also on 3PE results, we stopped our search at this level. In both
cases, the synergy among interacting NPs turns out to be essen-
tial to generate hot-spots promoting an amount of photorelease
in agreement with the experiments.

2 Theory

Upon irradiation at the plasmonic peak (561nm for the system
considered here), the optical response of the gold NP may induce
photodegradation of the triazole moiety by two mechanisms,
both compatible with the observed cubic dependence on irradi-
ation power: i) three-photon excitation (3PE), at a wavelength of
561nm, due to the enhanced (linear) electric field (which leads
to the three-photon absorption) and/or ii) one-photon excitation
(1PE), at a wavelength of 187nm, due to generation of photons
of threefold fundamental frequency (third harmonic generation).
Assuming orientational averaging, the excitation rates of the two
mechanisms, kP and k"¢ respectively, depend on the intensity
of the NP optical responses at the NP surface (I*PE and I"H%) and
on the cross sections of triazole for the two excitation processes,
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where v is the frequency of the impinging photon, such that

I/hv™™ gives the photon number, { — (PP /[?")3, the intensity
enhancement factor, and n = 1776 /(17¢)3 the THG efficiency, re-
late the linear and THG response of the NP to the incident laser in-
tensity 7%, B3LYP 6-31+G(d) time-dependent density functional
calculations detailed in ref. ! yield the results reported in Table 1
for the first 4 excitations of 1,2-methyl-3-triazole (the two methyl
groups are added to account for the connections to the peptide on
one side and the payload on the other, see Figure 1). Note that
the oscillator strength of ~ 0.1 of excitation 2 is in agreement with
configuration interactions calculations on 1,2,3-triazole yielding
an o0.s. of 0.13 for the excitation at 5.93eV>7.

Using an irradiation wavelength of 561nm gives hv™ = 3.54.
10~ '%J. Typical experimental intensities are in the range 0.47-
10°W/m? to 1.3- 10°W/m? (considering an irradiation power of
70 —200uW and irradiated area of 0.15um?). The one and three-
photon cross sections of the 3rd excitation (closest to 187nm) are
6352]15 =0.36-1072m®s? (for linearly polarized light) and 611}§]75 =
0.5-107”m?. We note that the cross sections at 205nm are larger
both for 1PE and 3PE, so that structures with plasmon resonance
at ~ 205nm - 3 = 615nm would result in more efficient photore-

lease at that wavelength.

The quantum yield of 1,2,3-triazole photodegradation is not
known precisely, but values not much smaller than one are
reasonable in line with the high reported photolability of the
molecule '®. Thereby, we expect that upon absorption a sizable
fraction of triazole will undergo photodissociation and conse-
guent payload release, and thus K**F and k"¢ are good estimates
of the total photorelease rates resulting from each process. This
consideration and the values of the constants given above indicate
that non-negligible excitations rates (> 10~2 s~!) are expected for
> 10'% and n> 107 Pm*w 2, respectively for the 3PE and THG
processes. The theoretical/computational estimation of these fac-
tors for realistic system configurations, via EM field simulations,
is the focus of the present work.

The EM fields are calculated by solving the Maxwell equations
in media described by homogeneous and isotropic dielectric func-
tions, enforcing the relevant matching conditions at medium in-
terfaces (see Methods). Figure 2 shows a single gold nanosphere
with frequency dependent dielectric function & embedded in a
non dissipative medium with &,. The external perturbation is de-
scribed by a monochromatic EM plane-wave, with linear polariza-
tion on the x-axis and propagating along z, its electric field given
by E = Eg(e'® 4 c.c.). The linear response electric field £y, (7, 1)
is the superimposition of the incident and scattered field outside
the nanoparticles. The 3PE enhancement { is calculated locally
as (IZFE /r¢)3, where BPE is the local linear EM field intensity

This journal is © The Royal Society of Chemistry [year]
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averaged over time, i.e.,

p ~ T
I%PE(r),/Ewmt(?,z)ﬁT\/%%/
0

where & and I are the permittivity and permeability, respectively,
of the medium in which the intensity is to be calculated. The other
time-averaged intensities are calculated analogously. E, is as-
sumed to be representative of the local field felt by the molecules
close to the NP surface. A more accurate model should include the

- 2
Em;(?,t)‘ dr  (3)

presence of such molecules since they may affect the optical prop-
erties of the resonant nanoparticle. However, we do not expect
this approximation to significantly change the EM field®®. The
peptide moiety is commonly simulated as non-dissipative matter
with refractive index equal to n, = 1.4 39 so that the difference in
refractive index between the molecules and the embedding water
(ny, = 1.33) is small. As showed in the Electronic Supplementary
Information, the presence of a molecule-coating does not change
the magnitude of the field remarkably, the 3PE enhancement fac-
tor { changing by less than 10%.

Fig. 2 Sketch of the model nanoparticle. The wave vector of the
incident radiation is set to be along the z-axis, whereas the incident
electric filed is along the x-axis

Whereas the three-photon excitation process depends on the
linear optical response of the NP (and on the non-linear absorp-
tion by triazole), non-linear contributions of the material, such
as second and third harmonic generation, may become relevant
for high enough field strengths?82%, The plasmon resonance is
known to enhance the rate of both SHG and THG®%*240, Nev-
ertheless, a SHG field at doubled frequency (namely at a wave-
length around 280nm) is not relevant in our case because the
triazole does not exhibit an absorption for such a frequency®”.
In contrast, THG radiation at tripled frequency (i.e., at wave-
length around 190nm) might be absorbed by the molecule and
contribute to the photodissociation since the fundamental absorp-
tion frequency of the molecule resides in such a range®’. The ex-
perimentally determined dependence of the photorelease on the
third power of the incident intensity can also be explained by
metal THG. To check the influence of this non-linear contribution
we calculated the electric field produced by the THG process in
an isolated NP and NP dimer. According to Ciraci et. al*', this
THG contribution arises from a bulk response of the material and
for an isotropic medium it originates a polarization inside the ma-
terial itself which reads

=

BT, 30) = o1y, (E-E ) E @
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n. energy wavelength 0.5. 8hop 8o O\pE olng oS%r
(eV) (nm) (a.u.) (a.u.) 10~ 19m? 10~2mbs? 10~2mbs?
1 5.65 219.5 5.4-107° 4.3-10° 5.8 -10! 0.38 2.2.107% 2.9-107°
2 6.03 205.5 1.1-107! 3.8-10° 7.310° 7.44 8.5.107! 4.4107!
3 6.55 189.5 7.2.1073 4.6-10° 8.8 -10° 0.50 3.6 107! 6.8 107!
4 6.80 182.5 231072 3.5-10° 1.5 -10° 1.55 3.1-1073 1.3:1073

Table 1 Excitation energies, oscillator strengths (0.s.), 3PE momenta (855, 85, with L and C referring to linearly and circularly polarized light,
respectively), one and three photon cross sections (Gipx, Gipr, G5 ). The cross sections are calculated assuming a lorenzian linewidth of 0.1eV.

where g is the electric permittivity in vacuo, E is the electric
field inside the NP and 95(3) = XSD) reduces to a scalar. Boyd
et al.*> compare measurements of this quantity made via dif-
ferent experimental methods. The susceptibility 13(2)) seems to
be slightly dependent on the frequency but largely affected by
the duration of the exciting impulse. The tabulated values span
from 7.7-10""m?/V? t0 6.22- 10~ '¥*m? /V?. We made a conserva-
tive choice of 2.3-10~'¥m? /V?, the value suggested in the Boyd’s
book?8 for bulk gold.

To a first approximation® the relative weight of the THG
term is determined by the strength of the incident EM field as

compared to the atomic field, i.e., (E,-nc/Ea,o,,,)z. From /™ ~

w

0.47—1.3-10° —, the incident electric field amplitude is obtained
m

from the relation

Eine = 1" Zg ~42-7-10°V /m ©)

where Zy = \/lo/€ ~ 377Q is the impedance of free space (u,
is the magnetic permeability in vacuo). The typical value for the
atomic electric field is Ezom ~ 1010V /m43. Thereby, the THG con-
tribution is treated as a perturbation, and we substitute the elec-
tric field appearing in formulas (4) with that yielded by consider-
ing only the linear contribution.

The bulk polarization vector B7#¢ represents the dipole mo-
ment per volume unit induced inside the NP by the THG process.
The THG electric field is, thus, the superimposition of the electric
field originated by all these induced dipoles, viz.

PTHG (7 _# ] < —
ETHG (7, o) = el en s d7 (6)
7 dmeg|F -7 4meg|7— 7

where V is the NP volume, 7 and 7 indicates a point outside and
inside the particle, respectively. The numerical procedure used for
obtaining B7#¢ and performing the numerical volume integration
are described in Section “Electromagnetic simulations”.

To estimate in which position the chromophore resides, namely
in which position to calculate the enhanced intensities, we also
performed atomistic molecular dynamics (MD) simulations of the
peptide adsorbed on the gold nanoparticles surface. In the ab-
sence of detailed experimental characterization, MD affords a
plausible picture of the structural properties of the system by tak-
ing account molecular and NP-molecule interactions. The details
are given in the next section.

4| Journal Name, [year], [vol.],1-12

3 Methods and computational details

3.1 Molecular dynamics simulations

We performed molecular dynamics simulations of the 5 a.a. pep-
tides anchored to Au(111) surface. The sequence of the simu-
lated peptide is Cys-Leu-Pro-Phe-Phe-Ala (CLPFFA), i.e., the same
as in the experimental setup, apart from the last amino acid. The
choice of an Alanine in this position was suggested by the lack
of force field parameterization of the triazole ring. The CB atom
of Alanine is in the equivalent position of one of the two car-
bon atoms in the ring. Hence, its distance from the gold sur-
face is a good indicator of triazole-Au distance, the estimate of
which is the purpose of the MD simulations. A slab of twelve
~ 5.7x4.4nm’ gold layers represented the Au(111) surface, and
3D periodic boundary conditions were applied, leaving a 7.9nm
z-distance between periodic images of the gold slab.

The simulations were performed using the OPLS/AA force field
combined with the GolP force field** for describing Au-protein
interactions. The system was solvated in SPC water molecules.

The thiol-Au covalent bond is not described by the GolP force
field. As a consequence, the anchoring of the peptides to the Au
surface was accounted for by adding a 5000kJ/mol/nm? harmonic
restraint on the distance of the CYS sulfur atom from the surface.

The simulations were performed with the GROMACS 4.5
code®® in the NVT ensemble, using the Nosé-Hoover thermo-
stat*® with a coupling constant of 0.4ps. All bond lengths were
constrained with the SETTLE algorithm#.

Since no structural information on the peptide arrangement on
the surface is available, we opted for an unbiased description of
the self assembly process, in which the peptides are randomly
placed in the solution and forced to interact with one side of the
gold slab by an increasing harmonic restraint on the Au-sulfur
atom distance.

Two systems were simulated, containing 24 or 40 peptides (see
Figure 3). While few peptides are easily anchored to the gold
surface, when a larger number is present, the anchoring may be
hampered by the crowding of the other peptides. In these cases
high (400K) temperature MD simulations were performed to ac-
celerate the configurational sampling and allow for a larger num-
ber of peptides to anchor the Au surface.

After the preparation phase, the production runs were per-
formed for 0.5usec.

3.2 Electromagnetic simulations
To simulate the EM field around NPs subject to an EM radiation
we used the Boundary Element Method (BEM) 48 This method

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Simulated system, containing 24 CLPFFA peptides and water
molecules (shown in licorice representation, with usual coloring code for
atoms) and the AU slab (shown as VAW spheres in orange). Periodic
images of the water molecules and of the Au slab are shown in
transparent mode on the left and right sides.

leans on the solution of the Maxwell equations with EM field
matching at medium interfaces (boundary conditions). In short,
this method includes a 2-steps solving-process: first, the EM field
is expressed in terms of fictitious charges and currents at the
medium interfaces, and the integral equations determining such
quantities are written to satisfy boundary conditions; second, by
means of a discretization of the interface surfaces, the solution
of the integral Maxwell equations is transformed in the solution
of a self-consistent system of linear equations. In practice, we
exploited the Matlab toolbox MNPBEM by Hohenester and Trii-
gler*®, which implements the formalism developed by Garcia de
Abajo and Howie®°.

The systems under investigation with this method include one-
, two- and three-NP configurations. The NPs are assumed to be
spheres with a radius (R) of 15nm impinged by a plane wave
with wavelength equal to 561nm. Although the simulation of
non-regularly shaped NPs is feasible with the MNPBEM toolbox,
only spherical nanoparticles were accounted for, their shape being
closer to the experimental one. A gold dielectric function, inter-
polated from experimental data by Johnson and Christy®!, was
employed to reproduce the optical properties of the NPs, whereas
the water dielectric constant (&, = 1.77) was chosen to represent
the embedding solution. The NP surface was discretized in 2884
triangular pieces (called tesserae in the following): this number
is the largest provided by the toolbox for a tessellation of equilat-
eral triangles (corresponding to the sphere-commensurate num-
ber of 1444 vertices). Tests performed with different discretiza-
tions showed that the chosen number of tesserae gives rise to
reliable results (see Section “Test over the tessera number” in
the Electronic Supplementary Information, ESI, for more details).
Furthermore, we compared the results for a single NP with the
output by an in-house Fortran implementation based on the Mie
theory®2. The test reveals that the MNPBEM calculations are
qualitatively and quantitatively in agreement with the benchmark
(we refer to Section “Comparison with analytical benchmarks” in
the ESI for further discussion).

Finally, note that we study this system in the retarded frame-
work. Indeed, as the simulations were not prohibitively time-
consuming, we decided to exploit the retarded approach even if

This journal is © The Royal Society of Chemistry [year]
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the quasi-static outcomes are very close to retarded ones. Mainly,
the former is found to slightly underestimate the latter and to
have a different plasmon dephasing with respect to the incident
radiation (see Section “Retarded vs. Quasi-Static” in the ESI for
more details).

The same MNPBEM toolbox was also exploited to calculate the
electric field produced by a THG process. This calculation re-
quires the knowledge of the electric field inside the NPs which
was computed on a uniform 1-nm paced cartesian grid (conver-
gence tests were performed and confirmed this value as providing
reliable results). Subsequently, we treated these points as dipole
sources endowed with a dipole moment proportional to the third
power of the obtained inner electric field according to Equation
(4). Hence, we extracted the electric field produced by this set of
dipoles on a 0.1-nm paced grid of points outside the spheres (the
closest outer points have a distance from the surface of 0.1nm).
By means of this last step, corresponding to a numerical integra-
tion over the NPs volume of the THG dipoles, we obtained the
electric field by third harmonic generation.

The necessity of discretizing the NP surface finely and the sig-
nificant rise of the simulation time-demand at increasing tessera
numbers makes the BEM inadequate to simulate aggregates even
of a few tens of NPs. For this reason, we employed the Cou-
pled Dipole Approximation (CDA) for the calculation on aggre-
gates®3. In this method each NP is seen as a dipole characterized
by a scalar, complex polarizability (&) and subject to the inci-
dent external field as well as the scattered field generated by the
other NPs. As a result, a self-consistent equation system is set up
whose solution provides the polarization (P) of each NP which
can be used to infer other optical properties (e.g., extinction cross
section). The interaction among NPs includes retarded terms of
the electric fields, even if only the dipolar response is accounted
for. The polarizability is taken from the retarded Mie solution for
sphere. Since this method assumes that the polarization is the
NP response to the local electric field, we considered E = P/& to
be representative of the NP near-field. In practice, we exploited
the seminal Fortran implementation by Draine and Flatau®*. The
aggregates were created thanks to a Fortran code developed by
one of us®>. This implementation is based on the Cluster-Cluster
Aggregation (CCA) model®®, which, starting from a random NP
distribution, moves randomly the NPs and the NP clusters that are
originated when the NPs come into contact and stick together ir-
reversibly. The process ends when only a single cluster is present.
The initial distribution as well as the motion is performed on a cu-
bic lattice: specifically, a grid with an internode distance of 11nm
was used to build-up differently shaped aggregates of around 50
NPs.

3.3 TEM imaging

U20s cells were fixed as monolayer (with a solution of 2% glu-
taraldehyde in cacodylate buffer) then scraped and centrifuged
to obtain a stable pellet. Pellets were fixed in the same fixative
solution over night and processed with a standard embedding
protocol (as previously shown by Del Turco et al.>”). Cells were
washed in cacodylate buffer, then postfixed with osmium tetrox-
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ide 2% in the same buffer, then dehydrated with ethanol growing
series and embedded in epoxy resin. After resin polymerization
(48 hours, 60°C) samples were cut in thin sections (80-90nm).
Sections were collected over 300 mesh copper grids and were an-
alyzed using a Zeiss Libra 120 Plus transmission electron micro-
scope operating at 120kV and equipped with an in-column omega
filter and 16-bit CCD camera 2k x 2k bottom mounted.

4 Results and discussion

4.1 Triazole-Au surface distance from MD simulations

Molecular dynamics simulations were performed to provide an es-
timate of the average triazole-Au surface distance. The two sim-
ulated systems consist of 24 and 40 CLPFFA peptides bound to
a planar 5.7-4.4nm? slab of gold, 2.6nm thick, with 3D periodic
boundary conditions. On the scale of the 30nm diameter sphere,
the deviation from planarity of the simulated portion amounts to
less than 0.01nm. Experimental estimates of peptide number per
AuNP vary from 750 to 4000 depending on the system produc-
tion process '1. These values correspond to, respectively, 7 and 35
peptides in the simulated portion, so that our simulated systems
are close to these ranges. Figure 4 reports the distribution of the
distance between the AU surface and the -carbon (CB) atom of
the C-terminal Alanine. The latter is in a position analogous to
one of the carbon atoms of triazole (see Methods). The aver-
age distance is 1.05+ 0.42nm and 1.17 +0.58nm for the 24 and
40 peptide systems, respectively. In both graphs, there is a peak
at around 0.25nm, indicating a significant amount of C-terminal
Alanine very close to the AuNP surface. The contribution of such
molecules is neglected because of the quenching effect due to the
proximity to the Au surface®® and because such an arrangement
is not realistic considering the presence of the payload attached to
triazole. To conclude, we took 1nm as representative of the most
significant distance (d) between the photocleavable bond and the
AuNP surface and we investigated the EM field enhancement at
this distance.

Fig. 4 Distribution of the distance between the ALA CB atom and the
Au surface during the 0.5us MD simulations, in the systems with (left) 24
and (right) 40 peptides.

4.2 The EM field enhancement in Au-NP geometries relevant
within cells

Figure 5 shows TEM images of fixed U20s cells after uptake of
the peptide-coated AuNs. The images reveal that the Au-NPs can
be found as isolated NPs or arranged in dimer or trimer config-
urations. Aggregates are also present: some of them are more
compact with transverse size up to a few hundreds of nanometers

6| Journal Name, [year], [vol.],1-12
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Fig. 5 TEM images of two samples showing the arrangements of the
functionalized Au-NPs inside human osteosarcoma cells. The circles
mark off the various arrangements.

(cfr. Figure 5a), whereas others are more diluted and elongated
(cfr. Figure 5b).

Based on these results, we decided to consider different kinds
of NP aggregates in our simulations, namely single gold NP,
dimers of NPs, trimers of NPs (linear and arranged as a square
triangle) and random aggregates of different compactness.

4.2.1 Electromagnetic field enhancement around an iso-
lated nanoparticle

The isolated NP was placed in the center of a polar coordinate
system (r,8,¢) and a spherical grid, whose nodes identify the
points in which the electric field is to be evaluated, was built-
up all around the nanoparticle. Figure 6a shows how the electric
field appears when the plasmon is excited (normalized by the in-
cident electric field amplitude |Eg|). The arrows represent the
electric field direction and versus, whilst their size and color are
directly proportional to its magnitude.

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Total electric field (E;,;) and EM field intensity outside the NP.
Panel (a): xz view of the electric field. The color scale and the size of the
arrows represent the module of the field in unit of the incident field
module (|Eo|). Panel (b): Third power of the total EM field intensity along
the x-direction. The missing part in the plot corresponds to the region
internal to the NP.

Looking at this figure we can state that a 561nm wavelength EM
radiation impinging a 15-nm radius gold nanoparticle essentially
produces a dipole induced electric field whose effects extend up
to about 10nm from the nanoparticle surface. Both the spatial dis-
tribution and the obtained range of the electric field enhancement
agree with benchmarking results in the literature *>%5,

The 3PE enhancement factor § = (57 /1#¢)? averaged over the
solid angle (showed in Figure S1 of the ESI) at the relevant dis-
tance d = Inm is ~ 600, and rapidly decreasing in a 10nm range,
i.e., several order of magnitude below the estimated threshold
(10'%) for relevant three-photon excitation process. Locally, the
maximum enhancement takes place at the poles on the electric
field polarization direction, namely the x-axis. A scan along this
direction is plotted in Figure 6b, revealing values of { below 10°,
i.e., still insufficient to trigger 3PE. Note that the electric field
tends to decrease very near (a few A) the nanoparticle surface,
namely for values close to —15nm and 15nm: this is an artifact
due to discretization.

Finally, for the sake of completeness, we simulate the EM field
enhancement occurring when the NP is covered by a 2nm thick
shell with permittivity equal to 2. Such a shell is taken represen-
tative of the layer formed by the peptides and spacing the payload
from the AuNP surface®?. The results, showed in Figure S3 of the
ESI, reveal that the magnitude of the enhancement is not modi-
fied by the presence of molecules significantly.

This journal is © The Royal Society of Chemistry [year]
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4.2.2 Electromagnetic field enhancement around coupled
nanoparticles

The mutual interaction between two nanoparticles significantly
affects the plasmonic properties '®19-2260 The greatest EM field
enhancement is known to take place when the NPs are aligned
along the electric field direction!>17:18:2324 Therefore, we sim-
ulated two identical gold nanoparticles, with a surface distance
D, arranged along the plane-wave polarization direction. E,
around the nanoparticles is reported at D =3nm (Figure 7a) and
D =45nm (Figure 7c), together with 3PE enhancement factor
along the x-direction.

The obtained electric field enhancement values and distribu-
tion around the nanoparticles are in agreement with other studies
revealing electric-field focusing in the intervening region of the
dimer, with enhancement factors on 7 also larger than 102, such
as for nanoparticle and nanowire dimers 12>, As expected, the
maximum values of the electric field are along the x-direction.
When the NPs are close (D = 3nm) a hot-spot is created, i.e.
there is a great EM field enhancement between the nanoparti-
cles, whereas at increasing separation the effect vanishes and the
values approach those of an isolated nanoparticle. The complete
behavior of 1 x-scans at varying D is reported in Figure S3. At
the hot-spot the EM field enhancement seems sufficient to trigger
the three-photon process, according to the estimated threshold
n ~ 1010), only when D = 3nm, namely when the NPs are in
contact to each other via the peptide coating. This type of config-
uration is reasonable in light of the MD simulations, which reveal
that the peptides form a layer slightly thicker than 1nm around
the NPs.

20

Z (nm)
o

958070 6050 4030 201G 0 10 20 30 40 50 60 70 80 %0
(om)

(a) (b)

Z (nm)

KL

5080 70 60 80 40 30 201, 0. 10 20 30 40 50 60 70 80 &
(om)

(c) (d)

Fig. 7 Total electric field (E,.;) and EM field intensity outside the NPs.
Panels (a) and (c): xz views of the electric field for (a) D = 3nm and (c)
D =45nm. The colorscale (different for the two panels) and the size of
the arrows represent the module of the field in unit of the incident field
module (|Eg|). Panels (b) and (d): Third power of the total EM field
intensity along the x-direction for the two distances. The missing paris in
the plot correspond to the regions internal to the NPs.
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Fig. 8 Third power of the total EM field intensity along the x-direction for
varying incident wavelength in a system of coupled NPs separated by
3nm. The missing parts in the plots correspond to the regions internal to
the NPs.

To verify whether the enhancement value is already optimized
with respect to the light frequency in such a configuration, we cal-
culated the EM field intensity as a function of the incident wave-
length for a pair of NPs separated by 3nm. The curve (Figure
8) shows that an incident radiation with A = 569nm theoretically
provides the greatest enhancement. This value confirms the va-
lidity of the experimental wavelength and the agreement between
simulations and experimental findings.

Finally, note that the classical description used here is tenable
till the nanoparticle distance is of a few A: as a matter of fact, for
subnanometric interparticle separation non-local and quantum ef-
fect are proved to be significant, so that a quantum mechanical

description or a corrected classical electromagnetic theory must
be adopted 16:18:20-22,24,61,62

4.2.3 Electromagnetic field enhancement around trimer of

nanoparticles

7335

90 -60 70 -60 -50 -40 30 -20-10_ 0 10 20 30 40 50 60 70 80 80
X (om)

a
1935

o o1 w10
10° \ 10°

290 -80 70 -60 -50 40 30 -20 10 0 10 20 30 40 50 60 70 80 90 90 -80 70 60 -50 40 30 2010 0 10 20 30 40 50 60 70 80 90
2 (om) X (om)

(c) (d)

Fig. 9 Total electric field (E,.;) and EM field intensity between the three
NPs arranged as fixed on the tips of an equilateral triangle. The
distance between NP surfaces is 3nm. Panel (a): xz view of the electric
field. The colorscale and the size of the arrows represent the module of
the field in unit of the incident field module (|Eq|). Panels (b), (c) and (d):
Third power of the total EM field intensity along the x, the z and the
xz-direction, respectively. The missing parts in the plots correspond to
the regions internal to the NPs.

8| Journal Name, [year], [vol.],1-12

5l
35
20 30
= 25
E o
= 20
15
-20
10
60 40 20 0 20 40 60 5
X (nm)
o
(a)
10107
i I
10°
=: 6
8 10
2
w o 10*
&,
10° -
10°
, , - ,
90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90
X (nm)
(b)

Fig. 10 Total electric field (E,,;) and EM field intensity between the three
NPs arranged in a row. The distance between NP surfaces is 3nm.
Panel (a): xz view of the electric field. The colorscale and the size of the
arrows represent the module of the field in unit of the incident field
module (|Eg|). Panel (b): Third power of the total EM field intensity along
the x-direction. The missing parts in the plot correspond to the regions
internal to the NPs.

To verify whether a larger aggregate can provide a greater
EM field enhancement, we simulated systems of three identical
nanoparticles arranged in two different configurations. Firstly,
we studied the system with the particles arranged as an equi-
lateral triangle, with two of them (NP 1 and 2) aligned in the
x-direction (see Figure 9). From the plot of the electric field in
the xz plane of Figure 9, the greatest enhancement takes place
in the intermediate region between the these two NPs. Overall,
however, this enhancement is smaller than the two NP case (Fig-
ure 9). Moreover, we note that the electric field near the middle
point between the three nanoparticles is quenched: if, assuming a
first-order approximation, we replace the three spheres with three
dipoles oriented along the electric field and oscillating in phase,
it is straightforward to realize that in the middle region the direc-
tion of the electric field produced by NP 1 and 2 is concordant,
whereas the electric field by NP 3 is opposed to them resulting in
a destructive interference.

Finally, we simulated a system of three identical gold nanopar-
ticles with radius 15nm and aligned along the electric field direc-
tion (x-axis, see Figure 10). Even though we observe an enhanced
EM field intensity in the intervening regions between the NPs, as
we expected given the symmetry of the system, the enhancement
seems still smaller than in the two NP case.

4.2.4 Electromagnetic field enhancement in aggregates of
nanoparticles

From Figure 5 we can infer that the nanoparticles can be found
also as aggregates. To shed light on the effect of the NP aggre-

This journal is © The Royal Society of Chemistry [year]
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gation on the achievable EM field intensity enhancement, we cal-
culated the polarization of the nanoparticles composing differ-
ently shaped aggregates. The NP polarization (B,) is obtained
by means of the Coupled Dipole Approximation (CDA) detailed
in the “Computational details” Section. We recall that, even if the
implemented interaction includes retarded effects, this method
accounts only for the dipole response of the nanoparticles. It is
well-known that when the distance between two NPs is less than
their size (but larger than a few nanometers, so as to avoid non-
12? and quantum effects 24,63y multipolar contributions start
being signiﬁcant64. However, in light of the previous simulations
on dimer and trimer configurations, in which the dipolar behav-

loca

ior turns out to be predominant, we assumed that the multipolar
momenta could affect the total NP response only slightly in our
case.
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Fig. 11 Sphere polarization module (|P*¢|) and position of the selected

dimer inside two diverse aggregates. Panel (a) and (c): Polarization
module averaged in time of the nanoparticles composing (a) a compact
and (c) an elongate aggregate; the colorscale is in arbitrary units. Panel
(b) and (d): Sketch of the two aggregates marking off (red
nanoparticles) the dimer configuration selected inside (green
nanoparticles) the aggregate.

Five aggregates were produced with an elongate shape and five
with a more compact arrangement, in order to mimic the config-
urations showed by the TEM images (cfr. Figure 5). The ag-
gregates were created via a cluster-cluster aggregation algorithm,
see “Computational details” Section. For each aggregate we sin-
gled out a pair of contiguous particles aligned along the direction
of the incident electric field and characterized by high values of
the time-averaged polarization module (‘f}“jg ‘) and similar de-
phasing. For instance, Figure 11 shows the results for a compact
and an elongate aggregate. Figures 11b and 11d mark off which
dimer inside each aggregate is experiencing high values of | B¢
(cfr. Figures 11a and 11c¢) and same dephasing (cfr. Figures S9a
and S9b in the ESI).

This journal is © The Royal Society of Chemistry [year]
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Subsequently, we simulated the time-averaged polarization mod-
ule of the same pair of NPs when the dimer is isolated ( f}‘éﬂm‘).
Since, by definition, for a linear material characterized by a dipo-
lar response

f)tot = &Etot (7)

it is straightforward to obtain

page agg
[)IOI EIOI (8)
f)dim Edim

tot tot

with Efo‘ﬁ being the electric field intensity acting on

Efs8 ‘ and
the dimer within and without the aggregate, respectively. This
ratio between the time-averaged polarization module of the two
NPs when the dimer is embedded in an aggregate and when iso-
lated discloses the effect of the aggregate on the EM field act-
ing on a dimer. If this ratio is bigger than 1, it means that an
enhancement additional to that already discussed for the dimer
hot-spot is occurring; in contrast, if this is smaller than 1, a

quenching is produced by the aggregate. In both cases, the mag-

E[%8 Etdolf‘ provides an estimation of such an en-

hancement/quenching. The outcomes for all the ten concerned

nitude of

aggregates are summarized in Table 2 (the compact and elongate
aggregates 2 — 5 are displayed in the “Aggregate configurations”
Section in the ESI).

77488 pdim
Eior |/ |Efor

Compact aggregate 1 1.149333
Compact aggregate 2 1.057894
Compact aggregate 3 0.986256
Compact aggregate 4 1.273086
Compact aggregate 5 0.846057
Elongate aggregate 1 1.210362
Elongate aggregate 2 1.387799
Elongate aggregate 3 1.102673
Elongate aggregate 4 1.254035
Elongate aggregate 5 1.104187

Table 2 This table summarizes the results obtained for all the
considered compact and elongate aggregates. For each aggregate the
contribution of the other NPs of the aggregate to the modification of the

dimer electric field is reported through the ratio |E3%|/

pdim
tot E

tot |*

For almost all the cases, the aggregate configuration provides
an additional enhancement to the electric field of a dimer. The ra-
tio turns out to be around 1.2 on average, leading to an increase of
the value of 3PE enhancement { by a factor around 3 with respect
to the one obtained for the dimer configuration. Nevertheless, in
two cases the enhancement turns out to be quenched by the pres-
ence of other surrounding NPs (see Figures S11 and S13 in the
ESI). This occurs especially for dimers located at the center of
very compact aggregates, when the quenching effects are bigger
because of both the shorter interparticle distance (with respect
to elongate aggregates) and the fact that the dimer is completely
surrounded by other NPs (as compared to configurations where
the dimer is close to a side of the aggregate). The quenching ra-

Journal Name, [year], [vol.], 1-12 |9
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tio turns out to be even as small as 0.84, leading to a decrease of
7n by a factor around 2.7.

To conclude, the present study (although limited in the statis-
tics of the considered aggregates) suggests that the aggregates
can provide only a minor correction to the probability of the
three-photon absorption process associated with configurations
of a few NPs. Indeed, the order of magnitude of the necessary
EM field intensity enhancement and, in turn, the photorelease
are mainly determined by compact bunches of two and three
NPs. Moreover, depending on the configuration of the aggregate
(shape of the aggregate, interparticle distance in the aggregate,
...) and the position of the particle inside the aggregate, the
electric field enhancement can be also smaller than the one pro-
duced by a compound of a few NPs. This confirms that the latter
ones are desirable for photorelease devices based on multiphoton
processes.

4.3 Third Harmonic Generation by the metal NP

We now examine the magnitude of the THG field enhancement
around the NP in the simplest of the geometries investigated pre-
viously. Figure 12 reports the results of THG calculation, namely
the order of magnitude of the THG efficiency around the NP,
expressed relative to the third power of the incident intensity
n= I%H 5 /[;’“3). The distribution of the intensity, and thus of
the electric field, resembles a dipole response and the highest val-
ues of i (around 102 m*W2) are found close to the NP surface
along the polarization direction. This is reasonable in light of
the small ratio (NP size)/(incident wavelength) 52 and is in ac-
cordance to the literature, where notable THG is found only for
structures with size of hundreds of nanometers 13241,

" . &
lﬂgn(f,‘,,, ;)
255 J

P

20

Y 20

Fig. 12 xz view of the THG EM field intensity outside an isolated NP.
The intensity is normalized to the third power of the incident intensity so
that the enhancement factor f is direcily obtained. The color scale
represents the order of magnitude of this intensity. The incident electric
field is directed along x.

We repeated the same calculation for a dimer with distance be-
tween the NP surface of 3nm. The outcomes, showed in Figure
13, reveal that the THG efficiency 1 around the NPs can reach val-
ues around 10~2>m*W~2 in the hot-spot. Indeed, the NP coupling
enhances the THG EM intensity around the dimer.

10| Journal Name, [year], [vol.], 1-12

Fig. 13 xz view of the THG EM field intensity outside a dimer of NPs.
The intensity is normalized to the third power of the incident electric field
so that the enhancement factor f is directly obtained. The color scale
represents the order of magnitude of this intensity.

As mentioned in the “Theory” Section, we recall that these re-
sults are obtained by using a rather conservative estimate for the
THG susceptibility (%3(2 = 2.8 10718m2/V2), so that larger values
of %(3)

1 Would result in higher efficiency.

4.4 Comparison between 3PE and THG

Substitution of the values of the cross sections and the excitation
energy into Equation (1) and (2) allows us to compare the effec-
tiveness of the two possible excitation mechanisms, leading to

THG
K 17, 1036w2m*4g )

ook
implying that THG dominates over 3PE as long as n/{ >
1073°m*W =2, In the present case estimates for { and n in the
hot-spots yield 10'° and 1072?>m*W 2, respectively, so this ratio is
~ 1073?m*W 2, indicating that the THG mechanism prevails.

In the dimer hot spots, at an intensity of 77" = 0.47 - 10°W/m?
(i.e., Eie =4.2-10°V/m)

KHG —0.61.10%! (10)

which is in the experimentally relevant range, giving release time
in the ms timescale, while the 3PE excitation rate reads

BPE —0.35.10 25! (11)

that is a borderline value.

For a single NP { ~ 4-10* and 1 ~ 1072m*W—2. Again THG
I is only
barely sufficient to trigger a relevant payload release. As such,
the presence of plasmonic hot-spots seems to be necessary for an
effective release.

prevails though the excitation rate of kTH% ~ 10725~

5 Conclusions

We numerically simulated the electric field outside gold nanopar-
ticles both isolated or interacting in clusters. These calcula-
tions provide insights on the possible mechanisms ruling the ex-
perimentally observed photocleavage occurring in AuNP-peptide-
triazole-payload structures. The excitation wavelength at 561nm
compared with triazole absorption at 190-200nm and the ob-
served cubic dependence of photorelease on the EM field inten-
sity indicate either a (three-photon) excitation by 3PE or (one-
photon) excitation by THG as possible mechanisms for triazole
photocleavage. Both mechanisms rely on the optical response of
the NP at the plasmonic peak.

This journal is © The Royal Society of Chemistry [year]
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The Molecular Dynamic simulations indicate that the payload
molecules, thus the photocleavable bond, are located 1-2nm far
from the NP surface. Thereby, the focus is on the EM field en-
hancement and THG generation at that distance from the gold
NP surface.

Our EM field calculations reveal that, taking into account tri-
azole cross sections for the two processes, the THG mechanism
prevails over 3PE by around three orders of magnitude in the
estimated excitation rates. We find that a payload release rate
compatible with the experimental findings is possible by the THG
mechanism; however, this is the case only for coupled nanopar-
ticles in contact with each other via the peptide layer (surface
distance lower than 3nm). Moreover, the spatial region where
it can occur is restricted to the intermediate region between the
NPs and the release is only yielded when the nanoparticles are
aligned along the direction of the incident electric field. In this
regions the enhancement factors for the 3PE and THG process
are respectively { = 10'° and n =107 2m*W2, leading to ex-
citation rates of K**F = 0.35.1072s7! and k"H#% = 0.61- 1051
the former appears to be insufficient for an effective payload lib-
eration, whereas the latter resides in the relevant experimental
range. Clearly, a certain degree of mobility of the NPs during
the irradiation time needs to be assumed in order to span several
regions of the NP surface. Alternatively, deviation from the spher-
ical shape such as the presence of sharp edges or tips may account
for larger enhancements. In the absence of more precise exper-
imental characterization we limited our analysis to the general
case of perfect spheres, referring extension to different shapes to
future work.

For 3PE, we have also explored NP aggregates larger than the
dimer, coherently with in vitro results, to verify whether suffi-
cient enhancement can be achieved also for this process. Our
calculations reveal that, counterintuitively, the EM field enhance-
ment does not rise proportionally to the increase of the nanopar-
ticle number in the system. In fact, the multiparticle interaction
may result in smaller enhancements, as in the case of three NPs
systems as compared to the two NPs system. For even larger
nanoparticle aggregates EM field enhancements in the hot spots
are only marginally larger or, in some cases, smaller than those
obtained for dimers.

In summary, the present study provides a theoretical characteri-
zation of the most effective NPs conformation in order to improve
the rate of release. Based on this characterization, we could iden-
tify design principles for these systems. Firstly, the predominant
activation mechanism is THG, which turns out to be more effec-
tive than the 3PE. The practical goal is thus to maximize this kind
of non-linearity, rather than improving the three-photon cross sec-
tion of the photo-cleavable moiety. Moreover, the results show
that configurations exhibiting hot-spots are required to enable the
photo-release process; however there is no benefit on the field
enhancement in having aggregates larger than just a dimer. This
finding can be useful for efficiently engineering the nanoparticles
in the realization of new medical tools for target therapy. It is
noticeable that the observation of this peculiar non-linear process
opens up the study on the widely unexplored field of optical syn-
ergy within metallic nanostructures and UV-cleavable molecules.

This journal is © The Royal Society of Chemistry [year]
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