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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)13. Experimentally, release of the cargo, im-

plying cleavage of the peptide-payload bond, is observed when

the system is irradiated at the wavelength of 561nm. 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 photodissociation14.

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 (I3PE
T )3 ≈ 10

10(Iinc
T )3, where I

inc
T is the EM field intensity

of the incident laser beam (the derivation is detailed in the Elec-

tronic Supplementary Information of Ref.11 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-

sults15–25.

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)28,29. In particular the

plasmon-enhanced conversion of three photons with frequency

ω into one photon with frequency 3ω (THG)30–32 may supply

photons of suitable wavelength (around 190nm) for exciting the

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 I
T HG/(Iinc)3 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 aggregate25,33–35. Hence, local hot spots could

appear in the gap of strongly coupled NP aggregates or near the

sharp tip of non-spherical nanoparticles12,26,36. 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, k
3PE and k

T HG, respectively, depend on the intensity

of the NP optical responses at the NP surface (I
3PE and I

T HG) and

on the cross sections of triazole for the two excitation processes,
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n. energy wavelength o.s. δ L
3PE δC

3PE
σ1PE σL

3PE σC

3PE

(eV) (nm) (a.u.) (a.u.) 10−19m2 10−92m6s2 10−92m6s2

1 5.65 219.5 5.4 ·10
−3 4.3 ·10

2 5.8 ·10
1 0.38 2.2 ·10

−4 2.9 ·10
−5

2 6.03 205.5 1.1 ·10
−1 3.8 ·10

5 7.3 ·10
5 7.44 8.5 ·10

−1 4.4 10
−1

3 6.55 189.5 7.2 ·10
−3 4.6 ·10

5 8.8 ·10
5 0.50 3.6 ·10

−1 6.8 ·10
−1

4 6.80 182.5 2.3 ·10
−2 3.5 ·10

6 1.5 ·10
5 1.55 3.1 ·10

−3 1.3 ·10
−3

Table 1 Excitation energies, oscillator strengths (o.s.), 3PE momenta (δ L

3PE , δC

3PE , with L and C referring to linearly and circularly polarized light,

respectively), one and three photon cross sections (σ1PE , σL

3PE , σC

3PE ). The cross sections are calculated assuming a lorenzian linewidth of 0.1eV.

where ε0 is the electric permittivity in vacuo, ~E is the electric

field inside the NP and χ(3) = χ
(3)
3ω reduces to a scalar. Boyd

et al.42 compare measurements of this quantity made via dif-

ferent experimental methods. The susceptibility χ
(3)
3ω 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
−19m2/V2 to 6.22 ·10

−14m2/V2. We made a conserva-

tive choice of 2.3 ·10
−18m2/V2, the value suggested in the Boyd’s

book28 for bulk gold.

To a first approximation43 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., (Einc/Eatom)
2. From I

inc ≈

0.47−1.3 ·10
9 W

m2
, the incident electric field amplitude is obtained

from the relation

Einc =
√

IincZ0 ≈ 4.2−7 ·10
5
V/m (5)

where Z0 =
√

µ0/ε0 ≈ 377Ω is the impedance of free space (µo

is the magnetic permeability in vacuo). The typical value for the

atomic electric field is Eatom ≈ 10
10

V/m
43. 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 ~PT HG 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.

~ET HG(~r,ω) =
∫

V

[

~PT HG · (~r−~r′)
]

· (~r−~r′)

4πε0|~r−~r′|
5

−
3~PT HG

4πε0|~r−~r′|
3

d~r′ (6)

where V is the NP volume,~r and~r′ indicates a point outside and

inside the particle, respectively. The numerical procedure used for

obtaining ~PT HG 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.

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

≈ 5.7x4.4nm2 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 field44 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/nm2 harmonic

restraint on the distance of the CYS sulfur atom from the surface.

The simulations were performed with the GROMACS 4.5

code45 in the NVT ensemble, using the Nosé-Hoover thermo-

stat46 with a coupling constant of 0.4ps. All bond lengths were

constrained with the SETTLE algorithm47.

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 0.5µsec.

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
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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 VdW 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 Trü-

gler49, which implements the formalism developed by Garcìa de

Abajo and Howie50.

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 Christy51, was

employed to reproduce the optical properties of the NPs, whereas

the water dielectric constant (ε̃M = 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

theory52. 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

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-

gates53. In this method each NP is seen as a dipole characterized

by a scalar, complex polarizability (α̃) 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/α̃ to

be representative of the NP near-field. In practice, we exploited

the seminal Fortran implementation by Draine and Flatau54. The

aggregates were created thanks to a Fortran code developed by

one of us55. This implementation is based on the Cluster-Cluster

Aggregation (CCA) model56, 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

U2Os 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.57). Cells were

washed in cacodylate buffer, then postfixed with osmium tetrox-
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