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and horizontal (H) detected components, respectively (see text). Ac-
tual exciting power at the sample: PpPé/ ?= 1.22 mW3/2, Gray scales
from m (black) to M (white). Values are in units of electron/second
for TPF intensity and volts for eH-CARS amplitude. . . . . . . . ..

Projection of the detected eH-CARS signal shown in Fig. 5.5, along
(co-) and across (cross-) the longitudinal axis of the NR. Gray scales
from m (black) to M (white). Values are in units of volts. . . . . ..

R factor, i.e. signal measured at the particle in unit of silicone oil
signal. A polarization resolved eH-CARS 2D scan is acquired and
the signal measured at the x-cut passing through the center of the
NR PSF, as real and imaginary part, is offset with respect the sig-
nal emitted by the silicone oil and normalized to the amplitude of
this last one. Different excitation modality (see text) have been used.
Left: linear excitation polarization. Middle: circular excitation polar-
ization. Right: circular excitation polarization and projection of the
detected eH-CARS signal along(co-) and across(cross-) the longitudi-
nal axis of the NR. Dot: experimental data; line: Gaussian amplitude
fit. . e

Sketch represented the polarization configuration sequence (1-5) as-
sumed by the beams travelling through the setup, until the detector
axes, i.e horizontal (H) and vertical (V), when the A/2 wave plate
is inserted in the beam path (see text). Blue line: exciting beams;
Gray dotted line: rotation of the A\/2 wave plate; Gold dotted line:
hypothesized NR in-plane orientation; Gold line: NR emitted field;
Red line: detected signal after projection. . . . . . . . .. ... ...

a) Single particle extinction cross-section of a nominal 25 nmx71 nm-
SiAuNR with 5nm silica shell extracted from wide field extinction
imaging measurements and band-pass filters with the different re-
ported center wavelengths, for in-plane linear polarization as indi-
cated, measured before (al) and after (a2) the laser exposure. See
Chapter3.3.1 for details about how these measurement have been
carried out. b) LFE eH-CARS amplitude polarization dependence
behaviour, for IFD = 2904 cm ™! and measured at the NR in (a), us-
ing linear exciting polarization. Black: detected H component (black
square) and fit (black line); Red: detected V component (red square)
and fit (red line). . . . . . ...




5.10

5.11

5.12

(a-b) Single particle extinction spectrum, of nominal 25 nmx71 nm-
SiAuNR with 5 nm silica shell, for different in-plane linear polarization
angles of the white-light illumination, as indicated, measured before
(a) and after (b) the laser exposure. Measurements were performed as
explained in Chapter 3.3.1. (¢-d) LFE eH-CARS power dependence
measurement, at [FD = 2904cm™!, performed at the NR in (a-b),
using circular exciting polarization. (c¢) Reo(circle) and Reposs(Square)
factors computed from (d) as explained in Sec.5.2. The error bars
come from the uncertainty of the exact amplitude of the Gaussian
function used to fit the data to retrieve the R factor value. (d) eH-
CARS amplitude measured at glass-oil interface away from NR (black
circle) and signal measured at the NR in the co- (red circle) and cross-
(red square) circular polarized detection channels. The dashed black
line represents the linear interpolation performed on the interface sig-
nal to check its value for low power. . . .. ... ... ... .....

(a-b) Single particle extinction spectrum, of nominal 25 nmx71 nm-
SiAulNR with 5 nm silica shell, for different in-plane linear polarization
angles of the white-light illumination, as indicated, measured before
(a) and after (b) the laser exposure. Measurements were performed as
explained in Chapter 3.3.1. (c-d) LFE eH-CARS power dependence
measurement, at IFD = 2904cm™!, performed at the NR in (a-b),
using linear exciting polarization. (c) Reo(circle) and Reposs(square)
factors computed from (d) as explained in Sec.5.2. The error bars
come from the uncertainty of the exact amplitude of the Gaussian
function used to fit the data to retrieve the R factor value. (d) eH-
CARS amplitude measured at glass-oil interface away from NR (black
circle) and signal measured at the NR in the co- (red circle) and cross-
(red square) circular polarized detection channels. The dashed black
line represents the linear interpolation performed on the interface sig-
nal to check its value for low power. . . . . ... ... ... .....

(a-b)Single particle extinction spectrum, of nominal 25nmx71 nm-
SiAuNRs with 5nm silica shell, for different in-plane linear polar-
ization angles of the white-light illumination, as indicated, measured
before (a) and after (b) the laser exposure. Measurements were per-
formed as explained in Chapter 3.3.1. ¢) LFE eH-CARS stability
measured, at IFD = 2904 cm ™!, performed at the NR in (a-b), us-
ing circular exciting polarization and Pp=2.3 mW and Pg=7.9 mW.
The same measurement was repeated five times and for each of them,
the Reo(circle) and Reposs(square) factors have been computed as ex-
plained in Sec.5.2. The error bars come from the uncertainty of the
exact amplitude of the Gaussian function used to fit the data and to
retrieve the R factors value. . . . . . . ... ... 0oL




5.13

5.14

5.15

5.16

(a-b)Single particle extinction spectrum, of nominal 25nmx71 nm-
SiAuNRs with 5nm silica shell, for different in-plane linear polar-
ization angles of the white-light illumination, as indicated, measured
before (a) and after (b) the laser exposure. Measurements were per-
formed as explained in Chapter 3.3.1. ¢) LFE eH-CARS stability
measured, at IFD = 2904 cm ™!, performed at the NR in (a), using
linear exciting polarization and Pp=1.2mW and Pg=4.3 mW. The
same measurement was repeated five times and for each of them the
R factor has been computed as explained in Sec.5.2. The error bars
come from the uncertainty of the exact amplitude of the Gaussian
function used to fit the data to retrieved the R factor value.

Left: pump and Stokes powers with the resulting overall powers ex-
citing at the sample used in the power dependence measurement re-
ported in Fig.5.15. Right: eH-CARS amplitude measured at glass-oil
interface away from NR for the indicated power and its linear inter-
polation (dashed black). . . . . ... .. ... ...

(a-b) Single particle extinction cross-section of nominal 40 nm x 68 nm-
SiAulNR with 10 nm silica shell extracted from wide field extinction
imaging measurements and band-pass filters with the different re-
ported center wavelengths, for in-plane linear polarization as indi-
cated, measured before (a) and after (b) the laser exposure. See
Chapter 3.3.1 for more details about how these measurements have
been carried out. (c-d) LFE eH-CARS power dependence and repro-
ducibility measurements, measured with IFD = 2904 cm ™!, performed
focusing at the NR in (a-b), using circular exciting polarization. (c)
Reo—circ( circle) and Reposs—cire (square) factors, computed from (d)
as explained in Sec.5.2. The error bars come from the uncertainty of
the exact amplitude of the Gaussian function used to fit the data and
to retrieve the R factor value. (d) eH-CARS amplitude measured at
glass-oil interface away from NR (black circle) and signal measured
at the NR PSF in the co- (red circle) and cross- (red square) circu-
lar polarized detection channels. The overall power employed in each
repetition is reported in the right scale for clarity (green data).

Left: pump and Stokes powers with the resulting overall powers ex-
citing at the sample used for the power dependence measurement
reported in Fig.5.17. Right: eH-CARS amplitude measured at glass-
oil interface away from NR for the indicated power and its linear
interpolation (dashed black). . ... ... ... ... .. ... .. ..
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5.17 (a-b) Single particle extinction cross-section of nominal 40 nm x 68 nm-
SiAuNR with 10nm silica shell extracted from wide field extinction
imaging measurements and band-pass filters with the different re-
ported center wavelengths, for in-plane linear polarization as indi-
cated, measured before (a) and after (b) the laser exposure. See
Chapter 3.3.1 for more details about how these measurements have
been carried out. (c-d) LFE eH-CARS power dependence and repro-
ducibility measurements, measured with IFD = 2904 cm ™!, performed
focusing at the NR in (a-b), using linear exciting polarization. (¢) R
factor, computed from (d) as explained in Sec.5.2. The error bars
come from the uncertainty of the exact amplitude of the Gaussian
function used to fit the data and to retrieve the R factor value. (d)
eH-CARS amplitude measured at glass-oil interface away from NR
(black circle) and signal measured at the NR PSF in the co- (red
circle) and cross- (red square) circular polarized detection channels.
The overall power employed in each repetition is reported in the right
scale for clarity (green data). . . . ... ... ... ... ... .. ..

5.18 Left: pump and Stokes powers with the resulting overall powers ex-
citing at the sample used for the power dependence measurement
reported in Fig.5.19. Right: eH-CARS amplitude measured at glass-
oil interface away from NR for the indicated power and its linear
interpolation (dashed line). . . . . .. .. ... ... ... ... ...

5.19 (a-b) Single particle extinction cross-section of nominal 50 nmx 100 nm-
SiAuNR with 10 nm silica shell extracted from wide field extinction
imaging measurements and band-pass filters with the different re-
ported center wavelengths, for in-plane linear polarization as indi-
cated, measured before (a) and after (b) the laser exposure. (c-d)
LFE eH-CARS power dependence and reproducibility measurements,
measured with IFD = 2904cm ™!, performed focusing at the NR in
(a-b), using circular exciting polarization. (c¢) Reco—circ( circle) and
Reross—cire (square) factors, computed from (d) as explained in Sec.5.2.
The error bars come from the uncertainty of the exact amplitude of
the Gaussian function used to fit the data and to retrieve the R factor
value. (d) eH-CARS amplitude measured at glass-oil interface away
from NR (black circle) and signal measured at the NR PSF in the
co- (red circle) and cross- (red square) circular polarized detection
channels. The overall power employed in each repetition is reported
in the right scale for clarity (green data). . . ... ... .......

5.20 Left: pump and Stokes powers with the resulting overall powers ex-
citing at the sample used for the power dependence measurement
reported in Fig.5.21. Right: eH-CARS amplitude measured at glass-
oil interface away from NR for the indicated power and its linear
interpolation. . . . . . . ..o
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5.21 (a-b) Single particle extinction cross-section of nominal 50 nmx 100 nm-

5.22

5.23

5.24

SiAuNR with 10nm silica shell extracted from wide field extinction
imaging measurements and band-pass filters with the different re-
ported center wavelengths, for in-plane linear polarization as indi-
cated, measured before (a) and after (b) the laser exposure. (c-d)
LFE eH-CARS power dependence and reproducibility measurements,
measured with IFD = 2904 cm ™!, performed focusing at the NR in
(a-b), using linear exciting polarization. (c¢) R factor, computed from
(d) as explained in Sec.5.2. The error bars come from the uncertainty
of the exact amplitude of the Gaussian function used to fit the data
and to retrieve the R factor value. (d) eH-CARS amplitude measured
at glass-oil interface away from NR (black circle) and signal measured
at the NR PSF in the co- (red circle) and cross- (red square) circu-
lar polarized detection channels. The overall power employed in each
repetition is reported in the right scale for clarity (green data).

Energy diagram showing the resonant contribution to the CARS sig-
nal by the target molecule for (a) ideal single diatomic molecule and
(b) real molecule with quantized energy levels not evenly spaced. (a.l)
and (b.1) show how pump (green) and Stokes (red) are able to reso-
nantly drive the coherence between two well defined levels. (a.2) and
(b.2) show how pump and Stokes would be able to drive subsequen-
tially another vibrational coherence which involves higher vibrational
states only in the case of the ideal molecule. Solid lines indicate the
ground (g) and vibrational state (v1,ve,v3) levels, while the virtual
states are represented by dashed lines. . . . . ... ... .......

LFE eH-CARS time traces and extinction spectra measured before
(left) and after (right) eH-CARS acquisition, on two different silica
coated gold NRs of nominal 25 nmx71 nm size and 5nm shell thick-
ness. a) LFE eH-CARS performed with circular polarization excita-
tion; b) LFE eH-CARS performed with linear polarization excitation
rotated to be along the rod. All the LFE eH-CARS time traces were
performed with an overall power on the sample around 3 mW3/2.

LFE eH-CARS time traces and extinction spectra measured before
(left) and after (right) eH-CARS acquisition, on a silica-coated gold
NR of nominal 40 nmx68 nm size and 10nm shell thickness. a) Ex-
tracted extinction spectra measured before any LFE eH-CARS time
traces; b) Extracted extinction spectra measured after the first LFE
eH-CARS, performed with circular polarization excitation; c¢) Ex-
tracted extinction spectra measured after the first LFE eH-CARS,
performed with linear polarization excitation (along the rod); d) LFE
eH-CARS time trace performed with circular polarization excitation;
e) LFE eH-CARS time trace performed for linear polarization excita-
tion rotated to be along the rod. All the LFE eH-CARS time traces
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were performed with an overall power on the sample around 3 mW=3/2. 112
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5.25 LFE eH-CARS time traces and extinction spectra measured before
and after eH-CARS acquisition, on a silica-coated gold NR of nom-
inal 50nmx100nm size and 10nm shell thickness. a) Extracted ex-
tinction spectra measured before any LFE eH-CARS time traces; b)
Extracted extinction spectra measured after the first LFE eH-CARS,
performed with circular polarization excitation; ¢) Extracted extinc-
tion spectra measured after the first LFE eH-CARS, performed with
linear polarization excitation (along the rod); d) LFE eH-CARS time
trace performed for circular polarization excitation; e) LFE eH-CARS
time trace performed with linear polarization excitation rotated to be
along the rod. All the LFE eH-CARS time traces were performed with
an overall power on the sample around 3mW?3/2. . . . ... ... .. 113

5.26 Nonlinear source current Jcagrs (contour plot) and local CARS field
Ecars amplitude (false colours) obtained considering a SiAuNR (with
D=25nm, AR=2, Rij,=D/(2.5), tshen=5nm) placed onto a glass sub-
strate and surrounded by silicone oil, setting the NP to be in a homo-
geneous third order nonlinear and resonant medium (X1(33 ):X(()?l) ). Left:
Jcars and Ecars obtained when only the oil has a third order non-
linear contribution. Center: Jcars and Ecars obtained when only
the NP gold core has a third order nonlinear contribution. Right:
Jcars and Ecagrs obtained when only the NP silica shell has a third
order nonlinear contribution. . . . . ... . ... ... ... ... .. 115

5.27 Simulated extinction cross-section spectra (left) and (right) conse-
quent LSPR position in wavelength, obtained varying the NR as-
pect ratio AR, keeping constant all the other geometrical character-
istics. (a) D=25nm, Ry,=D/(2.5) and tghen=5nm. (b) D=50nm,
Riip=D/(2.5) and tshen=10nm . . . . . .. ... 117

5.28 Study of the third order nonlinear contribution in the simulated-
detected eH-CARS amplitude (Eq.3.4.21) obtained separately inves-

tigating the NP gold core (black, indicated with Xfl)l), the oil (red,

indicated with x(()?l)) and the NP silica shell (blue, indicated with
Xéfl)ell) third order contributions (see text) for a SiAuNRs surrounded

by silicone oil and placed onto a glass substrate (index matched

with the bulk material). The NP is considered as placed in a ho-
mogeneous material from the third-order non linearity point of view

(see Egs.5.6.2). Each LSPR corresponds to a different NP with (a)
D=25nm, Rij,=D/(2.5), tshen=bnm and (b) D=50nm, AR=2, R,=D/(2.5),
tshen=10nm, for which the AR has been varied. The results for three
driven molecular vibration are shown: (Left) €;,=2860cm™!, (Cen-

ter) Qui,=2904 cm ™!, to whom corresponds the oil CARS resonance,

and (Right) Q,i,=2860cm™". . . .. ... ... ... . ........ 118




5.29

5.30

5.31

5.32

5.33

5.34

Study of the third order nonlinear contribution in simulated-detected
eH-CARS amplitude (Eq.3.4.21), for Qy1,=2904 cm ™!, obtained sep-

arately investigating the NP gold core (left, indicated with Xg)? the
oil (center, indicated with x%)) and the NP silica shell (right, indi-

oil
cated with Xéfl)eu) third order contributions (see text) for a SiAuNRs
surrounded by silicone oil and placed (red, BG) in an homogeneous

third order nonlinear material and (black, BG) onto a glass substrate

(index matched with the bulk material) with X1(33 )=0. Each LSPR cor-
responds to a different NP with D=25nm, Ry;,=D/(2.5), tshen=5nm
for which the AR has been varied. . . . .. ... ... ... .....

Local field enhancement (LFE) of the CARS signal, considering the
CARS process taking place at a silica coated NR (with D=25nm,
AR=2, Riip=D/(2.5), tshen=b1nm) in the case of (a) plasmonic gold
core (eay as in Chapter 4.1.3.1) and (b) dielectric core (n=1.52).

Top: eH-CARS amplitude as a function of the IFD, experimentally
measured at the oil-glass interface away from the NR(red) and at the
NR (black). Bottom: R factors wavenumber dependence. . . . . . .

Gaussian function (0=8.48cm™!) used in the convolution onto the
simulated eH-CARS signals to take into account the spectral resolu-
tion characterizing the real experiments. p is translated in the convo-
lution from 2840 cm™! to 2960 cm ™! in steps of 5ecm™! and here two
examples are given for 4=2860cm~! (blue) and ©=2860cm=! (red).

Comparison between simulated eH-CARS signal, as a function of €,
obtained neglecting (solid lines) and taking into account (dashed line)
the spectral resolution that affects the experiment (see text). Both
real (red) and imaginary (blue) components of the eH-CARS are dis-
played. The simulation was performed for four different cases: (a)
in the absence of the NR at the oil-glass interface, (b) with the NR
and Xg:O m?2/V2, (c) with the NR and Xg:?)x10_19n[12/V2 and
(d) with the NR and Xfazlx 10~¥m?/V2. Where the NR is present
is has been modeled with D=56nm, AR=1.37, g=0.75 R:,=D/3
and tghen=10nm. The following third order materials properties have

been used: X](33 ) = 7.8 x 10~23m? /V? for the borosilicate glass cover-

slip, XE&? =3 x 1079m?2/V?2 for the NR gold core, X(i)ell = 0.6X1(3?’) for

S

the silica shell. . . . . . . . . . .

Top: Simulated eH-CARS amplitudes, as function of the IFD, ob-
tained in presence (black) and absence (red) of the NR, neglecting
(solid lines) and taking into account (dashed line) the spectral reso-
lution that affects the real experiments. Bottom: Comparison for the
computed R factor neglecting (solid lines) and taking into account
(dashed line) the spectral resolution that affects the real experiments.
The simulation were performed considering a NR with D=55nm,
AR=1.37, g=0.75 Ryp=D/3 and tshen=10nm. The following third

order materials properties have been used: Xl(gg ) — 7.8 x 10~ 2m? /V?

for the borosilicate glass coverslip, Xfl)l =3x107"m?/V? for the NR

gold core, Xéizeu = 0.6)(](33 ) for the silica shell. . . . . . . ... .. ...
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5.35

5.36

5.37

5.38

Top: eH-CARS amplitude as a function of the IFD, experimentally
measured at the glass-oil interface (circle red symbols) and at the NR
PSF (square red symbol) and simulated from the glass-oil interface
only (dashed black line) and from the NR (solid black line). The log
scale was adjusted to improve the qualitative comparison between the
signals related to the glass-oil interface. Bottom: Quantitative com-
parison between the R factors resulting from the experimental (red

symbols) and simulated (black solid line) eH-CARS dataset. The X;i)l
employed in the simulation performed in presence of the NR has been
set to Om?/V? (left), 3x1071%m?2/V? (center) and 1x10~*¥m?/V?

R factor versus power of incident fields from polarization resolved eH-
CARS. Left: Nominal 25x71 nm NR with 5 nm of SiOs shell; Selected
silicone oil resonance is 2904 cm™!; Circular polarization excitation
and R factor computed considering the projection of the detected
eHCARS signal along(co-) the longitudinal axis of the NR. Middle:
Nominal 40x68 nm NR with 10 nm of SiOq shell; Selected silicone oil
resonance is 2904 cm™!; Circular polarization excitation and R fac-
tor computed considering the projection of the detected eH-CARS
signal along(co-) the longitudinal axis of the NR. Right: Nominal
50x100nm NR with 10nm of SiOs shell; Selected silicone oil res-
onance is 2904 cm™'; Circular polarization excitation and R factor
computed considering the projection of the detected eH-CARS signal
along(co-) the longitudinal axis of the NR. . . . . . . ... ... ...

Polarization resolved single particle extinction spectra eyt measured
before and after the local field enhanced eH-CARS (LFE eH-CARS)
set of measurements reported in Fig.5.36. Fach row refers to the
particle whose size and silica shell thickness are reported in the cor-
responding sketch. For details about the acquisition procedure of the
extinction measurement see Chapterd.3.1. . . . . . .. ... ... ..

Left: Simulated extinction cross-section spectra eyt of silica coated
gold NR, placed at a glass substrate and surrounded by index match-
ing silicone oil (n=1.52), with diameter D equal to 25 nm (top, black),
40nm (middle, red) and 50nm (bottom, blue), and silica shell thick-
ness tgpen set to 5nm, 10 nm and 10 nm respectively. The aspect ratio
(AR) of each NR was varied, as indicated, to shift the corresponding
LSPR as about 560 nm (circle), 660 nm (square) and 760 nm (trian-
gles). Right: Computed R factor as a function of the LSPR position of
silica-coated gold NRs with D=25nm ts,ey=5nm (black), D=40nm
tshey=10nm (red) and D=50nm tgpey=10nm (blue). The different
symbols refers to the legend in (Right) to indicate the AR value used
to obtain a given LSPR position. . . . . ... ... ... 0oL
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5.39 Bar plot providing a visual representation of the number of particles

6.1

6.2

6.3

6.4

investigated during the various characterizations. Distinct particle
groups are shown on the x-axis, with the height of each colored box
within the columns representing the number of particles characterized
with the corresponding measurement. Each color denotes a specific
characterization method, providing a visual overview of the distribu-
tion of analyses across different particle groups. Example: Among
the nominal 50nm x100nm SiAuNRs group, a total of 60 rods under-
went characterization. Specifically, 10 of these rods were specifically
utilized for the eH-CARS wavenumber dependence characterization.

Sketch of the sample used in Chapter 6.4.2. HEK293 cells expressing
C-terminally GFP-His-tagged rat P2X7 receptors are seeded onto a
microscopic coverslip containing multiple AuNB nanoantennas. The
inset (adapted from Ref.[1]) shows P2X7 associated with a membrane
region that is enriched in sphingolipids and cholesterol (liquid ordered

Measured SRS spectra of polistyrene (PS) and Gibco™ FluoroBrite™
DMEM. Spectra acquired tuning the OPO to have IFD,=2950 cm ™!
and scanning the pump-Stokes delay over 500 ps. As the relative peaks
intensities observed are affected by the pump-Stokes overlap from the
spectral focusing method and temporal ordering for IFD>2950 cm ™,

134

we also plotted here for comparison the retrieved, normalized %(Xg)S ).138

Transmission wide-field image of an AuNBs array with indication
about how the periodicity and orientation are determined (yellow)
and the order followed to successively and automatically measure nine
nanoantennas in a row (blue). . . . . . ... ... oL

Representative fluctuation correlation time traces between (from top
to bottom rows) nominal SHG-, TPF-, and eH-CARS signal (real
component (R), imaginary component (J), amplitude (Abs) and phase
(®)). Sample: AuNBs surrounded by Gibco™ FluoroBrite™ DMEM
with 25mM HEPES. Time traces of 20s (as indicated) were recorded
with 0.1 ms sample period at the antenna’s site and downsampled to
10ms. IFD=2904 cm~!. Exciting power at the sample: Pp=0.86 mW
and Pg=1.84 mW. For the PMTs channels, we reported an indication
of the detected bandwidth for clarity. See reliability check in Fig.6.5.
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6.5

6.6

6.7

6.8

6.9

6.10

Four criteria to be checked to consider the correlative time trace
recorded (shown in Fig.6.16) at the antenna as reliable. (a) A 2D
eH-CARS amplitude image (2 umx2 pum) measured at the AuNB fo-
cus, before and after the correlative measurement, shows that the
antenna remained reasonably centered (yellow cross) during the time
trace. Rainbow scales from m (black) to M (white) as indicated.
Exciting power at the sample: Pp=1.2mW (pump) and Pg=4 mW
(Stokes). (b) Single particle extinction cross-sections, measured be-
fore and after the laser exposure, show that the antenna was not
affected by significant structural changes during the laser exposure.
(¢) Galvo mirrors positions (along x and y directions) recorded dur-
ing the time traces, to visualize possible instabilities affecting the
recorded signal. (d) Four BPD currents (ig, i1, ig, i3) recorded during
the time trace measurement were balanced (symmetric around the
x-axis). Additionally, the i = == used to correct the recorded time

<1x>
trace eH-CARS is shown. . . . . . . . . . . .. .. .. ... ... 144

Representative fluctuation correlation time traces between (from top
to bottom row) nominal SHG, TPF, RED fluorescence, and SRS sig-
nals. Sample: 200nm diameter YG fluorescent PS bead in a 50%
glycerol/water (v/v) solution. Time traces of 20s were recorded si-
multaneously in the mentioned channels with 0.1 ms sample period,
downsampled to 10 ms. Powers employed at the sample: Pp=4.7mW
and Pg=12.29 mW. (Left) IFD=2904 cm~!, (Right) IFD=3050 cm~!.
For the PMTs channels, we reported an indication of the detected
bandwidth for clarity. . . . . . . ... ... oo 146

Specification emission spectra of YG Fluorescent Microspheres (adapted
from Ref.[2]) where the bandwidth of the detection of SHG-, TPF-,

and RED- channels are highlighted with the corresponding represen-
tative colors (blue, green, and red). The resulting integrals of the
emission curve in the different regions are reported. . . . . ... .. 147

Raman spectrum of glycerol . . . . . . .. ... ... L. 147

Illustration of the optical trapping taking place in a sample given
by PS beads moving in a bulk medium and encountering a tightly
focused beam. . . . . ... oL 148

Representative fluctuation correlation time traces between (from top
to bottom row) nominal SHG-, TPF-, RED- fluorescence and SRS-
signals. Sample: 200nm diameter YG fluorescent PS beads in fully
DI water solution. Time traces of 20s were recorded simultaneously
(with 0.1 ms sample period) and downsampled to 10ms. Powers
employed: Pp=4.7mW and Pg=12.29mW. (Left) IFD=2904 cm™!,
(Right) IFD=3050cm™~!. For the PMTs channels, we reported an
indication of the detected bandwidth for clarity. . . . . . . .. .. .. 149
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6.11 Representative fluctuation correlation time traces between (from top
to bottom row) nominal SHG, TPF, RED fluorescence and SRS sig-
nals. Sample: 200nm diameter YG fluorescent PS bead in fully DI
water solution. Time traces of 20s (as indicated) were recorded simul-
taneously with 0.1 ms sample period and downsampled to 10 ms. Pow-
ers employed: Pp=2.45 mW and Ps=5.96 mW. (Left) IFD=2904 cm !,
(Right) IFD=3050 cm~!. For the PMTs channels, we reported an in-
dication of the detected bandwidth for clarity. . . . . . . .. .. ... 150
6.12 Zoom in into two intervals (indicated in the horizontal axis) of the
representative fluctuation correlation time traces of Fig.6.11-left (left)
and Fig.6.11-right (right) . . . ... .. ... ... ... .. .. 151

6.13 TIllustration of a possible configuration where PS beads, moving in a
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<in>
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<i1n>
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directions) were recorded during the time traces to visualize possible
instabilities affecting the recorded signal. (d) Four BPD currents (i,
i1, ig, i3) recorded during the time trace measurement were balanced
(symmetric around the x-axis). Additionally, the 1 = =~ used to

<in>
correct the recorded time trace eH-CARS is shown as well. . . . . .

— xxvii —



List of Tables

3.1

4.1

6.1

Estimated diffusion times of 100 nm and 200 nm diameter polystyrene

(PS) beads passing through the focal volume (V¢~0.5um?) and through

the volume probed by the antennas (Vng ~50nm?), in case of fully

DI water solution (0%) and 50% glycerol/water solution . . . . . . . 34

Parameter used in Eq.4.1.14 within this work. . . . . . . . ... ... 76

IFD (cm™), pump wavelength (nm), IFD. (cm™1), Stokes wavelength
(nm), CARS wavelength (nm) used within this Chapter. . . . . . . . 139

— xxviii —



Abstract

Coherent anti-Stokes Raman scattering (CARS) micro-spectroscopy is a promising
technology for label-free chemical sensing and imaging at high-speed. It has been
extensively developed over the last two decades, allowing for mapping of endoge-
nous biomolecules in living systems, from single cells to large area tissues, without
the drawback of staining artifacts and photobleaching associated with fluorescence
microscopy, at speeds up to video rate. To date, we are still missing a label-free
non-invasive detection method able to achieve single-molecule detection and mea-
sure nanoscale regions of interest such as lipid nanodomains in living cells with
high spatio-temporal resolution. Despite all the advantages, with a CARS-based
technique is still not possible to achieve single-molecule detection. The strong en-
hancement of the light field occurring at the nanoscale region near the surface of a
metallic nanostructure has helped to overcome this limitation. In plasmon-enhanced
CARS, the generated anti-Stokes signal is the result of the locally enhanced pump
and Stokes laser fields with an additional amplification of the generated anti-Stokes
field by the plasmonic nanostructure.

In this work, we first show proof-of-principle experiments to chemically detect
lipid molecules label-free using an epi heterodyne detected CARS (eH-CARS) tech-
nique and exploiting the local field enhancement (LFE) occurring in the nanoscale
region near a single plasmonic silica-coated gold nanorod (SiAuNR). Such technique
is thus named LFE eH-CARS. For optimum LFE effect, the localized surface plas-
mon resonance (LSPR) of the selected SiAuNRs was chosen to coincide with the
CARS wavelength of the CH stretch vibration in lipid (~2900cm~1!), i.e. 660 nm in
our set-up. For this purpose, the extinction cross-section spectrum of each individ-
ual SiAuNR was measured. We additionally developed an optical sizing tool able to
estimate parameters describing the geometry of SiAuNRs via comparison of quanti-
tative experimental and numerical results. Furthermore, we developed an elaborate
simulation model, reproducing the experimental setup, both from the point of view
of the excitation and detection, to gain a better understanding of the LFE provided
by a gold nanorod (NR) in CARS. Such a model has been a significant new develop-
ment, to date not shown in the literature. The established technique was then used
to perform correlative fluorescence and LFE eH-CARS sensing measurements at sin-
gle gold nanobowtie (AuNB) antennas, by exploiting fluorescently labeled PS beads
moving in and out of the antenna LFE volume. Moving forward, we interrogated
the plasma membrane of HEK293 living cells over-expressing a GFP-tagged P2X7,
which is a membrane receptor thought to partition in lipid nanodomains, rich in
cholesterol and saturated lipids. The AuNBs were entirely designed and fabricated
within the project and protocols to attach the HEK293 cells on top of the nanoan-
tennas and keep them alive sufficiently long to perform the sensing measurements
were successfully established. While eH-CARS from the PS beads in the absence
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of the nano-antenna was not sufficiently strong to be detected and correlated with
two photon fluorescence (TPF) simultaneously detected in our set-up, we found ev-
idence of LFE eH-CARS correlatively with TPF fluorescence when measuring onto
the antennas. Notably, we detected LFE eH-CARS correlatively with TPF fluores-
cence also when measuring on living cells, suggesting the presence of transient lipid
nanodomains/raft, exhibiting CARS signals, close to a GFP-tagged P2X7. Fur-
ther studies are needed to draw robust conclusions. The proposed LFE eH-CARS
correlatively with TPF technique is biocompatible and serves as the foundation to
investigate the dynamics of individual proteins within living cell membranes and
their association with lipid nanodomains, with chemical specificity and sensitivity
at the nanoscale.
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Chapter 1

Introduction

The formidable potential of optical microscopy as a tool for investigating biological
samples, with a specific focus on cells and their intricate components, has long been
a driving force for scientific inquiry and discovery. Optical microscopy is extensively
used to study the morphology, structure, and function of individual cells. Addition-
ally, when used for live cell imaging, it allows researchers to monitor and record
dynamic processes such as cell division, migration, and response to stimuli (Ref.[3]).
Brightfield microscopy (Ref.[4]) is one of the oldest and most widely used techniques
among researchers and medical experts. Briefly, a homogeneous and sufficiently
intense illumination is achieved by using a condenser lens, which focuses the light
onto the sample. This light subsequently passes through the sample and is ultimately
collected by the compound lens system of the microscope. Variations in the trans-
parency of the sample create contrast in the resulting image. Among the various
brightfield techniques, differential interference contrast (DIC) (Ref.[5]) microscopy
is a contrast-enhancing technique, used to visualize transparent and unstained spec-
imens. In such a technique, the variations in optical path length are detected and it
is possible to effectively create a 3D-like appearance of the sample. The bright field
techniques are diffraction-limited, which means the diffraction of light inherently
limits them. This limitation restricts the resolution to a few hundred nanometers,
preventing the visualization of finer structural details and molecular-level features.
In fact, as stated by Abbe’s law, the resolution limit (d), i.e. the smallest resolvable
distance between two points in optical microscopy is determined by the wavelength
of light used (A) and the numerical aperture (NA) of the optical system, as d = 53
The spatial resolution is also closely related to the point spread function (PSF) as-
sociated with the optical system. The PSF is a fundamental concept in imaging
which describes how a point source is spread out in an image. It is a mathemati-
cal representation of the response of an imaging system to a point source or point
object. A smaller and more compact PSF generally leads to higher spatial resolu-
tion because it means that the system can better distinguish between closely spaced
objects. Moreover, bright field techniques do not provide chemical specificity. As a
result, these techniques cannot differentiate between different types of molecules or
specific chemical components within a sample. For researchers interested in molec-
ular or chemical information, auxiliary techniques, such as fluorescence microscopy
or vibrational microscopy, are often necessary.

Fluorescence microscopy, widely employed by biologists, is renowned for its sen-
sitivity achieved through the utilization of fluorescence markers. These markers can
be either endogenous (e.g., fluorescent proteins) (Ref.[6]) or exogenous (e.g., dyes or
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semiconductor quantum dots) (Ref.[7]) into cells or tissues. Fluorescence nanoscopy
(Ref.[8]) has opened up the exciting possibility of breaking the diffraction limit, en-
abling researchers to image and explore nanoscale structures and phenomena with
unprecedented precision. For example, in the techniques that belong to the group of
reversible saturable optical fluorescence transitions (RESOLFT) (Ref.[9], Ref.[10]),
a subdiffraction resolution is achieved by temporarily preventing the fluorescence
of fluorophores located outside the central region of the focal spot. By using spe-
cific techniques and laser patterns, such as reversible transitions between different
states of the fluorophores, the emitting volume is confined to a region much smaller
than the diffraction-limited spot. This focused spot, smaller than the diffraction
limit, is scanned across the specimen to create a super-resolved image. The spe-
cific terms used to describe these modalities, such as stimulated emission depletion
(STED) (Ref.[11]) and ground state depletion (GSD)(Ref.[12]), depend on the par-
ticular molecular transition utilized to induce the transition of fluorophores into a
non-emissive or "dark" state. A different approach is instead used in PALM (pho-
toactivated localization microscopy) and STORM (stochastic optical reconstruction
microscopy), where the key principle is to use photoactivatable or photoswitchable
fluorophores, controlling their activation and deactivation, to determine the center
position of the PSF with higher precision than its width. In PALM (Ref.[13]), spe-
cific fluorescent molecules are switched on and off sequentially, and their precise
positions are determined through mathematical analysis. This process is repeated
for a large number of molecules, ultimately creating a super-resolved image. In
STORM (Ref.[14]), the stochastic blinking behavior of certain fluorophores is ex-
ploited. The blinking is inherently random, and by capturing and analyzing the
positions of blinking fluorophores over time, a super-resolved image is constructed.
However, fluorescence microscopy techniques exhibit several drawbacks. To begin
with, relying solely on fluorescence restricts the ability to distinguish a limited num-
ber of structures due to the broad emission bandwidths of fluorescent proteins, which
often overlap. Furthermore, fluorophores can lose their fluorescence capability as
they may undergo photobleaching. In fact, upon transition from an excited singlet
state to the excited triplet state, which is characterized by a relatively long lifetime,
fluorophores may interact with other molecules ending up with irreversible covalent
modifications. Additionally, fluorescent molecules tend to generate reactive chemi-
cal species when exposed to light, exacerbating the phototoxic effects on biological
samples. Finally, the introduction of fluorescent markers can perturb the specific
structures that have been labeled for fluorescence.

Vibrational microscopy (Ref.[15]) is a technique that combines microscopy with
vibrational spectroscopy to study the chemical composition and molecular structure
of materials on a microscopic scale. It is a non-invasive label-free technique, which
avoids sample treatments and artifacts associated with staining protocols and is not
limited by fluorophore photo-bleaching and related cytotoxicity. There are two pri-
mary types of vibrational microscopy: mid-infrared (MIR) microscopy and Raman
microscopy. In MIR microscopy (Ref.[16]) a mid-infrared light source (A ~3 pm-
10 um) is used to illuminate and resonantly probe the vibrational modes of the
sample, and the transmitted or reflected light is analyzed. The main limitation in
the use of the MIR technique is related to the strong absorption of water in the mid-
infrared range. This water absorption can obscure the signals from the biological
molecules of interest. Biological samples often contain a significant amount of water,
and this can complicate the interpretation of IR spectra. Additionally, the spatial
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Figure 1.1: Representative biological Raman spectrum adapted from Ref.[21].

resolution is typically limited by the longer wavelength employed in MIR, although
lately it has been developed a technique called optical photothermal IR, microscopy
(see Ref.[17]) where visible probes are used to overcome the limitation of IR spatial
resolution.

Raman-based techniques are often preferred for investigating biological sam-
ples, such as tissues and cells (Ref.[18], Ref.[19]) when water compatibility and the
need for high spatial resolution are essential. The simplest and first exploited tech-
nique belonging to this family is the spontaneous Raman (SR) (Ref.[20]), where a
monochromatic light source, typically from a laser, interacts with a sample, and
some of the incident photons undergo inelastic scattering. In this process, the en-
ergy of the scattered light is up- or down-shifted depending on the vibrational and
rotational energies of the molecules in the sample. This shift, known as the Raman
shift, is directly related to the molecular vibrations within the material. Figure 1.1,
shows a representative biological Raman spectrum. The spectrum may be divided
into three main spectral windows:

« The spectral window from 400cm™! to 1800cm ™! is named fingerprint region.
Here, numerous small and closely spaced vibrational bands can be found, which
correspond to low-energy bending and twisting vibrations that can take place
in lipids, proteins, and nucleic acids.

e The spectral window from 1800cm~! to 2700cm~! is known as the Raman-
biological silent region, because typically evident peaks are not present. It
can be exploited to introduce Raman-tag molecules in a given sample, which
provide characteristic peaks within this spectral window, e.g. deuterated
molecules with C-D stretch bonds vibrating around 2200cm ™! (Ref.[22]).

« Finally, the spectral window from 2700cm ™" to 3100cm ™! displays broad peaks
associated with the CH, CHy, and CH3 symmetric and antisymmetric stretch-
ing through which one can discern lipids, proteins, and DNA.
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The main drawback of the spontaneous Raman technique is its low scattering cross-
section, which means that the phenomenon probability is very low and typically
requires a long integration time (up to 1s) to acquire a vibrational spectrum from a
single spatial position in the sample, with sufficient signal to noise ratio.

The latter drawback of SR is overcome by coherent Raman scattering (CRS)
(Ref.[23]). It is a third-order nonlinear optical process which uses the interference
between a first short laser pulse, called pump, and a second one, red-shifted, called
Stokes, to coherently drive molecular vibrations at the beat frequency difference. In
this way, the induced collective molecular oscillations from all bonds of the same type
in the focal volume give rise to a constructive interference of the Raman scattered
light generated by every single molecule. This process allows a sufficient coherent
signal enhancement which enables high acquisition speed and the direct view of
real-time movement of living samples on the few second per frame imaging scale.
Moreover, CRS techniques, being based on a nonlinear optical process where the
signal generation takes place only in the focal volume, exhibit three-dimensional
(3D) spatial resolution without the requirement for any physical confocal apertures
(Ref.[24]).

A common implementation of CRS is called CARS (Ref.[25], Ref.[26]). In this
technique the initial vibrational coherence induced by the interaction between the
pump and the Stokes photons with the sample is probed by a further interaction
with another pulse, often chosen to coincide with the pump pulse, in a two-beam
implementation. The detected frequency is then the up-shifted Raman scattering of
the higher excitation frequency (pump). This signal detection is free from excitation
background since the CARS optical frequency wcars is spectrally well separated
from the frequency of the exciting pump and Stokes pulses, being wcars = 2wp —ws.
The CARS field can be expressed as (Ref.[23]):

Ecars x X(g)EPQES (1.0.1)

where Ep and Eg are the pump and Stokes fields and x(®) is the complex non-linear
CRS susceptibility, which is the quantity of interest, being proportional to the local
material composition.

The CARS technique’s simplest implementation employs narrowband pump and
Stokes beams. Despite its image acquisition speed (down to hundreds of nanosec-
onds or tens of microseconds per pixel) (ref.[27]), it does not offer the same wealth
of information provided by SR as it only probes a single vibrational mode at a time.
The implementation of broadband CARS (Ref.[28]), either as hyperspectral CARS
(Ref.[29]) or as multiplex CARS (Ref.[30]), allows to interrogate multiple vibrational
modes in one acquisition. The first is based on the coupling of pump pulses with
tunable Stokes pulses, whose frequency detuning sequentially matches the Raman
modes of the samples. Instead, the second one relies on the combination of narrow-
band pump pulses with broadband Stokes, thus interrogating multiple vibrational
modes in parallel.

The detection of the CARS intensity is proportional to the modulo square of the
x®), which has a vibrationally resonant and non-resonant component. For this
reason, the CARS intensity is affected by both the vibrationally resonant and non-
resonant parts of the complex non-linear CRS susceptibility, whose interference gives
rise to an asymmetric spectral lineshape for a resonant response. The non-resonant
part also causes a background, reducing image contrast for microscopy applications
(Ref.[31]). Various methods have been developed to suppress the influence of the
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non-resonant background in the detected signal. As the non-resonant response is
temporally instantaneous, it can be removed by temporal filtering (Ref.[32]). Alter-
natively, assuming an isotropic non-resonant background, once the exciting pump
and Stokes polarization are defined as elliptical and ensuring that the resonant con-
tribution has a cross-polarized intensity, the non-resonant background has a given
polarization that can be filtered in the detection (Ref.[33]). Frequency modula-
tion (FM) CARS (Ref.[34]) and dual/differential-CARS (Ref.[35], Ref.[36]) are two
other implementations that suppress the non-resonant background while allowing
for high-speed acquisition. In FM-CARS, a modulated CARS signal, obtained via
the frequency modulation of pump and Stokes beams, is detected using a lock-in
amplifier, suppressing the non-resonant background whilst maintaining video rate
imaging. In dual/differential CARS, linearly-chirped femtosecond laser pulses are
used to excite a pair of CARS vibrations alternatively, within the pulse train se-
quence. The resulting CARS intensities are detected by a single photomultiplier
as sum and difference using phase-sensitive frequency filtering which suppresses the
non-resonant CARS background and improves the chemical sensitivity.

The detection of the CARS signal can be performed in the forward or epi-direction.
Forward and backward CARS signals can offer complementary insights into a sam-
ple (Ref.[31]). In contrast to fluorescence emission and spontaneous Raman scatter-
ing, the radiation pattern of CARS relies on both the size and shape of a scatterer
(Ref.[37]). When the size of the scatter is much smaller than the exciting wavelengths
the CARS radiation is emitted in the forward and backward directions symmetri-
cally. For an increasing sample size, the CARS radiation is emitted into a small
cone propagating in the forward direction. Forward-detected CARS (F-CARS) mi-
croscopy is well-suited for imaging objects of a size comparable to or larger than
the excitation wavelength. Conversely, when dealing with smaller objects, an epi-
detected CARS (e-CARS) microscopy turns out to be a more sensitive approach to
image objects with an axial length significantly smaller than the excitation wave-
length, such as nanoparticles, or lipid bilayers in a bulk medium (Ref.[38], Ref.[39],
Ref.[40], Ref.[41]), being able to exclude the detection of signal coming from the
bulk which is propagating in the forward direction.

Most of the CARS implementation detect the field intensity. The implementation
of an interferometric detection technique instead allows us to measure directly the
amplitude and phase of the CARS field (Ref.[42]) and enables us to suppress any
incoherent contribution. The interferometric detection involves the interference be-
tween the CARS field from the sample and a local oscillator (i.e. a non-resonant
CARS field used as reference). Such interference is then detected by an interferom-
eter. From the total phase difference between the two arms of the interferometer,
the phase difference introduced by the sample can be extracted and the real and
imaginary component of the CARS field from the sample determined. Another
possibility to detect amplitude and phase of the CARS field is via a heterodyne
detection scheme (Ref.[43], Ref.[44]). The heterodyne detection also involves the
interference of two optical signals, but it combines the signal with a local oscillator
characterized by a slightly different frequency. The signal at the frequency difference
(beat frequency) can be detected in amplitude and phase by using a dual-channel
lock-in amplifier. Initially, the realizations of heterodyne CARS involved a reference
beam at the sample overlapped with both pump and Stokes beams, and scanned
with them across the sample.

The starting point of this project is the CARS technique implementation called
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eH-CARS (Ref.[45], Ref.[46]) which exploit an epi-geometry scheme and a dual-
polarisation heterodyne detection via balanced photodiodes detector. Differently
from the previous implementations, it exploits an external reference, temporally and
spatially overlapped with the epi-CARS signal (see Chapter 3.3.2). The eH-CARS
is characterized by several advantages. The epi-detection is mostly sensitive to
interface and nano-objects, rejecting forward CARS background from bulk media.
A balanced photodiode detection is essential to suppress the classical noise of the
reference itself, e.g., due to laser instabilities. Additionally, compared to PMTs
typically used, photodiodes have higher quantum efficiencies and do not suffer from
amplification excess noise. The choice of reference power can be made without
the risk of sample photodamage, as it does not pass through the sample, and such
that it is dominant to obtain a shot-noise limited signal using balanced photodiode
detection. The dual-polarization detection allows the measurement of both co- and
cross-polarization components of the field in one acquisition.

Despite all the advantages, two main limitations affect are still present. First,
the coherent signal enhancement is proportional to the number of identical chemical
bonds in the focal volume and usually requires at least 10° bonds to allow high-speed
imaging (Ref.[47]). Second, CARS is still limited in spatial resolution by diffraction.

The strong enhancement of the light field occurring at nanoscale regions near the
surface of metallic (hence plasmonic) nanostructures can overcome both of these lim-
itations. Metal nanostructures, upon coherent optical illumination, show localized
charge density oscillations consisting of a coherent and collective motion of elec-
trons. The consequent electric field, associated with the charge density oscillations
enhances the exciting one. CARS performed in the presence of a plasmonic nanos-
tructure is typically named surface-enhanced CARS (SECARS) in the literature.
However, as the enhancement provided by the nanostructure is spatially confined
to the nanostructure surface, in a small region whose size is of the same order of
magnitude of the nanostructure itself, we prefer later in this thesis calling this effect
local field enhancement (LFE) and, accordingly, local field enhanced CARS (LFE
CARS).

The possibility of SECARS from molecules located near the surface of a small
silver particle was theoretically predicted (Ref.[48]). Then its first observation was
actually achieved in 1994 (Ref.[49]), using nanosecond pulses and an ensemble of col-
loidal plasmonic silver spheres dispersed in a net liquid given by benzene, chloroben-
zene, and toluene separately tested. Another pioneering experiment has shown how
recorded pyridine Raman spectrum can be enhanced by the addition of silver colloids
(Ref.[50]). The SECARS experiments on metallic particle colloids demonstrated how
the SECARS signal is affected by several parameters such as the properties of the
particle colloids, their concentration, and the exciting laser wavelength. In general,
to optimize the SECARS generation a more direct approach is to work with a single
plasmonic designed nanostructure. In 2003 the adenine CARS spectrum was mea-
sured while enhanced by isolated gold nanoparticles (Ref.[51]) and later tip-enhanced
CARS techniques for both spectroscopy and vibrational nanoimaging were accom-
plished (Ref.[52], Ref.[53]). The latter could successfully visualize the DNA network
structure and subcellular organelles. Furthermore, researchers started to exploit the
field enhancement occurring at plasmonic nanojunctions, i.e. nanometric size gaps
in between plasmonic nanostructures. For example, in 2014, it has been demon-
strated the detection of single organic molecules (trans-1,2-bis-(4-pyridil) ethylene)
via the SECARS at the gap of a large gold nanoparticle (NP) dimer, encapsulated
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in a porous silica shell (Ref.[54]). In the same year, a quadrumer structure formed
by gold nanodisks was proposed (Ref.[55]), which minimized losses at the pump
frequency and displayed superradiant properties at the anti-Stokes frequency. The
spectral contrast in that case was sufficient to discriminate between the spectra of
different molecular targets used in the experiments, i.e. paramercaptoaniline (p-MA)
and adenine molecules, characterized by clearly distinguishable Raman spectra. The
latter experiment also demontrated how the gold nanostructure itself produced a sig-
nificant four wave mixing (FWM) background, most of which could be suppressed
by a polarization-sensitive detection. Only a few biological applications of SECARS
have been shown so far in spite of more than 30 years since the first demonstra-
tion. In 2011 (Ref.[56]) Immuno-SECARS microscopy was demonstrated as the first
application of the SECARS detection contrast for bio-imaging onto prostate tissue
biopsies labeled with p63-antibody-conjugated plasmonic NPs.

The goal of this PhD project is to develop a method able to measure the chemical
composition and heterogeneity in living cell membranes at the nanoscale with high
speed. We exploited the combination of the mentioned eH-CARS with the LFE
of the CARS field, from molecules placed in close proximity to single plasmonic
nanoparticles. The LFE obtained for each field involved in the process mainly de-
pends on nanostructures’s composition, shape, and size. Such characteristics deter-
mine the LSPR, i.e. the frequency at which the nanostructure has to be excited to
have the higher achievable enhancement and the strength of such plasmon. The di-
electric environment also affects the wavelength position of the LSPR. Additionally,
the incident fields, in particular its frequency and its polarization strongly influence
the LFE. Depending on the shape of the nanostructure, it is possible to have a
certain direction that ensures the optimal coupling between the exciting field and
the excited plasmon.

In principle, both pump, Stokes, and the CARS field generated by the molecule
resonantly excited can take advantage of the enhancement provided by the plas-
monic nanostructure. We actually choose to work with nanostructure such that the
associated LSPR involved in the process turns out to be as much as possible close to
the CARS wavelength, to optimize the enhancement of such field while minimizing
the enhancement of pump and Stokes. This choice was made in view of the future
application in living cell membranes. In fact, the enhancement of the pump and
Stokes corresponds to an amplification of these beams that could lead to an over-
heating of the sample and of the nanoparticles themselves, causing damage. Within
this project particular attention was given to the enhancement and detection of
CARS signal arising from the excitation of lipid molecules.

In order to establish a proof of principle for the LFE eH-CARS technique, we
initially examined samples featuring various sizes of SiAuNR surrounded by a bulk
medium with a well-defined Raman spectrum, specifically silicone oil. We utilized
gold as the material for these nanostructures due to its established biocompatibility,
as evidenced in previous research (Ref.[57], Ref.[58]). Additionally, a silica coating
was inserted to prevent the gold nanorods from reshaping upon laser excitation, as
this is a well-known issue associated with these nanoparticles (Ref.[59]). We opted
for the nanorod structure as it exhibits a split in the localized surface plasmon band
into two distinct bands: the longitudinal band (occurring at longer wavelengths) and
the transversal band (occurring at shorter wavelengths). These bands correspond to
the oscillation of free electrons along and across the main (longer) axis of the NR.
The choice of rod size and aspect ratio plays a crucial role in tuning the position of

-7 -



the longitudinal plasmon bands in terms of wavelength. We selected aspect ratios
so that the longitudinal LSPR coincides with the wavelength of the CARS signal
associated with lipids.

As colloidal synthesis typically generates a variety of sizes and shapes, we investi-
gated the optical properties of these SIAulNRs via single-particle optical extinction
microscopy measurements (see Chapter 4.1). Furthermore, we developed an optical
sizing tool able to quantify the rod shape and size by comparing the measured ex-
tinction cross-sections with simulations. The latter were obtained via an elaborate
model developed with the commercial software COMSOL Multiphysics (see Chapter
3.4), reproducing the experimental measurements. In Chapter 5, a detailed charac-
terization of the LFE eH-CARS technique with SiAuNRs, both experimentally and
via simulations was conducted to determine the enhancement provided by the NRs
in the far field (FF). We compared the enhancement obtained with different NR
sizes, in different exciting polarization conditions. A study to test the SiAuNRs re-
sistance against reshaping upon laser exposure, was also carried out. Additionally,
exploiting the COMSOL Multiphysics mimicking the LFE eH-CARS, we investi-
gated the different contributions of the overall detected CARS signal. After the
proof-of-principle demonstration, we moved forward employing AuNB. The idea is
to use such nanostructures as antennas to detect the presence of sub-micron objects
moving in their proximity. Conversely, to the SiAuNRs, which were provided by a
manufacturer, the design and fabrication of the AuNBs was part of the project, and
it was made in collaboration with the Single Molecule Biophotonics group, based at
The Institute of Photonic Science (ICFO, Barcelona, Spain), led by Prof. Dr. Maria
Garcia-Parajo. The detailed design development was guided by the outcomes of the
extinction spectrum related to structures with different geometrical properties (see
Chapter 4.2). As shown in Chapter 6, the designed AuNBs were then employed
in correlative fluorescence and LFE eH-CARS sensing measurements, performed by
exploiting fluorescently-labeled polystyrene beads, as proof of principle, and succes-
sively preliminary measurements in living cells.




Chapter 2

Background Theory

2.1 Principle of non-linear optics

Nonlinear optics is the branch of physics that deals with the study of phenomena
occurring when the interaction between light and a material changes the optical
properties of the latter, in such a way that its response is not proportional to the in-
cident light’s intensity (Ref.[60]). Typically, a nonlinear response is observed for very
high light intensities, such as the ones provided by lasers (~ 10'5W/cm?, Ref.[61]).
As the linear optical process, the nonlinear ones can be understood considering the
polarization (or dipole moment per unit volume), induced by an applied electric
field in a material. The induced polarization is mainly related to the response of
the material atom’s outer electrons. In fact, these electrons are not as massive as
the atomic nuclei and not as tightly bound as the inner-core electrons, so when an
external oscillating electric field is applied to the material, they start to oscillate
around their equilibrium position. In the case of a weak applied electric field E(t)
(i.e. in linear optics regime), the polarization P(t) is linearly dependent on the field
strength and is typically expressed as:

P(t) = eox\VE(1) (2.1.1)

where y() is the material linear susceptibility and ey is the free space permittivity.
When the oscillation becomes larger as a consequence of a more intense applied
electric field, P(t) becomes non-linearly dependent on the field strength and can be
expanded with a power series in the field strength, i.e.:

P(t) = e [XVE(®) + XD E(t) + XV E3 (1) + .| = PO (1) + PO(t) + PO (1) + ...

(2.1.2)
where X(2) and X(S) are the second- and third-order nonlinear susceptibilities, respec-
tively, and thus P(t)(), P(t)) and P(t)®) are the first- , second- , and third- order
induced polarizabilities. The different order susceptibilities of a material describe the
material’s response to an applied field. In general, they are tensors, not simple scalar
quantities. When the applied field is related to ultrashort pulses, provided by a laser
source, the nonlinear terms of the series become significant. Second-order nonlinear
optical interactions are limited to noncentrosymmetric crystals. In materials with
inversion symmetry, the second-order nonlinear susceptibility y(?) vanishes, thereby
preventing the occurrence of second-order nonlinear optical interactions. Conversely,
third-order nonlinear optical interactions, described by a X(S) susceptibility, can take
place in both centrosymmetric and noncentrosymmetric media.
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oL

Figure 2.1: Schematic of spontaneous Raman scattering. (a) Generic molecule which scat-
ters an incoming light, at wp, into Rayleigh (wp) , Stokes (ws = wp — wv)
and anti-Stokes (was = wp +wy) components. (b) Energy diagram for Stokes
Raman scattering and anti-Stokes Raman scattering. The vibrational state
(solid line) are labeled with ¢ and v, while the virtual state (dashed line) is
labeled j. The incoming light is represented by solid arrows, while the wiggled
ones represent the emitted radiation.

2.1.1 Coherent Raman scattering (CRS)

In 1928, Sir Raman was the first to observe the so-called spontaneous Raman scatter-
ing phenomenon (Ref.[62]). When light interacts with molecules, the incident light
is either absorbed or scattered. Raman observed that when a monochromatic light
of frequency w;, impinges on molecules, the scattered light contains an array of col-
ors. The majority of light is scattered elastically, thus has the same frequency as the
incident light and is referred to as Rayleigh scattering contribution. The additional,
and weaker contributions, are frequency shifted at w, + w,, and are called Raman
scattering components. More precisely, the red-shifted frequency is called Stokes
component and the blue-shifted frequency is called the anti-Stokes component. w;,
corresponds to a specific characteristic molecular vibrational mode, i.e. to a specific
chemical bond and symmetry of the probed molecules. In general, a molecule has
several vibrational frequencies, so that its spontaneous Raman spectrum is charac-
terized by discrete bands. The spontaneous Raman spectrum represents the unique
combination of chemical bonds that make the molecule different from others, thus
ensuring the univocal identification of the molecule itself. For this reason, sponta-
neous Raman provides a way of identifying selectively many types of biomolecules
found in human tissues and cells (Ref.[18],Ref.[19]). Figure 2.1 gives a schematic
representation of the Raman scattering phenomenon (a) together with the related
energy diagrams (b) for both Rayleigh, Stokes and anti-Stokes contribution. The
spontaneous Raman scattering process is typically rather weak, which means that
the number of scattered photons due to the spontaneous Raman inelastic scatter-
ing is very little. The consequent very low scattering cross-section (~ 1072%¢m?,
Ref.[63]) severely complicates many applications, including the measurements on di-
luted species and the vibrational imaging of biological samples, as long integration
times (from 100ms to 1s per pixel) are required in order to reach a sufficient signal-
to-noise ratio (S/N). The limitation of the spontaneous Raman scattering can be
overcome by moving to the CRS techniques.
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CRS is a class of third-order nonlinear optical processes. In this kind of process,

the simultaneous interaction of three input fields in a material led to the generation
of a fourth new field by means of x(®) of the material itself. The x(3) material acts
as a frequency mixer, which allows energy exchange between the four fields, with an
exchange rate and spectral behavior that reflects electronic, magnetic, and vibra-
tional features typical of the material under study.
The first verification of CRS, which was possible after the first working laser demon-
stration (Ref.[? | ) was in the form of stimulated Raman scattering (SRS) in 1962
(Ref.[64]) when a research group, lead by Woodbury, found out that the spectrum
output of their Ruby laser was showing an extra line whose energy was depending
on the specific liquid inserted in a cell working as a Kerr shutter in the Ruby laser
cavity to achieve pulsed operation regime. By this first demonstration, the SRS
phenomenon was explained theoretically both in terms of classical waves (Ref.[65])
and of quantized fields (Ref.[66]). Briefly, the fundamental of the laser exciting the
liquid inside the cell induces a red-shifted emission throught spontaneous Raman,
and some of this new generated light returns to the medium, after a roundtrip in
the cavity, to stimulate the generation of new Stokes photons. Later, in 1965, the
first demonstration of coherent anti-Stokes Raman scattering radiation generation
was reported (Ref.[67]) by performing an experiment, outside a laser cavity and with
different crystals and liquids and sending onto them two coherent light beams.

The most used CRS layout involves the combination of two input light pulses
called pump, at wp, and Stokes, at wg, with wp > wg, to set up a collective oscil-
lation, at 2 = wp — wg, within an ensemble of molecules inside the laser focus. In
fact, the two input fields give rise to an effective force acting on the molecular nuclei
that as a consequence are driven to vibrate. In this way, all identical molecules in
the focal volume are driven coherently and vibrate in sync. Then the third input
field acts as a probe for Raman scattering, generating Stokes and anti-Stokes Raman
scattering sidebands. The coherent superposition of the field scattered into these
sidebands forms the basis of the coherent Raman signal.

An intuitive picture of the CRS process is given by its classical description.
This model derives the induced material polarization when two external fields are
applied. In the adiabatic approximation, while nuclei move, electrons move much
faster (due to their lighter mass) so that they can adjust their molecular orbitals
which can be described as parametric functions of the nuclei positions considered as
fixed on the time scale of the electron motion. In turn, the nuclear motion can be
described as decoupled from the electronic one, where however the electronic energy
contributes to an effective nuclear potential energy. The response of the molecule
to an incident light field is described by the polarizability «. This polarizability is
perturbed by the presence of nuclear vibration and can be expressed in terms of the
nuclear displacement coordinate @), expanding it in a Taylor series:

alt) = ap + (gg)()cz(t) +o. (2.1.3)

where «q is the constant polarizability obtained in absence of nuclei modes and
% represents the coupling strength between the nuclear and electronic coordinates
(Ref.[68]). Considering two optical fields, indicated as pump (P) and Stokes (S) and

modeled as plane waves, i.e.
Ep(t) = Ap(t)e P! 4 cc (2.1.4)
Eg(t) = Ag(t)e™ st + cc, (2.1.5)
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when they impinge on a molecule, the nuclear mode will experience a force F(t).
This force can be computed considering that the potential energy of an induced
dipole moment in an external field E is —%aE2. The derivative of the energy with
respect to the nuclear coordinate defines a force F' = —%%EZ. In CRS the driving
force originates from the interference between pump and Stokes fields, in other words
E? is given by the interference term between Epump and Egiores (namely Ep Eg* and
CC) and oscillates at wp —wg. The time-dependent nuclear displacement Q(t) can be
described as a damped harmonic oscillator (Ref.[69]). Hence, Q(t) can be obtained

from the solution of the equation:

*Q(t) Q@) o

F(t
72 + 2 7 —HJJVQ(t):L

m

(2.1.6)

where v is the damping constant, m is the nuclear oscillator reduced mass and wy
is the harmonic oscillator resonance frequency. A solution to Eq.2.1.6 can be found
by adopting the trial solution of the form

Qt) = Qe ™" + cc, (2.1.7)

that lead to the following equation for the vibration amplitude (Ref.[70]):

1,0 Ay A%
Qlwv) = m<822>0(w‘2/ - (212 —2 22‘ny) (2.18)

Clearly from Eq.2.1.8, the nuclear mode is efficiently driven when the difference
frequency between the Pump and the Stokes fields, €2, approaches the resonance
frequency wy .

When in the interaction volume of Ep(t) and Eg(t) there is an ensemble of N equal
molecules, the total induced polarization is given by:

e
P(t) = Na(O{Fe(t) + Bs()} = N |ao + (55),Q0)| {Fr() + B} (219)
The terms proportional to cg correspond to the linear polarization of the material,

while the terms proportional to (g—g) describe the contribution to the third-order

polarization due to the driven Raman mode. Inserting in Eq.2.1.9 the general form
of the fields (Eqgs.2.1.4) and the general solution of @ (Eq.2.1.7), the nonlinear
polarization results have four different contributions (Ref.[71]):

Pz(\?/%(t) = Posrse " “S™V 4 Pgrae St 4 Popre Pt 4 Poagge " @PH (2.1.10)

Eq.2.1.10 expresses that four possible CRS interaction schemes that take place
(Ref.[72]), each one generating a new field which is the result of a four-wave mixing
process:

o the CARS field at frequency wcars = wp + (wp — wg),

o the coherent Stokes Raman scattering (CSRS) field at frequency wcsgrs =
ws — (wp — ws),

o the stimulated Raman gain (SRG) at frequency wg,

o the stimulated Raman loss (SRL) at frequency wp.
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Figure 2.2: (a) Energy diagram showing the resonant contribution to the CARS signal.
Insert: schematic diagram for phase matching in CARS. (b) Energy diagram
showing the non-resonant contribution to the CARS signal coming from FWM
processes involving the electrons of other molecules different from the target
ones. (c) Energy diagram showing an electronic contribution enhanced by a
two-photon resonance of the pump beam associated with an excited electronic
state. The ground state is labeled with g, while the vibrational states are
labeled with v (v') and the electronically excited state with e. Solid lines
indicate the real state levels, while dashed lines represent the virtual states.

The SRG and SRL processes are part of the SRS interaction.

Combining Eq.2.1.8 and Eq.2.1.9 with the general form of polarization, P(t) =
P(w)e~™! it is possible to find the amplitude of the different polarization compo-
nents. Focusing for example on the component at woaRs :

N /0a2 AL A%
P = (= ps = () () A% Az 2.1.11
CARS m(aQ)o (w%/_QQ_QiQV) Geox ™ (2) Ap A ( )

where the non linear susceptibility x®) for Raman interaction, is defined as (Ref.[23]):

N 8@ 2 1
3 Q) = oo
Q) 6egm (8@)0 (w‘% —02 — 2@'ny> . (2.1.12)

The factor 6 comes from the number of permutations of the interacting fields leading
to the same non-linear polarization. X(3)7 which quantifies the frequency-dependent
material response, is thus linearly proportional to the number of molecules interact-
ing with the input fields.

In the following, we will focus more on the CARS and SRS processes.

2.1.1.1 Coherent anti-Stokes Raman scattering (CARS)

The energy level diagram for the CARS process is shown in Fig.2.2(a). The length
of the arrow in the diagram indicates the energy of a pump and a Stokes photon
in the driving process. The combination of pump and Stokes photons drives the
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2.1. Principle of non-linear optics

molecule to an excited vibrational level. This creates a vibrational coherence in all
the molecules within the focal volume. The anti-Stokes scattering of pump photons
with this vibrational coherence generates the CARS signal at wcaRrs.

Under a semiclassical approach, starting from the Maxwell’s equations and as-
suming a condition of negligible pump and Stokes intensity depletion, it possible
to extract the amplitude of the CARS field propagating through an active Raman
medium, which turns out to be (Ref. [71], Ref.[23]):

AkL)eiA%

Ecans o —ix® () EpEs" Lsinc( (2.1.13)

where Ak = kcars + ks — 2kp is the phase matching term for the CARS process
which determines the direction of CARS field emission (see insert of Fig.2.2(a)).
The sinc function is maximized when its argument is close to zero. This expression
shows why for objects extended over a length L larger than the light wavelength,
the phase matching requires propagation in the forward direction (which minimizes
Ak = 0). Notably, the formula assumes a well-defined propagation direction. Under
tight focusing conditions, a range of wave vectors are involved, and the size of the
focal volume is such that the phase-matching condition is practically fulfilled.

The spectral shape of CARS signal is strongly dependent on the frequency be-
havior of the third-order non-linear susceptibility, as it is suggested by Eq.2.1.12. In
practice, in the CARS process it is given by a vibrationally resonant contribution

(ng)) and a non-resonant one (XS;))I

X =x@ + B = & + RO +iS((?) (2.1.14)

The resonant contribution is related to the combination of incident frequencies,
which drives a vibrational mode of the targeted molecules. The non-resonant term
results from non-resonant vibrational contributions (indeed Eq.2.1.12 is non zero
for  —0) and electronic transitions supporting a four-wave mixing nonlinearity
(see Fig.2.2(b) and (c)). Near a vibrational resonance (i.e. Q ~ wy), XS? can be
approximated as real and spectrally flat, so that it can be treated as a constant.
Instead §R(X£3)) and %(X@) can be retrieved by Eq.2.1.12. In particular, under a
‘near resonance approximation’, ie. Q ~ wy, wf — Q? = (wy — Q)(wy + Q) ~

2wy (wy — Q) and Qy ~ wyy, so that §R(X7(»3)) and %(X,(ng)) can be seen as:

0 — (wp —ws)?
(wv — Q)+

_

(wv — Q)+

R(xP)) o (2.1.15)

S(x?) (2.1.16)

%<X£3)) represents the actual third-order Raman response, and it has a Lorentizian

spectral lineshape, centered at wy . ?R(xg?’)), on the other hand has a dispersive line
shape around the resonance frequency.

In the easier implementation of a CARS set-up, the CARS intensity is measured.
The presence of the non-resonant contribution leads to the distortion of the resonant

signal of interest. In fact:

2
Ioans o x| (2.1.17)
2
o [ROY) +iS0d?) + x| (2.1.18)
o [ROGI)P + ISOE)P + i P+ 21RO x| (2.1.19)
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Figure 2.3: Energy diagram showing the SRS process. Insert: phase matching automati-
cally satisfied in SRS. The solid line indicates the ground (g) and vibrational
(v) state levels, while the virtual states are represented by dashed lines.

Both the terms |X513r) |2 and 2[§R(X£3)) | |X513r)| constitute the so-called non-resonant back-
ground (NRB).

2.1.1.2 Stimulated Raman scattering (SRS)

To understand the SRS process, a photon stimulation picture is often provided,
whereby the Stokes incoming photons stimulate the transfer of energy from pump
to Stokes and the creation of a vibrational quantum. Consequently, both depletion
of the pump beam and the amplification of the Stokes beam take place. The first
effect is the so-called stimulated Raman loss (SRL) while the second is the so-called
stimulated Raman gain (SRG). Both SRL and SRG can be measured and they carry
the same Raman information. Figure 2.3 shows the energy diagram of the described
SRS process.

Similarly to the case of the CARS, the expression for the SRL and SRG field
can be retrieved by assuming small variations of pump and Stokes fields during the
interaction (Ref.[23]). Note that the phase matching condition is directly satisfied in
the SRS process (as Ak = kg + kp — kp + ks=0, see insert of Fig.2.3). Considering
the SRG process, the SRG signal is emitted in the same direction as the incoming
Stokes field and the two fields interfere. The total detected intensity is therefore :

I(wg) o |Es + AEs|* = Is + Als + 2R{E% - AEg} (2.1.20)

where Ig is the Stokes intensity, Alg is the intensity of the non-linear radiated field,
which is typically negligible, and the third term gives the amplification of AFg,
which is the nonlinear field (AEg o« —ix®)|Ep|?Eg, Ref.[71]), interfering with the
incident Stokes field. Typically, the third term is extracted via the modulation of
the pump beam and probing the modulation transfer to the Stokes beam by phase-
sensitive detection employing a lock-in amplifier detection technique. Thanks to
such implementation Ig is rejected and the SRG signal can be written as :
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Figure 2.4: Schematic representation of SHG geometry and energy-level diagram, where
solid line indicates the ground state level, while the virtual states are repre-
sented by dashed lines.

Isrg(ws) o 2R{Eg - AEg} (2.1.21)
o« 2R{E% - (—ix®)|Ep|*Es)} (2.1.22)
o 2R{—ixPIpIs)} (2.1.23)
o 2R{=i (X + ROA) +iS(P)) IpLs)} (2.1.24)
o 23(xP IpIs)} ( )

T

2.1.25

As it is clear from Eq.2.1.21, Igrc has a linear dependence on both pump and
Stokes intensity, it is not affected by NRB, and its signal spectral shape is directly
comparable to the spontaneous Raman spectra (Ref.[73]).

2.1.2 Second harmonic generation (SHG)

The second-harmonic generation process was first discovered by Franken et al. in
1961 (Ref.[74]) and essentially it is the nonlinear optical process in which two
photons with the same frequency combine, thanks to the interaction with a non-
centrosymmetric material, to generate a single photon at twice their frequency. In a
non-centrosymmetric material, a specific type of symmetry called inversion symme-
try is lacking. Inversion symmetry means that the crystal structure of the material is
identical when the position of all its constituent atoms or molecules is reversed. For
example, inverting the material like in a mirror image, the arrangement of particles
would remain the same. The lack of inversion symmetry results in a permanent elec-
tric polarization within the material so that x(2) #0. The illustration of the second
harmonic generation (SHG) is depicted in Fig.2.4. When a driving field associated
with a laser beam and modeled as a plane wave (E;(t) = Ae~ ™! + cc) is incident on
a material with x(®) #0, the induced nonlinear polarization results to be:

PO (1) = eogx P E?(t) = 2¢0xP AA* + (60A26_i2Wt + cc) . (2.1.26)

The first contribution is at zero frequency, while the second term, at 2w frequency,
represents the source term for the second-harmonic frequency generation. Starting
from Maxwell equations, the wave equation for a wave propagating in a medium with
refractive index n can be derived. Then, exploiting the three wave mizing approach,
where two incoming fields, with the same frequency, interact with a sample giving
a third field that corresponds to the SHG, under the No Depletion Approximation
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Figure 2.5: Jablonski diagram for one-photon (left) and two-photon excitation. Sy and Sy
are the ground electronic state and the first electronic excited state respec-
tively. The solid black lines represent the vibrational states associated with
each electronic state.

(i.e. the input field is not appreciably modified by the nonlinear interaction), the
intensity of the SHG field is given by:

2
sin(1Akz)\ " 22
I. =2 = 2.1.27
SHGO‘I( 1ALz > 4 ( )

where [; is the input intensity, Ak=ks,-2k, is the phase-mismatch between the
input and output field and z represents the distance traveled by the input field
within the material. In the more general case, Ak is different from zero because,

since k(w) = "(";)w, it would imply:

k(2w) = 2k(w)

n(2cz)2w _ 2n(c;1)w
n(2w) = n(w)

which is a condition that can be reached in the specific case of using birefringent
media (Ref.[75]). When Ak #0, for a given input intensity, the SHG intensity
reaches a maximum at a distance R, which is known as coherent length, and then
diminishes to zero, repeating sinusoidally with period %.

2.1.3 Two photon fluorescence (TPF)

In 1931, Maria Goppert Mayer formulated the hypothesis that a group of lower-
energy photons could collectively induce an excitation as done by the absorption
of a single higher-energy photon (Ref.[76]). This phenomenon was subsequently
termed multiphoton excitation. After the confirmation of such hypothesis, thanks
to the invention of pulsed ruby lasers, Denk et al. published the first work about
the so-called two photon fluorescence (TPF) microscopy (Ref.[77]). For both single-
photon and two-photon fluorescence, the excitation of a molecule occurs between
the ground state (Sp) and the vibrational levels of the first electronic excited state
(S1), as shown in Fig.2.5. In the first case one photon of energy hw is needed for the
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excitation, while in the second case, two photons with lower energy (~ hw/2) are
needed. After either excitation process, the molecule relaxes to the lowest energy
level of the first excited electronic states (via vibrational processes). A subsequent
fluorescent emission brings the molecule back to the ground state. The background
physics of this phenomenon can be found in Ref.[78]. In the two-photon excitation, as
the photons need to arrive nearly simultaneously on the sample (~1071%s), we have
quadratic dependence of the output intensity (ITpp) on the incident light intensity
(1;) rather than a linear dependence as in conventional one-photon fluorescence:

Itpr o orprl;. (2.1.28)

orpr is the two-photon induced fluorescence cross-section, i.e. a quantitative mea-
sure of the probability for the two-photon fluorescence phenomenon to take place.
Typically, the probability of two-photon absorption is quite low, so that high inci-
dent photon flux needs to be delivered to the sample to generate efficient absorption.
As B

I; x Arw? (2.1.29)
with E the pulse energy, A7 the pulse duration, and w the beam waste, it is clear
that, in order to maximize the ITpr generation, it is crucial to have as input ultra-
short pulses (i.e. a laser) and a high NA.

TPF is commonly used in biological applications and provides some important
advantages compared to its single-photon counterpart (Ref.[79], Ref.[80]). In single-
photon confocal microscopy, a laser is used to illuminate a single point in the spec-
imen. A pinhole aperture in front of the detector is needed to detect only the light
emitted from the focal point, rejecting out-of-focus light. In TPF a pinhole aperture
is not needed thanks to the physical principle that two-photon absorption depends
on the square of the excitation intensity. In fact, the two-photon absorption prob-
ability at the center of the focal point is definitely greater than outside the focus,
ensuring that the detected light is associated with the emitters in the center of the
focal volume. Additionally, as the two-photon microscopy uses two photons of lower
energy to achieve excitation, the probability of photodamage is reduced and again
restricted only to the focal volume. It also ensures an increased penetration depth,
thanks to the longer wavelength employed, allowing for deeper imaging into thick
biological specimens. Cells or tissues can be visualized by utilizing their intrinsic
autofluorescence, which includes the emission of various cell constituents like NADH,
flavins, and collagen fibers. However, in certain situations, the natural autofluores-
cence is insufficient. Additionally, the goal of the measurements can be to precisely
distinguish different cellular components or track protein movements. In these sit-
uations, it becomes necessary to apply external fluorophores or fluorescent dyes for
labeling. They are organic compounds initially designed for single-photon excita-
tion but can also be employed with two-photon excitation. Thus, when a fluorescent
molecule absorbs photons of a specific wavelength, it becomes excited and emits
light at a longer wavelength. However, over time and with continued exposure to
light, the molecule can undergo chemical changes that make it unable to fluoresce.
This process is called photobleaching.

2.2 Optical response of metallic nanoparticles

In this Section, we give some key information for this project, related to metallic
nanoparticles and their optical response. The theoretical treatment in this work will
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be conducted within the Rayleigh scattering regime, which is applicable as far as
the size of the studied metallic nanoparticles is much smaller than the incident field
wavelength. In this regime, the dipole approximation, which allows us to consider
particles small enough to be treated as a point-like oscillating electric dipole upon
excitation by an external electric field, can be used. The induced dipole moment p
induced by an applied field E on a metal NP is given by:

P = €0 OE (2.2.1)

where €y and €, are the dielectric function in vacuum and of the surrounding
medium, respectively. & is the polarisability tensor associated with the NP. In
the less complicated case of a spherical NP, being an isotropic system, & reduces to
be a scalar, that, in the Rayleigh regime, is given by (Ref.[81], Ref.[82]):

o =A4gR3 NP~ m (2.2.2)
NP + 2€m
where R is the radius of the particle and exp the dielectric function of a metallic
NP. As the latter is a complex quantity, the polarizability is a complex quantity as
well. When studying more complicated NP characterized by an ellipsoidal shape the
polarizability becomes a tensor and can be derived via the Gans theory (Ref.[83],
Ref.[84]). Considering an ellipsoidal NP, its polarisability tensor is given by:

(65} 0 0
a=[0 az 0 (2.2.3)
0 0 as

where a1, as and a3 represent the polarizability along the three ellipsoid semi-axis
of length a1, as and ag respectively. In analogy with the case of a spherical particle,
the polarizability «;, with ¢ = 1,2,3, when an external field is applied parallel to
the " axis, are given by:

ENP — €m
;=4 2.2.4
i a1 az as 3em + 3Li(enp — €m) ( )

To arrive at analytical solutions, it is necessary to assume two of the three semi-
axis with the same length, e.g. as=as, so that ag=as (Ref.[85]). L; represent the
depolarization factors, which are given by:

L= (1—612> (1—216111(?:2)) (2.2.5)

(2.2.6)

and

where e=4/1 — (az2/a1)? describing the eccentricity of the ellipsoid. The polariz-
ability determines the interaction of the particle with the incident field, thus it
determines the extinction cross-section of the NP.

The extinction cross-section represents the total effective area of interaction be-
tween the NP and an incident field and it is defined as:

Pext
I;

(2.2.7)

Oext =
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with I; the incident intensity and Pey; the total power lost due to both absorption
and scattering. It is also possible to separate the two different contributions in the
following way:

Oext = Oabs T Osca (228)

Within the assumption and approximation regime used in this section, o,,s and
0sca can be derived, considering also that the dielectric function of the metal is a
complex quantity (exp=R(exp)+iS(enp)). For a spherical NP, or an ellipsoidal NP
interacting with an electric field collinearly polarized with one of its principal axes
(so that just one of the diagonal terms of Eq.2.2.3 has to be taken into account),
Oabs and o, can be expressed as (Ref.[83]):

Vv S(enp)
Tabs X X Renr) + Cem)? + S(enp)? (22.9)
V2 (R(exp) — €m)? + S(enp)? (2.2.10)

Tsea X 3T R(enp) + Cem)? + S(enp)?

with C'=2 when considering a spherical NP (Ref.[83]), and C=27% when considering

a ellipsoidal NP (Ref.[86]). The roles of R(exp) and S(exp) ‘can be understood
considering the analogy between Eqs.2.2.10 and a Lorentz distribution described by

1 T
F = —-——
f@wo. 1) = =

(2.2.11)
where x( specifies the location of the peak of the distribution, and I' specifies the
half-width at half-maximum (HWHM). R(exp) (corresponding to zy) determines
the resonance position, i.e. for R(exp) = —Cep. Additionally, the resonance red-
shifts for surrounding media with larger €,,. This red-shift phenomenon is caused by
increased charge shielding, which occurs when the refractive index of the surrounding
environment is higher. J(exp) (corresponding to I') determines resonance linewidth.
A smaller S(exp) gives a narrow linewidth at the resonance, with smaller damping,
and larger cross-sections.

The largest extinction cross-section occurs at the so-called LSPR, i.e. the reso-
nance frequency at which the NP polarizability reaches its maximum. The more an
incident light has a frequency close to this, the stronger will be the induced coherent
collective motion of NP conductive electrons, the so-called localized plasmon. As
the LSPR is defined as the frequency at which the polarizability is maximum, it is
the frequency at which the polarizability denominator is minimized. For a spherical
NP this condition is satisfied for R(exp) = —2€y,, while for an ellipsoidal NP for
R(exp) = —((1 — L1)/L1)€em. The real part of the dielectric function of metals can
be negative, making such requirements possible. In the case of a gold ellipsoidal
NP, thanks to its aspect ratio, the longer axis-related LSPR (e.g. associated to
i=1) displays a red-shift compared to the LSPR of a gold spherical NP. In fact,
considering an ellipsoidal NP with aspect ratio equal to 2 and surrounded by oil,
thus with L7=0.174 and L9=0.413, the condition becomes R(exp) = —4.74¢€y,. The
R(exp) needed to minimize the denominator of the polarizability in the case of an
ellipsoidal NP is more negative than in the case of a spherical NP and so a longer
wavelength to get the minimization condition (see Fig.2.6).
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Figure 2.6: Complex dielectric function of gold (adapted from Ref.[87]): R(eay) (red lines)
and S(eay) (black lines).

2.3 CARS in the presence of a plasmonic antenna

The first experimental observation of CARS in the presence of a plasmonic antenna
was by Liang et al. in 1994 (Ref.[49]). But in 1980, the properties of the radiation
from a molecular dipole near a spherical polarizable particle was treated by Kerker
et al. (Ref.[88]). When a pump (Ep) and a Stokes (Eg) fields, at wp and wg
respectively, are incident on a molecule placed at r and near a metallic NP, the
actual local fields experienced by the molecule can be written as

Eioe(r,wi) = Ei(r,wi) + Enp (7, w;) (2.3.1)

with i=P,S, and Enp(r,w;) the field elastically scattered by the NP. Note that
the driving phase of the local fields can be different from the phases of the inci-
dent fields, as they are dressed by the spectral resonance of the antenna. Let us
rewrite E;(r,w;)=A;(w;)S;(r). Considering that the fields scattered by the NP is
proportional to the amplitude A; of the incident field, we can write Ejo.(r,w;) =
f(r,w;)Ai(w;), where the factor f describes the field enhancement introduced by the
NP. Ejpe(r,wp) and Ej,.(r,ws) are the fields that set up the CARS polarization in
the molecule, so that in analogy with Eq.2.1.11, the consequent CARS field is driven
by:

Poars(7, woars) o X (wp — ws) B2 (1, wp) Effo (1, ws) =
= X(3) (wp — wS)f2(7’, wP)A%D(wP)f(an)A*S(WS) (2.3.2)

The generated CARS field by the molecule Ecarsm Will be then scattered by the
NP, as it happens for pump and Stokes, so that the overall CARS field radiated can
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be written as

Ecars(r,wcars) < f(r, woars) ACARS,m =
= f2(r,wp) f(r,ws) f(r,woars) XD (wp — ws) AB(wp) A%(ws)  (2.3.3)

From this simple analysis, we can see that the local enhanced CARS field is charac-
terized by an enhancement coming from the enhancement of all the beams involved
in the process. On the other hand, the latter analysis does not take into account the
coherent background at wcagrs originating from the third-order susceptibility of the
metal. In reality, the field measured at the detector (in the generic far field position
R) will be given by the interference of the field related to the vibrational excitation
of the molecule and the non-resonant contribution of the metal NP (Ey;), i.e.

Eiot(woars; R) = Ecars(woars, R)e2?@ears) + By (woars, R) (2.3.4)

eiAé(wears) ig a phase term to make clear that the two contributions can differ in their
phase as they originate from different phenomena. Extensive numerical COMSOL
simulations of all these fields and effects have been carried out as it will be discussed
later in the thesis.
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Materials and Methods

3.1 Silica coated gold nanorods (SiAuNRs) and sample
preparation

We investigated three types of silica-coated gold nanorods (SiAuNRs), purchased
from Nanopartz. From the specifications provided by the manufacturer, they have
the following characteristics:

o 25nmx71 nm (aspect ratio 2.8), silica shell thickness 5 nm, longitudinal LSPR
in Hs0 at 646 nm

e 40nmx68 nm (aspect ratio 1.7), silica shell thickness 10 nm, longitudinal LSPR
in Hs0 at 620 nm

e 50nmx100nm (aspect ratio 2), silica shell thickness 10 nm, longitudinal LSPR
in Hs0 at 620 nm

The specified LSPR positions in wavelength were deducted from UV-VIS absorption
spectroscopy measurements in water. The TEM images of the introduced NRs are
reported in Figure 3.1. From Fig.3.1, it is possible to notice that the real size of the
largest SiAuNRs, deviates from the nominal 50 nm x 100 nm, being typically smaller.
The sketch of the sample used to characterize all the nanorods is reported in Fig.3.2.
In this section a detailed description of the sample preparation procedure will be

SiAuNRs 25nmx71nm SiAUNRs 40nmx68nm SiAuNRs 50nmx100nm
5nm SiO, shell 10nm SiO, shell 10nm SiO, shell

Q
-

Figure 3.1: TEM images of SiAuNRs. Left: provided by Nanopartz. Middle and right:
measured exploiting the electron microscopy facilities at Cardiff University.
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Figure 3.2: Sketch of the sample used for particle characterization: SiAuNR covalently
bound to a microscope coverslip in silicone oil bulk
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Figure 3.3: The tosyl reagent is used for reaction with glass hydroxyl groups, forming a
reactive tosyl ester. The sulfonyl ester reacts with amines to form secondary
amine linkages. See Ref.[89],[90],[91].

given.

When performing high-sensitivity and high-resolution optical microscopy measure-
ments on single nanostructures at a glass interface, it is important that the glass
surfaces are free from debris visible with the measurement resolution. Defocus aber-
ration from large debris on the glass slide can cause distortion blur at the focus
imaging plane. Debris at the glass coverslip can give a significant background in the
extinction analysis. To prevent the presence of such debris, the cleaning protocol
presented in the following was used on the glass slides and Menzel-Gléser coverslips
(24 mmx24 mm, thickness #1.5). This cleaning protocol employs a 30% H2O3 so-
lution, which is also fundamental for the following sample preparation steps as it
gives the possibility of having the hydroxylation of the coverslips. In fact, although
the glass is made mainly by silica (silicone dioxide, SiO3), during the manufactur-
ing process, silica is melted to then rapidly cool down, forming a non cristallyne
or amorphous structure with some silicon-oxygen bonds not fully formed. The for-
mation of silanol groups (Si-OH) occurs due to the incorporation of hydroxyl (OH)
groups coming from hydroxyl-containing species, in our case hydrogen peroxide. To
avoid particles moving during the lasers exposure, a protocol to covalently bind the
particles on the coverslip was developed, avoiding the introduction in the sample
of extra-CH chains, to not create unwanted signal during the eH-CARS measure-
ments of lipids. Since the chosen nanorods are all coated by silica with integrated
amine (NHy) groups, the chemistry represented in Fig.3.3 was selected to covalently
bind our NPs onto the glass surface. The 4-toluenesulfonyl chloride, also referred
to as tosyl chloride or TsCl, is an organic sulfonyl chloride able to activate agents
that can facilitate the conjugation of hydroxyl-containing compounds, as our glass,
to other nucleophiles, particularly amine-containing ligands, as our NRs, forming a
secondary amine linkage.
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The next sections will describe in detail all the sample preparation steps.

Glass preparation and cleaning

First, the glass slides have to be cut by hand to have a size around 50mm x 25mm, to
fit in the sample stage of our inverted microscope (see Section 3.3). This glass slide
preparation is done before the cleaning procedure to minimize the risk of glass dust
contamination in the final sample. To achieve clean glass breakages with minimal
rough edges, the glass is lightly wetted with acetone and a diamond scribe pen was
utilized to create a fault straight line on the glass slide. Subsequently, the fault
line is gently tapped from underneath, and the glass is broken by applying upward
pressure through the scribe line from underneath, as opposed to bending it from
above.

The following cleaning procedure is then used both for glass slides and coverslips.
Using some optics paper free from lint and wetted with acetone, the glass surfaces
are scrubbed until any debris could be seen by eyes. This step helps remove inorganic
debris, which may need physical agitation for removal. The acetone-scrubbed glass-
ware is than placed in a beaker containing toluene, which exhibits a good ability to
dissolve a range of organic compounds (including many polymers and hydrocarbon-
based oil) and sonicated for 20 minutes in a sonicator bath. In the following, the
glass slide and coverslip are placed in a beaker containing acetone and again son-
icated for 20 minutes. The acetone is important to remove toluene residues and
dissolve any water based contaminants thanks to its carbonyl group (C=0). After
the sonication in acetone, the glass is rinsed thoroughly in Milli-Q water and placed
in another beaker filled with Milli-Q water. The latter beaker is then placed in
the microwave. The water was brought to the boiling point and left boiling for 3
minutes. Finally, the glass is taken from the Milli-Q water and left in a bath of
30% H,O» solution to be then sonicated for 20 minutes. This step is needed to
make sure the removal of contaminants, by both the heating and vigorous motion
of boiling, and to make any acetone traces evaporate. Following the sonication the
coverslips are kept submerged in the hydrogen peroxide at 4°, for at least 24 hrs,
allowing oxidation of remaining surface contaminants, as well as hydrophilizing the
glass surfaces. All the passages in which glass is transferred from one bath to the
following, are carried out under a fume hood.

Coverslips functionalysation

After at least 24 hours from the cleaning procedure, the coverslips are rinsed with
DI water, dried with nitrogen flow, brought under the fumehood, and placed into an
acetone bath to ensure the glass is water-free. The tosyl chloride, used in this stage of
the sample preparation, must be kept at room temperature, under inert atmosphere
and away from metal and water. In fact, it corrodes metals on contact, decomposes
on heating producing toxic and corrosive fumes (sulfur oxides and hydrogen chloride)
and reacts with water and moist air producing hydrogen chloride, which forms white
fumes of hydrochloric acid upon contact with atmospheric water vapor. For this
reason, all the following passages were performed under the fumehood and all the
instrumentation undergoing in contact with the TsCl must be cleaned with acetone
before and after being used. A solution of 10% (w/v) tosyl chloride and acetone is
prepared. To allow the complete dissolution of the TsCl powder, an acetone rinsed
magnetic stir is inserted in the beaker used and the overall solution is mixed gently
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with a magnetic stirrer. Once the tosyl chloride is dissolved completely in acetone,
the coverslips are transferred from the acetone bath to the TsClI solution. The beaker
has to be covered with a teflon lid and left for up to 2hrs. Once past those two hours,
the coverslips are retrieved from the tosyl chloride and deeply rinsed with acetone
first and the DI water after. Finally, they are dried with nitrogen flow.

NPs solution preparation and sample mounting

The starting NR colloid solution is diluted in a buffer given by DI filtered water
and acetic acid, added to have a final pH between 4.5 and 5 to maintain the Z
potential given by the NP specification data sheet and to avoid particles aggregation.
Additionally, to decrease the probability of particle aggregation, each solution is
sonicated in a sonicator bath, prior to being used. The choice of the concentration
to be reached was dictated by the need to have an average distance between particles
of 5-10um, such that most NPs can be resolved by optical microscopy with well-
separated PSF. So, if we consider to cover 80% of the overall coverslip area, which is
nominally 24mm x 24mm, in the ideal 1D case where particles dispose equally distant
between each other, the total covered distance can be written as D = d % (N — 1)
where D is the total distance of about 21mm, d is the average inter-particle distance
and N is the number of particles. Typically N»1, so that the 1 can be neglected.
Imposing d = D/N =7.5um, we obtain N ~3000. Then considering our 2D case,
Nop = Nip? ~ 107. The latter is the concentration we aim for the NR diluted
solutions. After the dilution of the NR colloid stock concentration, a particle wet
sedimentation technique follows. The functionalized coverslips are placed on a piece
of lint-free optics paper and on top of them a 100 pl droplet of the prepared NR
diluted solution is deposited. A piece of paper towel soaked in HoO is placed near
them inside a petri dish. Everything was then placed under a large inverted water
bath for up to 1 hr (see Fig.3.4). The paper towel is needed to increase the humidity
beneath the water bath, minimising the amount of evaporation that would cause
aggregation of particles at the edges of the droplet. After 1 hr, the coverslips are
rinsed one last time with DI HyO and dried with nitrogen flow. The side of the
coverslip containing the NRs was coated with ~30 ul silicone oil (refractive index
n=1.52) and covered with a slide. When imaging the sample, the use of a squeezed
sample minimized the presence of unfocused debris aberration. For this reason, the
unsealed construction is then slowly pressed in a table vice, so that the final space
between the two glasses turns out to be of the order of a few micrometers. The
unsealed construction is wrapped in optical paper and shielded by placing a sacrificial
slide and a cardboard cutout above and below it. The purpose of the cardboard is to
safeguard the glass from the sharp edges of the vise, while the sacrificial glass ensures
uniform compression, reducing lateral drift. To avoid scratches, optical paper is also
introduced. The entire setup was then clamped securely within a vertically mounted
vise (see Fig.3.5), paying particular attention to compression alignment by placing
the stationary portion of the vise at the bottom.

After removing excess oil, the original coverslip and slide were then sealed with clear
nail varnish.
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Figure 3.4: Functionalized coverslip covered by 100 pul of NRs solution in wet atmosphere
to prevent particle aggregation.

Figure 3.5: Sample mounted in the table vise.
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Figure 3.6: AulNB sketch. Left: 3D view; Right: lateral view. «: apex angle; I: length; h:
height; c¢: radius of curvature; g: gap size.

3.2 Gold nanobowties (AuNBs) and samples prepara-
tion

In collaboration with the Single Molecule Biophotonics group, based at The In-
stitute of Photonic Science (ICFO, Barcelona, Spain), led by Prof. Dr. Maria
Garcla-Parajo, we successfully designed and fabricated gold nano-bowties (AuNBs)
antennas. AuNBs have been used in this PhD project to perform correlative fluores-
cence and SRS/eH-CARS sensing measurement using samples where the antennas
were surrounded by PS beads moving around in a bulk media as well as biological
samples made by HEK293 living cells laying on the antennas.

3.2.1 AuNB design and fabrication
AuNB design

Figure 3.6 represents a sketch of the designed AuNBs. As depicted in the sketch,
these nanostructures are characterized by different parameters as the apex angle («),
the length (), equivalent to the distance from the nanoantenna tip to the triangle
base, the height (h), defined as the antennas thickness, the radius of curvature (c)
and gap (g) size. A Cr adhesion layer has been used to attach the antennas onto
the BK-7 glass substrate, since gold does not adhere well to glass. Additionally,
an Al,Og passivation layer coats the nanoantennas and substrate to improve the
thermal stability. For the fabrication, an electron beam litography (EBL) based
lift-off process was developed and some of the mentioned antenna parameters were
dictated by fabrication requirements:

e The thickness of the Cr layer was chosen to be 1nm thick. It is kept as thin
as possible to minimize energy dissipation through non-radiative pathways
(Ref.[92]), but sufficiently thick to allow a good adhesion with the deposition
method deployed during the nanofabrication.

e The coating AloO3 layer was chosen to be 3nm thick to improve the antennas
thermal stability of nanoantennas without strongly reducing the local field
field enhancement (Ref.[93])

e The height h of the gold nanoantennas is fixed at 50 nm. A reduced antennas
thickness would introduce additional interfacial damping (Ref.[94]), while an
increase of it would effectively reduce the achievable lateral resolution in the
fabrication process.

— 28 —



Chapter 3. Materials and Methods

a) |

Gs
100 500
_:l S

120

100
g
o 80
o]

60

40

100 120
nm)

Figure 3.7: FDTD simulations of gold bowtie nanoantennas. (a-c) Intensity enhancement
G (defined in Eq.3.2.1) at the gap center for the CARS (A¢= 660nm), pump
(Ap= 820nm), and Stokes (Ag= 1080 nm) wavelength for different lengths [
and apex angles a. The optimal parameters are chosen to maximize G¢ and
indicated by the blue star in (a).

e A gap size g of 20nm is the minimal one that can be reliably achieved with
the EBL-based fabrication process.

e The limited lateral resolution of the fabrication process imposes an edge and
corner curvature radius of ¢=20nm.

With the above mentioned parameters being constrained as explained, only the
nanoantenna length [ and apex-angle o remain available for optimization. To have
a first estimation about the optimized [ and « for a CARS experiment, a commercial
finite-difference time-domain (FDTD) simulation software (Lumerical) was employed
to predict the parameters yielding the desired optical response. The simulations were
carried out by Ediz Herkert (PhD student at ICFO under the supervision of Prof. Dr.
Maria Garcia-Parajo), assuming an aqueous environment surrounding the excited
antenna. The exciting fields have been simulated as plane waves linearly polarized
along the nanoantennas axis. The wavelengths of the fields used in the simulations
were 660 nm, 820 nm, 1080 nm as CARS (\¢), pump (Ap) and Stokes (Ag) wavelength
respectively, very close to the ones used in our eH-CARS experiments (see Sec.3.3.2).
An intensity-enhancement parameter as been defined in the following way:

G\l a

)E“O‘) (3.2.1)

where Eg(A) represents the incident field, while E (), [, &) represents the field due to
the presence of the antenna. G(\,l, «) has been used to quantify the enhancement
obtained with different (/,a/) combinations.

Figure 3.7 shows the intensity-enhancements (G, Gp and Ggs ) obtained in the
center of the gap, at 28 nm distance from the glass substrate, exciting the antennas at
Ac (a), Ap (b), and Ag (c). As indicated by the star symbol, the maximum intensity-
enhancement at the CARS wavelength is obtained for [= 70nm and a= 90°. For
these parameters, the enhancement at the CARS wavelength is 210, whereas it is
112 and 50 at the pump and Stokes wavelengths, respectively. Due to the nonlinear
nature of the CARS process such antenna thus theoretically provides a total CARS
enhancement Gior = G X G3 x Gg = 1.32 x 10°%.

— 929 —



3.2.  Gold nanobowties (AuNBs) and samples preparation

3 um 150 nm

Figure 3.8: SEM images of the gold bowtie nanoantennas. (a) Writefield containing 10x 10
nominally equal gold bowtie nanoantennas and labeled with the nominal pa-
rameters [ and g as well as a unique identifier (here, (0, 0)). (b) Zoom-in show-
ing 3x3 exemplary nanoantennas. (c) Zoom-in showing one single nanoanten-
nas with its real antenna length [, gap size g, and apex angle a.

AuNB fabbrication

As already mentioned, an EBL based lift-off process was developed and a range
of nominally different (/,a)) combinations, around the one suggested by the simula-
tions, were used. Moreover, the gap size (g) has been investigated making it ranging
around 20nm. This choice of changing the structure parameters around the the-
oretically optimized ones was made to then test the different nanostructure in the
actual experiments, which can differ from the ideal simulation condition. It was also
useful to take in mind the proximity effect (Ref.[95]) which can take place during
the EBL process and can lead the parameters to be different from the nominal ones.
Figure 3.8 shows some SEM images related to one AuNB writefield characterized
by [=60nm, g= 20nm (as indicated) and a=90°. Each writefield contains 10x10
nominally equal gold bowtie nanoantennas (a). In Fig.3.8(b) it is possible to find
a zoom-in showing 3x3 exemplary nanoantennas with a periodicity of about 3 pm
in both directions to avoid coupling effects. In Fig.3.8(c) a zoom-in on one single
antenna is reported, which shows that the real antenna length, gap size, and apex
angle can be different from the nominal parameters. The following sections pro-
vide a concise overview of Electron Beam Lithography, followed by a comprehensive
description of the nanofabrication process developed by Ediz Herkert.

Introduction to Electron Beam Lithography

In EBL systems (Ref.[96]) a highly focused and accelerated beam of electrons is
scanned over a surface covered by a resist (the so-called e-beam resist), sensitive to
electron radiation, to pattern features down to sub-10nm. The e-beam can expose
different areas and geometries of the substrates thanks to deflector coils or stage
movement. Based on the type of resist used, the exposed areas become more or less
soluble in organic solvents, enabling selective removal of either the exposed or non-
exposed regions of the resist. Afterward, a layer of metal is deposited on the obtained
structure. Typically a lift-off process is used to remove the remaining resist covered
by the redundant metal. After a final cleaning of the sample, the plasmonic metallic
pattern is obtained (Fig.3.9). The primary advantage of electron beam lithography
comes from the very small electron wavelength (typically less than 0.01 nm at 20 keV)
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Figure 3.9: Schematic overview of individual steps in the EBL fabrication process of plas-
monic structures.

and thus it can write custom patterns with sub-10nm resolution. Based on the
system, the resolution is mostly limited by imperfections in the electron optics and
electron backscattering from the substrate. When fabricating small nanostructures
with thin details, it is desirable to favor the resolution, which implies the employment
of an electron beam with a small diameter obtained in the case of a small current and
low throughput (understood as the quantity of electrons arriving on the sample).

Fabrication Procedure

The process is based on the positive-tone resist named ARP6200.04 and allows a
lateral resolution between 30-40nm. For the EBL process, the Raith Elphy Plus
system is used. It is characterized by an acceleration voltage of up to 30 kV and
an electron-beam aperture chosen to be the smallest possible (30um, spot size 1),
together with a step size of 5nm to achieve the required lateral resolution. Each
writefield contains 10x 10 bowtie nanoantennas with a periodicity of 3um. A dose of
422.5 % has been used to impress the desired pattern on the resist. The writefields
also contain alignment markers being here only used for easier identification of the
nanoantenna arrays and are labeled with the respective parameters and two unique
numbers specifying the location in the writefield arrays (see Figure 3.8(a)).
The process is divided into steps:

1. Glass substrate cleaning:
24mmx24mm, #1.5 BK-7 coverslips are cleaned with 15 min sonication in
acetone followed by rigorous rinsing with IPA and ultrapure water (MilliQ).
They are then dried with nitrogen flow and dry-baked on a hot-plate for 3-5min
at 155°C to make sure all the water molecules evaporate.

2. Glass preparation for EBL:

e 150ml of the positive-tone resist is added on the cleaned coverslip by
drop-coating and subsequent spin-coating for 60 s at 4000rpm to obtain
a thin and homogenous layer. The resist is baked on a hot-plate for 2min
at 155°C to evaporate the residual resist solvent.

« A thin layer of the water-soluble conductive polymer Espacer’™ 300Z is
applied by drop-coating 150ml of the polymer on the coverslip and spin-
coating for 60s at 5000rmp. The conductive polymer is necessary since it
mitigates charging effects induced by the electron beam during the EBL
process due to the insulating glass substrate.

3. Sample Development:

e The coverslip is rinsed for 15s in MilliQQ to remove the water-soluble con-
ductive polymer Espacer’™ 300Z and then dry-blown with nitrogen.
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e Following, it is dipped in AR600-546 for 2min and then rinsed sequen-
tially for 15s with isopropanol and MilliQ. With this passage the devel-
opment is stopped. Finally, it is blow-dried again with nitrogen.

4. Cr and Au layers deposition with a Leybold Univex 350 evaporator:

e Cr is deposited by means of e-beam evaporation, at 1As~! at pressures
around 2 x 10~% mbar.

« Au is deposited by means of e-beam evaporation, at 2As~! at pressures
around 2 x 10~% mbar.

5. Lift-off:
After the metal deposition, the coverslips are placed for 90-120 min without
sonication and another 30 min with sonication in the remover AR600-71 for the
lift-off process. The lift-off process is then ended by rinsing the nanostructured
coverslips with isopropanol and MilliQQ and dry-blowing with nitrogen.

6. Antennas coating:

The coverslips with the nanoantennas are coated with a 3nm Al,O3 layer
using atomic layer deposition (ALD) with a Cambridge Nanotech Savannah
200 system. The ALD process is run at 200°C C at ~0.3 mTorr and consists of
three 0.015s HoO pulses followed by three 0.05s pulses of trimethylaluminium
(TMA). The series of pulses is repeated 27 times with 10s pauses between
each pulse at an approximate growth rate of 1.1As~! per pulse series, yielding
the 3nm AlyO3 layer.

3.2.2 Polystyrene (PS) beads

The PS beads used to test the sensing ability of the AuNBs were 200 nm diam-
eter Fluoresbrite® YG Fluorescent Microspheres, with 5% diameter coefficient of
variation, and 100 nm diameter Fluoresbrite® YG Carboxylate Microspheres, with
10 % diameter coefficient of variation (Polyscience, Inc). Being YG (yellow-green),
both of them have 441 nm and 486 nm as wavelengths for maximum excitation and
emission, respectively (see fluorescence emission/excitation spectrum in Fig.3.10).
Although the size of these beads is well larger than the gap size in the antenna, such
sizes have been chosen for the first preliminary test to be sure of having enough
polystyrene material providing a sufficiently high SRS to be detected, even when
an enhancement from an antenna is not present. As consequent of the large beads
sizes, we need to take into account that they will not be able to fit within the gap
of the antenna, thus we do not work in the optimized condition to have the highest
field enhancement. Both bead solutions were shipped in DI water. The starting so-
lution concentration (Cg [particles/ml]) can be computed with the following formula
provided by the manufacturer in the technical data sheet:

6W 1012
Cs = ——5—
P

where W is the weight /volume concentration of the solution, in grams of polymer
per ml (0.025g for a 2.5% latex), ¢ is the diameter in micrometers of latex particles
and p is the density of polymer in grams per ml (1.05 for polystyrene). Using this
formula we obtain a starting concentration of 5.7 x 10'?particles/ml for the 200 nm
diameter PS beads and 4.55 x 10'3particles/ml for the 100 nm diameter PS beads.

(3.2.2)
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Figure 3.10: Fluorescence emission/excitation spectrum of YG Fluorescent Microspheres
and YG Carboxylate Microspheres from Ref.[2].

In order to be able to detect a PS bead passing by a AuNB as clearly isolated
spikes in time, the initial PS beads solution had to be diluted, reaching a given
final concentration Cr, such that the probability of finding a PS beads in the focal
volume of our measurements (V¢~0.5um3) turns to be lower than 1. This probability
can be computed as P = CpV;. To a final concentration Cp ~10'particles/ml
corresponds a probability around 0.71%. For this reason, the two starting solutions
have been diluted to have 5.7 x 10'%particles/ml for the 200 nm diameter PS beads
and 8 x 10'%particles/ml for the 100 nm diameter PS beads. For dilution, rather than
pure water, a solvent of glycerol-water mixture was chosen to control the viscosity
and in turn diffusion on the PS beads. According to the theory of the Brownian
motion, the diffusion length in each dimension of a translational motion is given by

(z%) = 2Dyt (3.2.3)
Dy is the translational diffusion constant, that for a spherical particle is given by

kgT
Dt == B
67nsTp

(3.2.4)

where t is the diffusion time, kg is the Boltzmann’s constant (1.38 x 10~22J/K), T
is the temperature in units of [K] (typically 300 K for room temperature), 7 is the
solvent dynamic viscosity in units of [Ns/m?] and rp is the particle radius in units of
[m]. By diluting the starting solution with a glycerol-DI water solution it is possible
to change the diffusion time of the PS beads in a probed area, as we change the
viscosity of the bulk media where the beads are moving. The 200 nm diameter PS
beads have been diluted both with fully DI water and with a 50% glycerol/water
(v/v) diluting solution, while for the 100 nm diameter PS beads, only the latter has
been employed. According to Ref.[? ], ns for a solution of water is 0.0010 Pa s, while
a solution given by 50% of water and 50% of glycerol gives ns= 0.0060 Pas. Using
Eq.3.2.3 and Eq.3.2.4, it is possible to derive the time required by a PS bead to pass
through a probed volume. Table 3.2.2 provided the estimated diffusion times of the
introduced PS beads when they pass through the focal volume (V¢) and the volume
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Vi VB

0% 50% 0% 50%
100 nm 30ms | 170ms | 0.3ms 1.7ms
200 nm 62ms | 341ms | 0.62ms | 3ms

Diameter

Table 3.1: Estimated diffusion times of 100nm and 200nm diameter PS beads passing
through the focal volume (V¢~0.5um?) and through the volume probed by the
antennas (Vnp ~50nm?), in case of fully DI water solution (0%) and 50%
glycerol/water solution

probed by the antennas (Vg ~50nm?), in case of fully DI water solution(0%) and
50% glycerol/water solution.

After having prepared the PS beads solution, on the nanostructured coverslips
a 3.16 ul drop of polystyrene is placed next to the area where the nanostructures
are. The polystyrene drop is required at a later stage for the alignment of the
SRS /eHCARS signal (see calibration in Sec.3.3.2). After the polystyrene drop
solidified, a double-sided adhesive imaging gasket is mounted on a cut microscopy
slide (prepared as in Sec.3.1) and filled with about 16ul of PS solution. The coverslip
with nanostructures is then mounted on the other side of the gasket so that the gasket
is sealed.

3.2.3 HEK293 Cells

To successfully perform measurements with living cells onto the antennas, it is im-
portant to establish a sample preparation protocol ensuring that the cells (Human
Embryonic Kidney - HEK293 cells in our case) attach onto the nanoantennas with-
out harming them. It is also necessary to identify the right conditions in which
the cells can survive a prolonged time without causing a strong vibrational or flu-
orescent background. The following protocol has been developed in collaboration
with Dr.Mark Young from Cardiff University, who provided us with the cell lines
cultured in his laboratory. Stable cell lines of HEK293 cells wild type and HEK293
cells expressing C-terminally GFP-His-tagged rat P2X7 receptors (P2X7-GFP-His)
are cultured in DMEM:F12 medium with 10% FBS. To detach the cells from the
flask the medium is replaced by bml trypsin, which is neutralized after 5min with
DMEM:F12. To achieve the desired cell concentration, the detached cells are re-
suspended in the required volume of medium. Different concentrations of cells have
been tested as reported in Fig.3.11. From our tests, we found out that 5 x 10%ul!
leads to a good coverage of cells ensuring that enough cells settle on top of the
nanoantennas avoiding too much cell-cell overlap. Meanwhile, the nanostructured
coverslips undergo a 30-minutes cleaning process using 100% ethanol. After clean-
ing, as in the case of the PS beads sample, a 3.16ul drop of polystyrene is placed
adjacent to the region containing the AuNB arrays. Once the polystyrene droplet
has solidified, a suspension of 15ul with 5 x 105ul™! cells is introduced on the central
portion of the coverslip, on top of the nanostructures. The coverslip with the drop of
concentrated cell suspension is then incubated for 30min to let the cells settle. Then
3mL of DMEM:F12 is added to protect the cells from drying out during the next
24hr incubation. Following the incubation period, the coverslips undergoes three
rounds of washing with PBS to ensure the complete removal of dead cells and the
DMEM:F12 medium. The presence of phenol red in the medium can contribute to
a substantial fluorescent background, hence its removal is crucial. Subsequently, the
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PBS is meticulously eliminated from the coverslip using blotting paper, taking care
not to come into contact with the cells. Again a double-sided adhesive imaging gas-
ket is mounted on a microscopy slide. It is filled with about 12 ul of phenol red-free
FluoroBrite DMEM (Gibco™ FluoroBrite™ DMEM) with 25mM HEPES, which
is needed to stabilize the pH of the medium in the absence of a stabilizing carbon
dioxide atmosphere. The coverslip with the cells and nanostructures is then mounted
on the other side of the gasket so that the gasket is sealed, therein containing the
medium with the cells on the nanoantennas. The FluoroBrite DMEM with 25 mM
HEPES has been also used for a control sample to test the response of the bowties
in the absence of cells. The widefield z-stacks shown in Figure 3.12(a) and 3.12(b)
were captured about 3hours apart. We can see that this protocol provides good
coverage of cells attached to the coverslip on top of the antennas. The cells appear
to be still alive after 3 hours. Indeed, the distribution of cells being different before
(a) and after (b) indicates that they were alive.

e

)

Figure 3.11: Wide field images of HEK293 cells (Objective 60x). The optimal cell concen-
tration was determined visually through a wide-field microscope. For that,
a 15 ul drop containing cells at 5x10%ul™t, 10x10°ul!, or 20x10%ul! was
applied on top of an empty coverslip. After about 30 min the cells settled
onto the coverslip and were incubated for 24 h before taking the images.

3.3 Multimodal microscope setup

3.3.1 Polarization resolved extinction

The optical cross-section is a physical property that characterizes a particle and
determines its interaction with light. In fact, when some light encounters a particle
the interaction can be of various modalities. The optical cross-section quantifies the
likelihood of this interaction to occur. It is expressed in units of area. The extinction
cross-section eyt is a specific type of optical cross-section that is associated with
the extinction of light. oey quantifies the NP efficiency in absorbing and scattering
an incoming light, leading to its overall extinction. It is defined as:

Pext
I

Oext = (3.3.1)
where [; is the incident intensity and Peyy is the total power lost due to both absorp-
tion and scattering. It is possible also to separate the two different contributions in
the following way:

Oext = Oabs T Osca (332)
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a) t=0hrs - b) t=3hrs

Figure 3.12: Widefield transmission images (Objective 100x) of HEK293 cells. The cells
were deposited on top of the nanostructures and were imaged before (a) and
after (b) the correlative fluorescence-eHCARS measurements with the focus
at different z-sections (as indicated) with z = 0 um coinciding with the focus
of the AuNBs.

The extinction cross-section intrinsically depends on the NP size and shape but
also on host materials. By measuring oext for different wavelengths we can obtain
information about the particle geometrical characteristics and determine the position
of the LSPR. Moreover, in this context, the extinction measurements have been used
also to check an eventual change of NP geometrical characteristics due to the laser
exposure.

The polarization resolved wide-field extinction micro-spectroscopy and polarization
resolved extinction spectroscopy techniques, developed in our lab, are useful for
the purpose of measuring oext. A brief explanation of the basic principle of these
techniques is given in the following. More details about them can be found in Ref.
[97],[98] and [99].

Both wide-field extinction and extinction spectroscopy measurements were per-
formed on a Nikon Ti-U inverted microscope (microscope stand shown in Fig.3.13),
using as an illumination source a 100 W halogen lamp. The Nikon Ti-U inverted
microscope stand was setup with a 1.34NA, n=1.518 oil-immersion condenser (Nikon
MEL41410) and a 1.45NA, 100x, n=1.518 oil immersion objective (Nikon MRD00405)
coupled with 1x tube-lens. Before the condenser, a rotatable linear polarizer is in-
serted allowing to change the illumination field polarization in the plane of the
nanorod. This allows to measure the extinction properties for different polarization
of the illumination light (see Fig.3.14). Six different polarization directions, indi-
cated with 0 in Fig.3.14, were used. They have a 30° angle difference at the back
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Figure 3.13: Nikon Ti-U inverted microscope with a zoom-in on the sample holder.
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Condenser

Objective

Figure 3.14: Sketch of the geometry of the NP in the measurement reference system.
E, and E/, are in the xy plane. 0 represents the angle at which the linear
polarizer is set compared to the x axis in the back focal plane of the condenser.
Although E,, is the predominant field component in the field focus, E; and
E, are still present due to the high NA employed (see Ref. [99])

focal plane of the condenser and are called respectively 0°,30°,60°,90°, 120°, 150°.

Our wide-field extinction is a transmission based wide field imaging method to
rapidly perform both the detection of single nano-objects and to extract a quantita-
tive measurement of oey. From a practical point of view, extinction microscopy is
performed by taking two bright-field images, one with the NPs in a given in-plane
position and the other with the NPs laterally shifted. The amount of the lateral
shift needed, which depends on the NA of the objective and on the wavelength (\)
used, can be computed as:

S = 2R; + 100nm (3.3.3)
with 3

R; is approximately the radius of the second Airy ring in the PSF for a given illu-
mination wavelength A (Ref.[97]). Choosing a lateral shift longer than S assures to
avoid significant overlap of airy patterns. In our measurements, we adopted a lateral
shift of 2 um. Then a background image is taken for blocked illumination. Calling
the background-subtracted transmitted intensity of the bright-field image with the
NP of interest in the center I, and the shifted one Iy, the extinction cross-section of
a NP located within the circular area A; centered at the NP, with radius R;, in the
image can be expressed as

%mzfmmm (3.3.5)

where A = (I — If)/Ip. Basically, A represents the final extinction image, in
which the NP appears as two spots, one bright and one dark, due to the lateral
shifting. A wavelength-dependent spectroscopic analysis is possible using band-pass
filters in the excitation beam path to select the wavelength of the exciting light
from the white light lamp source. The image data was recorded using a scientific-
complementary metal-oxide-semiconductor (CMOS) camera (PCO Edge 5.5), set to
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Concave mirrors

Input slit

Figure 3.15: Simplified ray diagram of the spectroscopy setup. The rays arriving at the
input slit are the ones collected by the Objective lens.

the maximum capability of acquiring 100 frames per second at 1196 x621 pixels with
16-bit digitization, 0.54 electrons per count, and a full well capacity of Ng, = 30000
electrons. The adjustment of the illumination lamp power was done by maximizing
it, without bringing the camera to saturation. Generally, It and Iy are averaged over
a number, Nj, of individual acquisitions, to reduce shot noise in the final image. To
further reduce shot noise, this procedure is repeated Ny, moving the sample between
the two positions. As explained in Ref.[99], this leads to a shot-noise limited noise
in the measurement of oeyt given by:

. Rid,x | T
Oext = M NN, Ngo (336)

where dpy is the pixel size (6.5 pm) and M (100) is the magnification onto the camera.
For our measurements, we adopted N;j=128 and N,=10, thus obtaining an Geg ~
12nm?. The quantitative wide-field extinction image analysis is performed via a
home built image analysis program written in IMAGEJ macro language, developed
by Lukas Payne, that given the extinction images, returns the single particle eyt
(see Ref.[97] for details).

With the same basic principle just explained, it is possible also to perform an
extinction spectroscopy measurement using a spectrometer in the detection beam
path, while retaining the white light illumination. In this case, all the wavelengths
contained in the illumination light can be analyzed at the same time, giving also
an accurate knowledge about the LSPR spectral positions. For the spectroscopy
measurements the transmitted light collected by the microscope objective is sent
to an imaging spectrometer (Horiba Jobin-Yvon iHR 550). As depicted in Fig.3.15
,the light enters the spectrometer through a rectangular open slit, with adjustable
opening. A first concave mirror collimates and redirects the input light toward a
diffraction grating, equipped with 100 lines per mm, where it is spread out into a
spectrum. Following this, a second concave mirror refocuses the spectrally dispersed
light onto a charge-coupled device (CCD) camera (Andor Newton DU-971N), charac-
terized by a 1600x400 pixels sensor with pixel pitch 16pum. The input slit is imaged
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Figure 3.16: Schematic explanation of how the binning for the CCD camera pixels was
performed in both horizontal (spectral) and vertical (spatial) direction.

1:1 onto the CCD . The CCD horizontal pixels are used for spectroscopy while the
vertical ones allow spatial imaging of the sample. From the spectral point of view
the resolution depends on the grating (which determines the detectable bandwidth
that in our case is ~ 450 nm, as measured), on the CCD pixel pitch, on number
of pixels used and on slit width related to the spectral dimension. In acquisition
modality, we adopted a 80um wide slit and exploited all the 1600 available pixels so
that the spectral resolution turned to be ~ 1.7nm. As the pixel bandwidth turned
to be 450 nm/1600~0.3 nm we could apply a 2 horizontal binning to double the sig-
nal without losing information. Regarding the spatial dimension, we decided to use
25 of the 400 pixels available on the CCD. As the square pixel size is (16 um)?2, we
occupy in this way 25x16 um=400pum on the CCD vertical axis. The magnification
of the slit at the sample is simply the width divided by the magnification, this means
that to the 400pum obtained on the CCD corresponds 4pum at the sample. As it is
done in the spectral dimension, also in the spatial dimension we apply a binning
so that we obtain 5 bins, each containing 5 pixels. Consequently, each bin corre-
sponds 0.8um on the sample. Figure 3.16 gives a representation of the binning used
in both the horizontal and vertical axis of the CCD. The 2x5 binning is actually
performed in the software (i.e. adding individual pixel counts) rather than on-chip
to avoid saturation. The sample is moved (via the MCL nanostage) to have the
nanoparticle under study, which has a typical PSF of ~500 nm radius, placed in the
central vertical bin. We collected two shifted spectra, I5 and I7, where the s indi-
cate a spectrum, by taking 200 acquisitions for each, with an exposure time of 11 ms
(obtaining intensity counts around 4x10%). In the extinction spectroscopy measure-
ment we perform a double referencing. The spatial referencing is similar to that of
the wide-field method, shifting to an area nearby, without any NPs, and capturing
spectra with the same settings. This first referencing is done so that each pixel point
on the NR corresponds to a reference signal acquired via the same pixel of the CCD
camera. The temporal referencing is instead given considering the top and bottom
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Figure 3.17: Sketch of laser source and wavelength outputs for multimodal nonlinear mi-
croscopy. The Ti:Sa laser source provides a laser beam with fundamental
wavelength at 820 nm, 80 MHZ repetition rate and 150 fs pulse duration. This
is used both as Pump beams and also to pump an OPO, after being frequency-
doubled via a second harmonic generation crystal, which provides both the
Stokes and Reference beam for eH-CARS measurements.

bins and this is needed to compensate for eventual lamp intensity fluctuation. We
actually used the three central bins to improve the vertical particle localization. Let
us call the signal collected for the top (bottom) stripe Iy ([},), and the signal from
the center stripes I.1, Ico, Ie3, as in Fig.3.16. The differential transmission spectrum
is calculated using;:

R+1) 1L +145+1L4 -

where I° (I') is used to indicate the spectrum acquired at (away from) the nanopar-
ticle.

3.3.2 Heterodyne epi-detected CARS (eH-CARS)

A complete and detailed description of the setup used to perform the eH-CARS
, previously developed in our lab, can be found in Ref.[45]. The setup is shown
diagrammatically in Fig.3.17 and Fig.3.18. Notably, this is a multimodal microscope
built also to perform conventional forward-CARS (F-CARS), SRS, TPF, and SHG
measurements as depicted in Figure 3.18.

In our implementation, we need a pump, a Stokes, and a reference beams. A
mode-locked Titanium:Sapphire (Ti:Sa) laser source (Mai-Tai HP, Spectra Physics)
provides pulses characterized by a repetition rate vy, of 80MHz and 150fs duration.
It is a tunable laser (from 690 nm to 1040 nm), but its fundamental is kept at 820 nm
and used as pump (Ap). The laser source then is also frequency-doubled to pump an
optical parametric oscillator (Inspire OPO, Radiantis). The optical parametric os-
cillator (OPO) provides an idler, used as a Stokes beam, with a tunable wavelength
in the range 930-2500 nm (Ag). Consequently, the signal, used as a reference, results
in the range 490 nm-750 nm (Aef) (see Fig.3.17). The tunability of the Stokes wave-
length allows to excite a wide range of vibrational frequency 2, as shown in Fig.3.19
(black). They are in fact connected by the relation §2 = wp —wg, where wp is constant
as we keep Ap at 820 nm. The reference wavelength will consequently result equal to
the CARS wavelength, which can be derived using the relation wcars = wp + €2 (see
Fig.3.19 (red)). Using 820 nm for the pump and for example 1080 nm and 660 nm as
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Sketch of the multimodal SRS /SHG/TPF/F-CARS/eH-CARS microscope.
Stokes pulses are amplitude-modulated at vy, and radio-frequency shifted at
vs using an AOM. Spectral focusing is applied via H-ZF52A glass blocks. The
pump travels through a delay line for IFD optimization. Pump and Stokes
are coupled via DBSs into an inverted microscope. F-CARS/SHG/MPF are
detected in transmission using a bandpass filters (F1, F2, F3) and a PMT.
SRS is detected using a bandpass filter F4 and a resonant photodiode (PD)
and filtered at vy, by using a lock-in amplifier. eH-CARS is collected in
epi-geometry and combined with a reference pulse (which travels through
a delay line for temporal overlap optimization) by using a non-polarizing
beam splitter (NBS), polarization split by using a Wollaston prism (WP)
and detected by using pairs of balanced photodiodes (BPD).
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central wavelengths for Stokes and reference signal respectively, it is possible to drive
vibrational resonances in the CH-stretch region (around 3000cm™1!), which is the
spectral region on which this project focus. Figure 3.18 gives all the details about
how the excitation of the sample and the detection of the consequent generated
CARS signal are performed. To selectively drive a molecular vibration of interest
the spectral focusing method is used (see Ref.[100] for more details). In practice, all
the involved laser pulses, having a duration of 150fs, are spectrally broad, with a
width typically 10 times larger than Raman linewidths of biomolecules of interest,
e.g. lipids. In spectral focusing, an equal linear chirp is applied to both pump and
Stokes, using glass blocks (ZF52A), creating a constant instantaneous frequency dif-
ference (IFD) between the two beams. The temporal envelope of such pulses can be
elongated, by the linear chirp, to a few picoseconds. The spectral resolution achieved,
determined by the Fourier-limit of the temporal envelope, is around 20 cm ™!, which
coincides with typical Raman linewidths of CH stretch vibrations. To tune the IFD,
the pump beam travels also through a motorized delay line (delay line 1). Also the
reference is chirped by glass blocks to acquire the same linear chirp as the generated
CARS signal at the non-polarizing beam splitter (NPBS) of the balanced detector.
The chirp applied to the reference is determined assuming that the CARS signal
will have the same chirp as pump and Stokes with the additional chip due to the
microscope objective and the tube lens. Moreover, the reference travels through a
motorized delay line (delay line 2), in order to provide spectral and temporal overlap
with the CARS field, allowing for heterodyning. For the heterodyne detection, an
acousto-optic modulator (AOM) driven at the radiofrequency vs=77MHz is used to
frequency up-shift the Stokes beam. Then, pump and Stokes beams are recombined
by a dichroic beam splitters (DBS), in the sketch DBS1, and sent onto a commercial
inverted microscope (the same in Section 3.3.1) via a second dichroic beam splitter
DBS2. Finally, they are focused onto the sample by a high NA microscope objective,
a 1.45NA 100x oil-immersion objective (Nikon MRD00405) used with 1x tube-lens.
We have the possibility of inserting a wave plate before the objective, in order to
change beam polarization onto the sample plane. In this work, both a A\/2 and A\/4
wave plate have been used. The sample is positioned and moved with respect to
the focal volume of the objective by scanning an xyz sample stage with nanometric
position accuracy (resolution of 0.4nm over a range in XYZ of 200 um? with 15 ms
response time). After the excitation of the sample, the generated CARS signal is
collected in reflection (epi-CARS). This implementation is useful taking into account
the size of the microscope PSF, which extends axially (along the z direction) about
1 pwm, and the typical thickness of thin lipid bilayer (4-5nm). The epi-detection
allows to remain sensitive to the interfaces because most of the CARS contribution
from bulk media, excited within the PSF, mainly propagates in the forward direc-
tion. After being transmitted by DBS2, the epi-CARS is recombined in a NPBS
with the reference beam for interferometric detection. Through this interferometric
detection the measured signal is also free from any incoherent background (such
as fluorescence). Moreover, non-resonant contributions given by electronic FWM
processes can be spatially, spectrally and temporally distinguished in the detection.
Specifically, the delay time between the reference pulse and the CARS signal can
be adjusted to maximize the interference with the vibrationally resonant response
having a coherence time of picoseconds, against instantaneous non-resonant nonlin-
earities. The interference between the epi-CARS signal and the reference field is
separated by using a Wollaston prism (WP) into two orthogonal polarization com-
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ponents (nominally, vertical (V) and horizontal (H)) and these are detected by a
balanced photodiodes (BPD), characterized by high quantum efficiency. This de-
tection scheme, which measures the current difference in the interferometer arms,
allows to reject classical noise and to reach shot noise limitation. The heterodyne
technique is implemented by exploiting the frequency down-shifting of the epi-CARS
resulting from the shift applied to the Stokes frequency. The interference between
the CARS field and the reference is then detected at 3MHz using a dual-channel
lock-in amplifier (ZI HF2), providing amplitude and phase components. Thanks to
the heterodyne method it is possible to measure the amplitude and phase of the
field.

3.3.3 Forward-CARS, SRS, SHG, and TPF

Conventional forward-CARS (F-CARS), SRS, SHG , and TPF detection are imple-
mented in the microscope setup.

For SRS, the Stokes beam was amplitude modulated by the AOM, driven with
a square wave amplitude modulation of frequency vy, = 2.5MHz. F-CARS, SRS,
SHG, and TPF are collected by a 1.34 NA oil condenser in transmission geome-
try. A dichroic beam splitter DBS3 reflects the F-CARS, SHG, and TPF signals
and transmits the Pump and Stokes beams. SRS, in the form of stimulated Ra-
man loss, is measured on the Pump beam, selected by using an additional dichroic
(DBS4), which reflects the signal at 820nm (and transmits the Stokes beam that is
then blocked), together with a short-pass filter F4 (790 nm - 860 nm), and detected
as an intensity modulation at vy= 2.5 MHz via a PD and the dual phase lock-in
amplifier (ZI HF2), taking the in-phase component of the SRS modulation. The
other dichroic beam splitters (DBS5 and DBS6) and filters (F1, F2, and F3) are
ordered in such a way that DBS5 transmits the F-CARS signals and reflects the
SHG and the TPF one. Then, DBS6 transmits the TPF, which passes through
a bandpass filter F3 (bandwidth:468 nm-552nm) and is detected by a photomul-
tiplier (TPF photonmultiplier (PMT)) and reflects the SHG signal, which passes
through a bandpass filter F2 (bandwidth:391 nm-437nm) and is detected by another
photomultiplier (SHG PMT). Finally, the F-CARS signal passes through the corre-
spondent bandpass filter F1 (bandwidth:642 nm-707 nm) and is detected by another
photomultiplier (F-CARS PMT). Additionally, even if in the standard configuration
wavelengths of 642 nm-707 nm are sent to the CARS PMT, the latter filter can be
exchanged to measure fluorescence for wavelengths longer than 540 nm.

3.3.4 Setup calibration for eH-CARS measurements in silicone oil

As mentioned in Section 3.1, the NRs were characterized while surrounded by sili-
cone oil. The Raman spectrum of silicone oil exhibits typical stretching and bending
vibration bands of CHx aliphatic groups at 2800-3000 cm ™!, with a main peak cen-
tered at 2904 cm~! (Ref.[101]). The latter was the wavenumber at which most of
the characterization was performed.

To initiate the setup calibration, the primary step involves configuring the ap-
propriate OPO parameters. The user must provide the wavelength value at which
the OPO signal (and consequently the OPO idler) should be generated, considering
the pump wavelength set at 820 nm. This configuration dictates the initial IFD, de-
noted as IFD.. Subsequently, the spectral focusing technique is employed to achieve
both high spectral resolution and to fine-tune the IFD within the pulse’s spectral
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width. The wavelength inserted in the OPO is the one that allows us to have an
IFD.~+50cm~! higher than the IFD at which we have to measure. In Ref.[102],
which is a prior publication by our research group, this choice is explained. When
measuring a CARS phenomenon is necessary to guarantee the right time ordering
of the pulses involved in the process and interacting with the sample. It has been
demonstrated both theoretically and experimentally that an IFD.~IFD+50cm™*
is the optimal choice, taking into account the finite coherence time of the Raman
resonances, to then have the pump pulse arrival and temporal width such that it
is able both to drive the coherence (together with the Stokes beam) and to act as
a probe. In our experiment, we typically addressed the vibrational excitation at
2904 cm~!. Thus, the OPO was set to provide an IFD, at ~ 2950cm™!. The re-
lation between the wavenumber (£2) corresponding to the excited vibration and the
exciting wavelengths (Ap and \g) is:
1 1

Q=—— — 3.
b (3.3.8)

Given the Ap=820nm, for 2=2950cm !, the consequent Stokes wavelength has to
be 1081 nm. The Stokes corresponds to the idler by the OPO, so that from its value
we can compute the wavelength the OPO requires as input, which corresponds to
the CARS wavelength (Acars). Given Ap and Ag, Acars is given by:

1 2 1
== = (3.3.9)
ACARS AP As

which gives 660nm. The OPO signal has to be set to have the same wavelength
as the CARS one as it will be used as the reference in the heterodyne detection.
To this setting, follows a fine calibration of the IFD in SRS modality. SRS in this
case is preferred over F-CARS and eH-CARS because it only contains the resonant
contribution of the signal, which is proportional to I m{xoﬂ(3)}. Another possibility
would have been to measure the CARS spectrum, but it is affected by both the
resonant and non-resonant contribution of the signal. The interference between the
resonant and non-resonant part led to a broader and dispersive lineshape for the
spectrum compared to the one obtainable with an SRS scan. As explained before,
the pump beam is scanned over a delay, typically few ps to tune the IFD over a
range of 500 cm~!), while both pump and Stokes beams are focused in silicone oil
bulk (as shown in the sketch of Fig.3.21), to then select the pump delay which
gives the maximum SRS signals. An example of SRS spectrum obtained after the
calibration is given in Fig.3.21(a)). The typical power used for these calibration steps
is around 5 mW for pump and 10 mW for Stokes at the beam focus. In general, when
subsequentially measuring at different IFD, the same value of IFD, can be kept as
far as the delay time between pump and Stokes, required to address the specific IFD,
ensures that the two pulses remain temporally overlapped, allowing them to interact
effectively with the sample. Figure 3.20 illustrates how, once IFD, is established,
variations in the pump-Stokes delay result in an IFD tuning accompanied by a change
in the intensity of the pump-Stokes overlap, with a full with at half maximum around
150cm~!. In fact, it shows a measurement of F-CARS, acquired after pump and
Stokes alignment, focusing the laser beams within the non resonant glass coverslip,
with IFD, ~2900cm ™! and scanning the pump-Stokes delay to tune the IFD over
a 400 cm™! range. Being the material non resonant, the detected CARS does not
depend on the time ordering between pump and Stokes beams but only depends on
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Figure 3.20: F-CARS intensity acquired after OPO tuning to have IFD. ~2900cm™!,
focusing pump and Stokes laser beams within the non resonant glass coverslip
(Pp=5mW, Ps=10mW), tuning the IFD by varying pump-Stokes delay to
tune the IFD over a 400 cm™! range.
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their overlap. Once the IFD is calibrated, we need to calibrate the delay between
the epi-CARS signal and the reference so that they result temporally overlapped at
the NPBS. This calibration is performed by focusing pump and Stokes beams at the
glass-oil interface (again shown in Fig. 3.21 sketch). The reference delay is scanned
over a range from 10 to 50 ps. Figure 3.21(b) shows a eH-CARS amplitude (A) and
phase (®) xz image (Sumx5um, 54x501 steps), taking centering at the glass-oil
interface, performed selecting the optimized epi-CARS - reference delay. In this
case, a \/4 wave plate was inserted in the beam path, with the consequent detection
of a signal coming from the glass-oil interface nearly fully vertically polarized (see
Sec.5.1 for more information about the use of a A/4 wave plate). In general, the
imaging measurements need a lock-in offset correction, to compensate for any offset
or baseline signal present in the output of the lock-in amplifier. The correction
was carried out treating the signal as a complex quantity and centering at zero
independently both its real and imaginary components. The offset mainly arises
from electronic noise. An example of lock-in correction is given in Fig.A.1. From
Fig.3.21(b), it is clear how the detection of an epi-CARS signal is possible only if the
beams are focused at an interface. In fact, the epi-CARS signal can arise from both
a backward reflection of CARS signal generated in the forward direction, or it can be
directly generated in the backward direction. The first case takes place if there is a
step in the Y1) at an interface, which corresponds to a change in the refractive index,
while a backward generated signal arises from a step in the x(®). Since the coverslip
glass and the silicone oil are refractive index matched, the detection of the epi-CARS
signal is due to the second case. The amplitude reached its maximum at the glass-oil
interface z position and it doesn’t show any fringes because it represents the overall
magnitude of the superimposed waves used for interferometric detection. Fringes
can be instead observed in the phase, reflecting the constructive and destructive
interference pattern depending on the phase difference between the epi-CARS and
the reference.

3.4 Numerical simulations via COMSOL

Among the several numerical available approaches for electromagnetic simulations,
the finite element method (FEM) has been chosen for this project. It is essentially
a mathematical algorithm to discretize and solve partial differential equations, able
to handle irregular geometries and fine features within large domains. In fact, the
non-regular tetrahedral adaptive mesh used to discretize space in the FEM can
accurately approximate curved surfaces and be selectively refined in specific areas of
interest, minimizing discretization errors compared to other approximations that use
rectangular division. With the commercial software COMSOL Multiphysics®, it is
possible to implement the FEM within a convenient user interface. A comprehensive
explanation of the developed model is outside the scope of this work, but a thorough
description can be found in Ref.[103] by Attilio Zilli. Here, our focus will be on the
part of the model exploited within this project and the modifications made to align
it with the required specifications.

The models discussed in this work have been solved via the electromagnetic
waves frequency domain (EWFD) interface, included in the Wave optics module
and RF module. In COMSOL, the term interface refers to a specific partial dif-
ferential equation being solved. Within each module, all the interfaces related to a
given class of phenomenon are grouped. The EWFD interface is particularly use-
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Figure 3.21: Calibration measurements. The sketch illustrates the point of the sample
where the laser beams were focused during the two calibration measurements
(center, within silicone oil bulk, for the IFD calibration via SRS and red
dotted line, at glass-silicone oil interface, for reference delay optimization.
(a) Measured SRS spectrum of Silicone oil. (b)eH-CARS amplitude (A) and
phase (@), for both detected components (horizontal (H) and vertical (V))
of xz scan at glass-oil interface, at IFD=2904 cm~! and with the optimized
Reference delay (see text).

ful for analyzing and simulating electromagnetic wave propagation, scattering, and
radiation phenomena. It allows to solve Maxwell’s equations in the frequency do-
main, looking for a monochromatic solution, assuming a harmonic time dependence
(e~ for all fields and sources. The Maxwell’s equations can be expressed in the
frequency domain as follows:

V- -D=p (3.4.1)
V -B=0 (3.4.2)
V x E = iwB (3.4.3)
V x H=—iwD+J (3.4.4)

where E (B) is the electric (magnetic) field in free space while D (H) is the electric
(magnetic) field propagating in a material. Exploiting the constitutive relation B =
pwH and D = eF it is possible to reformulated electromagnetics in terms of E alone,
as :

V x u YV x E) — w?eE = iwJ (3.4.5)

In Eq.3.4.5, i (permeability) and e (permittivity) represent the material properties,
while the external current J represents a source term introduced in the simulation
volume, which does not originate from the fields. It is important to underline that
under the EWFD interface, the inelastic scattering process can not be treated, as the
equation is solved only for a w per time. Additionally, the EWFD interface relies on
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a time-independent formulation of electromagnetism, so that transient phenomena
can not be described. In COMSOL, when using the EWFD interface, two possible
approaches to solve a problem can be followed:

o Full field formulation:
It directly solves Eq.3.4.5 and it is used when it is necessary to introduce an
analytical expression for J(r).

e Scattered field formulation:
It is convenient to be used when a scattering phenomenon is treated. In this
formulation the total field Eyy is seen as given by Fgen + FEpack with e,
the scattered field and Ey,q the background field that represents a radiative
excitation coming from a distant source. Writing Ey1=Fg.s + Fpack, Eq.3.4.5
can also be rewritten as

(V x 57V x —w?€)Egn = iwd — (V X 71V x —w?e) Epacx (3.4.6)

so that Eg, is the variable solved by COMSOL and E}, is defined by the
user with either an analytical description or a numerical vector field.

In this work, depending on the type of problem under study, both approaches have
been exploited.

To combine the requirement imposed by the FEM of having a finite-sized sim-
ulation volume together with the need of mimicking open boundaries for radiation,
the tools provided by COMSOL of introducing a perfectly matched layer (PML) are
exploited. A PML can be seen as a perfectly absorbing layer that avoids a simple
truncation of the simulated domain, which would lead to unwanted artificial reflec-
tion of the radiations into the computational domain. Mathematically, a PML is
implemented by introducing a complex-valued permittivity ¢ and permeability u,
so that the PML acts as a region where the electromagnetic waves are attenuated
exponentially as they propagate away from the boundary. This attenuation converts
propagating waves into decaying ones, ensuring that they do not reflect back into
the domain (Ref.[104]). In order to build models that properly describe the exper-
imental conditions, we have to take into account that in our microscopy systems,
the condenser and objective lenses are placed in the far — field (FF) of the studied
object. The far— field domain refers to the region or zone in which electromagnetic
waves have propagated a sufficient distance from their source and exhibit charac-
teristics that are independent of the specific details of the source. Once arrived
in the far — field domain, the radiation is collected over a finite solid angle, the
so-called acceptance. COMSOL provides in post-processing the possibility of using
the so-called far — field variables in specified domains. A field in the FF domain
(Erp) is computed via the Stratton-Chu transform (Ref.[105]):

Ber = — i / {f x E - \/ﬁfﬁ x (R x H)EM - 7| dr (3.4.7)
47 Trp €

where 7 represent the direction, the surface integration is performed over the outer
boundary I'rp of the FF domain and 7 identifies the normal to I'pg in every point.
Essentially, the analytical solution, as a function of #, of the simulated field at the
surface, delimiting the simulation volume is converted as a function of the emission
angles to then compute the amount of the field being collected by the acceptance
angle of the objective. It is important to underline that Epp is not an electric field
as its unit of measurement results to be in Volt, thus it represents the measured far
field, given the correspondent near field.
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Figure 3.22: Typical geometry and meshing of the COMSOL models adopted within this
work. Overview of the simulated volume Vg, a quarter of a sphere encircled
by a PML of homogeneous thickness. An NR is placed in the middle of Vg,
above the z = 0 optical interface and the NR close-up is reported to make
visible its Au core and the SiO, shell.

Geometry of the models

Within this project, two models have been developed to simulate both the elastic lin-
ear scattering phenomenon and the nonlinear scattering phenomenon. The geometry
of the models were built according to the real experimental configuration. In this
Section, all the common characteristics of the built models will be given. The tested
sample is given by a silica-coated NR placed on a dielectric interface (the BK-7 cov-
erslip, ng = 1.52), surrounded by silicone oil (ny; = 1.523) (Ref.[106]). The typical
geometry adopted together with its mesh is reported in Fig.3.22. The simulation
volume (Vgim) is implemented as a quarter of a sphere with radius rgm = Ao/2no,
encircled by a PML of homogeneous thickness tpy, = Ag/2ng, where Ao is the
wavelength adopted during the simulation and ng generally is the average of the
involved refractive index. The choice of rg, was made to ensure simulation bound-
aries outside the reactive near field (NF) region of the NR. The implementation of
the simulation volume (Vg ) as a quarter of a sphere, instead of using a complete
sphere, speeds up the solutions as well as the FF calculations and is possible given
the symmetry of the problems. For an object having x = 0 and y = 0 as mirror plans
(as our NRs) only a quarter of the geometry needs to be solved. The symmetry is
implemented by assigning a perfect electric conductor (PEC) boundary and a perfect
magnetic conductor (PMC) boundary at either z = 0 or y = 0 planes depending on
the polarization of the exciting field. As explained in the following, in our simula-
tion we will use exciting fields with fixed polarization along and across the NR. A
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PEC boundary reverses the sign of the normal component of the electric field while
preserving the sign of the tangential component, while a PMC boundary conserves
the sign of the normal component and reverses the sign of the tangential component
across the interface. Regarding the adopted mesh, Vg, is meshed with a free tetra-
hedral mesh having a maximum element size of \/5ng, which ensures a sufficient
sampling of the electric field, while the PML is meshed with a swept mesh of five
elements of constant thickness along the radial direction. The NR, placed above the
z = 0 optical interface surrounded by silicone oil, is built combining a cylinder, as
the rod main body, with an ellipsoid, to recreate the rod tip. The longitudinal axis
of the NR is chosen to be along the x-axis of the reference system. The system was
built so that L;,q represents the total rod length (from tip to tip), D,oq represents
the rod diameter, and Ry;p, defined as the x-semi-axis of the ellipsoid, represents
the tip length. Again, the NR aspect ratio (AR) is given by AR=L,oq/D:oq. In a
similar way as the NR, the silica shell, with a homogeneous thickness tge11, has been
built. Regarding the refractive index of the silica shell, the following expression has
been used:

Nshell = (1 — foil)nsio, + foilToil (3.4.8)

where we take into account the possibility of having a porous silica shell and f;
represent the fraction of oil within the shell due to its porosity. In the case of
no-porous shell f,;=0 and nghen=ngio, = 1.458 (Ref.[107]).

3.4.1 Extinction

To simulate a linear elastic scattering phenomenon, the Scattered field formulation
has been exploited. Radiative excitation, represented by Fpack, is introduced in the
model as a plane wave propagating along the positive direction of the z-axis:

By = Eie_mOkZ (349)

with k the wave vector and a nominal amplitude E of 1 V/m. Within this work,
we simulated the extinction cross-section of a nanorod for exciting light linearly
polarized along and across the particle. This translates into imposing Ey,qx to have
just one component on the z- or the y-axis respectively for the two cases. When
simulating the field linearly polarized along the NR, the PEC boundary is set to be
on the x = 0 plane, while the PMC boundary to the y = 0 plane. Vice versa for
the case of the excitation linearly polarized across the NR. A solution of this model
consists of the value of the electromagnetic field components at every node of the
spatial mesh. The field itself and also other derived quantities can be visualized in
space as false color maps. All figures and results in this section refer to an exemplary
NR with the following characteristics: Dyoq =40nm, Lyoqg = 68 nm (AR=1.7), Rjp=
Dyoa/(2.5), tshen= 10nm with foy= 0. Here, the single-crystal epy(A\) dataset by
Olmon et al. (Ref.[108]), shown in Fig.3.23, has been used and more detailed study
about the optimized dataset for ex,(A) will be presented in Sec.4.1.3.1.

Figure 3.24 displays the computed Egca/FEpack (top) and Eio/Epack (bottom)
obtained when the exemplary NR is excited resonantly with its longitudinal LSPR
at 645 nm (left) and its transversal LSPR at 540 nm (right) by plane wave (Epack)
linearly polarized along and across the NR respectively, as indicated with the yellow
arrows. The simulated and plotted fields amplitude obey across interfaces to the
boundary condition € E{ = e2F5 and E{/ = E2// . We can notice that at the
glass-oil interface, the field amplitude does not show any discontinuity as the two
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Figure 3.23: Dielectric function of gold, both real (black) and imaginary (red) parts in the
visible spectral region measured via spectroscopic ellipsometry measurements
on single crystal thick gold surface, reported in Ref.[108].

materials are refractive index matched. In both cases, the scattered field displays
a field distribution peculiar to the emission of a dipole oriented along the Fyack
polarization direction. At the gold-shell interface, in the direction of the FEp.qk
oscillations, there is the field discontinuity coming from the boundary condition. In
fact € AuE/Jgu = EshellEslheu and epy >> €ghell, 80 that consequently Egpe >> Eay. It
is less evident in the case of excitation at 540 nm the step in € starts to be less large
due to the value of €4,(540 nm).
The total field is the result of the interference between the incoming and scattered
fields and its values is the one that has to be used to see the actual field enhancement,
comparing it with the incoming field. The resonant excitation of the plasmon modes
results in an enhanced electric field localized at the end tip of the nanorod in Fig.3.24-
left case and along the transverse field direction in the Fig.3.24-right, with a field
enhancement reaching a factor of 20 and 6 respectively. It is interesting to see how
in the case of the transversal plasmon excitation, thanks to the lower enhancement
given by the plasmon itself, the field generated inside the metal at the rod tip is
better visible. This is a geometrical effect taking place. In fact, the incoming field
oscillating across the NR is able to induce a current in the metal surface that at
the tip can penetrate inside the metal itself. As a result, a field inside the metal is
generated in this NP volume region. Going toward the main body of the NP, in our
model, inside the cylinder volume, the induced currents can penetrate less and this
results in a decreased internal field.

The experimental observables can be computed from the microscopic derived
quantities. For example, the extinction cross-section, which is the observable quan-
tity we are interested in, can be rewritten and computed as:

Psca + Pabs

3.4.10
. (3.4.10)

Oext —

where:

o [ = %nocoegEiQ results directly from the model input parameters.
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Esca/ Eback

Figure 3.24: Normalized amplitude of the scattered (top) and total (bottom) electric fields
obtained, with a 40 nmx68 nm NR, having a 10 nm SiO; shell, placed onto a
glass surface and surrounded by silicone oil, for incoming light, propagating
along the positive z-axis direction, with polarization along (left) and across
(right) the NR (as indicated with the yellow arrows) at the correspondent
LSPR.
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e The absorbed power P,,s can be computed by integrating, over the NP vol-
ume, the density of power dissipated through Joule heating, which is directly
computed by COMSOL as Qjoule = 0.5[Re (J. © Eor™)] (with J. the current
density):

P =4 QiouedV (3.4.11)
VNR
The Joule heating occurs when the exciting electric field (Epack) accelerates
the free electrons within the metal, causing them to collide with the ion lattice.
This collision converts their kinetic energy into thermal energy, leading to
lattice vibrations and the generation of heat. The factor 4 before the integrals
is needed since the simulation volume is a quarter of the real NP volume.

e The scattered power Py, is the flux of the time-averaged scattered Poynting
vector Py, across the NP surface:

Pin =4 P,., - ndl (3.4.12)
IBNY
Again the factor 4 is inserted to take into account the simulation over a quarter
of the real NP volume, Py, is computed directly by COMSOL as Pg., =
0.5[Re (Esca X Hsea*)] and 71 is the versor normal to I'yg in each point.

Figure 3.25 shows the simulated absolute extinction (solid line), scattering (dashed
line), and absorption (dot-dashed line) spectra via the COMSOL model presented,
for exciting polarization aligned along (red, o*) and across (black, o7') the NR long
axis. By looking at and comparing olps and o7 41, it is clear how the plasmon res-
onance absorption band splits into two bands. The high-energy band, at a shorter
wavelength centered around 525 nm, and the lower-energy band centered at 645 nm.

3.4.2 LFE eH-CARS

In order to simulate the nonlinear microscopy experiment performed, the imple-
mented solving scheme is divided into two sequential steps. The first EWFD in-
terface computes the scattering of the input pump and Stokes beams and for this
reason, it is run twice at Ap and Ag. Ap and Ag are chosen as in our experiments to
drive a particular molecular vibration at 2;, = wp — wg. For example to drive the
molecular vibration at Qi = 2904cm™!, \p is set to 820nm and Ag to 1076 nm.
In this interface, the scattered field formulation is used. Both pump and Stokes
are simulated as linearly polarized beams along the NR longitudinal axis, tightly
focused by the high numerical aperture of the objective lens NA ,,;=1.45. They are
characterized by Gaussian field profile at the back focal plane (BFP) of the objec-
tive. Ref.[103] gives the exact vectorial description of such beams. Here we report
just the field amplitude which is given by:

w | 2mn3 Py

A = puse 3.4.13

Gauss NA\I 6063 E(l_e%) ( )
2

where Ppuise is the pulse power and F' is the filling factor (see Ref.[103]), which
expresses the objective lens efficiency in collecting light. The P15 can be computed

as:
Pavg

—_— 3.4.14
RpulseTpulse ( )

P, pulse =
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Figure 3.25: Simulated absolute scattering o5 (dashed line), absorption (dot-dashed line)
Osca and extinction oeyy (solid line) cross-section spectra of an exemplary
SiAuNR (Drod =40 nim, Lrod = 68 nm (AR: 17), Rtip: Drod/(2-5)7 tshellz
10nm with foy= 0) obtained with the presented model (see text) and using
€au(A) by Olmon et al. (Ref.[108]), for linear polarization excitation along

the NR long axis (red, o*) and linear polarization excitation across the NR
(black, oT).
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Pump @ 820nm Stokes @ 1076nm
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Figure 3.26: Pump (left) and Stokes (right) input field amplitude distributions, computed
in COMSOL considering focusing microscope objective with NA=1.45. The
simulated volume is centered at » = 0 and has a radius Rg, = 600nm. A
focused wavefront has been used, with polarization along the z-axis and a
Gaussian field profile in the BFP of the focusing lens.

with P,y the measured average laser power, R,use the repetition rate and T'pyise
the pulse duration. The typical experimental values used P,y = 1mW, Thyse =
1ps, and Rpuise = 80 MHz give Ppyse = 12.5 W. In our microscope, the input beams
have a filling factor F' close to 1 for both pump and Stokes beams.

Figure 3.26 shows how the input fields look like for both pump (left) and Stokes
(right). They are both characterized by a regular shape and centered at the nominal
focus r=0. They are not axially symmetric, but slightly elongated along the direction
of the exciting polarization. Two lateral fringes are visible as well, analogous to the
characteristic rings of the Airy pattern. Even if the input power is always the same,
the pump amplitude is higher than the Stokes one, as it is proportional to the field
frequency, which is higher in the pump case. The opposite occurs for the beam waist,
which is proportional to the field wavelength so that the pump’s waste is smaller.

The typical results of the first interface are summarized in Fig.3.27, which shows
pump (left) and Stokes (right) scattered (top) and total (bottom) fields normalized
to the maximum of the correspondent input fields (Ap™®@= 2.41x108V/m and
Ag™* = 1.84x10% V/m, see Fig.3.26). The presence of the particle changes the
spatial distribution of the input fields (Fig.3.26). It is interesting to compare the
spatial distribution of the scattered and total fields as the first one is the response
of the metal particle to compensate for the background field inside its gold core.
In fact, by looking at the total field, which is again the result of the interference
between scattered and background fields, we see that the field inside the NP gold
core tends to be zero. Note that in the case of the Stokes beam, the total field is
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Pump @ 820nm Stokes @ 1076nm

Esca /Eback Esca /Eback

Figure 3.27: Result of the first EWFD interface. Pump (left) and Stokes (right) scattered
(top) and total (bottom) fields normalized to the maximum of the input field
(Ap™ma*x=2.41x108 V/m and Ag™**= 1.84x10® V/m, see Fig.3.26), resulting
for a SiAuNR placed at r = 0 surrounded by silicone oil and on top of a
substrate index matched with the bulk material (such as the glass coverslip).
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even more screened inside the NP and this is the result of having a higher negative
value for exy at 1076 nm than at 820nm. The total field, outside the gold core
shows a more elongated shape than the scattered field, due to the interference with
the background field displaying the same characteristic. The field enhancement at
the NR tip results from the plasmon excitation, with a contribution depending on
the spectral distance between the field wavelength and the longitudinal NP LSPR,
together with a geometrical enhancement.

The second EWFD interface takes as input the resulting EX, and E, from the
first EWFD interface to drive the nonlinear emission, represented by Ecars. Here,
the full field formulation in the absence of radiative excitation is exploited and the
source is given by an external current J = —iwP. Since the process we are treating
is the CARS phenomenon P = Pcars(wcars), with wears = 2wp —ws. A classical
derivation of PcaRrs, within the scalar approximation is reported in Ref.[75]. Under
the scalar approximation, the CARS polarization turns out to be:

Pcars(wears) = 660X§) (wears)(Ep - E%)Ep + 3e0x® (woars) (Ep - Ep)E

(3.4.15)
where the first term is the vibrational term, which describes a vibration induced by
a pump and a Stokes photon and probed by another pump photon. The second term
represents the nonresonant contribution arising from a FWM-induced phenomenon
as a two-photon absorption. The Eq.3.4.15 will then acquire a different form de-
pending on the material properties of the various physical domains. In our model,
the resonant material is represented by the silicone oil, while the glass substrate, the
silica rod shell, and the gold rod core are nonresonant.

For all the nonresonant material, in first approximation, we assumed that their
contribution is just given by a FWM (nonresonant) phenomenon taking place. This
is reasonable considering the possibility in glass and gold of inducing, via the ab-
sorption of two pump photons, an electronic transition with an equivalent wave-
length of around 410nm. Thus, within these physical domains Pcars(wcars) =
3eox® (wcars)(Ep - Ep)Ej.

To estimate the third-order susceptibility for the glass coverslip and the silica shell
we exploited results reported in Ref.[109], in which non linear refractive index nyr,
for different glasses have been measured via THG. For the borosilicate glass sub-
strate, the value of nny, g = 1.38 x 10~ esu was found. From this value, exploiting
the relation between nyp, and y3), y3) = (nnLno)/(127), with ng the ordinary lin-

ear refractive index, we could compute XE? =5.6 x 107 Pesu = 7.8 x 1072m?/V?2,
®3)

fesu] suggested in

using in the last equality the conversion X&)Q v = 1.40 x 108y
Ref.[75].

Regarding the silica shell, we estimated that X(S?i’z)g = 0.6)(](33 ) In fact, comparing
the nn1, values obtained for silica and borosilicate glass, we have that nni, sio, =

0.6nnr,B- Thus, Xé‘?zh can be written as

(3) _ PNLSi02"08i02 _ i1
(0.6nN1,,B)10,8i0, 10,B
= Py = = 3.4.17
127 nO,B ( )
0.6 :
_ nnL,Bno,B U-6n0,8i0, (3.4.18)

127 no,B

The first factor, by definition, is X}(33 ), while computing the second, using the well-

— 58 —



Chapter 3. Materials and Methods

14
1 (
121 IRe X

3)

10-

3 3
Xg)il)/Xélz)ass
I

2800 2850 2900 2950 3000 3050 3100 3150
covib(cm'1)

Figure 3.28: Complex third-order susceptibility x(® oy of silicone oil relative to glass (mi-
croscope slide)

known ngp = 1.51168 and ng sio, = 1.4585, we obtain a value ~ of 0.6.

The XSL)I values reported in the literature vary significantly across multiple orders

of magnitudes, from 107 to 10719m?/V? | as shown by Boyd et al. (see Ref.[61]).
The variance of the different values is attributed to the utilization of different mea-
surement procedures, which are sensitive to different contributions to the nonlinear
optical response.
Concerning the Au core of the NR, in this work we initially adopted the value
Xg’l)l =2x 1079m?/V?2, measured by Renger et al. (Ref.[110]), using a FWM setup
with wavelength and pulses duration very close to our experimental condition. Then,
in Sec.5.8, Xx(:)gl will be adjusted according to the comparison between simulation and
experimental results.

In the resonant material, the resonant contribution given by XS) is dominant
compared to the non resonant one, so that we can write Pcagrs for silicone oil as

Pcars,oil(WeARS) = 660X§) (wcars)(Ep - ES)Ep. (3.4.19)

®3)

The complex nonlinear optical susceptibility x;; of the silicone oil was retrieved from

(3)
quantitatively measurement of ¥ = X;gg . These measurements were conducted using
X

B
techniques that were previously developed within our research group (Ref.[111]) and
the results are reported in Fig.3.28. In our model

. . (3)
Ecarsoi  Poarson 6Xo§1 —x (3.4.20)
Ecars,B Pcars,B 3X£3)

Thus, the silicone oil third order susceptibility value is X(()?l) = % X X}(33 ),
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ECARS JCARS
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2.34

Figure 3.29: Nonlinear current Jcagrs (contour plot) and emitted field Ecars amplitude
(false colours) generating focusing pump and stokes beam at the interface
between a SiAuNR placed onto a non resonant substrate (glass coverslip)
and surrounded by a resonant material (silicone oil).
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Figure 3.29 shows the result of the second interface in the case of the chosen
exemplary particle. It shows both the nonlinear current Jcars (contour plot),
generating thanks to Pcars in the different material, together with the consequent
Ecars spatial distribution. The strength of the current depends on the x®) found
in a given material and since gold is characterized by x® orders of magnitude higher
than the other materials, the stronger current is found here. As regards the field
spatial distribution, we found the highest value at the NR gold core tip outside the
metal and within the silica shell.

In our experiments, the epi emission is measured in amplitude and phase us-
ing the heterodyne detection scheme described in Sec.3.3.2. The model calculates
the epi-detected heterodyne signal of eH-CARS by combining the mixing term of
the CARS field, projected to the FF using Eq.3.4.7, with the reference field F.f,
described by:

eH-CARS =4 1

1 *
inCOEO ECARS,FF : Erede (3421)

T'sim Tobj

This integration takes place over a spherical cap located on the boundary of Vi,
which corresponds to the acceptance region of the objective lens and the factor 4
takes into account that we simulate a quarter of the region I'op;. Eq.3.4.21 express
the pulse peak power and to obtain the average power measured in the experiments
we need to multiply by the duty cycle of the source (Rpuise X T'puise)- In order to
reproduce in the model the spatial mode matching together with the fact that the
interference between the signal and the reference takes place before the detector and
that the reference doesn’t pass through the objective lens, F,¢ is simulated as a
Gaussian field profile in the objective BFP and co-polarized with the excitation. Its
amplitude is computed considering the measured average power Payg ot = 1mW, its
relation with the laser intensity

Ppeak o Pavg 1

Iy = = 3.4.22
0 Aspot RpulseTpulse 7T(05ﬁ)2 ( )
and the relation between the field amplitude and intensity
1 2
Iy = —negco Ef.- (3.4.23)

2

and turns out to be 8.8x10%V/m. As shown in Ref.[103] eH-CARS(rgm) always
exhibits oscillations well fitted by a sinusoidal function with period L =Acars/(2n),
with n the average of the refractive index separated by the interface. This oscillation
comes from a numerical artifact of the FF calculations due to the discretization
introduced by the mesh at the boundary where the transform is computed. This
artifact is removed by averaging any two simulations corresponding to opposite
points of the circle, i.e. whose rgy, differ by L/2.
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Optical extinction of
nanostructures

4.1 SiAuNRs

4.1.1 Experimental extinction cross-section

The optical properties of the SiAuNRs have been investigated via extinction micro-
spectroscopy.

For the SiAuNRs characterized by nominal size 25 nmx71nm and 5 nm silica shell,
the polarization resolved extinction spectroscopy technique was used and Fig.4.1(a)
reports an example of a quantitative single particle analysis performed. It shows the
extracted optical extinction cross-section for all the wavelengths in the visible range
and for the indicated exciting field in plane linear polarization: 0°, 30°, 60°, 90°, 120°
and 150°. The selected particle has a transversal and a longitudinal LSPR centered
at 525 nm and 690 nm respectively. As expected, also by comparison with simula-
tions (see Fig.3.25), the transversal LSPR turns out to have a lower cross-section
than the longitudinal one and it is not characterized by an evident polarization
dependent behaviour. The reduced cross-section can be qualitatively understood
considering that there is a shorter length and thus a smaller dipole moment (hence
less polarisability) along the short axis compared to the long axis. Instead, the lon-
gitudinal LSPR has a larger cross-section and shows a clear polarization dependent
behaviour, with a maximum and a minimum value for incoming light polarized at
120° and 30° respectively. The dependence of geyt, on the linear exciting polarization
angle 6 at the LSPR of the longitudinal mode is a sensitive probe of NP asphericity.
Measuring this dependence, it is possible to fit the experimental oext (A gpg,0) With

Uext()\LSPR; 9) = Uo(l + ap cos (2(9 — 90)) (4.1.1)

where o is the polarization averaged gext, ap < 1 is the amplitude of the polar-
ization dependence and 0 < 6y < w is an angular offset, indicating the in-plane
orientation of the NP asymmetry. og is related to the particle size, while ap is a
measure of the observed NP asymmetry, with ap = 0 corresponding to absence of
dipolar asymmetry and ap ~ 1 indicating a very elongated particle, with a strong
LSPR preferential axis, as would be expected for the longitudinal plasmon mode of a
nanorod. Fig.4.1(b) shows the fit using Eq.4.1.1. The particle under study turns out
to have the following fit parameters: o¢ = 17893nm?+516nm? and ap = 0.88+0.04,
confirming that this particle has a pronounced rod-shape.
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Figure 4.1: (a)Single particle extinction spectrum of nominal 25 nmx71 nm with 5nm sil-
ica shell (acquired as explained in 3.3.1) for different in-plane linear polariza-
tion angles of the white-light illumination as indicated. Measurements set-
tings: spectra are averages over 200 acquisitions, 11 ms exposure time. (b)
Oext(ALspr) versus polarizer angle 0 fit with Eq.4.1.1

Despite the very precise knowledge of the LSPR, spectral position, spectroscopy
comes with the drawback of being able to measure one single particle per time.
Instead, the wide field extinction technique introduced in Chapter 3.3.1, has the
main advantage of being able to rapidly measure in absolute units ooyt for all the NPs
within the imaged field of view (FOV), without the need for calibration standards
(see Ref.[97]). For this reason, moving ahead with our research, we decided to adopt
the polarization resolved wide field extinction technique to investigate the oey of
the NPs belonging to the 40 nm x68 nm- and 50x 100 nm- SiAuNRs groups.

Figure4.2(a) shows an example of extinction image of nominal 40 nmx60 nm-
SiAuNRs, taken inserting in the excitation beam path a band-pass filter centered
at 650 nm=+20nm and using unpolarized incident light. From the analysis of the
acquired images, each NP corresponds to a bright and a dark spot. This is because we
use a shifted image for reference to determine the differential transmission induced by
the particle (see Chapter 3.3.1). Considering the particle circled in red in Fig.4.2(a),
Figure 4.2(b) shows how the extinction image changes when different incident light
polarizations are selected. Qualitatively, it is already possible to understand that,
thanks to its strong polarization dependent behaviour, the selected particle has a
rod shape and that its LSPR is not spectrally far from the center wavelength of the
band pass filter inserted, since at the LSPR wavelength the polarization dependence
is stronger. After acquiring the extinction images using different bandpass filters (in
our case, centered at 450 nm, 500 nm, 550 nm, 600 nm, 650 nm, and 700 nm) and, for
each filter, selecting the different polarizations, the IMAGEJ software introduced in
Chapter 3.3.1 returns oext(A, 6) of all the NPs within the FOV. In Fig.4.3(a) the
result of this analysis for the red-circled particle of Fig.4.2(a) is shown. By looking
at this figure, we can confirm the rod shape of the particle, as its longitudinal LSPR,
which is centered at 650 nm, exhibits a strong polarization dependent behaviour with
a maximum at 150° and a minimum at 60°.

From the TEM images of Chapter 3.1(Fig.3.1), it is evident that the particle
sizes deviates from the nominal ones provided by the supplier and additionally they
exhibit considerable variability. The actual size and shape of a particle determine
its optical properties such as the strength of the extinction cross-section and the
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Figure 4.2:

a)
30000

150°
.

a) Unpolarized wide field extinction image (1196x62 pixels) of single nominal
40><68 nm-SiAuNRs taken using a 100 W halogen lamp and a band-pass fil-
tered centered at 650 nm, a 100x 1.45 NA oil objective, and a sCMOS camera.
The two circled particles are used as exemplary particles in Fig.4.2(b) and in
Fig.4.3. (b)Polarization resolved wide field extinction of the particle red cir-
cled in (a), setting the rotatable polarizer at 0°,30°,60°,90°,120°,150°. Gray
bar scale for all these images: white=-0.17 and black=0.21. A 10 um scale
bar is shown in (a) and in (b) the polarization angle is noted in each image.
(measurement settings: x128averages, N=10 repeats, S=2 pm)
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Extinction cross-section of two nominal 40 nm x 68 nm-SiAuNRs extracted from
wide field extinction imaging measurements performed using a 100 W halogen
lamp and band-pass filters with the different reported center wavelengths, for
in-plane linear polarization as indicated. (a) red-circled NP and (b) blue-
circled NP of Fig.4.2(a).
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Figure 4.4: Extinction cross-section of two nominal 50nmx100nm-SiAuNRs (a,b) ex-
tracted from wide field extinction imaging measurements performed using a
100 W halogen lamp and band-pass filters with the different reported center
wavelengths, for in-plane linear polarization as indicated.

spectral position of the longitudinal LSPR. The latter is a crucial parameter for our
research and our target is to have a longitudinal LSPR as much as possible close to
660 nm (corresponding to the CARS wavelength), as explained in Chapter 5. The
Oext, Obtained from our wide field extinction technique, allows us to rapidly check
how much the LSPR of an individual NR is shifted compared to our target value.
Figure 4.3(b) shows the extinction spectrum of the particle circled in blue in Fig.4.2.
Again, we found that this is a rod-shape particle. Comparing the two NRs, we can
understand that they are characterized by a different in-plane orientation (different
polarization dependent behaviour) and, most importantly by different geometrical
characteristics. In fact, compared to the first NR (Fig.4.2(a)), the oext of the second
one (Fig.4.3(b)) is larger, suggesting an overall bigger volume and its longitudinal
LSPR turn out to be in a different spectral position, more red-shifted, meaning that
its actual AR is larger.

Similar consideration can be made for the nominal 50 nmx100nm-SiAuNRs
group: generally, the majority of the NPs in the ensemble are rod-shaped particles,
but their actual size deviates from the nominal one with a non-negligible variability.
Figure 4.4 shows the extinction cross-section spectrum obtained considering two dif-
ferent nominal 50 nm x 100 nm-SiAuNRs. One should notice that the maximum o eyt
obtained in this case is larger than the one measured for the nominal 40 nm x 68 nm-
SiAuNRs group, which is consistent with the larger nominal size. Moreover, thanks
to the larger volumes, with the nominal 50 nmx 100 nm-SiAulNRs, in general, the
transversal LSPR becomes visible in our experiments. Also in this case we notice
that the spectral positions of the longitudinal LSPRs are different for different NRs.
In this example, we have that the first NR (Fig4.4(a)) has the longitudinal plasmon
mode more blue-shifted, centered around 625 nm, while the second NR (Fig4.4(a))
has the LSPR red-shifted, toward 700 nm.

4.1.2 Simulated extinction cross-section

As explained in Chapter 3.4, we developed a COMSOL model able to compute the
extinction cross-section for nanorods that can have different sizes, shell thickness,
and tip lengths (to vary from a more to a less rounded tip). In this Section, the
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Figure 4.5: Simulated absolute absorption o,ps (dashed line), scattering (dash-dotted line)
Osca and extinction oey (solid line) cross-section spectra of three different NRs
(as indicated) placed at a glass substrate and surrounded by index matching
silicon oil (n=1.52), obtained with the presented model (see text) and using
€au(A) by Olmon et al. (Ref.[108]), for (a) linear polarization excitation along
the NR () and (b) linear polarization excitation across the NR (o7).

cross-sections obtained using an incident polarization aligned along the NR main
axis will be indicated as o, as the longitudinal mode, corresponding to electrons
oscillating along the NR longer axis, is excited. Instead, o7 will be used when the
exciting polarization will be aligned along the NR transversal axis.

Figure 4.5 shows the absolute extinction (solid line), absorption (dash-dotted
line), and scattering (dashed line) simulated spectra, obtained with the COMSOL
model presented, for NRs whose sizes and silica shell thicknesses were set to be equal
to the nominal specification given for the NRs employed experimentally within this
project (as indicated). The tip length was set to be Riip = Dyod/(2.5). Again, for this
set of simulations, the single-crystal ea,(A) dataset by Olmon et al. (Ref.[108]) has
been used. A detailed study of the optimized dataset for e} (\) will be presented
in the following section. Precisely, the results on the left (right) were computed
for exciting polarization aligned along (across) the NR, so that the cross-sections
are indicated with ol (07), as the longitudinal (transversal) LSPR was excited.
Comparing the results for the three NPs reported in Fig.4.5(a) and (b), it is clear
that a higher aspect ratio increases the energy separation between the resonance
frequencies of the two plasmon bands (Ref.[112],[113]).

The transversal plasmon band, which corresponds to the oscillation of the electrons
along the NR short axis, has a spectral position relatively insensitive to the NR
aspect ratio (Ref.[114],[115]), while its extinction peak increases and is slightly red-
shifted for longer diameter (see Fig.4.5(b)). For the smallest NR of this example, the
overall extinction cross-section is dominated by the absorption contribution (oZ,,)
while the scattering contribution (¢L,) increases for a larger diameter. Notably,
the NR transversal mode is comparable to the plasmon mode obtained considering
a spherical particle. In the quasi-static regime, i.e. when the wavelength of the
incident radiation is much greater than the particle diameter (see Chapter 2.2 and

Ref.[86]),
Taca o (f)g (4.1.2)

Oabs
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AUNR 25nmx71nm AuNR 40nmx68nm AuNR 50nmx100nm
5nm SiO, shell 10nm SiO, shell 10nm SiO, shell

Figure 4.6: Solution of the elastic scattering model for three NR whose size and silica shell
thickness are set to be equal to the nominal specification of the NRs employed
within this project, as indicated (see Sec.3.1). The local field enhancement
Eot/FEpack is plotted. The exciting field Epack (yellow arrow) propagates
along 2, is polarized along the rod axis (i.e. along &) and excited the NP at
their longitudinal LSPR.

so that the scattering contribution becomes negligible compared to the absorption
one, while increasing the diameter it can not be neglected anymore (as in the case
of D=40nm and D=50nm).

The spectral position of the longitudinal LSPR depends on the aspect ratio char-
acterizing the NR (Ref.[116]) (see Fig.4.5(a)). In fact, the highest AR, which in
this example is 2.84 for the 25 nmx 71 nm NR, gives a more red-shifted longitudinal
LSPR. For the simulated particles we found the longitudinal LSPR at 780 nm for
the 25 nmx71 nm NR, at 645nm for the 40nmx68 nm NR, and at 730 nm for the
50nmx100nm NR. In general, as expected, for both oL, and %, the peak value
increases for larger NP volume.

Figure 4.6 reports the results obtain for Fyo/Epack when the three NRs of Fig.4.5
are selected. The exciting field Ep,ex (see yellow allows), resonantly excites the NRs
under study at their corresponding longitudinal LSPR and has been set to be co-
rod linearly polarized. The local field enhancement, at the NR gold tip, turns to
be (from left to right) 52.2, 22, and 20.5. The actual value of the NF enhancement
is limited by non-radiative and radiative damping of the excited LSP (Ref.[117]).
The non-radiative damping is given by the NP absorption, and can be split into two
contributions, the nonradiative intrinsic damping, which is independent from the
particle size and is related to the excitation of interband and intraband transitions
in the gold metal (Ref.[118]), and the surface scattering damping, which is depen-
dent on the particle size and is related to the presence of the nanoparticle surface
(Ref.[119]). The surface scattering damping is not taken into account within this
section and it will be investigated in the following as it is taken into account via
the modification of the ez, (see Sec.4.1.3.1). The other source of damping is the
radiative contribution (I';aq), which describes the radiative emission of the collec-
tive electron oscillation energy into an optical far-field and is proportional to the
NP volume. (I'yaq x V, Ref.[120]). Thanks to the latter it is possible to understand
qualitatively the decreased near field enhancement together with a broader plasmon
resonance obtained in Fig.4.6 for larger sizes.

When neglecting the surface scattering contributions in the damping, by decreasing
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the NP size it is possible to reach the point where the quasi-static picture of plasmon
resonances can be used. Within this approximation, the NF enhancement turns out
to be independent of the particle size. Figure 4.7 shows that with the COMSOL
built model, we can simulate this condition of size independent NF enhancement.
To make a comparison between the NF enhancement obtained with different sizes,
we consider the case where the overall NR geometry remains the same, only with a
varied volume. For this reason in Fig.4.7 all the simulated particles are characterized
by the same AR, chosen to be equal to 2.84, to make the results consistent with the
smallest particle of Fig.4.5. The thickness of the silica shell is set to 5nm. In Figure
4.7 each row shows a NR with a given diameter (3nm, 5nm, and 10 nm, from top to
bottom). On the left, the corresponding simulated o, spectra are reported to show
the spectral position of the longitudinal LSPR, which moderately red-shifts of few
nanometers for bigger D. On the right, the NF enhancement (Egc,/Epack) obtained
resonantly exciting the longitudinal LSPR modes is displayed. From the latter, it
is possible to see that for the AuNR size 25 nmx71 nm in Fig.4.5 and Fig.4.7 we
were not in the quasi-static limit, as the enhancement was size dependent. The
quasi-static limit becomes a good approximation for D<10nm, as we see a decrease
of the NF enhancement less than 5% for smaller sizes.

Until now we compared NRs with different sizes in terms of diameter and length,
but characterized by the same tip shape. In Figure 4.8 we want to show the effect
of choosing a tip more or less rounded on the extinction (left), absorption (middle),
and scattering (right) cross-sections simulated for exciting light co-rod polarized (i.e.
polarized along the rod long axis). To make visible the effect on the scattering cross-
section, we choose for this example D= 40nm and AR= 1.7, which is a size with
a significant scattering contribution as shown in Fig.4.5. The semiaxis Ry, of the
ellipsoid, used to build the rod tip, has been varied from D,,q/2 to D;oq/4. Both

L L ., are affected in terms of the LSPR position,

L
0.1 and oy, and consequently oz,

with a red-shift for shorter Ry, (Ref.[116]). oL, , besides having a more pronounced
red-shift, also has a peak that increases for less rounded tips. Instead, the change

in the absorption peak for different cap-lengths is less significant.

4.1.3 Optical sizing

By comparing the experimental extinction cross-section (in Sec.4.1.1), with the sim-
ulated ones (in Sec.4.1.2), both in terms of amplitudes and in terms of longitudinal
LSPR spectral position, it is evident that there is a discrepancy. As already men-
tioned, looking at the TEM images of the different groups of SIAulNRs, we noticed a
deviation of the particle sizes from the nominal ones. Considering the stock solution
of the nominal 50 nmx100 nm-SiAuNRs (AR=2) with 10nm silica shell, to have a
better idea about which are the actual sizes of the particles, we took an ensemble of
100 random NPs and the geometrical characteristics have been extracted as shown
for two exemplary NPs in Figure 4.9. We measured the length of the diameter D
(yellow arrows), the rod length L (green arrows) from tip to tip, and Ryp, i.e. the
distance from the cylinder base thought as the main rod body (see how a nanorod
is modeled in Sec.3.4) to the rod tip (red arrows). Once obtained these 3 values
we computed for each particle the aspect ratio, as AR = L/D, and retrieved the x
value appearing in Ryp=D/z. In Figure 4.10, the statistical results for D, the AR
and Ry, are reported. The diameter turns out to be statistically slightly larger than
the one stated by the supplier (Fig.4.10(a)), while we found a consistent discrep-
ancy for the AR (Fig.4.10(b)), with a mean of 1.52, corresponding to L of 80 nm
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Figure 4.7: Left: simulated longitudinal o%.. Right: solution of the elastic scattering
model and NF enhancement Eg.,/Epack plotted. The exciting field (at the in-
dicated wavelength) resonantly excites the longitudinal LSPR. Each row refers
to a particle characterized by AR= 2.84, Ryip,=D/(2.5), tshen= 10nm and D=
3nm (top), 5nm (middle) and 10nm (bottom), as indicated.
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Figure 4.8: Simulated extinction (left), absorption (middle) and scattering (right) cross-
section of a gold NR with D=40nm and AR=1.7 for different tip shapes:
Riip = Dyoa/2 (black), Riip = Droa/3 (red) and Ryip = Dyoa/4 (blue).

98nm

75nm

100nm

Figure 4.9: Example, for nominal 50 nmx100 nm-SiAuNRs, to show how the main rod
geometrical characteristics have been extracted from TEM images. Yellow
arrows and values: diameter D; green arrows and values: rod length L; Red
arrows and values: tip shape Ry;p.
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Figure 4.10: Particle size distribution from the TEM images analysis for nominal
50nmx 100 nm-SiAuNRs. (a) Diameter (D) (mean = 53.37nm, standard
deviation = 4nm), (b) Aspect ratio (AR) (mean = 1.52, standard deviation
= 0.28), (¢) Tip length defined as D/x. ( mean = 3, standard deviation =
0.57).

when assuming a diameter equal to the mean value 53 nm. Regarding the tip shape
(Fig.4.10(c)), which was not specified by the manufacturer, assuming a nanorod
well represented by our COMSOL model with an elliptical cap shape, the semiaxis
characterizing the NR can be assumed as equal to Ryjp,=D/3 based on the mean
value in the histogram in Fig.4.10(c). The geometrical characteristics of an NP are
essential in determining its extinction cross-section and the enhancement provided
in the LFE-eHCARS measurements (see Chapter 5). For this reason and since we
cannot make assumptions on the geometrical NP characteristics because of the seen
variability, we decided to build an optical sizing tool based on the comparison of
simulated and measured extinction cross-sections for the individual AuNR under
study. This method is described in the following sub-sections.

4.1.3.1 Modification of the gold permittivity

To build an optical sizing tool, the material description adopted in the exploited
numerical simulation is important. The Olmon data set used until now to describe
the permittivity of gold, being obtained by measuring thick gold surfaces (Ref.[108])
does not take into account the presence of the surface confining the NP.

For bulk metals, the gold permittivity epux can be written using the Drude model,
since it is appropriate to describe the behaviour of quasi-free electrons in a metal,

as:

2
Wp

=1—-— 4.1.3
Cbulk w? + iyow ( )

where wp is the plasma frequency and ~q is the damping factor related to any
kind of energy dissipation mechanisms (such as electron-electron or electron-phonon
collisions). The Drude model takes into account the intraband transition, i.e. the
optical transition of free electrons in the conductive band to a higher energy level
of the same band. However, the contribution of core electrons (d-band electrons)
promoted to the conductive band (interband transitions) is not taken into account.
Thus, to have a more complete expression of e, we have to add an extra term

(Ref.[29]):
2

w
ebulk(w) =1+ €, — WIZW’YO (4.1.4)

When working with small metallic NPs it is necessary to introduce an additional
term to describe the effect of the surface delimiting the particle. This is typically
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Figure 4.11: Fit of the experimental permittivity Olmon dataset with the Drude model n
the range 600-850 nm.

done in the literature (Ref.[121]) by introducing a damping term:

(%3
Reff

The second term represents the surface damping contribution. wvg is the Fermi
velocity, to describe the electrons close to the Fermi level thought to contribute
to the collisions against the particle surface, and Reg is the effective radius of the
particle under study, i.e. the radius of an equivalent (in terms of volume) spherical
particles. g is a dimensionless factor called sur face scattering coef ficient and it
influences the strength of the additional surface damping. Thus, the permittivity of
a metallic NP can be written as:

INP =70 + g (4.1.5)

2

w
exp(w) =1+ — —r (4.1.6)
w2 + jw (’yg —i—ngﬁ)
The eyp (w) experienced during a measurements can be seen as:
ef\?%?(w) = €Olmon(w) + Ae(w, yNp) (4.1.7)

where yxp is given by Eq.4.1.5 and the correction of the permittivity from the Olmon
data set is expressed as

v
Ae(w, yxp) = exnp(w,70 + §——) — exp(w, 70) (4.1.8)

Reff

We first fit (see Fig.4.11) the Olmon data set €ommom(w) with the Drude model
€(w,y) = €00 — wW3/(w? + iwyp), in the range 600-850 nm, to avoid the region of
gold interband transition influencing too much the frequency dependence, so that
1+ €, X €oo, getting the following fit parameters: €,,=8.6594, wp=1.3371x100s~!
and 7p=1.1774x10*s~1. The Fermi velocity for gold is vp= 1.4x10% m/s (Ref.[122]).
Let’s consider for example a particle (indicated with NP#1) characterized by diam-
eter D=40nm, AR=1.7 and tip length Ru,=D/3. To compute R.g we first have
to compute the volume of the NP. To remain consistent with the developed COM-
SOL model, the nanoparticle volume is computed as the sum of the cylinder (c) and
ellipsoid (e) volumes used to build the main body and tips of the particle, i.e.:

2
Vaamveavima(«D) (LD) L 000D

2 3

— 72 —



Chapter 4. Optical extinction of nanostructures

a) b)
0 — 10
‘\5*:\ Olmon
% ——g=0.75
8
201
AJ A: 6
S 0] O
= & 4
601
2
-80 : : : : 0 : : ‘ :
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
A(nm) A(nm)

Figure 4.12: Fit of the experimental permittivity Olmon dataset with the Drude model
and additional damping considering NP#1 (i.e. D=40nm, AR=1.7 and
Ryip=D/3). (a) Real part, Olmon data (circles), and model (line) for g=0.75,
¢g=1.00, g=1.25 and g=1.5. b) Imaginary part, Olmon data (circles), and
model (line) for g=0.75, g=1.00, g=1.25 and g=1.5.

From Vr]g[f #1, which is in this case equal to 7.43x10%* nm?, then Ré\{[fp#l is computed

considering an equivalent spherical particle:

3 3 rod
Reg = {2 41.1
i 4 ( 0)

resulting in 26 nm. In Eq.4.1.8, we vary the damping parameter g within the typical
range reported previously in literature (Ref.[123]). The resulting modified exp(w)
is shown in Fig.4.12. The real part of exp(w) (Fig.4.12(a)) changes less than 0.1%
with the g parameter variation, meaning that the particle LSPR, which depends on
R(enxp), is not affected by the surface damping (See Section 2.2). On the contrary,
S(enp) (Fig.4.12(b)), for longer A, turns to be more affected by the introduction of
the surface damping parameter and it increases for higher g values, bringing to less
sharp and broader resonances (See Section.2.2).

Now, let’s consider a second nanorod (NP#2) with D=50nm, AR=1.6 and R;,=D/3,
characterized by a LSPR very close to the one obtained for NP#1, as demonstrated
by the simulated extinction cross-section spectra reported in Fig.4.14, obtained using
Olmon dataset. In this case Vrﬁfdp#Qz 1.35%x10° nm® and Ré\fffp#1:31.8 nm. Figure
4.13 shows the comparison between the exp computed for NP#1 and NP#2, using
€5—=0.75, €g=1.5 and €oimon- When considering NP#2 the overall change of the per-
mittivity imaginary component (Fig.4.13(b)) is less compared to the case of NP#1.
This is because its bigger volume, and the consequent larger R.g, reduces the sur-
face damping. Again, the real part is not too affected by the different particle sizes
and by the introduction of the surface damping parameter. Figure 4.14 shows the
effect of the modified permittivity on the extinction (left), absorption (middle) and
scattering (right) cross-section for both exciting polarization aligned along ((a), o)
and across ((b), oT) the NR main axis. For both NP#1 (black) and NP#2 (red),
Texty Tabs and 0gca have been simulated using €gimon (solid line) and e,—; (dashed
line). Looking at the resulting simulations, similar considerations can be made for
the two NPs. As expected, when the transversal mode is excited (Fig.4.14(b)), the
results in terms of cross-section are less affected by the introduction of the sur-
face damping because of the relatively smaller change in the $(exp) around 550 nm.

— 73 —



4.1. StAuNRs

a) 0 Gz s
N Olmon
B ——NR#1,g=0.75
AN NR#1, g=1.5 NR#1, g=1.5
-20 N ——NR#2, g=0.75 ——NR#2, g=0.75
S NR#2, g=1.50 NR#2, g=1.50
,} #
X -40
=
-60
2
-80 ‘ : 0 : ‘ : :
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
A(nm) A(nm)

Figure 4.13: Fit of the experimental permittivity Olmon dataset with the Drude model
and additional damping. (a) Real part and (b) imaginary part. Olmon data
set (circles) and model (line) for g=0.75, g=1.5 and R.s=26nm (NP#1,i.c.
D=40nm, AR=1.7 and Ry,=D/3)), Reg=31.8nm (NP#2, i.e. D=50nm,
AR=1.6 and Ry;,=D/3).

Both the longitudinal and transversal LSPR positions are not affected by the surface
damping parameter as R(exp) does not have significant changes. When the longitu-
dinal mode is excited, the simulated absorption cross-section slightly broadens for
stronger damping. The small reduction in its amplitude is attributed to numerical
errors. Regarding the simulated scattering cross-section, the introduction of the
surface damping and the consequent bigger S(exp) bring to a decreased LSPR peak
and to a broader resonance (larger FWHM).

4.1.3.2 Error minimisation procedure

For our optical sizing tool via the comparison between experimental and simulated
extinction cross-section (et vs o591), we assume that the overall extinction cross-
section can be modeled as a weighted combination of the extinction cross-sections
obtained when the two main plasmon modes are separately excited (Ref.[123]). Since
in the ideal case we have the excitation of the sole longitudinal and transversal plas-
mon mode when the light is perfectly polarized along and across the NR respectively,
the overall particle extinction cross-section can be seen as a weighted superposition

of the longitudinal and transversal extinction cross-section contributions, i.e:

oS (A) = B (D)ot (V) + B/ ($)allu(N) (4.1.11)

where the symbols | and // are used within this Section to represent the two cases
of having the incident light polarized along and across the NR. To properly weigh
the transversal and longitudinal contributions to the overall extinction cross-section,
Bt and B// are expressed as:

gt = Ay (B2 sin®(6 - 60) + E2)

(4.1.12)
B/ = Ay (B3 cos(6 — ¢o))

Let’s now explain the different quantities appearing in Eq.4.1.12.
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Figure 4.14: Simulated extinction (left), absorption (middle) and scattering (right) cross-
section for R.g=26nm (NP#1) (black), Reg=31.8nm (NP#2) (red), using
€0lmon (solid line) and e;—1 (dashed line).

e Since we don’t have an apriori knowledge about the exact particle orienta-
tion, the wide field extinction cross-section measurements were carried out at
six different incident light polarizations (see Sec.4.1.1) at the nanorod plane,
nominally 0°, 30°, 60°, 90°, 120° and 150°. To properly model and compare
the simulated and experimental extinction, we have to take into account the
mismatch between the light polarization used (¢) and the particle orienta-
tion (¢p). The transversal and longitudinal contributions are depicted in the
expression of 8+ and 3// as sinusoidal functions, dependent on ¢, so that if
¢ — do=0° only the longitudinal mode is excited and vice versa for ¢ — ¢o=90°.
The squares are needed to represent the contribution of the corresponding light
intensity components to the cross-section.

o InEq.4.1.12, E| and E/, are the relative cartesian components of the incident
electric field in the front focal plane of an aplanatic lens, such as the condenser
in a wide field optical microscope, adopting a Kéhler illumination scheme and
characterized by a high NA (in our case NA= 1.34). In the ideal case, when
linearly polarized light is used, their values are equal to 1. In the experiment,
we have to consider that, due to the high condenser NA employed, the incident
field doesn’t have just the nominal incident polarization, but also an additional
component along the propagation axis (z-axis). This component, indicated
as I, contributes to the transversal mode excitation only and this is why it
appears just in the expression of f+. Following Ref.[99], E| = F /) and E, were
computed assuming that the illumination in the BFP of the lens propagates
along the optic axis of the lens, has total spatial incoherence, has an axially
symmetric intensity distribution and is linearly polarized in the BFP. Again,
we consider the square of them since we need to express the correspondent
field intensity.
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E, 0.909
E 0.909
E, 0.409
fi 0.362
/ 0.384

Table 4.1: Parameter used in Eq.4.1.14 within this work.

o A, and A/, are dimensionless absolute factors needed to scale the simulation
results to match experimental data.

Using Eq.4.1.11 with Eq.4.1.12 still does not allow us to have a quantitative com-
parison between ey and oS, In fact, we still need to take into account the extent
to which the objective used in the experiment collects the scattered light, and how
this contributes to reducing oo . We took the advantage of being able to simulate
and compute the absorption and scattering cross-sections separately to then write
the simulated extinction as:

oS = (1 — f)oSi 4 o5 (4.1.13)

ext — abs

were f represents the fraction of scattered power collected by the microscope ob-
jective. The f parameter depends both on the objective characteristics and on the
angular distribution of the power scattered by the NR to the far-field. The latter is
determined both by the electromagnetic excitation and by the NR optical response.
Zilli et al. (Ref.[124]) derived the f parameter under the dipole approximation, thus
assuming the electrostatic regime. This approximation is still a good one within
this work as the size of the considered NR is smaller than the exciting wavelength.
All the interactions of the dipole with the field it radiates were neglected, assuming
a weak scatterer. The microscope illumination was taken as an incoherent super-
position of plane waves and, consequently, the NR had to be seen as a collection
of dipoles oscillating with unrelated phases, rather than a single dipole. Also, the
scattering of the reflected radiation was not taken into account, which is a suitable
approximation when there is no mismatch at the interface where the NR is placed.
The optical response of the NR depends on its polarizability tensor . When the
longitudinal mode is excited, the polarizability «,, is uniaxial and parallel to the
interface. Instead, for the excitation of the transversal mode, & can be seen as the
scalar one characterizing the isotropic optical response of a sphere. These consider-
ations lead to two different f parameters (f /) and f 1) for the two excitation cases.
In view of all the just mentioned aspects, a complete expression for 0% is given
by Eq.4.1.14.

o\, ) = Ay (ETsin®(¢ — ¢0) + B,%) (1= f1)osea(N) + oadis(V)) +
+ Ay (B3 eos®(6 — é0)) (1= £1)0llaN) +0lf,(0)  (41.14)

The complete computation of the parameters F |, E/,, E,, f| and f,, can be found
in Ref.[103] and Ref.[124], while here we just report the used values within this work
in Table 4.1.

oA, oz (N), Ugc/a()\) and cf!c/a()\) in Eq.4.1.14 are computed making a sweep
over different NR diameters and aspect ratio. The simulations were carried out
considering the surface damping parameter in the gold permittivity and the surface
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Figure 4.15: Resulting simulated absorption (top line) and scattering (bottom line) cross-
sections for polarization aligned along (a) and across (b) a NR characterized
by (D, AR, g)=(52nm, 1.40, 1) in a wavelength range going from 430 nm to
720 nm in steps of 5nm (solid lines) and for the corresponding filtered results
assuming filters centered at 450 nm,500 nm,..., 700 nm with 40 nm bandwidth
(star symbol).

scattering coefficient g has been used as a further degree of freedom to match better
the simulation results with the experiments. While both the shell thickness and the
rod tip shape were set to 10nm and D/3 respectively (based on the TEM analysis
results), the D, AR, and g parameters combination (simply indicated with (D, AR,
g)) characterizing best a particle under study were estimated with the following
error minimization procedure.

For each (D, AR, g) combination, we defined an error function as

im(D,A X
errparg(h6) = oiq M (N, 6) — 0 (. 0) (4.1.15)
were az;T(D’AR’g)(/\,@ is structured as Eq.4.1.14. o (N), o5, (V), as/c/a()\) and

Us/c/a()\) were computed from simulation carried out in a wavelength range going
from 430nm to 720nm in steps of 5nm. Since in the wide field experiments we
use filters centered at 450 nm,500 nm,...,700nm with 40 nm bandwidth, the simu-
lated cross-section points obtained within 40 nm around the wavelength values used
in the experiment were averaged to reproduce the effect of the filters bandwidth.
Figure 4.15 shows how the filter bandwidth influenced the simulated o,ps(A) (top)
and ogea(N) (bottom) outcomes for both o//()\) (a) and o-()\) (b). In this example
(D, AR, g)=(52nm, 1.40, 1). In Eq.4.1.14, ¢ was set to 0°,30°,...,150° according to
the polarizer orientation used in the experiment. For each tested (D, AR, g), the
nonlinear least-squares (nonlinear data-fitting) problems solver [sqgnonlin, available
in Matlab environment, was used to get the A, A/, and ¢¢ giving the smaller error
between experiments and simulations. To each (D, AR, g) combination corresponds
an error given by Eq.4.1.16, which takes into account that we have in total the
comparison between 36 simulated and experimental data points (6 wavelengths and
6 light polarizations). This error is the quantity used to discriminate between the
different (D, AR, g) combinations to find the best one.

1 36
errD.ARg) = 4| 35 27T\ 9))? (4.1.16)

=1
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Figure 4.16: Extinction cross-section of a nominal 50 nmx100nm-SiAuNRs (a,b) ex-
tracted from wide field extinction imaging measurements performed using
a 100 W halogen lamp and band-pass filters at the different reported center
wavelengths, for different in-plane linear polarizations, as indicated.

In the following, an example of this error minimization procedure is given. Let’s
consider the particle for which we measured the 36 data points (as explained in
Sec.4.1.1) reported in Fig.4.16. Figure 4.17(a) shows the errors, computed via
Eq.4.1.16, with ¢=0.75 and for different (D,AR) combinations. In this case the
minimum error (equal to 768 nm?) is obtained for D=55nm and AR=1.37 and the
correspondent fitting parameters are A; =1.0201, A,,=1.2276 and q§0:158°. Figure
4.17(b) shows the comparison between the experimental data points, o (A, 158°)

ext
and o5(),68°). Additionally, the optimized surface damping coefficient g turns
to be 0.75, as demonstrated in Fig.4.18 where we report the errors obtained us-
ing g=0.5 and g=1. For these two ¢ the minimum errors achieved were 769 nm?,
for (D,AR)=(56 nm, 1.36), and 770nm?, for (D,AR)=(55nm, 1.37), respectively,

slightly larger than the one given by ¢g=0.75.

4.2 AuNBs

As explained in Chapter 3.2, the first step of the project involving the AuNBs anten-
nas was focused on determining which antenna parameters (/,a/) combination was
the one optimized to have a longitudinal LSPR as close as possible to the CARS
field wavelength in our experiment when measuring a lipid sample. To find the opti-
mized combination, we exploited our polarization resolved extinction technique. To
measure simultaneously the extinction of an array containing 10x 10 nominally equal
gold bowtie nanoantennas, as the ones reported in Fig.3.8(a), we used the wide field
imaging technique. These measurements were carried out with AuNBs surrounded
by a mixture of 80% Glycerol and 20% DI water.

Since in this case, all the antennas have the same orientation in space, the excita-
tion polarization employed was the one parallel and orthogonal to the nanoantennas
main axis, nominally at 0° and 90°. As in the case of nanorods, the AuNB LSPR
band splits into two, i.e. a longitudinal (long axis of the antennas) and a transverse
(short axis of the antennas) mode. Figure 4.19 reports a sketch (top view) of the
nanobowties excited by the two polarization orthogonal to each other (red and blue

— 78 —



Chapter 4.

Optical extinction of nanostructures

err (| nm2) b)

3 . .
exp 0° °
1.35 1600 O exp30° ° o
2.5 exp 60° >
O exp90° I/ "~~~9\
1.36 1400 ol © e 120, S o \
& O exp 150 / o
€ —o-fitext | g A \
L 137 S asplzemitedt | oo \
1200 % A I N\
S RN ° \
4 - 4
1.38 1&______:._ e \, © N
1000 - RN o %
0.5 oo 5
1.39 S~ b4
800 T 3
0 . . . .
450 500 550 600 650 700
D (nm (nm)

Figure 4.17:

(a) Errors (nm?) 2D map obtained via the error minimization procedure in-
troduced in the text, comparing experimental and simulated extinction cross-
sections. The latter were computed for g=0.75, varying the rod diameter D
from 53 nm to 57 nm in steps of 1 nm and varying the AR from 1.35 to 1.39 in
steps of 0.01. Minimum error (equal to 768 nm?) found for (D,AR)=(55nm,
1.37). (b) Comparison between experimental extinction cross section (same
as Fig.4.16) and simulated extinction cross section calculated via Eq.4.1.14
using A} =1.0201, A,,=1.2276 and ¢o=158°, resulting from the error mini-
mization procedure (obtained with for (g, D, AR)=(0.75, 55nm, 1.37), see
text), for $=158° (dark red dash-dotted line, indicated as ’fit ext 1’ as this is
the case of only longitudinal plasmon mode contribution) and for $=68° (blu
dash-dotted line, indicated as 'fit ext t’ as this is the case of only transversal
plasmon mode contribution).
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Figure 4.18:

nm nm

Errors (nm?) 2D map obtained (via the error minimization procedure intro-
duced in the text) comparing experimental and simulated extinction cross-
sections. (a) Simulations carried out for g=0.5 varying the rod diameter D
from 55 nm to 57 nm in steps of 1 nm and varying the AR from 1.35 to 1.37 in
steps of 0.01. Minimum error (equal to 769 nm?) found for (D,AR)=(56 nm,
1.36). (b) Simulations carried out for g=1.0, varying the rod diameter D from
54 nm to 56 nm in steps of 1 nm and varying the AR from 1.36 to 1.38 in steps
of 0.01. Minimum error (equal to 770 nm?) found for (D,AR)=(55nm, 1.37).
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Figure 4.19: Schematic representation (top view) of AuNB and incident light, propagating
in z direction, with polarization aligned along (blue arrow) and across (red
arrow) the AuNB main axis, exciting the longitudinal and transversal LSPs
respectively.

arrow) and the consequent direction of the oscillating electrons (white arrows). Here
it is important to underline that from a practical point of view, during the mounting
of the sample, when attaching the coverslip on the gasket, the coverslip, and thus
also the nanostructures, can be slightly tilted in the xy plane. For each sample,
the rotation of the linear polarizer was adjusted to optimize the excitation of the
longitudinal and transversal plasmon mode, but due to the possible inclination of
the coverslip together with the finite minimum rotation step of the polarizer, an
error in defining the optimal polarizer orientation could take place in some cases. In
this stage of the project, considering the good reproducibility of the antenna size,
we were interested in the comparison of the LSPR spectral position rather than the
absolute value of oext. The LSPR position does not depend on the exciting polar-
ization and it can be determined given that there is enough contribution to excite
the plasmon mode. A comparison between the absolute values of the measured
extinction is reliable when comparing antennas fabricated onto the same coverslip
and excited in the same polarization condition. We studied how different nominal
parameter combinations can lead to different extinction cross-section spectra. In
this case, the extinction was measured using bandpass filters centered at 450 nm,
500 nm, 550 nm, 600 nm, 650 nm, 700 nm, and 750 nm with 40 nm bandwidth.
Figure 4.20 shows how the extracted extinction cross-section changes keeping the
length parameter [ fixed (in this case [=60nm) and increasing the apex angle pa-
rameter o from 80° (a) to 90° (b) and then to 100° (c). In particular, on the left, we
report the results obtained for each individual particle (identified by the number n))
and for both excited LSPRs (longitudinal plasmon mode and transversal plasmon
mode). On the right side of the figure, we report the correspondent extinction cross-
section median value and the intervals defined by the 0.1 to 0.9 quantile, indicated
with the error bars. In principle, each array should have contained 10x 10 nominally
equal antennas, but typically, due to error during the lift-off process, the complete
removal of some antennas could take place. That is why in the nj axis typically we
have from 70 to 80 antennas that can be examined.
By looking at this result it is possible to notice that by increasing the apex angle, the
absolute values of o, increases. This behaviour is explained considering the overall
volume of the probed nanoantennas which is 5034nm?, 1200nm?® and 14301 nm3
for (a), (b), and (c) respectively, and that the extinction cross section is directly
proportional to the antennas volume (Ref.[86]). As mentioned, a direct compari-
son between the absolute value of these three sets of measurements is reasonable
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Figure 4.20: Spectral extinction cross-section of AuNBs characterized by [=60nm. (a)
a=80°, (b) a=90° and (c)a=100°. Left: Extinction cross-section for
each individual particle, indicated here with the number n,, measured at
450 nm,500 nm,...,750 nm, for longitudinal (top line) and transversal (bottom

line) LSPR excited. Right: ensemble median spectrum and error bars indi-
cating the 0.1 and 0.9 quantiles.
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because all the nanostructures measured were fabricated onto the same coverslip,
so they were affected by the same tilt coming from the coverslip attached to the
imaging gasket. Additionally, the longitudinal plasmon mode undergoes a red-shift
for larger a. This resonance red-shift can be understood as for an apex angle bigger
than 80°, the two opposite corners (not defining the gap) of each nanotriangular are
so apart from each other that two isolated LSPRs develop instead of a single one
which is localized to the nanotriangular base and moves back and forth along the
bowties main axis. These two plasmon modes will propagate back and forth from
the corner of one nanotriangular to the opposite corner of the other nanotriangular.
The two plasmon modes, interfering, give rise to a standing wave. The resonance
of these standing waves will depend on the length of the oblique side of the two
triangles so that it will be then more red-shifted for larger a as the electrons will
have more space for the oscillations (Ref.[125]). From this set of measurements we
can also see that in this experimental condition, the light polarization was slightly
not optimized to be parallel and perpendicular with respect to the main axis of the
antennas, as when using perpendicular polarization the longitudinal plasmon mode
is still well visible (see Fig.4.20(b)). Despite this, the acquired data suggest that the
optimal choice falls around the combination ({,ar)=(60 nm, 90°).

To have a direct comparison of how the extinction cross-section depends on the
combination rather than just a parameter, Figure 4.21 shows the extinction data
acquired on a sample where the nanostructures are characterized by [=75nm and «
equal to 100°(a) and 90° (b). In both cases, the longitudinal plasmon mode turns
out to be at longer wavelengths than the probed wavelength range, excluding these
(I,a) combinations and [ longer than 75nm for the scope of our project.

Based on the results of Fig.4.20 and Fig. 4.21, a fine study on the extinction depen-
dence on the [ parameter once « is fixed at 90° has been carried out. Figure 4.22
shows the results for [ set to be 50nm (a), 55nm(b), and 60 nm(c). A 5nm increase
of [ corresponds to a LSPR red-shift in wavelength of 25 nm. Again these results can
be understood considering a longer distance over which the electron can oscillate for
longer I (Ref.[126]). Also in this case we can directly compare the absolute value of
Oext as all the nanostructures measured were fabricated onto the same coverslip. As
expected, we have an increase of oeyt for longer [ as the volume of the antennas goes
from 10000 nm?>(a), to 11000 nm? (b), and to 12000 nm? (c). Moreover, by directly
comparing Fig.4.22(c) with Fig.4.20(b) is it possible to see how a less optimized
incident polarization, as in the second case, change the extinction result compared
to a better polarization choice. In fact, in both cases, it is clear how the longitudinal
plasmon mode is centered around 675 nm, but in the second case, we have both a
higher absolute value for o, and also a complete decoupling between %, and o,
when using the two orthogonal polarizations.

In general, looking at the presented results and comparisons, we confirmed that the
best choice of (I,a) combination turns out to be (60 nm, 90°) as in this condition,
the LSPR is centered closer to 660 nm.
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Figure 4.21: Spectral extinction cross-section of AuNBs characterized by [=75nm. (a)
a=100° and (b) a=90°. Left: Extinction cross-section for each in-
dividual particle, indicated in here with the number n,, measured at
450 nm,500 nm,...,750 nm, for longitudinal (top line) and transversal (bot-

tom line) LSPR excited. Right: ensemble median spectrum and error bars
indicting the 0.1 and 0.9 quantiles.
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Figure 4.22: Spectral extinction cross-section of AuNBs characterized by «=90°.
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(a)

Extinction cross-section for each

individual particle, indicated here with the number n,, measured at
450 nm,500 nm,...,750 nm, for longitudinal (top line) and transversal (bot-
tom line) LSPR excited. Right: ensemble median spectrum and error bars
indicating the 0.1 and 0.9 quantiles.
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Chapter 5

LFE eH-CARS with SiAulNRs

In this Chapter, our primary objective is to establish a proof of principle for the
LFE eH-CARS technique. Our investigation delves into understanding the behav-
ior of the nanorods when subjected to different excitation modalities. We aim to
quantify the enhancements observed in the far field and assess the stability and
reproducibility of these enhancements. Furthermore, we extend our exploration to
unravel the near-field phenomena occurring in this context, utilizing COMSOL sim-
ulations.

This chapter serves as a comprehensive exploration of LFE eH-CARS and its poten-
tial applications, shedding light on both its far-field and near-field characteristics,
and laying the foundation for further study and application in the field.

5.1 Circular vs Linear excitation polarization

To ensure the highest enhancement achievable when exploiting a gold nanorod, it
is crucial to optimize the interaction between the rod, the incident light fields, and
the CARS field to be enhanced. It is important to ensure both a spectral and a
directional overlap between the CARS field and the NR LSPR. The spectral overlap
is optimized by choosing a nanorod size such that its longitudinal LSPR turns out
to be as close as possible to the wavelength of the field that has to be enhanced.
In this work, we aim to enhance the CARS field provided by lipid (i.e. molecules
vibrating in the CH stretch region), which in our experimental implementation has a
wavelength of around 660 nm, while limiting the absorption of pump and Stokes field.
Regarding the directional overlap, we need to adjust the CARS field polarization
direction, aligning it along the NR longitudinal axis.
The polarization of the CARS field depends on the polarization of the pump and
Stokes beams, which in our case have a starting horizontal linear polarization. By
introducing a wave plate before the sample (as shown in Fig.3.18) it is possible to
change their polarization and consequently the one of the CARS beam. In order to
have a CARS field circularly polarization, a A/4 wave plate has to be used, while a
A/2 wave plate is needed to rotate the initial linear polarization. To understand the
characteristics of the detected signals when using both wave plates, it is essential
to take into account that the epi-emitted signal passes through the wave plate and
that the reference beam, used for the interferometric detection, is polarized at 45°
to have equal vertical and horizontal components.

In the following section, we provide a qualitative explanation of how the polar-
ization changes during the beam propagation up to the detector, for conventional
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Figure 5.1: Extinction cross-section of two nominal 40 nmx68 nm-SiAuNRs surrounded
by silicone oil extracted from wide field extinction imaging measurements (see
Chapter 3.3.1) performed using a 100 W halogen lamp and band-pass filters
with the different reported center wavelengths, for in-plane linear polarization,
as indicated. Left: before the laser exposure. Right: after the laser exposure
in the CARS experiment.

epi-detected CARS and epi-detected local-field enhanced CARS when utilizing the
two wave plates mentioned. All the measurements shown in this section were ac-
quired at the same particle. The extinction cross-section spectrum of such particle
has been measured (Fig.5.1) both before (left) and after (right) all the laser expo-
sures. The particle under study in this section did not undergo a reshaping and
also its in-plane orientation did not show marked variation. This is important to
confirm the consistency of the comparison between the two wave plates such that
different detected fields are related to the different excitation modalities and not to
particle reshaping. The selected NR is a nominal 40 nmx 68 nm-SiAUNR with 10 nm
silica shell. Its longitudinal LSPR is centered at 650 nm in a surrounding silicone
oil medium (of n=1.52 refractive index matched to glass), close to the CARS signal
wavelength from the glass-oil interface originating from the silicone oil vibrational
resonance in the CH-stretch region (~2900cm~!) using the pump and Stokes wave-
lengths in our experiment (see set-up in Chapter 3.3.2).

A wave plate (or phase retarder) is an optical device that is used to modify the polar-
ization state of light passing through it. It is made of a birefringent material which
means that the refractive index experienced by the incoming field depends on the
field polarization orientation compared to the two characteristic material axis. In
fact, a birefringent material has a slow axis and a fast axis, both being perpendicular
to the beam direction and also to each other. The names of such axis comes from
the refractive index associated with their direction which makes the incoming beam
travel slower and faster respectively within the material. The difference between
the A/2 and \/4 wave plate stays in the propagation length within the wave plate,
which determines how it will affect the incoming beam. When a \/2 wave plate is
inserted in the beam path, pump and Stokes linear polarizations can be rotated and
the amount of the rotation depends on the angle (6) formed by the wave plate fast
axis and the incoming polarization orientation.

Exploiting the Jones formalism (Ref.[127]) we can express a field horizontally polar-
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B - (3)

The transformation matrix describing a A\/2 wave plate is given by (Ref.[128])

cos(20
T2 = (sin((gﬁ))

ized as

sin(26)
—cos(26) )’

so that the resulting beam polarization (Eqyt) for an horizontally polarized input
field (E™M) is given by

cos(260)
sin(26)

sin(20) 1
—cos(26)) \0 )~

In the following we will consider a reference system where the horizontal orienta-
tion corresponds to 0° rotation and anti-clockwise rotation has a positive sign. If
the A\/2 wave plate is rotated at 45° (Fig.5.2), pump and Stokes beams acquire a
0 J—
)=
For any given input polarization, it can be generalized that when a \/2 wave plate
is adjusted to an angle 6, it rotates of the input polarization by twice 8. Since the
silicone oil is isotropic, it doesn’t affect the symmetry of the beams and the gener-
ated (unenhanced) CARS signal is linearly vertically polarized as the exciting pump
and Stokes. Passing through the \/2 wave plate, its polarization is rotated, back
to horizontal (Fig.5.2(left)), so that the interference with the reference field leads
to the detection of a linearly horizontally polarized field. If, in the same wave plate
condition, pump and Stokes are focused in the vicinity of a NR with orientation such
that the unenhanced CARS field is aligned along the NR (Fig.5.2 (right)), which
represent the optimized case, the enhanced CARS field is vertically polarized as well
and then the detected field horizontally polarized. Section 5.3 will investigate the
consequences of having a A\/2 wave plate rotation such that the unenhanced CARS
field is not aligned along the NR main axis.

Eou =Ty pE" = <

vertical polarization prior to excite the sample. In fact, if 6=45°, E ;= EV.
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Figure 5.2: Sketch of the polarization acquired by the fields when a A/2 wave plate is used
in the beam path. Left: Without NR in beams focus. Right: NR in the beam
focus, oriented so that the beams polarization is aligned along its main axis.

LP: Linear Polarization. WP: wave plate.

Figure 5.3 shows TPF and LFE eH-CARS amplitude xy-images acquired at the fo-
cus of the NR presented in Fig.5.1, using linear excitation polarization. The \/2
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Figure 5.3: Left: Two photon fluorescence from linear excitation polarization. Middle
and Right: Polarization resolved eH-CARS amplitude at silicone oil resonance
(2904 cm™1) with linear excitation polarization aligned along the longitudinal
axis of the NR, as measured, lock-in offset corrected; Co-(middle ) and Cross-
(right) rod components correspond to horizontal (H) and vertical detected
components, respectively (see text). Measurement acquired at the particle fo-
cus, with 1.45NA objective. Actual exciting power at the sample: Pp=1.2 mW
(pump) and Ps=4mW (Stokes). Gray scales from m (black) to M (white).
Values are in units of electron per second for TPF intensity and volts for eH-
CARS amplitude.

wave plate was rotated so that pump, Stokes and CARS field were co-rod polarized.
Pump and Stokes powers at the sample focus were respectively 1.2mW and 4 mW.
The physical origin of the signal detected in the nominal TPF channel is related to
the two-photon luminescence (TPL) (Ref.[129], Ref.[130]) of the gold nanorod aris-
ing from either pump or Stokes photons absorption, as it has been shown to have a
broad spectral dependence (Ref.[131]). The simultaneous absorption of two photons
induces the excitation from the d-band to the sp-band. The closer the wavelength
of the exciting photons gets to the LSPR associated with the nanorod under study,
the greater the enhancement of this phenomenon becomes. Via intraband scatter-
ing processes, the excited electrons in the sp-band move close to the Fermi energy.
Subsequently, two relaxation paths can take place. Both potentially contribute to
the detection of the signal (around 500 nm) in the nominal TPF channel. By inter-
band radiative relaxation, the electrons and holes can recombine. Alternatively, by
a sp-band electrons nonradiative decay, the two NR plasmon modes can be excited
causing then the emission of photons characterized by the specific plasmon wave-
length and polarization (Ref.[132]). Thus, in the nominal TPF channel, due to its
bandwidth (see Chapter 3.3.3), it is measured the contribution of the transversal
mode. For the LFE eH-CARS amplitude both co- and cross-rod polarized detected
components, which correspond to H and V components in our detection system,
are displayed, to demonstrate that, at the used laser powers and for exciting field
polarization aligned along the NR, the contribution given by the NR transversal
mode is negligible. Both the signal emitted by the silicone oil and the enhanced
signal obtained in the presence of the particle are detected in the co-rod polarized
component.

When working with the A\/4 wave plate, its rotation is set, independently from
any NR in-plane orientation (Fig.5.4(left)), so that pump and Stokes (initially hor-
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Figure 5.4: Sketch of the polarization assumed by the fields when a A/4 wave plate is used
in the beam path. Left: Without NR in beams focus. Right: NR in the beam
focus. LP:Linear Polarization, CP:Circular Polarization.

izontally linearly polarized) are incident on the wave plate at 45° to its optics axis.
The transformation matrix describing a A/4 wave plate is given by (Ref.[128])

o emim/d ( cos?(6) + isin?(6) sin(6)cos(6) — isin(&)cos(ﬁ))
A4 sin(f)cos(f) — isin(f)cos(d) sin(6) + icos?(#) ’

so that the resulting beam polarization (E,y) for an horizontally polarized input
field (EM) is given by
Eqo = T)\/4EH‘

Since in our experiment, we set #=45° the Jones matrix for the \/4 wave plate

reduces to
1 1 -3
T’\/A‘:ﬁ(—i 1)~

1 1 — 1 1 1
w5 )4 ()

which is the Jones matrix describing a right-circularly polarized. Thus, pump and
Stokes acquire a circular polarization. The consequent glass-oil interface CARS field
is circularly polarized as well. The latter, propagating in the backward direction, has
then a reverse circular helicity, and passing through the \/4 wave plate, results at the
end in a vertically polarized signal. After the interference with the reference beam, it
reaches the detector as fully vertically-polarized (V). When pump and Stokes excite
a region where a NR is placed (Fig.5.4 (right)), this breaks the CARS field symmetry,
because, in first approximation, the rod structure strongly enhances the CARS field
along a well-defined linear polarization direction. Thus, the enhanced CARS signal,
after the \/4 wave plate, acquires an elliptical polarization. The relative magnitude
of the ellipse semi-axes depends on the NR orientation. For example, if the particle
is oriented parallel or perpendicular to the initial polarization of pump and Stokes
beams, the enhanced CARS field will be circularly polarized, as it is incident at 45°
to the wave plate optics axis. In both cases of elliptically or circularly polarized
field, the interference with the reference gives the detection of a signal with both co-
(detected in the V channel) and cross-(detected in the H channel) circularly polarized
components, relative to the incident circularly polarized pump and Stokes.

As consequence,
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LFE eHCARS
TPF Co-circular polarized Cross-circular polarized

. L2 5

m

M=6.99 104 el ./s M=1.56 104V M=1.74 105V
m=6.65 103 el ./s m=0 V m=0 V

Figure 5.5: Left: Two photon fluorescence from linear excitation polarization. Middle
and Right: Polarization resolved eH-CARS amplitude at silicone oil resonance
(2904 cm™1) with circular excitation polarization, as measured, lock-in offset
corrected (see Chapter 3.3.4).; Co- (middle) and Cross- (right) circular com-
ponents correspond to vertical (V) and horizontal (H) detected components,

respectively (see text). Actual exciting power at the sample: PpPé/ ?=1.22
mW?/2. Gray scales from m (black) to M (white). Values are in units of elec-
tron/second for TPF intensity and volts for eH-CARS amplitude.

Figure 5.5 shows TPF and LFE eH-CARS amplitude xy-images, acquired again
at the same NR of Fig.5.1, using this time circular excitation polarization. Here,
pump and Stokes powers were respectively 1.6 mW and 5.6 mW. As expected the
LFE eH-CARS signal turns out to be split in the two detected components, while
the not ehnaced signal coming from the glass-oil interface turns to be only in the
co-circular detected component.

Comparing the TPF maximum value obtained at the NR PSF, we can see that the
usage of the \/2 wave plate allows to have a signal higher in magnitude than the
case of the A\/4. For the LFE eH-CARS measurements, the utilization of the \/2
gives a better S/N as all the signal emitted at the NR is in one detected component.
From a practical point of view, since we do not have an a priori knowledge about
the NR orientation, it is challenging to match the exciting beams polarization using
the \/2 wave plate with the orientation of the rod. To achieve this matching,
typically the NR has to be laser exposed for a certain duration before continuing
with the desired measurement. Ideally, the laser dwell time on the NR should be
minimized to prevent damage. To that end, using circular polarization ensures that
the longitudinal plasmon of the rod is excited, as circularly polarized light always
have a component along the main NR axis. However, also in this case there are few
downsides. As already mentioned, the S/R is not optimized because the NR signal
is detected both in the co- and cross- circular components. Additionally, for given
pump and Stokes input powers, a lower overall power is actually exciting the NR.
In fact, since Ecars E%ES and power P o« E?, when we use linear polarization
in excitation, Fcars o< Ppyv/Ps. When the \/4 wave plate is used, the amplitude
of the input electric field is effectively aligned along the NR axis and on average

decreased by a factor -=. As consequence:
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Figure 5.6: Projection of the detected eH-CARS signal shown in Fig. 5.5, along (co-) and
across (cross-) the longitudinal axis of the NR. Gray scales from m (black) to
M (white). Values are in units of volts.

Due to the main advantage of being able to excite the longitudinal LSPR even
without knowing its in-plan orientation, we decided to develop an analysis procedure,
explained in the following, to improve the S/N associated to the measurements
performed employing the A\/4 wave plate. The co- (Sp) and cross- (Sy,) circular
detected fields can be expressed in terms of the fields emitted by the NR, which are
linearly polarized along the longitudinal (S¢,) and transversal (Scposs) axes, as:

Sp - %(SCO + iScrOSS)

ewsm = %(Sco - iScross)

The relative phase between S}, and Sy, is taken into account multiplying Sy, by e,
with 0 = s, — 0s,,. Starting from Eqs.5.1.2, it is possible to derive the projection
of the detected signals onto the particle main axes, obtaining;:

(5.1.2)

Seo = \}5 (Sp+¢”Sum) (5.1.3)
and
Seross = \}5 (—iSp +icSim) (5.1.4)

Note that the lock-in offset correction mentioned in Chapter 3.3.4 is included in S,
and Sy, so that S; = Si + og,, with i=p,m and o representing the applied offset.
In Fig.5.6 is it possible to see the results of these projections starting from the data
of Fig.5.5. As expected the signal provided by the rod turns out to be fully in the
co-rod polarized component and there is an improvement of the S/R of a factor of
V2. This improvement comes from the fact that the signal from the NR detected
in the two channels constructively interference giving an improvement of 2 to the
overall signal. Instead, the noise related to these acquisitions is randomly added

giving for it an increase of /2. Thus the obtained signal to noise is ~ }TSN = \/i%

5.2 Enhancement quantification (R factor)

Within this work, the measured signal enhancement provided by a NR is quantified
using a value named R-factor. The R-factor is defined considering the CARS fields
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5.2.  Enhancement quantification (R factor)

as complex quantities and evaluating the field measured at the NR spatial position
and away from it. In fact, it is calculated starting from an eH-CARS 2D scan,
offsetting the field obtained at the NR PSF with the field obtained at the glass-oil
interface away from the NR, and applying a normalization to this difference using
the amplitude measured at the glass-oil interface. In essence, the R factor expresses
the signal provided by the rod in unit of glass-oil interface signal. From a practical
point of view, starting from an xy scan of the particle, taken at the particle z focus
(as the ones showed in Fig.5.3, 5.5 and 5.6), the R factor is computed considering a
x-cut ~100nm wide (in the y direction), passing thought the center of the NR PSF.
This 2D set of data were averaged into one pixel in the y axis to maximize the signal
to noise ratio. The signal measured at the glass-oil interface is thus given by the
signal at the edge of this x-cut. Going into details, we need to consider how different
excitation/detection approaches will impact onto the R factor computation.

o If the /2 wave plate is exploited and its rotation optimized to have the CARS
field along the NR main axis, both the NR and glass-oil interface detected sig-
nals will result in having only an horizontal component (see sketch in Fig.5.2).
The formula used to compute the R factor in this case is:

_ BNy — By

R
2

(5.2.1)

where Ej represents the glass-oil interface field and Eng the field measured at
the NR. Note that, as complex quantities are involved, |E§R — E{!| translates

into \/(R(E,) — R(EY))? + (S(EW,) — S(BY))2.

o When using the A\/4 wave plate, without applying any projection to the results,
the signal provided by the rod is contained in both co- and cross- (vertical and
horizontal) circular components. Therefore, it is a good practise to compute
the R factor for both, as

‘Eco—circ . E((jo—circ’
NR

Rco—circ = ’ESO_CirC‘ (522)

and . )
Cross—CIrc CO—CIrc
|ENR - E; |

‘EgofcirC|
It is important to underline that in both Rco_cire and Reross—circ appears

ESO*C“C as the glass-oil interface signal is detected only in the co-circular
polarized component.

(5.2.3)

Rcrossfcirc =

o If the \/4 is used but the projection of the NR detected signal is computed
(as explained in Sec.5.1), the R factor can be computed as

_ |E1(i101:€r0d o E(():o—circ‘

R | E((J:o—circ ’

(5.2.4)

After the R factor calculation, the result is fitted with a Gaussian amplitude function
because of the typical bell-shaped curve exhibited by the x-cut. The general form
of a Gaussian amplitude fitting function is:

—(z—p)?

f(x) = Ae™ 252 (5.2.5)
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where f(z) represents the value of the function at a specific x-coordinate, A is the
amplitude or maximum value of the Gaussian curve, y is the mean or center of the
Gaussian curve and o is the standard deviation, which relates to the width or spread
of the curve. The R factor provided by the NR under study will be then given by
the amplitude A of this Gaussian fit. While the computation of the R factor is
performed across the entire PSF, the enhancement provided by a NR is generated
from a region significantly smaller than the PSF. As a result, the values obtained
for R do not represent the actual local field enhancement occurring at the surface
of the NR. A discussion of the local field enhancement in the nanoscale region near
NR will be presented in Sec.5.7.

Figure 5.7 shows the result for the R factor obtained along the x-cut passing through
the center of the NR PSF and the consequent Gaussian amplitude fitting function,
for the three introduced cases: (a) linear exciting polarization along the NR (R
factor computed starting from the data of Fig.5.3), (b) circular polarization in both
excitation and detection (R factor computed starting from the data of Fig.5.5) and
(c) circular exciting polarization with projection of the detected components (R
factor computed starting from the data of Fig.5.6). The highest R factor is obtained
in the first case (16.6 £+ 0.4), using the \/2 wave plate in excitation. As expected
using the A/4 wave plate, since the NP signal is distributed in the two detected
components, we obtained the lowest R factors (Reo—cire =3.62 + 0.09 and Reross—cire
=4.33 £+ 0.09). An intermediate R factor is obtained by exploiting the projection of
the detected signal (9.66 + 0.19), because although in this case the actual overall
exciting power is reduced, all the signal emitted by the NR turns out to be in one
component, with the consequent improvement of the S/R.
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Figure 5.7: R factor, i.e. signal measured at the particle in unit of silicone oil signal. A
polarization resolved eH-CARS 2D scan is acquired and the signal measured
at the x-cut passing through the center of the NR PSF| as real and imaginary
part, is offset with respect the signal emitted by the silicone oil and normalized
to the amplitude of this last one. Different excitation modality (see text) have
been used. Left: linear excitation polarization. Middle: circular excitation
polarization. Right: circular excitation polarization and projection of the
detected eH-CARS signal along(co-) and across(cross-) the longitudinal axis
of the NR. Dot: experimental data; line: Gaussian amplitude fit.
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5.3 Linear Polarization excitation dependence of LFE
eH-CARS

When using the A/2 wave plate, as mentioned before, the rotation of the latter
has to be set so that the polarization of the exciting beams is aligned along the
longitudinal axis of the NR under study. To to this, spatially resolved acquisitions
of the eH-CARS field in the region of the NR have to be acquired prior performing
the actual measurement so that the rotation of the wave plate is optimized to get
the higher LFE eH-CARS signal. We took advantage of those needed pre-scan to
study how the signal at the NR varies depending of the A\/2 wave plate rotation.

Figure 5.8 is a sketch representing the polarization adopted by the beams travel-
ing through the different stages of the setup. We consider the ideal condition of a NR
placed perfectly flat onto the glass surface (xy-plane) and all the fields propagating
along the z direction, taken as perpendicular to the sheet. In particular, the exciting
fields are represented as incoming the sheet (1,2), while the field then collected by
the objected are represented as outgoing the sheet (3,4,5). In the following, we detail
the polarization configuration as per sketch sequence 1-5 in Fig.5.8.
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Figure 5.8: Sketch represented the polarization configuration sequence (1-5) assumed by
the beams travelling through the setup, until the detector axes, i.e horizontal
(H) and vertical (V), when the A\/2 wave plate is inserted in the beam path
(see text). Blue line: exciting beams; Gray dotted line: rotation of the A/2
wave plate; Gold dotted line: hypothesized NR in-plane orientation; Gold line:
NR emitted field; Red line: detected signal after projection.

1. After the Mai-Tai laser source and the OPO, the exciting beams (pump and
Stokes) represented in blue in the sketch, are horizontally polarized (a=0) and
in the general case, they are not polarized along the NR main axis (represented
with the dotted gold line, at the angle ).

2. The exciting fields pass thought the A\/2 wave plate which is rotated at a
general angle 6 (represented with the dotted gray line). If the incident beam
is linearly polarized (as in our case) the resulting exciting polarization will be
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rotated by twice the angle of the wave plate orientation (Ref.[133]). Thus the
exciting polarization direction forms the angle a* = o+ 26. In this sketch, we
assumed that a anti-clockwise rotation has positive sign.

. Neglecting the contribution given by the NR transversal mode, the NR emits

a field which is linearly polarized along its main axis. In our setup we collect
in reflection hence the detected field propagates in the opposite direction as
compared to 1 and 2. The signal emitted by the NR is the enhanced CARS
signal, which come from a third-order process (Ref.[134]), therefore we can
represent its amplitude as:

Exgr o< Eicos?(¢)Egcos(¢) (5.3.1)

where ¢ represents the angle between the polarization of the exciting beams
and the rod orientation, thus ¢ = a* — f = a4+ 20 — =20 — (.

. The enhanced field pass through the A/2 wave plate, but this time in the

opposite direction so that its rotation takes place as clockwise and this field
has a polarization direction forming the angle v = § — 26.

. Finally, the latter field arrives at the detector, prior to interfering with the

reference polarized at 45°. This corresponds to detect the projection of the
field on the reference, so that the two field detected components turn to be

Fy x cos®(¢)cos(v)

By o cos3(¢p)sin(y) (5.3.2)
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Figure 5.9: a) Single particle extinction cross-section of a nominal 25 nmx 71 nm-SiAuNR

with 5nm silica shell extracted from wide field extinction imaging measure-
ments and band-pass filters with the different reported center wavelengths, for
in-plane linear polarization as indicated, measured before (al) and after (a2)
the laser exposure. See Chapter3.3.1 for details about how these measurement
have been carried out. b) LFE eH-CARS amplitude polarization dependence
behaviour, for IFD = 2904 cm™~! and measured at the NR in (a), using linear
exciting polarization. Black: detected H component (black square) and fit
(black line); Red: detected V component (red square) and fit (red line).

The study of the NR enhanced eH-CARS amplitude as a function of the \/2 wave
plate rotation 6 is reported in Fig.5.9. We measure the eH-CARS signal at the the
particle PSF in both the horizontal (H) and vertical (V) detected channels. The
A/2 wave plate has been rotated from 0° to 130° in steps of 10°. Particularly, in

this case the NR was a nominal 25 nmx71 nm-SiAuNR with 5nm silica shell.

In
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Fig.5.9-a the extinction cross-section spectrum before (al) and after (a2) the laser
exposure are reported. In the extinction spectrum acquired after the laser exposure
two main peaks slightly shifted in wavelengths can distinguished, meaning that the
NR was developing a second main axis, possibly due to the presence of a hole in
the shell allowing melted gold coming out. Despite that, the detected amplitude
behaviours doesn’t deviate from the one expected, as it is shown in Fig.5.9-b, where
the detected H and V amplitude components are fitted with Eq.5.3.2. The latter
measurements were performed as explained in Chapter 3.3.2, at IFD =2904 cm™!.

5.4 NRs stability against the laser exposure

In this section, separately for each kind of SIAuNRs introduced in Chapter 3.1 and
starting from eH-CARS imaging measurements with IFD =2904 cm™!, we retrieved
the R factor, as explained in Sec.5.2. We investigated the R-factor power depen-
dence and its reproducibility. For the power dependence characterization, pump and
Stokes powers were sequentially increased. Theoretically, the R factor is indepen-
dent of the pump and Stokes powers used because both the signal generated at the
glass-oil interface and the one generated at the NP should vary by the same amount.
The R factor exhibits a power dependence behavior when particle reshaping or sat-
uration effect take place. It is possible to discriminate between these two scenarios
by checking the NP extinction cross-section before and after the laser exposure. In
fact, as it has been shown in Sec.3.3.1, the NP extinction cross-section provides
information about the NR geometrical characteristics. To test the particle R fac-
tor reproducibility, pump and Stokes powers were set to be sufficiently high to get
good glass-oil interface signal S/R. Once decided the scan settings, sequential repeti-
tions have been performed and the consequent R factors compared. Also in this case
the extinction spectrum of the NR was measured before and after the laser exposure.
All the results presented in this section were obtained starting from 2 umx2 pmx2 um
xyz raster scan with 54x54x7 pixels. The sample period was set to be 2ms. The
xy image at the NP focus was then selected for the R factor computation. FKi-
ther the \/2 and the A\/4 wave plate were used. Here, it is important to underline
that, individual NRs exhibited a different behavior in both extinction and eH-CARS
measurements even when they had the same nominal size/shape, i.e. coming from
the same batch provided by the manufacturer. In each batch, we aim to select for
the eH-CARS characterization, NRs displaying a longitudinal LSPR fairly close to
660 nm, the wavelength of the CARS field. In the following examples, we reported
different cases that represent on average the particles resistance behavior and R
factor value reproducibility of each group of tested SiAuNRs for both the exciting
polarization condition introduced. In this set of examples, when the \/4 was used
in the excitation path the projections of the detected field along and across the NR
were not computed, as this would affect only the final R factor value, without af-
fecting the information about the resistance. It turned out that the stability and
resistance of a NR mainly depend on the thickness of its silica shell rather than
the kind of exciting polarization employed, while the R factor value reproducibility
could be affected by a saturation effect. The nominal 25 nmx71 nm-SiAuNRs with
5nm shell turn out to be the more subjected to particle reshape/destruction even for
low applied laser powers. Instead, both the nominal 40 nmx68 nm-SiAuNR and the
nominal 50 nm x 100 nm-SiAuNR result way more stable with occasionally a slightly
blue-shifted LSPR after the laser exposure.
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Figure 5.10: (a-b) Single particle extinction spectrum, of nominal 25 nmx71 nm-SiAuNR
with 5nm silica shell, for different in-plane linear polarization angles of the
white-light illumination, as indicated, measured before (a) and after (b)
the laser exposure. Measurements were performed as explained in Chap-
ter 3.3.1. (c-d) LFE eH-CARS power dependence measurement, at IFD =
2904 cm ™1, performed at the NR in (a-b), using circular exciting polarization.
(¢) Reo(circle) and Reposs(square) factors computed from (d) as explained in
Sec.5.2. The error bars come from the uncertainty of the exact amplitude
of the Gaussian function used to fit the data to retrieve the R factor value.
(d) eH-CARS amplitude measured at glass-oil interface away from NR (black
circle) and signal measured at the NR in the co- (red circle) and cross- (red
square) circular polarized detection channels. The dashed black line repre-
sents the linear interpolation performed on the interface signal to check its
value for low power.

25 nmx71 nm-SiAulNR, 5 nm shell

We first started to characterize the nominal 25 nmx71 nm NR with 5 nm silica shell.
The results reported in Fig.5.10(c-d) refer to a power dependence characteriza-
tion performed on the NR whose extinction cross-section the spectra are shown in
Fig.5.10(a-b). The latter were acquired before (Fig.5.10(a)) and after (Fig.5.10(b)-)
the laser exposure. For the nominal 25 nmx71 nm NR the extinction cross-section
was measured via extinction spectroscopy, as explained in Sec.3.3.1. In this first
set of measurements, an exciting circular polarization was used. Fig.5.10(d) shows
the amplitudes measured (and lock-in offset corrected) at the NR (red), for both
co-(circle) and cross-(square) circular detected polarization, and the amplitude mea-
sured at the glass-oil interface (black). The latter linearly depends on Ppy/Pg, so
that we could verify, via a linear interpolation, that the detected signal had a rea-
sonable value, following the theoretical predicted dependence, also when it was close
to the noise level, i.e. for low pump and stokes powers. Notice that, the proportion-
ality constant between the eH-CARS amplitude and Pp+/Pg strictly depends on the
alignment of the setup and on the power used for the reference beam exploited in
the detection. This leads to generally different proportionality constant for different
days of measurements. The eH-CARS amplitudes values (Fig.5.10(d)) suggest that
the NR provides an enhancement to the glass-oil interface signal for all the powers
employed, but looking at the R factor (Fig.5.10(c)) power dependence behavior we
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can clearly see that this enhancement was not constant. This particle, provided the
highest enhancement during the first scan at the lowest powers. The R factor drop
recorded during the second scan suggests a particle reshaping toward a more stable
shape, as the R factor does not undergo other marked variation in the following scan
at higher power. The comparison between the extinction spectra, before and after
the laser exposure, confirms the hypothesis of the particle reshaping toward a more
spherical particle. In fact it is clear that there is a blue shift of the longitudinal
LSPR, which suggests a decreased aspect ratio (Ref [135]). The nanoparticle did
not completely lose its rod-like shape as we can still notice a polarization dependent
extinction behaviour, which also suggests a variation of the in-plane particle orien-
tation during the laser exposure. This explains the variation in the relative Reo—_cire
and Rerogs—cire between the first and the following repetitions: the orientation of the
NR changed so that the enhanced CARS field after the A\/4 wave plate was more
circular polarized then elliptically polarized, giving the detection of amplitudes, in
the two channels, with nearly the same values.

Figure5.11 shows a power dependence measurement, performed on another par-
ticle, this time exploiting a linear polarized excitation aligned along the main axis of
the NR. As already stated in Sec.5.1, the usage of the A\/2 wave plate ensures a higher
R factor (see Fig.5.11(c)). Also in this case, upon increasing the applied powers,
the particle underwent reshaping. The comparison between extinction cross-section
measurements before (a) and after (b) the laser exposure is crucial to understand
which kind of reshape the NR underwent. The extinction cross-section measure-
ments revealed again a reshaping toward a more spherical-like particle (decreased
aspect ratio). The stability characterization of this kind of NRs are reported in
Fig.5.12 and Fig.5.13, for the case of the circular and linear polarization excitation
respectively. Comparing the two extinction cross-section spectra (Fig.5.12(a) vs
Fig.5.13(a)) acquired before the laser exposure, it is clear how much nominally equal
particles can differ in terms of their geometrical characteristics. The particle associ-
ated to the spectrum in Fig.5.12(a) is clearly larger in size (higher extinction values
at the longitudinal LSPR) than the second one (Fig.5.13 (a)). The eH-CARS mea-
surements were performed selecting similar pump and Stokes powers: Pp=2.3 mW
and Pg=7.9 mW for the first case (Fig.5.12(c)) and Pp=1.2mW and Pg=4.3 mW for
the second case (Fig.5.13(c)). The actual strength of combined pump and Stokes
powers (computed as Ppy/Pg) on the sample resulted in 0.57 mW?3/2 and 0.88 mW?/2.
The powers were chosen to have the glass-oil interface signal above the noise level.
The particle related to Fig.5.12 shows a good stability at the low powers applied as
its R factor didn’t undergo marked variation. It is interesting to see how the laser
exposure affected the particle orientation, as the difference between the Reo_circ and
Reross—cire values increased during the second, third and fourth repetition, to then
return nearly the same of the initial one in the last repetition. Instead, the parti-
cle related to Fig.5.13 didn’t have a good stability /resistance, as the R factor was
decreasing already during the second repetition (Fig.5.13(c)). The decrease is again
explained by looking at the extinction variation, with a more blue-shifted LSPR
after the laser exposure (Fig.5.13(a-b)), meaning a decreased aspect ratio.

40 nmx 68 nm-SiAuNRs, 10 nm shell

While measuring the NRs characterized by 10nm silica shell, we immediately re-
alized how their resistance against the reshaping was improved. For this reason,
we decided to change the modality to characterize them. We combined the power
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Figure 5.11: (a-b) Single particle extinction spectrum, of nominal 25 nmx71 nm-SiAuNR

with 5nm silica shell, for different in-plane linear polarization angles of the
white-light illumination, as indicated, measured before (a) and after (b)
the laser exposure. Measurements were performed as explained in Chap-
ter 3.3.1. (c-d) LFE eH-CARS power dependence measurement, at IFD =
2904 cm ™1, performed at the NR in (a-b), using linear exciting polarization.
(¢) Reo(circle) and Reposs(square) factors computed from (d) as explained in
Sec.5.2. The error bars come from the uncertainty of the exact amplitude
of the Gaussian function used to fit the data to retrieve the R factor value.
(d) eH-CARS amplitude measured at glass-oil interface away from NR (black
circle) and signal measured at the NR in the co- (red circle) and cross- (red
square) circular polarized detection channels. The dashed black line repre-
sents the linear interpolation performed on the interface signal to check its
value for low power.
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Figure 5.12: (a-b)Single particle extinction spectrum, of nominal 25 nmx71 nm-SiAuNRs

with 5nm silica shell, for different in-plane linear polarization angles of the
white-light illumination, as indicated, measured before (a) and after (b) the
laser exposure. Measurements were performed as explained in Chapter 3.3.1.
c) LFE eH-CARS stability measured, at IFD = 2904 cm ™!, performed at
the NR in (a-b), using circular exciting polarization and Pp=2.3mW and
Ps=7.9mW. The same measurement was repeated five times and for each
of them, the Reo(circle) and Reross(square) factors have been computed as
explained in Sec.5.2. The error bars come from the uncertainty of the exact
amplitude of the Gaussian function used to fit the data and to retrieve the
R factors value.
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Figure 5.13: (a-b)Single particle extinction spectrum, of nominal 25 nmx71 nm-SiAuNRs

with 5nm silica shell, for different in-plane linear polarization angles of the
white-light illumination, as indicated, measured before (a) and after (b)
the laser exposure. Measurements were performed as explained in Chapter
3.3.1. ¢) LFE eH-CARS stability measured, at IFD = 2904 cm ™!, performed
at the NR in (a), using linear exciting polarization and Pp=1.2mW and
Ps=4.3mW. The same measurement was repeated five times and for each of
them the R factor has been computed as explained in Sec.5.2. The error bars
come from the uncertainty of the exact amplitude of the Gaussian function
used to fit the data to retrieved the R factor value.
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dependence with reproducibility measurements on the same single particle. The
measurements were organized so that for a given pump and Stokes powers combina-
tion few repetition of the same scan (three in the presented cases) were performed.
The laser powers were then increased until the enhanced signal was starting to not
follow the increase of the correspondent glass-oil interface signal. Both the \/4 and
A/2 wave plate have been tested in the excitation. Let us discuss now the nominal
40 nm x 68 nm-SiAuNRs.
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Figure 5.14: Left: pump and Stokes powers with the resulting overall powers exciting at
the sample used in the power dependence measurement reported in Fig.5.15.
Right: eH-CARS amplitude measured at glass-oil interface away from NR for
the indicated power and its linear interpolation (dashed black).

Figure 5.14 and Figure 5.16 show on the left a table giving the pump, Stokes and
the correspondent overall power exciting the sample used in the power dependence
measurements. On the right it is shown the glass-oil interface eH-CARS signal ob-
tained for each applied powers combination and the consequent linear interpolation.
The latter were reported as it is important to check that the signal obtained at lower
powers, used for the normalization in the R factor computation, was well defined
against noise. Fig.5.14 refers to the measurement where the \/4 wave plate was
employed while Fig.5.16 to the A/2 wave plate. In Figure 5.15 and Figure 5.17 are
reported the corresponding characterization results. Fig.5.15(c-d) and Fig.5.17(c-d)
are organized so that they show in (d) the eH-CARS amplitude detected at the
NR PSF (blue data) and away from it (black data), while in (c) the computed R
factor. As three repetitions with the same applied power have been performed, the
overall power employed in each measurement is reported in the right scale for clarity
(green data). Figure 5.15(a-b) and 5.17(a-b) show the extinction cross section for
the particle under study measured before (a) and after (b) all the laser exposures.
The particle related to Fig.5.15, excited via circularly polarized beams, showed an
overall good stability during the measurements performed with the first three pow-
ers combination, as the enhanced signal increases for higher powers (Fig.5.15(d)).
The more accurate R factor (Fig.5.15(c)) reveals actually a slight decrease of the
provided enhancement, which can be explained by the eyt measured after the laser
exposure (Fig.5.15(b)). Due to the laser exposure, the LSPR turns out to be blue
shifted, resulting in a lower value of e at 660 nm, with a consequent weaker cou-
pling between the exciting plasmon and both pump, Stokes and CARS fields. The
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Figure 5.15: (a-b) Single particle extinction cross-section of nominal 40nmx68nm-

SiAuNR with 10nm silica shell extracted from wide field extinction imag-
ing measurements and band-pass filters with the different reported center
wavelengths, for in-plane linear polarization as indicated, measured before
(a) and after (b) the laser exposure. See Chapter 3.3.1 for more details
about how these measurements have been carried out. (c-d) LFE eH-CARS
power dependence and reproducibility measurements, measured with IFD =
2904 cm !, performed focusing at the NR in (a-b), using circular exciting
polarization. (¢) Reo—circ( circle) and Reross—cire (square) factors, computed
from (d) as explained in Sec.5.2. The error bars come from the uncertainty
of the exact amplitude of the Gaussian function used to fit the data and to
retrieve the R factor value. (d) eH-CARS amplitude measured at glass-oil
interface away from NR (black circle) and signal measured at the NR PSF in
the co- (red circle) and cross- (red square) circular polarized detection chan-
nels. The overall power employed in each repetition is reported in the right
scale for clarity (green data).

decreased R factor recorded during the last experiments at higher powers can not
be explained by the mentioned LSPR, blue shift. This was proved by performing a
last measurement (not shown here) with the lowest employed powers and computing
the R factors that turned to be Reo_cire=4.8£0.2 and R¢ross—cire=5.21+0.1, thus very
close to the ones obtained for the third powers combination. Being able to revert the
R factor back to its initial value, by simply decreasing the applied powers, suggests
that a saturation effect took place at high powers.

The next example of power dependence-stability test (Fig.5.17), performed using
the A/2 wave plate, is notable for two reasons:

o First, this example demonstrates how the R factor gives a more reliable knowl-
edge about the actual enhancements provided by the NR compared to the one
obtained just looking at the amplitude of the signals. In fact, by looking at NR
emitted signal in the second and third repetitions of the first two applied over-
all powers (Fig.5.17(b)-bottom), one could think that something is happening
to the NR, but eventually the lower signal at the rod reflects a lower signal at
the glass-oil interface, which could be also related to the deviation from the
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Figure 5.16: Left: pump and Stokes powers with the resulting overall powers exciting at
the sample used for the power dependence measurement reported in Fig.5.17.
Right: eH-CARS amplitude measured at glass-oil interface away from NR for
the indicated power and its linear interpolation (dashed black).
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Figure 5.17: (a-b) Single particle extinction cross-section of nominal 40nmx68nm-

SiAuNR with 10nm silica shell extracted from wide field extinction imag-
ing measurements and band-pass filters with the different reported center
wavelengths, for in-plane linear polarization as indicated, measured before
(a) and after (b) the laser exposure. See Chapter 3.3.1 for more details
about how these measurements have been carried out. (c-d) LFE eH-CARS
power dependence and reproducibility measurements, measured with IFD =
2904 cm ™1, performed focusing at the NR in (a-b), using linear exciting po-
larization. (c¢) R factor, computed from (d) as explained in Sec.5.2. The
error bars come from the uncertainty of the exact amplitude of the Gaussian
function used to fit the data and to retrieve the R factor value. (d) eH-CARS
amplitude measured at glass-oil interface away from NR (black circle) and
signal measured at the NR PSF in the co- (red circle) and cross- (red square)
circular polarized detection channels. The overall power employed in each
repetition is reported in the right scale for clarity (green data).
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intended focal point of the image due to mechanical drifts. Indeed once found
the NP, we were used to acquire the images at a given power sequentially to
not overexpose the particle.

e Secondly, the data of the extinction cross section spectrum after the laser
exposure (Fig.(Fig.5.17(a)-right) and the R factor (Fig.5.17(b)-top) obtained
during the last measurements clearly confirm that a reduction of the R factor
for high power can not be always explained with a particle reshaping. Com-
paring the initial and the final R factor, it is evident a considerable reduction,
but the extinction cross section do not show an equal marked change.

The reduction of the R factor at higher powers could be explained by the saturation
of CARS phenomenon itself taking place at the NR. A more detailed investigation
of this aspect is given in Sec.5.4.1.

50 nm x 100 nm-SiAuNRs, 10 nm shell

As also the nominal 50 nmx 100 nm-SiAuNRs are coated with a 10 nm silica shell,
the same approach followed to test the stability and reproducibility of the measured
R factor of nominal 40 nmx68 nm-SiAuNRs, was used, namely we performed com-
bined power dependence and stability characterizations. Similar consideration can
be drawn. Fig.5.19 shows the results obtained using the A/4 waveplate, at the laser
powers indicated in Fig.5.18, for a selected NR which exhibited a stable extinction
spectrum. Again the reduced R factor obtained in the last set of measurements at
the highest power (Fig.5.19(b)-top), was not explained by the comparison of the ex-
tinction cross-section measured before and after the laser exposure (Fig.5.19(a), left
vs right), which does not reveal any substantial particle shape changing. The par-
ticle studied the last test (Fig.5.21), using the A\/2 wave plate (laser powers applied
and consequent generated glass-oil interface eH-CARS signals reported in Fig.5.20),
behaved in a different way since, as can be seen by the R factor power dependence
(Fig.5.21), its R factor remained nearly constant during all the measurements. In
agreement with this, also the extinction cross-section spectra does not suggest a
shape variation. Notice that, the powers applied to this last NR is higher than the
one applied to the previous particle. This example further highlights how peculiar
is the behaviour of each particle, which depends on its geometrical characteristics.
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Figure 5.18: Left: pump and Stokes powers with the resulting overall powers exciting at
the sample used for the power dependence measurement reported in Fig.5.19.
Right: eH-CARS amplitude measured at glass-oil interface away from NR for
the indicated power and its linear interpolation (dashed line).
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Figure 5.19: (a-b) Single particle extinction cross-section of nominal 50nmx100nm-
SiAuNR with 10 nm silica shell extracted from wide field extinction imaging
measurements and band-pass filters with the different reported center wave-
lengths, for in-plane linear polarization as indicated, measured before (a)
and after (b) the laser exposure. (c-d) LFE eH-CARS power dependence and
reproducibility measurements, measured with IFD = 2904 cm ™!, performed
focusing at the NR in (a-b), using circular exciting polarization. (c¢) Reo—cire(
circle) and Reross—cire (square) factors, computed from (d) as explained in
Sec.5.2. The error bars come from the uncertainty of the exact amplitude
of the Gaussian function used to fit the data and to retrieve the R factor
value. (d) eH-CARS amplitude measured at glass-oil interface away from
NR (black circle) and signal measured at the NR PSF in the co- (red circle)
and cross- (red square) circular polarized detection channels. The overall
power employed in each repetition is reported in the right scale for clarity
(green data).

- 105 —



5.4. NRs stability against the laser exposure

90
g0l @ Silicon Oil
ol 1.05E-5 PP¢'?

Pp Ps PpP./? 2601
mw mwW mw?3i2 2(: 50 A
1.37 410 2.77 i 40 o
1.77 6.20 441 S 30 * .
2.24 8.16 6.39 < . '

10

0 T T T T T T T

0 1 2 3 4 5 6 7 8
PPPS‘IIZ (mw3/2)

Figure 5.20: Left: pump and Stokes powers with the resulting overall powers exciting at

the sample used for the power dependence measurement reported in Fig.5.21.
Right: eH-CARS amplitude measured at glass-oil interface away from NR for
the indicated power and its linear interpolation.
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Figure 5.21: (a-b) Single particle extinction cross-section of nominal 50nmx100nm-

SiAuNR with 10 nm silica shell extracted from wide field extinction imaging
measurements and band-pass filters with the different reported center wave-
lengths, for in-plane linear polarization as indicated, measured before (a)
and after (b) the laser exposure. (c-d) LFE eH-CARS power dependence and
reproducibility measurements, measured with IFD = 2904 cm ™!, performed
focusing at the NR in (a-b), using linear exciting polarization. (c¢) R factor,
computed from (d) as explained in Sec.5.2. The error bars come from the
uncertainty of the exact amplitude of the Gaussian function used to fit the
data and to retrieve the R factor value. (d) eH-CARS amplitude measured
at glass-oil interface away from NR (black circle) and signal measured at the
NR PSF in the co- (red circle) and cross- (red square) circular polarized de-
tection channels. The overall power employed in each repetition is reported
in the right scale for clarity (green data).
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5.4.1 Saturation Effect

With increasing pump and Stokes powers, a saturation of the CARS signal may take
place. This can be understood as follows. Assuming diatomic molecules treated
as quantum linear harmonic oscillators, in their quantized energy levels diagram,
the energy levels are equally spaced (Fig.5.22-a). In this condition, starting from
molecules in the ground state undergoing a coherent Raman process, using pump
and Stokes pulses such that their frequency difference matches the characteristic
vibrational frequency of the molecules, no CARS saturation is expected. This is
because the perturbation of the system due to the CRS process does not preclude
the possibility of driving subsequentially another vibrational coherence that involves
higher vibrational states (Fig.5.22-a2). On the other hand, in real molecules, the po-
tential energy governing the vibrational motion is not harmonic. In other words, real
molecules are anharmonic systems with quantized energy levels not evenly spaced
(Fig.5.22-b). In this condition, the interaction of the molecule with pump and
Stokes is able to resonantly drive only the coherence between two well defined lev-
els (Fig.5.22-b1). Hence the coherent driving process, via the interference between
pump and Stokes, resonantly drives the coherence between ground and first vibra-
tional state only. Further excitation into higher levels depends on the strength of
the anharmonicity and the spectral width of the driving (i.e. the pulse duration
used). Generally, this leads to a saturation effect as the driving becomes less effec-
tive. This brings to the CARS saturation due to the depletion of the ground state
(Fig.5.22-b2), and the shift in the vibrational resonance for higher states, hence
reduced effect of the coherent driving of these higher vibrational transitions. As
explained in Chapter2.1.1.1, Icags o [x®]? = |X§) + Xl(\‘?f){\Q and XS) o AN where
AN represents the population difference between the vibrational and ground states
(Ref.[136]). The population difference can be affected and its transient perturbation
depends on pump and Stokes beams intensities, i.e.(Ref.[137],[138])

d(AN)
dt

Therefore, for high excitation intensities, there is a decrease of the population dif-

x —Iplg (5.4.1)

ference, which leads to a decreased Xg’) and thus Icagrs, producing the saturation
effect.

Ref.[139] states that for C-H stretching of biomolecules the peak intensity thresh-
old (computed as v/IpIg) for saturation is about 1x10'2W /cm? or 1.5 x10'3W /cm?
for 2-ps or 100-fs lasers, respectively. For given pump and Stokes average powers
employed in the experiment, the peak intensity in the laser focus is given by

P 1

RpulseTpulse Aspot

Tpeak = (5.4.2)

where Agpor = w(ﬁ)z. As mentioned in Chapter 3.3.2, with our setup we have
repetition rate Rpyise=80 MHz, pulse duration T},15e=1ps and NA=1.45. For exam-
ple, considering the set of measurements shown in Fig.5.15 and the maximum pump
and Stokes average powers employed (Pp=2.46 mW and Ps=8.55 mW), the resulting
peak intensities are 1.22x10'°W/cm? for the pump and 2.47x10°W/cm? for the
Stokes, which give v/TpIg ~ 1.73x10'°W /cm?, below from the saturation threshold.
This consideration is consistent with the power dependence measured at the glass-oil
interface away from the NR and shown for example in Fig.5.16, which scales with-
out showing saturation. At the NR, since pump and Stokes beams are enhanced the
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Figure 5.22: Energy diagram showing the resonant contribution to the CARS signal by the
target molecule for (a) ideal single diatomic molecule and (b) real molecule
with quantized energy levels not evenly spaced. (a.l) and (b.1) show how
pump (green) and Stokes (red) are able to resonantly drive the coherence
between two well defined levels. (a.2) and (b.2) show how pump and Stokes
would be able to drive subsequentially another vibrational coherence which
involves higher vibrational states only in the case of the ideal molecule. Solid
lines indicate the ground (g) and vibrational state (v1,wve,vs) levels, while
the virtual states are represented by dashed lines.

peak intensity of these beams will be higher. To estimate the experimental pump
and Stokes peak intensities at the NR tip, we exploited the COMSOL model intro-
duced in Charter 3.4.2. We simulated the pump and Stokes enhancement, as we did
in Fig.3.27, for a NR with D=40nm, AR=1.7, Rip=D/3, tshen=10nm and g=0.75
(used to compute the modified €a,). 1 mW has been used in the simulation as input
average powers for both pump and Stokes. Then, we evaluated the pump and Stokes
fields at the NR tip in oil obtaining Ffim=7.64x10%V/m and E§™=4.44x108 V/m.
Since the amplitude of an electric field is proportional to the square root of its peak
power, we can write

. sim
ESlm J— Pan

Fpuise Tpuie (5.4.3)
EP — (O Pavg
RpuiseTpulse
Thus, the proportionality constant C' can be retrieved from the simulation and the
intensity peak had in the experiment can be computed with I = cneg|E|?. Follow-
ing this procedure we obtain Ep*=1.19x10"V/m and Eg*=1.29x10" V/m and
consequently Ip*=2.88x10"W/cm? and Ig*"=3.40x10" W/cm?. Thus the overall
peak intensity inducing the CARS process at the NR tip is v/Iplg ~ 3.13x10'!
W /cm?, closer to the threshold stated in the literature.
This saturation behaviour can explain the measured decrease of R with high power,
while the NR was NOT reshaped, as shown e.g in Fig.5.17 and Fig.5.19.
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5.5 LFE eH-CARS time traces

The stability of the three groups of SiAuNRs was tested also measuring LFE eH-CARS
time traces. Essentially, we employ a real sensing measurement condition wherein
laser beams are directed at the SiAuNRs for a specified duration, without perform-
ing a 2D scan. This experimental condition is the one that will allow us to detect
transient object in proximity of a nanostructure. Our attention stays on observing
the alterations in the LFE eHCARS signal by a single SiAuNR, which should remain
constant if the nanorod does not undergo shape changing, as the particle is in a ho-
mogeneous environment, being surrounded by silicone oil. While plotting the results
of the acquired LFE eH-CARS amplitude, it is crucial to take into account that this
signal is also affected by the fluctuation in the Stokes and reference beams. In this
contest we neglect the fluctuation affecting the pump beam as it is directly provided
by the laser source Ti:Sa (MaiTai), which is typically quite stable, while the Stokes
and the reference beams are obtained from the optical parametric process taking
place in the OPO (see Chapter 3.3.2). The intensity (Isg) of a signal detected via
the heterodyne technique is proportional to both the signal field itself (FEgy) and to
the reference field (Fyef) (Ref.[140]):

Isig X 2EsigEref‘ (551)

The intensity is then proportional to both the power (I o< P) and to the square of the
field amplitude (I oc A?), so that A o< /P. In our case Esig = Eeni.cars < Ep?Es,
thus:

Lig = Ien_cARs < EpESEye (5.5.2)

where the index P and S indicate again pump and Stokes, respectively. Exploiting
then the relation between the amplitude and the power of a field, we can write:

2
AeH-CARS X V Pp v/ Ps\/ Pret. (5.5.3)

In our detection scheme we also employ a balanced photodiode technique (Ref.[141]),
acquiring two couples of balanced photocurrents, nominally i1,i2,i3,i4, Where two
of them will be positive and the other two negative. The powers of both Stokes
and reference are proportional to the sum of the absolute values of such currents
(P oci = |iy| + |ia] + |i3] + |24]), so that:

Agti—cars x Vivi = i. (5.5.4)

where we neglected the factor \/Pp2, assuming it to be constant. The time trace
eH-CARS amplitude displayed in the following (Abs(eH-CARS)), compensated for
the Stokes and reference fluctuations is therefore given by:

Abs(eH — CARS) = Ati_CARS — : ~ (5.5.5)

where < ¢ > is the average value of ¢ during the considered time trace. Instead
of directly dividing for the current we divide for the normalized current, so that
the unit of Abs(eH-CARS) remains voltage. Also for these stability tests, both
the A\/4 and the \/2 wave plates have been, separately, employed. The status of
the particle was always checked before and after each time traces measuring the
extinction spectrum via the wide field technique, as explained in Chapter 3.3.1. If
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during the experiment performed with the A/4 wave plate inserted, the particle did
show any marked reshaping, we subsequently conducted the experiment using the
A/2 wave plate on the same particle. The figures presented in the following two
sections are organized so that they show in the first row the particle extinction
spectrum acquired before and after the laser exposure, while in the second row the
LFE-eH-CARS time traces. We acquired 50s time traces with a sample period of
2ms. The signal was resampled to a sample period of 0.2s to reduce the noise.
In fact in this condition, where we are not sensing the environment of the particle
but its stability, we don’t expect to see very fast fluctuation. For all the following
measurements pump and Stokes powers were set in order to have an overall power
at the sample around 3 mW?/2 and the time trace was acquired at the particle focus.

25 nmx71 nm-SiAuNR, 5 nm shell

The particles belonging to the nominal 25 nmx71 nm-SiAuNRs group exhibited an
unstable behavior for this kind of experimental condition, so that we could never
test the same particle for both a circularly and linearly polarized excitation. Figure
5.23(a) shows an example of a time trace measured exploiting the A/4 wave plate in
the beam path, where the detected co- and cross- circular polarized component have
a similar value. By looking at the behaviour of the eH-CARS amplitude (second row)
we can observe some oscillations. Due to the slightly periodic trend, such oscilla-
tions can be attributed as coming from the laser source. The overall LFE eH-CARS
signal is quite low compared to e.g. the results in Fig.5.10 and Fig.5.11. This could
be explained by looking at the variation of the extracted extinction spectrum (first
row) before (left) and after (right) the laser exposure. Initially, the longitudinal
extinction peak was at 700 nm, while after the laser exposure we found it slightly
red-shifted. Moreover, an additional peak centered at around 600 nm develops and,
as a consequence, we have a minimum of the extinction near 660nm. A possible
explanation could be that the thin silica shell is not uniformly covering the NR,
and there is a gap such that, in the first few seconds of the laser exposure, melt
gold moves out from the shell, forming another particle axis (close to a cross shape).
Also, the particle measured employing the \/2 wave plate confirms a low stability
(Fig.5.23(b)). Before the LFE eH-CARS measurements, the peak of the extinction
was very close to 660 nm (Fig.5.23(b)-top left), but again during the laser exposure
the particle underwent reshaping. The longitudinal peak becomes blue-shifted ex-
plaining the decrease in time of the recorded eH-CARS signal. In the time interval
from ~25s to ~35s, the recorded signal improved. As the laser exposure in addition
to reshaping can cause a change in NR orientation, a possible explanation is that
within that interval of time the particle orientation came back to be optimized with
the A\/2 wave plate rotation.

40 nmx 68 nm-SiAuNRs and 50 nmx100 nm-SiAuNRs, 10 nm shell

The results related to particles belonging to the nominal 40 nmx68 nm-SiAuNRs
and 50 nmx 100 nm-SiAuNRs groups are shown together in this section as similar
considerations could be drawn. For both of them, it was possible to perform, on
the same particle, sequentially the LFE eH-CARS time traces with the A/4 and
with the A\/2 wave plates, thanks to their stability. Figure 5.24, related to a nom-
inal 40 nmx68 nm-SiAuNR, and Figure 5.25, related to a nominal 50 nmx 100 nm-
SiAuNR, are organized such that they display (a) the extinction cross-section before
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Figure 5.23: LFE eH-CARS time traces and extinction spectra measured before (left) and
after (right) eH-CARS acquisition, on two different silica coated gold NRs
of nominal 25nmx71 nm size and 5nm shell thickness. a) LFE eH-CARS
performed with circular polarization excitation; b) LFE eH-CARS performed
with linear polarization excitation rotated to be along the rod. All the LFE
eH-CARS time traces were performed with an overall power on the sample
around 3 mW3/2,

any laser exposure, (b) the one measured after the eHCARS measurements with
the A\/4 (the latter shown in (d)) and (c) after the eHCARS time trace with the
A/2 (shown in (e)). The nominal 40 nmx68 nm-SiAuNR during the time trace with
the \/4 wave plate (Fig.5.24(d)) was unchanged. The extinction spectra before and
after (Fig.5.24(a) and Fig.5.24(b), respectively) confirm the stability of the particle.
During the second time trace, performed with the \/2 wave plate (Fig.Fig.5.24(e)) a
small decrease in eH-CARS signal was recorded in the first 10s of measurement; the
signal remained then constant and with a significant value. By checking with the
last extinction measurement the status of the SiAuNR, we can see a small decrease of
the longitudinal peak amplitude but no resonance shift occurred. It is probable that
the SiAuNR underwent slight changes, however, it can be considered still reusable.

The nominal 50 nm x 100 nm-SiAuNR gave a stable signal for both LFE eH-CARS
time trace with the A\/2 and the \/4 wave plate. The latter signal, as in the case
of Fig.5.23(a), is characterized by slightly periodic oscillation coming from the laser
source. Nevertheless, we can see a higher value in eH-CARS amplitude compared
to the other particles and good stability.

5.6 Study of third order non linear contributions to the
LFE eH-CARS

In Chapter 3.4.2 we introduced the COMSOL model developed to simulate the
experimental eH-CARS detected signal. In Figure 3.29 we showed the results of
the COMSOL second interface, for both the overall nonlinear source current Jcagrs
and for the consequent CARS near field Ecars. Jcars turns out to be very strong
inside the NR gold core compared to its value in the resonant material, namely
the oil and in the glass substrate and within the silica shell. In this Section we
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Figure 5.24:
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LFE eH-CARS time traces and extinction spectra measured before (left) and
after (right) eH-CARS acquisition, on a silica-coated gold NR of nominal
40nmx68nm size and 10nm shell thickness. a) Extracted extinction spec-
tra measured before any LFE eH-CARS time traces; b) Extracted extinction
spectra measured after the first LFE eH-CARS, performed with circular po-
larization excitation; c) Extracted extinction spectra measured after the first
LFE eH-CARS, performed with linear polarization excitation (along the rod);
d) LFE eH-CARS time trace performed with circular polarization excitation;
e) LFE eH-CARS time trace performed for linear polarization excitation ro-
tated to be along the rod. All the LFE eH-CARS time traces were performed
with an overall power on the sample around 3 mW?3/2.
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Figure 5.25: LFE eH-CARS time traces and extinction spectra measured before and after
eH-CARS acquisition, on a silica-coated gold NR of nominal 50 nmx 100 nm
size and 10nm shell thickness. a) Extracted extinction spectra measured
before any LFE eH-CARS time traces; b) Extracted extinction spectra mea-
sured after the first LFE eH-CARS, performed with circular polarization
excitation; ¢) Extracted extinction spectra measured after the first LFE eH-
CARS, performed with linear polarization excitation (along the rod); d) LFE
eH-CARS time trace performed for circular polarization excitation; e) LFE
eH-CARS time trace performed with linear polarization excitation rotated to
be along the rod. All the LFE eH-CARS time traces were performed with an
overall power on the sample around 3 mW?/2.
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will investigate how the different materials in the simulation volume contribute to
the overall detected signal. The experimental Ecars is given by the interference
involving all the coherent fields generated in the near field at A\gars, either coming
from a resonant process and from non resonant ones.

The strength of the source current Jcars in each material depends on both the
third order susceptibility associated with such material and on the NP geometrical
characteristics. As mentioned in Chapter 3.4.2, we have:

{Jgi}XRS x Poars x X (Ep - E5)Ep (5.6.1)

Jéﬁﬁkéeu’glass x Pcars x X (Ep - Ep)E}

where (3 is the third order susceptibility related to the specific material, while Ep
and FEg are the fields resulting from the first interface of the COMSOL model, which
simulates how pump and Stokes fields are enhanced thanks to the presence of the
NP.

To separately investigate the strength of each contribution, we performed parallel
simulations where just one material was kept as third order active (i.e leaving the
corresponding x® unchanged with respect to the value stated in Chapter 3.4.2),
while all the others third order contribution were set to be off (i.e. having the
corresponding X(3):0). All the material’s linear properties were instead kept as
stated in Chapter 3.4.2, so that the pump and Stokes field enhancements, taking
place at the particle, were still taken into account. Since the contribution of the
glass-oil interface, represents an offset that does not depend on the particle, initially
for simplicity we considered a NP placed in a homogeneous material from the third-
order non linearity point of view. To do this, for the borosilicate glass coverslip
we set both the third order susceptibility X](; ) and the induced CARS polarizability
Pcars,p equal to the ones had in oil, i.e.:

(3) _ .3
{XB — ol (5.6.2)
Pcars B = PoaRrs,oil

Figure 5.26 shows the resulting source current Jcars (contour plot) and local
CARS field Ecars amplitude (false colours) obtained when:

o left: ijl) #0 and xf’ﬂzxiﬁ)ef

3 3 3
o center: szl)l #0 and x(()ﬂ)zxéhln:

e right: ngl?au #0 and X(()?l): 531)1:0
selecting a NR, modeled as in Chapter 3.4, characterized by D=25nm, Ry;,=D/(2.5),
tshen=10nm and AR=2 (which results in a LSPR around 660 nm) and using A\p and
Ag equal to 820nm and 1076 nm respectively, to to drive the molecular vibration
at Quip=2904 cm™!, with the consequent CARS emission at A\carg=660nm. In all
three cases the source current Jcoags is different from zero only where the x(3) of
the material is different from zero. The actual maximum value obtained for Jcars
in the case of having just the gold third order contribution turns out to be one order
of magnitude higher than the case of having only the oil third order contribution
and about 20x higher than the case of having just the shell third order contribu-
tion. These results are qualitatively explained by the different strengths of the 3

associated with the different materials. In fact XE@P Xg?l) > ngl)eu. Another important
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Figure 5.26: Nonlinear source current Jcagrs (contour plot) and local CARS field Ecars

amplitude (false colours) obtained considering a SiAuNR (with D=25nm,
AR=2, Ryp,=D/(2.5), tshen=0nm) placed onto a glass substrate and sur-
rounded by silicone oil, setting the NP to be in a homogeneous third order
nonlinear and resonant medium (X1(33 ):XE)?I) ). Left: Joars and Ecagrs ob-
tained when only the oil has a third order nonlinear contribution. Center:
Jcars and Ecars obtained when only the NP gold core has a third order
nonlinear contribution. Right: Jcars and Ecars obtained when only the
NP silica shell has a third order nonlinear contribution.
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aspect to be taken into account is the position of the third order active material
with respect to the region where pump and Stokes are more enhanced (see Fig.3.27).

When X(()?l) #0 (see Fig.5.26-left), Jcars reaches its maximum value at the NR tip
within the resonant material: in this case Jcars can be generated only in oil and
its value at the rod tip is maximum because this is the region where the pump and
Stokes beams are more enhanced by the linear properties of the rod. When ng #0,
the Joars maximum values are instead obtained at NR gold core more confined in
the middle of the NR, where if can flow compared to the tip, and strongest near the
surface, as expected due to field screening inside the metal. As for Ecars, in all
three cases, we see that the generated local CARS field reaches its maximum value
at the tip of the NR gold core, within the silica shell. This is the result of the CARS
field enhancement taking place thanks to the linear properties of the NR. In fact,
the CARS signal can be seen as an input field generated from the current source,
and it got enhanced thanks to the linear properties of the nanorod, as in the case of
pump and Stokes.

The magnitude of the enhancement provided to each beam is related to the
particle involved in the process. Once the NP material and general geometrical
characteristics are set, the value of the enhancement depends on the relative posi-
tion between the field wavelength and the LSPR position. The latter, for a rod-like
particle is mainly determined by the value of the NR aspect ratio. Additionally, the
particle size is crucial because it defines the amount of each material present in the
simulation volume. For this reason, while investigating the different contributions
given by the different materials involved in the CARS generation process, it is also
important to take into account the aspect ratio and the volume of the NR involved.
Figure 5.27 shows how the extinction cross-section spectrum (left) and the char-
acteristic LSPR position (right) vary considering a particle modeled as described
in Chapter 3.4.2 with (a) D=25nm, R,=D/(2.5), tshen=nm and (b) D=50nm,
Riip=D/(2.5) tshen=10nm, and changing the AR in steps of 0.2. The simulated
extinction spectrum red-shifts for larger AR with the LSPR varying from 560 nm to
810nm in the first case (Fig.5.27(a)) and from 580 nm to 820 nm in the second case
(Fig.5.27(b)). The extinction peak turns out to be higher increasing the AR, due to
the stronger scattering contribution for larger particle volumes involved.

In order to understand, via the COMSOL simulations, how the different materi-
als contribute to the actual signal detected in the experiments, we need to take into
account that we detect the interference between the CARS far field with the reference
beam. Starting from the simulated CARS near field, we can compute the correspond-
ing far field, using Eq.3.4.7, and then mimic the heterodyne detection via Eq.3.4.21,
obtaining the simulated eH-CARS signal. Figure 5.28 shows the eH-CARS am-
plitude powers, computed as Abs(eH-CARS) = /R(eH-CARS)? + 3(eH-CARS)?2,
obtained when the only third order active material is the NP gold core (black, in-
dicated with Xfl)l)’ is the oil (red, indicated with X(3)) and is the NP silica shell

oil

(blue, indicated with Xéfl)ell)’ and varying the LSPR position, i.e for different particle
size. More precisely, in Fig.5.28 (a) the NRs giving the different LSPR positions
are the same of Fig.5.27(a), while Fig.5.28 (b) has been obtained using the NRs
of Fig.5.27(b). Figure 5.28 also shows how the different contributions are affected
by driving the molecular oscillation at €,;,=2860cm~! (left), at Q;,=2904cm ™!
(center) and at Q,i,=2960cm ™! (right), changing \s. Looking at the results for
sz #0 and Xéi)ell #0 we can see how their value is independent of the ., selected,
as their contribution does not come from a resonant process but from a FWM one,
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Figure 5.27: Simulated extinction cross-section spectra (left) and (right) consequent
LSPR position in wavelength, obtained varying the NR aspect ratio AR,

keeping constant all the other geometrical characteristics.

(a) D=25nm,

Ryip=D/(2.5) and tspen=>0nm. (b) D=50nm, Ry;,=D/(2.5) and tghen=10nm
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Figure 5.28:

Study of the third order nonlinear contribution in the simulated-detected
eH-CARS amplitude (Eq.3.4.21) obtained separately investigating the NP

gold core (black, indicated with XS’&), the oil (red, indicated with X(()?l))

and the NP silica shell (blue, indicated with Xéi)cn) third order contribu-
tions (see text) for a SiAuNRs surrounded by silicone oil and placed onto
a glass substrate (index matched with the bulk material). The NP is con-
sidered as placed in a homogeneous material from the third-order non lin-
earity point of view (see Eqgs.5.6.2). Each LSPR corresponds to a different
NP with (a) D=25nm, R;,=D/(2.5), tshen=5nm and (b) D=50nm, AR=2,
Riip=D/(2.5), tshen=10nm, for which the AR has been varied. The results for
three driven molecular vibration are shown: (Left) £,;,=2860cm ™!, (Center)
Q,i1,=2904cm ™!, to whom corresponds the oil CARS resonance, and (Right)
Qui,=2860 cm L.
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not involving vibrational states. On the contrary, in the case of Xg?l) #0 the resonant
behaviour is confirmed by an higher signal for Q;,=2904cm™".

As already mentioned, once the Y is set, the dependence of the simulated
results on the LSPR are determined by the combination of three aspects:

e the enhancement of the input pump and Stokes,
e the enhancement of the generated CARS,
o the quantity of material contributing to the third order nonlinear effect.

The first and second aspect are related to the particle geometry as the enhancement
is determined both by the LSPR position with respect to the A of the considered field
and by the overall particle volume. As shown in Chapter4.1.2, a particle character-
ized by a fixed AR gives a lower enhancement for an overall larger volume due to a
higher radiative damping (Ref.[117]). The third aspect depends again on the particle
volume as, for example, for a larger NP, more gold and shell materials are present in
the focii of the exciting beams, with a consequent reduction of oil. In general, looking
individually to the results for each excited molecular oscillation, for all three cases
in which we have a different third order contribution, we can notice two different
trends of the signal behaviour as a function of the LSPR. Let’s focus our attention
in particular on Fig.5.28 (a)-center obtained with the NPs of Fig.5.27. When the
NP has an associate LSPR very blue-shifted compared to the pump field wavelength
Ap=820 nm, we can assume that the enhancement of the latter is basically negligible.
This is confirmed by looking at the oex(Ap) of the particles characterized by an AR
between 1.2 and 2 (see Fig.5.27(a)-left). So, for this group of NRs the eH-CARS
amplitudes, are mainly determined by the actual value of the x®) contributing to
the CARS generation, by the amount of excited material and by the distance in
wavelength between their LSPR with respect to the Acars. The combination of the
aspects gives and increased detected signal for LSPR— Acars. It is interesting to
notice that when the NP is very small (as for AR=1.2 and AR=1.4), thanks to the
larger amount of oil excited, the contribution given from the latter is higher than
the contribution given by the gold material despite Xsfu)>x((j1). Once LSPR>AcARs
the direct enhancement at Acarsg starts to decrease while the enhancement at the
pump wavelength becomes higher and more predominant. This resuls in a change
of trend of the detected CARS field dependence as a function of the LSPR. Here
we can see that, a part from having a different actual values due to the associated
x®), the contribution of the signal given by the gold and the shell have the same
trend. This is because when increasing the NR aspect ratio, both the shell volume
and the gold core volume increase. On the contrary, in the case of the oil, the trend
of the detected eH-CARS signal is the result of a competitive interplay between
the pump enhancement, increasing for LSPR— Ap, and the decreased amount of
oil generating the signal for larger NR. Notably, for all the cases, the predominant
effect is the increase of the generated and detected CARS for LSPR— Ap because
of the two pump photons involved in the CARS process. These comments are in
general valid also for the other excited {2y, and for the cases of larger NP with
D=50nm (Fig.5.28(b)) The main difference between Fig.5.28(a) and Fig.5.28(b) is
a less pronounced resonant behavior at LSPR=Acars. This can be explained by
the broader extinction cross-section obtained with the larger particles (due to their
stronger radiative damping) and as consequence both the pump enhancement for
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Figure 5.29: Study of the third order nonlinear contribution in simulated-detected eH-
CARS amplitude (Eq.3.4.21), for Q,;,=2904 cm~!, obtained separately inves-

tigating the NP gold core (left, indicated with xf&), the oil (center, indicated
with X(()?l)) and the NP silica shell (right, indicated with Xiién) third order
contributions (see text) for a SIAuNRs surrounded by silicone oil and placed
(red, BG) in an homogeneous third order nonlinear material and (black, BG)

onto a glass substrate (index matched with the bulk material) with X](33 )=0.
Each LSPR corresponds to a different NP with D=25nm, Ry,=D/(2.5),
tsnen=>bnm for which the AR has been varied.

LSPR<Acars and the CARS field enhancement for LSPR— Ap have to be taken
into account.

In Fig.5.28 we did not take into account the additional step in x® due to the
glass substrate. To include such step contribution, during the analysis of the third
order contribution coming from the gold, the silica shell and the oil, the third order

(3) (3)

susceptibility of the glass substrate was set to zero (x5’ =0) independently from x;; .

In this discussion we keep X](33 ) different from its actual value (7.8 x 107 3m?/V?) to
keep evaluating the contribution of oil, shell and gold separately, while all the other
x® contribution are off. Figure 5.29 shows how the NR gold core (left), silica shell
(right) and oil (center) individual contribution are affected by the introduction of

Xg’ ):O, compared with the case of Eqs.5.6.2 (here in red, indicated as BG free) and

=0

X(3)
{ B (5.6.3)
PcarsB 7 PoaRs,oil

in the exemplary situation of driven molecular vibration at Q;,=2904cm™'. As it
is clear from the comparison, the gold and shell contribution (Fig.5.29 left and right

respectively) are not affected by the glass substrate, because as far as X(()?l): X1(33 )0

the particle is still like placed in an third order homogeneous material. When X(()?l) #0
and X}(33 ):0, the eH-CARS signal generated in oil is affected by the glass-oil interface
when the considered particles has a LSPR blue-shifted compare to both Acars and
<Ap. This is explained considering that for smaller AR the glass-oil interface within
the focus is larger to the extend that it affects the signal given by the oil. As the
AR increases the glass-oil contribution gets lower and negligible compared to the

one of the oil only.

5.7 CARS local field enhancement

The R factor introduced in Sec.5.2 quantifies the enhancement measured in the
far field, via the comparison of the eH-CARS signal detected at the NR PSF and
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Figure 5.30: Local field enhancement (LFE) of the CARS signal, considering the
CARS process taking place at a silica coated NR (with D=25nm, AR=2,
Riip=D/(2.5), tshen=5nm) in the case of (a) plasmonic gold core (eay as in
Chapter 4.1.3.1) and (b) dielectric core (n=1.52).

the one at the glass-oil interface away from the NR. In this section, exploiting the
LFE eH-CARS COMSOL model (see Chapter 3.4.2), we aim at the estimation of
the LFE obtained in the proximity of a NR. The LFE is defined and computed from
the COMSOL simulations as:

_ BB IESY |ECARs

- ‘EEaCkP |Elsoack| ‘Eléa[flﬁs

LFE

(5.7.1)

where Ep, Eg and Ecagrs refer to the pump (at 820nm), the Stokes (at 1076 nm)
and CARS (at 662nm) field respectively. For all of them E't=E4 EP2% are ob-
tained as explained in Chapter 3.4.1 with EP** simulated as a beam characterized
by Gaussian field profile at BFP of the objective (thus, same excitation condition of
the CARS process). The results presented in this section are obtained considering
a NR characterized by D=25nm, AR=2, R,=D/(2.5), tshen=bnm. To investigate
the fields enhancement provided by the plasmonic properties of the particle, we con-
sidered a NP gold core characterized by a permittivity €4,, obtained as explained in
Chapter 4.1.3.1. Additionally, to prove the importance of the plasmonic properties,
we simulated the LFE eH-CARS process when the nanoparticle involved is dielectric.
To simulate the absence of the plasmonic effect, we attributed to the NR core a fixed
refractive index matched with the glass substrate refractive index (n=1.52). All the
other linear aspect of the model are kept equal as what mentioned in Chapter 3.4.1.
Regarding the third order materials properties, we set X](33 ) = 7.8 x 10~%3m? /V?
for the borosilicate glass coverslip, Xfl)l = 2 x 107"%m?/V?2 for the NR gold core,
Xii)eu = O.GXg') for the silica shell and X(()?l)(2904 em~!) = % (2904 cm 1) x®)g,
with ¥ (2904 cm™1) from data set of Fig.3.28, for the silicone oil.

Figure 5.30 reports the spatial LFE obtained in the CARS process with (a) a
plasmonic NR and (b) a dielectric NR. The overall LFE obtained thanks to the NR
plasmonic properties is ~6x103. This plot suggest that, while from the experimental
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point of view the shell is fundamental to avoid particle damage, on the other hands it
represents a drawback because the highest field enhancement is obtained within its
thickness. At the NR tip, i.e. at the shell-oil inteface (star symbol in Fig.5.30(a)),
the LFE is ~5x10%. The non-plasmonic enhancement displayed within the silica
shell (Fig.5.30(b)) derives from the smaller refractive index of the shell (n=1.458)
compared to the one used in the NR core and in oil (n=1.52). In fact, the field normal
component to the shell surface, obeys to boundary condition, so the amplitude of
each field will be higher of a factor (ng/nsnen)? within the shell. Considering all the
fields together, this leads to an overall enhancement of ~ (ng/nghen)®.

5.8 R factor wavenumber dependence behaviour

This Section aims to study the wavenumber dependent behaviour of the measured
far field enhancement, namely the R factor (see Sec.5.2). Additionally, this will
compared with the simulated results, using this comparison as a confirmation of the
developed COMSOL model in reproducing the experimental results. As explained
in Sec.3.3.2, in our eH-CARS experiments, in order to drive molecular oscillation at
different wavenumber, we vary the selected IFD. To vary the selected IFD, we first
tune the OPO to then change the delay time between pump and Stokes. Ag and
Acars change only when the OPO is tuned. In this case, the resonance condition
changes between the NR LSPR and Stokes and CARS field, thus changing also
their enhancement. Conversely, the enhancement of pump is not modified, as its
wavelength is never varied. For this study we selected six different IFD around the
main silicone oil peak (at 2904 cm~1!), starting from 2840cm ™! to 2940 cm ™!, with
steps of 20cm™!. Precisely, to archive such IFDs, both the OPO and the pump-
Stokes delay were tuned as follows:

« OPO tuned to have IFD=2950 cm ™", pump-Stokes delay to vary the IFD from
2900 cm ™! to 2940 cm ™

« OPO tuned to have IFD=2900 cm~!, pump-Stokes delay to vary the IFD from
2840 cm™! to 2880 cm ™.

All the experimental results shown in this Section refer to measurements per-
formed on the NR whose measured extinction spectrum is reported in Fig.4.16. We
took this exemplar particle as the optical sizing conducted on it turns out to be cru-
cial while simulating the eH-CARS signal for different IFD, to compare the simulated
and experimental R factor. Looking at the extinction spectrum of this particle we
can see that its LSPR is around 625nm. In first approximation, the enhancement
variation of the Stokes field, while selecting different IFD, can be neglected as Ag
turns out to be always well red-shifted than the LSPR. Conversely, the CARS field
enhancement variation will affect the R factor evaluation. In fact, the Acars blue
shift, occurring for larger IFD, improves the ability to couple the field with the NR
LSPR under study.

Figure 5.31 (top) shows the measured eH-CARS amplitude both at the NR (black)
and at the glass-oil interface away from the NR (red), for the IFD selected, ob-
tained inserting the A/4 wave plate in the beams path and computing then the
projection of the detected signal along and across the NR main axis. The bottom
part of the figure reports the corresponding R factors computed as explained in

Sec.5.2. Both eH-CARS amplitudes presents a main peak at IFD=2904 cm ™" in ac-
3)

cordance with the y ;] wavenumber dependence (see Fig.3.28). Instead, the R factor
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Figure 5.31: Top: eH-CARS amplitude as a function of the IFD, experimentally measured

at the oil-glass interface away from the NR(red) and at the NR (black).
Bottom: R factors wavenumber dependence.
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presents a less intuitive wavenumber dependant behaviour. We find a minimum for
IFD =2904 cm ™!, with increasing values moving away from the oil resonance. This
result and the actual R factor values come from a competitive interplay between
different contributions. Referring to Eq.5.2.4 which gives the definition of the R
factor, we can notice that the numerator depends on the sum of the enhanced oil,
enhanced shell, and enhanced gold contributions as well as on the unenhanced sig-
nal from the silicone oil, which is subtracted. Moving away from the resonance the
enhanced gold and enhanced shell contributions remain unvaried, deriving from a
nonresonant phenomenon. On the contrary, the signal from the silicone oil and the
enhanced silicone oil decreased, giving a positive and negative contribution respec-
tively to the evaluation of the R factor numerator. The denominator of Eq.5.2.4
simply decreases for IFD #2904 cm~! and when the IFD selected is considerably
out from the oil resonance, as in the case of 2940 cm™!, the CARS signal from oil is
very small, so that the normalization can be significantly affected by noise.

For the comparison between the experimental data and the ones given by the
developed COMSOL model, we simulated and computed the eH-CARS amplitude
with the resulting R factor for different excited vibration 2, varying from 2840 cm ™!
to 2960 cm ™! with 5ecm™! steps. For quantitative comparison of a wavenumber
dependent behaviour, the simulation’s results have to take into account the spectral
resolution we have experimentally when exiting a vibrational mode. This spectral
resolution is given by the full width at half maximum (FWHM) of the Fourier-limit
of the temporal envelope of the chirped pump and Stokes pulses that in our setup
is around 20cm™! (Ref.[102]). To include the spectral resolution in the simulation
we convoluted the real and imaginary components of the simulated eH-CARS, as a
function of the {2, with a normalized Gaussian function, i.e.

—(2—w)?

g(x) =€ 2 (5.8.1)
where p is the mean value and o represents the standard deviation given by

FWHM
o= FWHAM (5.8.2)

V8In(2)

The choice of ¢ controls the width of the Gaussian, which in turn determines the
level of spectral smoothing. We performed the convolution operation by sliding the
Gaussian function, evaluated in the same 2 interval as the eH-CARS, across the
eH-CARS dataset. More precisely, we swept its mean value p exactly as we did
for the Q. Thus, both the eH-CARS(2) and g(2) are not continuous functions, as
they are evaluated in the € interval [2840,2960] cm~! in steps of 5cm™!. For this
reason, the convolution translates, for each chosen p value, in computing the sum
of the weighted eH-CARS(Q2) values, where the weighting dataset is given by g(f2)
centered at a given p (indicated in the following by g, (€2)). Therefore, for each p,
the eH-CARS convoluted signal is obtained computing

2960cm 1
N= Y eH-CARS(Q) - gu() (5.8.3)
0=2840cm—1
and
2960cm 1
D= > g9 (5.8.4)
0=2840cm—1
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Figure 5.32: Gaussian function (0=8.48cm™!) used in the convolution onto the simu-
lated eH-CARS signals to take into account the spectral resolution char-
acterizing the real experiments. p is translated in the convolution from
2840 cm ™! to 2960 cm ™! in steps of 5ecm ™! and here two examples are given
for p=2860cm~! (blue) and p=2860cm ™! (red).

so that

N
eH-CARSconv (1) = o (5.8.5)

The division by the factor D ensures that the results are scaled appropriately.
Figure 5.32 shows the Gaussian function g(2) exploited for the convolution, when
its mean value is shifted at 2860cm™! (blue) and 2940 cm~! (red). For each mean
position u, we calculated the normalized weighted sum of the eH-CARS data points.
This is effectively applying the Gaussian blur to the data. Figure 5.33 and Figure
5.34 report the comparison between the simulated eH-CARS data (solid line) and the
data resulting from the convolution (dashed line). In particular, Fig.5.33 illustrates
both real (red) and imaginary (blue) eH-CARS signals components. The top-left
corner (a) refers to the case of absence of NR, while the other results are obtained by
placing the NR in the simulation volume. Since the uncertainty on the actual value
of the Xsi)n we took advantage of this study to additionally investigate how different

order of magnitude of Xf’l)l affects the detected eH-CARS and the R factor. For
this reason we assigned to the gold third order susceptibility the following values:
D=0 m2/v? (b), xP=3x10"12m2/V? (c) and xP)=1x10"¥m?/V? (d). The NR
geometry and parameters used in the simulation were set to be equal to the outcomes
of the optical sizing (Chapter 4.1.3), i.e. D=55nm, AR=1.37, g=0.75 Rp,=D/3
and tghen=10nm. In all four cases we notice that, as expected, the inclusion of the
spectral resolution acts as a smoothing and blurring effect. Figure 5.34 shows on the
top the eH-CARS amplitude obtained when in absence of the NR (red) and when it is
placed in the simulation volume (black) and characterized by XES‘)l:Sx 10~ 9m?2/ V2.
On the bottom, it is possible to find the consequent computed R factors.

Once the eH-CARS ony(£2) signal has been computed, we can compare it with
the experimental data measured at the six mentioned IFD (2840 cm~?!, 28607 1,...,
2940~ 1). Figure 5.35 (top) shows a qualitative comparison of the simulated (black-
lines) and experimental (red-symbols) eH-CARS amplitudes. Both the signal ob-
tained at the NR (solid lines / square symbols) and in oil (dashed lines/circle sym-
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Figure 5.33: Comparison between simulated eH-CARS signal, as a function of {2, obtained

neglecting (solid lines) and taking into account (dashed line) the spectral
resolution that affects the experiment (see text). Both real (red) and imagi-
nary (blue) components of the eH-CARS are displayed. The simulation was
performed for four different cases: (a) in the absence of the NR at the oil-

glass interface, (b) with the NR and Xfu):o m?/V2 (c) with the NR and

P =3x10"19m2/V2 and (d) with the NR and x5/ =1x10~18m2/V2. Where
the NR is present is has been modeled with D=56 nm, AR=1.37, ¢g=0.75

Ryip=D/3 and tehen=10nm. The following third order materials properties

have been used: X1(33) = 7.8 x10723m?/V? for the borosilicate glass coverslip,

XS’Z =3 x 107%m?/V? for the NR gold core, Xéilu = 0.6)(](33) for the silica

shell.
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Figure 5.34: Top: Simulated eH-CARS amplitudes, as function of the IFD, obtained in
presence (black) and absence (red) of the NR, neglecting (solid lines) and
taking into account (dashed line) the spectral resolution that affects the real
experiments. Bottom: Comparison for the computed R factor neglecting
(solid lines) and taking into account (dashed line) the spectral resolution that
affects the real experiments. The simulation were performed considering a NR,
with D=55nm, AR=1.37, g=0.75 Ryijp=D/3 and tsnen=10nm. The following
third order materials properties have been used: XS ) — 7.8 x 10~23m? /V?
for the borosilicate glass coverslip, XS’Z =3 x 107%m?/V? for the NR gold

core, Xii)eu = 0.6X](33) for the silica shell.
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bols) are displayed on a log scale. The simulated signal from the NR has been calcu-

lated setting Xsi)1:01]f12/\/2 (left), Xﬁ)l:?)x 10~ 1%m?/V? (center) and Xf&zl x107¥m?/V?2

(right). A quantitative direct comparison between the amplitude factor is not pos-
sible as the simulated eH-CARS, computed via Eq.3.4.21, expresses the pulse peak
power so that it is in units of watt, while the detected experimental one is in units of
volt. In order to convert the simulated watt in volts, we should multiply them by the
transimpidence (~10°V/A) that we have at the detectors, by the ~70% quantum
efficiency of the photodetector (around 0.2 A/W, considering also the losses) and by
the duty cycle of the source (Rpuisepulse ~107%), as in the experiment we measure
the average signal powers instead of the peak powers. Additionally, the exact power
at the sample has to be known while we estimate it from the average power measured
at the entrance of the microscope and considering that 50% of it is lost due to the
optics placed in between the microscope entrance and the sample. To have a qualita-
tive comparison of the experimental and simulated eH-CARS spectral dependence,
we plotted the two value sets on a logarithmic scale which overlaps the signal related
to the silicone oil. The main discrepancy in the amplitude comparison for both the
oil and NR case is an experimental faster reduction trend of the signal moving away
from the resonance, toward lower IFD . A possible explanation for this trend can be
found considering that in practice to change the IFD we apply a different delay on
the pump beam. This affects the pump-Stokes time overlap which determines the
excitation strength. Thus, this trend is the result of the weaker excitation strength
due to the reduced pump-Stokes overlap. A higher value for Xz(s)l.)l leads to a higher
eH-CARS signal from the NR with a reduced spectral dependence. In fact, the non
resonant gold third-order contribution becomes more and more predominant over
the resonant one. Figure 5.35 (bottom) shows the quantitative comparison between
the simulated and experimental R factor. The quantitative comparison is possible
in this case thanks to the definition of the R factor, which is a normalized quantity
hence unitless. We see that in the case of Xﬁj’gzo m?/V? (Fig.5.35 bottom-left), the
R factor obtained is one order of magnitude lower than the experimental one and
with a different spectral dependence. When Xsi)lzl x10718m?/V?2 we have the oppo-
site discrepancy (Fig.5.35 bottom-right) as the R factor assumes values much higher
than the experimental one. A good agreement both in terms of actual values and
spectral behaviour is obtained for Xsi)l:3><10_19r1f12/V2 (Fig.5.35 bottom-center),
which is close to the value stated in the literature for four wave mixing and with
pulses duration very close to our experimental condition (Ref.[110]).

5.9 R factor comparison

In this Section, we report a representative comparison between the R factor power
dependence behaviour found for the three types of silica-coated gold nanorods ex-
perimentally investigated within this project (see Fig.5.36). It is important to re-
emphasize that particles belonging to the same nominal group were characterized
by significantly different optical properties, hence sizes. For this investigation, we
decided to compare particles, belonging to the different nominal group, whose longi-
tudinal LSPR turned out to be as much as possible close to 660 nm, i.e. the typical
CARS wavelength (see Fig.5.37-left). The eH-CARS measurements have been per-
formed as explained in Sec.5.4, employing circular polarized pump and Stokes beams
and considering the projection of the detected eH-CARS signal (as measured, lock-in
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Figure 5.36: R factor versus power of incident fields from polarization resolved eH-CARS.
Left: Nominal 25x71 nm NR with 5nm of SiO5 shell; Selected silicone oil
resonance is 2904 cm™!; Circular polarization excitation and R factor com-
puted considering the projection of the detected eHCARS signal along(co-)
the longitudinal axis of the NR. Middle: Nominal 40x68 nm NR with 10 nm
of SiO, shell; Selected silicone oil resonance is 2904 cm™!; Circular polar-
ization excitation and R factor computed considering the projection of the
detected eH-CARS signal along(co-) the longitudinal axis of the NR. Right:
Nominal 50x100nm NR with 10nm of SiOq shell; Selected silicone oil reso-
nance is 2904 cm™'; Circular polarization excitation and R factor computed
considering the projection of the detected eH-CARS signal along(co-) the
longitudinal axis of the NR.

offset corrected) along the longitudinal axis of the NR to compute the R factor (see
Sec.5.2). Additionally, as a further confirmation of the instability versus saturation
effect affecting the R factor value for pump and Stokes high powers, a last scan has
been performed setting the powers at the lowest values of the sequence. Figure 5.37
shows the measured extinction spectra of the three representative particles under
study within this Section, acquired before and after the eH-CARS power dependence
measurements. The resistance of a NR against the reshaping mainly depends on the
thickness of its silica shell. The nominal 25 nmx71nm-SiAuNR with 5nm silica
shell turned out to the more subjected to particle reshape/destruction. This is clear
looking at the extinction spectrum variation measured before and after the laser
exposure (Fig.5.37-top) and from the comparison of R factor obtained in the first
and last scan repetition performed at low powers (Fig 5.36, red symbol). Instead,
both the nominal 40 nmx68 nm-SiAuNR and the nominal 50 nmx 100 nm-SiAulNR,
characterized by a 10nm silica shell, results to be more resistant as confirmed by
the measured extinction cross-sections (Fig.5.37-middle and bottom) and by the last
scan at low powers, giving R factors values very close to the initial one. Eventually,
the stability of such NR enabled us to discover the presence of the CARS saturation
effect taking place for high applied laser powers (see Sec.5.4.1).

For completeness, we investigated the R-factor values resulting from the LFE
eH-CARS simulations with SiAulNRs placed at the glass-oil interface, with Ap and
Ag equal to 820nm and 1076 nm respectively, to drive the molecular vibration at
Qib=2904 cm~!, with the consequent CARS emission at A\carg=660nm. The NR
characteristics have been varied to simulate NR characterized by diameter and shell
thickness equal to the nominal ones of the particles employed in the experiments.
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Figure 5.37: Polarization resolved single particle extinction spectra gey; measured before

and after the LFE eH-CARS set of measurements reported in Fig.5.36. Each
row refers to the particle whose size and silica shell thickness are reported in
the corresponding sketch. For details about the acquisition procedure of the
extinction measurement see Chapter3.3.1.
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Instead, the aspect ratio was varied in order to shift the corresponding longitudinal
LSPR around 560 nm, 660 nm, and 720nm. In Fig.5.38-left, the simulated longi-
tudinal extinction cross-section spectra for all the nine simulated NR are shown.
Each row and color corresponds to a given value of diameter (D) and shell thickness
(tshel), as indicated. Different symbols are used to indicate different AR. Specifi-
cally, the triangles have been used to indicate an aspect ratio (AR) such that the
consequent LSPR is at ~ 720 nm, the squares for LSPR at ~ 660 nm, and the circle
for LSPR at ~ 560 nm. In Fig.5.38-right the simulated R factor LSPR dependent
behaviour is reported. In Fig.5.38-left the same color-symbols legend is used. When
discussing the findings presented here, it’s crucial to consider that the resulting R
factor is influenced both by CARS field enhancement provided by the NR and by
the quantity of nonresonant material (NR gold core and silica shell) involved in the
process, which gives the FWM field contribution. The NRs with LSPR ~ 560 nm
are characterized by an extinction spectrum nearly at zero at the pump wavelength,
so that the pump enhancement can be neglected in all three cases. The higher R
factor is obtained for D=50nm (R=1.15) followed by the one obtained for D=40 nm
(R=0.41) and D=25nm (R=0.27). Such results are reasonable considering that the
NR with D=50nm, different from the NRs with D equal to 25nm and 40 nm, has
the spectral width of the extinction peak such that cext(Acars) is not as close to
zero compared to the other, thus providing a higher enhancement to the CARS sig-
nal by the oil surrounding the NR. Additionally, the largest is the overall particle
volume the largest is the FWM contribution from the NR gold core and silica shell.
When LSPR is ~ 660 nm, all the NR under study can effectively provide an enhance-
ment to the CARS signal from silicone oil. Again the overall volume determines the
amount of FWM contributions. Taking into account these two aspects one could
think that the largest NR would provide the highest R factor. Notably, this is not
the case as the highest R factor is obtained for D=40nm. This can be explained
by considering that the radiative damping affecting the particle, which decreases
the field enhancement obtained, is proportional to the particle volume. As a conse-
quence, the radiative damping obtained for D=50nm is strong enough to make the
consequent R factor lower than the one obtained for D=40nm. The more the LSPR
approaches the Ap the more the pump enhancement becomes dominant compared to
the other effects taking place. The log scale used in this graph does not allow us to
appreciate that the R factor obtained in the three cases are actually slightly differ-
ent, i.e. R=269.6 for D=25nm, R=268.5 for D=40nm, and R=272.3 for D=50nm.
Such R factors are determined mainly by the FWM contribution given by the NRs
gold core (see Section 5.6). Interestingly, here is evident how the strength of the
contribution from gold is highly dependent on the vicinity of the LSPR to Ap rather
than the overall gold volume. The LSPR obtained for D=25nm and AR=2.8 is at
780 nm, thus closer to 820nm than the LSPR (at 770 nm) obtained with D=40nm
or D=50nm and AR=2.4 and AR=2.2 respectively.

5.10 Conclusions

In this Chapter, our primary objective was to establish a proof of principle for the
LFE eH-CARS technique.

We aimed to explore how nanorods behave when subjected to different excita-
tion methods, specifically comparing circular and linear polarization. In the latter
case, we additionally examined the behavior of the LFE eH-CARS signal concerning
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Figure 5.38: Left: Simulated extinction cross-section spectra oqyy of silica coated gold NR,
placed at a glass substrate and surrounded by index matching silicone oil
(n=1.52), with diameter D equal to 25nm (top, black), 40 nm (middle, red)
and 50 nm (bottom, blue), and silica shell thickness tgpe set to 5nm, 10 nm
and 10nm respectively. The aspect ratio (AR) of each NR was varied, as
indicated, to shift the corresponding LSPR as about 560 nm (circle), 660 nm
(square) and 760nm (triangles). Right: Computed R factor as a function
of the LSPR position of silica-coated gold NRs with D=25nm tsp¢;=5nm
(black), D=40nm tspey=10nm (red) and D=50nm tgp;;=10 nm (blue). The
different symbols refers to the legend in (Right) to indicate the AR value used
to obtain a given LSPR position.

changes in linear polarization rotation. Our analysis leads to the conclusion that
each exciting polarization method has its own set of advantages and disadvantages.
Circular polarization offers the advantage of independent excitation regardless of the
particle’s in-plane orientation. However, it reduces overall excitation power due to
amplitude reduction of the exciting field when passing through a A/4 wave plate and
results in worse signal-to-noise ratio as the signal is split between co-circular and
cross-circular detection channels. In contrast, linear polarization eliminates these
two disadvantages but requires the laser exposure of the particle prior to perform
an actual measurements, as in-plane particle orientation is not known in advance.
In general, the preferred approach is to use circular polarization during excitation
and, in post-processing, calculate signal projections along and across the nanorod.
This results in an improved signal-to-noise ratio and reduces the number of times
the rod undergoes laser exposure.

We quantified the CARS enhancement (named R factor) for different AuNR
sizes and silica shell thickness, using silicone oil (known Raman spectrum) as mate-
rial surrounding the antenna for proof-of-principle. Additionally, we characterized
the dependence of such enhancement on the power of the incident beams, and we
tested the particle stability under laser power exposure. Finally, we investigated
the enhancement behavior upon wavenumber detuning between the CARS driving
fields and the vibrational resonance under study. The nominal 25 nmx71 nm AuNRs
with 5nm silica shell provide a good R factor but statistically not always are really
stable (damages occur more simply because of the less thick shell). The nominal
40nmx68 nm AuNRs with 10 nm silica shell provide a comparable R factor but are
more stable. Last, The nominal 50 nmx100nm AuNRs with 10 nm silica shell pro-
vide a R factor higher with respect to all the others and are definitely well stable.
The stability of the mentioned SiAuNRs was also tested using the condition of real
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Figure 5.39: Bar plot providing a visual representation of the number of particles inves-
tigated during the various characterizations. Distinct particle groups are
shown on the x-axis, with the height of each colored box within the columns
representing the number of particles characterized with the corresponding
measurement. Each color denotes a specific characterization method, provid-
ing a visual overview of the distribution of analyses across different particle
groups. Example: Among the nominal 50nmx100nm SiAuNRs group, a to-
tal of 60 rods underwent characterization. Specifically, 10 of these rods were
specifically utilized for the eH-CARS wavenumber dependence characteriza-
tion.

sensing measurements, where the laser beams remained for a certain amount of time
on the SiAuNRs. Similar considerations about the different particles stability were
drawn.

The results presented in this Chapter were obtained from measurements on in-
dividual particles, which represent on average the particle behavior. Figure 5.39
reports an overview of the number of particles, for each group, used for the different
characterizations, and that gave results in agreement with the ones shown. Distinct
particle groups are shown on the x-axis, with the height of each colored box within
the columns representing the number of particles characterized by the correspond-
ing measurement. Each color denotes a specific characterization method, providing
a visual overview of the distribution of analyses across different particle groups.
Via COMSOL modeling, we studied the various x(® contributions from both the
resonant and non resonant material present in the focal volume, i.e. the NP gold
core, the silica shell, and the resonant oil. Additionally, we compared simulated and
experimental LFE eH-CARS wavenumber dependence. From this comparison, we
were able to infer the value of the third order susceptibility of gold. In fact, in the
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literature, the reported values of the third-order susceptibility of gold span over sev-
eral orders of magnitudes. This is due to the various techniques utilized to measure
the gold third order nonlinearity, which employed different laser pulses durations,
thus probing different contributions to the gold nonlinear response over various time
scales. Overall, this work demonstrated that LFE eH-CARS can be achieved with
SiAuNRs, and simulations showed local enhancement factors in the order of 1000 at
the nanorod tips.
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LFE eH-CARS, TPF, SHG with
AuNBs

Cell membranes are laterally heterogeneous systems at the submicrometer scale.
The nanoscale spatial arrangement and diffusion patterns of membrane lipids and
protein components contribute to organize functionalities within the bilayer. These
functionalities are related to processes like transmembrane signaling, intracellular
trafficking, and cell adhesion (Ref.[142]). The lipid nanodomains (or rafts) hypoth-
esis, first formulated by Simons and Ikonen in 1997 (Ref.[143]), emerged as a way of
explaining the lateral membrane inhomogeneity. The operational definition of lipid
rafts proposed the presence of dynamic clusters of sphingolipids and cholesterol, oc-
curring over a wide range of timescale (Ref.[144]) in terms of both lateral mobility
and association-dissociation. Upon specific interactions, they organize themselves
forming functionally important and relatively ordered membrane regions, recruiting
other lipids and proteins (Ref.[145],[146],[147]). The dimensions of such membrane
regions are thought to be below the optical diffraction limit (10 nm-200nm). Obvi-
ously, the detailed properties (size, lifetime, stability) and compositions of domains
are intrinsically context-dependent and reflect the specifics of the membrane in which
they arise (Ref.[148]). Nowadays, the evidence of lipid raft formation was confirmed
for example via Forster resonance energy transfer (Ref.[149]), interferometric scat-
tering microscopy ( Ref.[150]) and atomic force microscopy (Ref.[151]) by studying
model membranes, like giant unilamellar vesicles (GUVs). They are essentially large,
single-layered lipid vesicles with diameters typically ranging from a few micrometers
to tens of micrometers. Although GUVs can be prepared to contain proteins within
their lipid bilayers, they results in oversimplified systems compared to biological cell
membrains. Fluorescence microscopy, employing a variety of fluorophore-labeled
lipids, also enables the visualization of domains within lipid membranes (Ref.[152]).
Moreover, fluorescence correlation spectroscopy has been exploited to detect nan-
odomains in living cell membranes (Ref.[153]). However, there are significant draw-
backs to this approach, notably photobleaching and the potential disruption of the
natural lipid behavior due to the introduction of fluorescent markers. For instance,
it has been observed that several lipids with a preference for specific membrane
domains, such as sphingolipids and sterols, which stems from their molecular struc-
ture, fail to segregate into ordered phases when labeled with fluorescent markers, in
contrast to their unaltered counterparts (Ref.[154]).

Numerous studies have indicated that lipid rafts serve as domains within the cell
membrane where specific signaling molecules, including receptors, have a propensity
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Figure 6.1: Sketch of the sample used in Chapter 6.4.2. HEK293 cells expressing C-
terminally GFP-His-tagged rat P2X7 receptors are seeded onto a microscopic
coverslip containing multiple AuNB nanoantennas. The inset (adapted from
Ref.[1]) shows P2X7 associated with a membrane region that is enriched in
sphingolipids and cholesterol (liquid ordered phase).

to aggregate (Ref.[155]). For instance, research has demonstrated the association of
P2X7 receptors with lipid rafts enriched in cholesterol. The P2X7 receptor possesses
a unique structural configuration linked to a mechanism of action that remains in-
completely understood, facilitating the permeability of large ionic molecules either
through the receptor itself or neighboring membrane proteins (Ref.[156]). Presently,
this receptor is the subject of extensive research as a potential therapeutic target
due to its involvement in numerous disorders related to inflammation, immunity, and
cell death. P2X7, like its family members, employs adenosine triphosphate (ATP) as
a ligand. Intriguingly, P2X7, to become activated, necessitates high levels of ATP,
which are typically absent under physiological conditions, to become activated and
play a role in cellular damage signaling (Ref.[157]). P2X7 is predominantly described
as a receptor situated on the cell’s surface, implying its integration into the outer-
most layer of the cell membrane. The precise location of this receptor within the
plasma membrane is of significant importance, particularly concerning other pro-
teins involved in ATP transport and metabolism. Notably, the receptor has been
reported to exist in various regions within the cell membrane, encompassing lipid
rafts, the apical and basolateral membranes, and even within intracellular compart-
ments. Although P2X7 has an ambiguous mechanism of action, there is a general
consensus that the receptor is consistently associated with inflammation (Ref.[158]).
In addition, it has more recently been related to thrombosis, fibrosis, tumor progres-
sion and neuronal disorders (Ref.[159],[160]). After demonstrating the capability of
our AulNBs to identify moving entities in the nanostructure proximity (see Section
6.3), Section 6.4 introduces preliminary findings about an alternative approach for
detecting the association of P2X7 receptors with lipid rafts in the membranes of
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Figure 6.2: Measured SRS spectra of polistyrene (PS) and Gibco™ FluoroBrite™
DMEM. Spectra acquired tuning the OPO to have IFD.=2950 cm ™! and scan-
ning the pump-Stokes delay over 500 ps. As the relative peaks intensities ob-
served are affected by the pump-Stokes overlap from the spectral focusing
method and temporal ordering for IFD>2950cm ™!, we also plotted here for

comparison the retrieved, normalized S(Xg’)S) adapted from Ref.[161].
living cells.

6.1 Time trace measurements procedure

The multimodal microscope introduced in Chapter 3.3 allows us to measure the
extinction cross-section and to acquire simultaneously eH-CARS or SRS with flu-
orescence, and SHG signals, simply by changing the illumination and detection
path. More precisely we have two fluorescence channels with different detection
filter ranges, the first detecting green wavelength (indicated in the following with
TPF) and the second detected more red shifted wavelength (indicated in the fol-
lowing with RED). Thus the setup provides a convenient switch from the extinction
cross-section measurements to correlative time trace measurements, without having
to remount the sample. In fact, the excitation can be switched from a white-light to
laser source and the detection from the sCMOS camera (used for wide-field extinc-
tion) to the dual-polarization balanced PDs (used for eH-CARS) or to a PD (used
for SRS) together with the lock-in amplifier, as well as PMTs (used for fluorescence).
As mentioned in Chapter 3.2, when using the AuNBs, a ~ 3 ul PS drop is placed
next to the nanostructures area. This is needed for the spatio-temporal alignment of
pump, Stokes and reference beams, used for SRS and eHCARS. As shown in Fig.6.2
the polystyrene material is characterized by a first Raman peak at IFD=3050 cm !
and a second one at IFD=2904 cm™—'. Additionally, it is shown the comparison with
the Gibco™ FluoroBrite™ DMEM SRS spectrum, used as media in the experiment
with cells, which is not characterized by any evident sharp Raman peak. Still, it has
an SRS contribution probably due to water with a resonant tail and some organic
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Figure 6.3: Transmission wide-field image of an AuNBs array with indication about how
the periodicity and orientation are determined (yellow) and the order followed
to successively and automatically measure nine nanoantennas in a row (blue)

component in the medium. The PS SRS spectrum has been acquired by tuning the
OPO to have IFD.=2950cm™~! and scanning the pump-Stokes delay over 500 ps.
As the relative peaks intensities observed are affected by the pump-Stokes overlap
from the spectral focusing method and temporal ordering for IFD>2950 cm™!, we
also plotted here for comparison the retrieved, normalized %(Xg’)S) adapted from
Ref.[161].

The SRS and eH-CARS measurements presented in the following sections were
performed by selecting one of these two mentioned IFD. At the beginning of each
session of measurements, the calibration of the IFD, in SRS modality, and of the
epi-CARS signal versus reference delay in eH-CARS modality were carried out (see
calibration in Chapter 3.3.2). Each IFD was selected by both tuning the IFD, ad-
dressed by the OPO idler, used as Stokes beam and tuning the pump-Stokes overlap
with the spectral focusing method. Table 6.1 reports the pump wavelength, the
IFD. and the consequent Stokes and CARS wavelengths used for each IFD. After

’ IFD (cm~!) Pump (nm) IFD. (cm™!) Stokes (nm) CARS (nm) ‘
2904 820 2950 1080 660
3050 820 3100 1099 653

Table 6.1: IFD (cm™), pump wavelength (nm), IFD. (cm™!), Stokes wavelength (nm),
CARS wavelength (nm) used within this Chapter.

the setup calibration on the PS drop, the sample nanostage is moved to the nanoan-

tennas area and the exact array periodicity and orientation were determined (see
Fig.6.3, yellow indication). This allows us to measure successively and automati-

cally all the nanoantennas in a row. In live-mode transmission and looking at one
row in the array, the nanostage is moved to determine the distance between PSF
center point of the edge antennas. More specifically, we determined the Az and Ay
shifts separating such antennas, to then compute the orientation ¢ of the array as
mounted in the microscope sample holder. Ideally, this angle should be zero, but in
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practice, it turns out to be challenging to reach such value due to the mounting by
hand of the coverslip onto the microscope slide. Once determined Ax and Ay, d is
computed as

Ay

0 = arctg(—

8(xy)

and consequently the distance between the two edge antennas (piot) and the exact
array periodicity in the x direction (p) can be found as

Az
DPtot = os(8) )

(6.1.1)

(6.1.2)

and

Dtot
= 2 6.1.3
p n—1 ( )

where n is the number of the AuNBs in the row (i.e. 10). Within the same array,
every particle is labeled with a unique identifier depending on its position in the
array with the bottom left particle being (1,1) and the top right being (10, 10) (see
Fig.6.3 for some examples). After this setup calibration procedure, the session of
measurements starts following the steps described below.

1. Prior to any laser exposure, a wide-field extinction measurement is performed
on the AuNBs array understudy (as described in Chapter 4.2), to extract the
extinction cross-section of each AuNB.

2. A 3D eH-CARS centering measurement is carried out by scanning 2 um in x-,
y-, and z-direction around the central nanoantenna of the selected row (for
example nominal (5,1), circled in blue in Fig.6.3). Based on this acquisition
the nanostage is moved to bring the antenna in the laser focus and in the
central position on the xy-plane, such that the LFE eH-CARSsignal can be
optimized. From this point to the end of the acquisition on the selected row,
the nanostage is programmed to move sequentially, according to the calculated
AuNB positions..

3. A 2D eH-CARS image (2 umx2 pm) is successively acquired for all the AuNBs
in the row, following the order indicated with the blue arrows in Fig.6.3.

4. 20s-long time traces are recorded successively at the nanoantenna sites, using
0.1 ms sample period which was later downsampled for the analysis.

5. Again a 2D eH-CARS image (2 umx2pum) is acquired for all the AuNBs in
the row. This repeated passage is needed to check whether the presence of
slow mechanical drifts might have affected the LFE eH-CARS signal recorded
in the time traces.

6. The procedure from point 2 involving the laser is repeated for the next nanoan-
tennas rows.

7. Finally a wide-field extinction measurement is performed for extinction cross-
section comparison before and after the laser exposure.

The measurements involving the laser beams were carried out employing a linearly
polarized excitation aligned along the longitudinal axis of the AuNBs. Thus, prior
to starting the measurements, the optimized rotation of the A\/2 wave plate was
found and the signal provided by each AuNB was detected in the nominal eH-CARS
horizontal channel.
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6.2 Control sample

Prior to testing the ability of the designed AuNBs to sense sub-micron objects mov-
ing in their proximity, the nanostructured coverslip was placed in an imaging gasket
filled with Gibco™ FluoroBrite™ DMEM with 25mM HEPES. This sample is
needed to have an understanding of the background fluorescence and eH-CARS sig-
nal provided by the nanoantennas.

We performed fluctuation correlation analysis between LFE eH-CARS, nominal
SHG, and fluorescence. Fluorescence was measured at two wavelength detection
ranges, namely the green 500 nm-560 nm range indicated with "TPF"' and a red-
shifted 560 nm-620 nm range indicated with "RED". The latter was detected by
exploiting the F-CARS detection channel in Fig.3.18, substituting the original filter
with a different one which allows the detection of wavelengths longer than 540 nm.
Importantly, such filter blocks the OPO reference used for eH-CARS at around
660nm (see Chapter 3.3.3).

Figure 6.4 gives a representative correlative time trace acquired onto this control
sample, selecting IFD=2904 cm ™!, and exciting power at the sample Pp=0.86 mW
and Pg=1.84 mW. Within this sample, measurements were sequentially carried out
on 100 antennas.

Especially because of the complexity of the experiment, when measuring a cor-
relative time trace on a nanoantenna it is essential to define criteria that help to
assess the reliability of the measurements. The 2D LFE eH-CARS images and the
extinction cross-section spectra acquired before and after the correlative time traces,
as mentioned in Sec.6.1, are needed to better understand the signal recorded in the
time traces. Before attributing any variations in these signals to the presence of
an object near the antenna, it is essential to verify that the signal changes are not
a result of potential damage to the antenna during laser exposure or antenna dis-
placement caused by mechanical drifts in the experimental setup. Moreover, when
measuring the eH-CARS two additional aspects have to be taken into account:

e The epi-CARS generated signal is measured via heterodyne detection, employ-
ing the interference with the reference beam and the balanced photodiodes.
Therefore, it is necessary to check that the photocurrents remained balanced
during the measurement.

e The setup is typically used in sample-scanning modality, i.e. the nanostage
is moved while maintaining the laser in a fixed position. The laser-scanning
modality can be used to perform SRS, F-CARS, and fluorescence measure-
ments, thanks to galvo mirrors moving the beams in x- and y- directions.
Such mirrors are placed before the entrance of the microscope. However, the
laser-scanning modality cannot be applied for eH-CARS measurements within
our setup, as varying the direction of the pump and Stokes beams changes the
spatial overlap between the epi-CARS signal and the reference beam, signifi-
cantly affecting their interference and in turn the eH-CARS detection. Thus,
once the optimized alignment of the galvo mirrors is found to maximize such
interference, they should not be moved. Due to electrical instabilities of the
setup, it turned out that in some sessions of measurements, the galvo mirror
moving the beam in the x-direction was subjected to unwanted fluctuations of
its position during the time trace. This resulted in drops of the consequent
eH-CARS detected signal. For this reason, the data recorded while galvo mir-
rors instabilities were taking place have to be considered unreliable. The galvo
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Figure 6.4: Representative fluctuation correlation time traces between (from top to bot-
tom rows) nominal SHG-, TPF-, and eH-CARS signal (real component (),
imaginary component (3), amplitude (Abs) and phase (®)). Sample: AuNBs
surrounded by Gibco™ FluoroBrite™ DMEM with 25mM HEPES. Time
traces of 20s (as indicated) were recorded with 0.1 ms sample period at the

antenna’s site and downsampled to 10ms. IFD=2904cm™'. Exciting power

at the sample: Pp=0.86 mW and Pg=1.84 mW. For the PMTs channels, we
reported an indication of the detected bandwidth for clarity. See reliability
check in Fig.6.5.
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mirrors employed in the setup (Galvo scanner H6210 from Cambridge Tech-
nology (CTI)) have sensors that provide their position, enabling to check if
instabilities have occurred. Positions are digitally recorded by the software
only if the galvo is moved, therefore a very small shift of pump and Stokes
beams was set enabling recording during the scan, without affecting the de-
tected eH-CARS. This shift was around 10 nm in steps of 3nm.

Furthermore, similarly to the discussion in Chapter 5.5, a quantitative analysis of
the eH-CARS signal needs compensation for the reference beam fluctuations. Thus,
the complex eH-CARS signals are corrected by the summed absolute BPD currents:

<ixn >

5>

where S;(5) here represents the detected (corrected) either (eH-CARS) or 3(eH-
CARS), iy = Zizl i, and < iy > is the average value of iy,.

Figure 6.4 is organized so that from the first to the third row, the nominal SHG-,
TPF-, RED- channels are displayed. At the bottom, we find the eH-CARS related
channels. More precisely we reported both the real () and imaginary () compo-
nents, corrected for the reference fluctuations (Eq.6.2.1) and the corresponding field
amplitude (Abs) and phase (®). We chose to plot the real and imaginary compo-
nents of the eH-CARS signal as they are the quantities that we directly detect hence
they have a well-defined noise.

Figure 6.5 illustrates the four criteria that have been established to determine
the reliability of the measurement associated with the data presented in Fig.6.4.
Panel (a) in Fig.6.5 shows the previously described 2D eH-CARS images acquired
before and after the time traces. These data indicate whether the nanoantenna
did or did not significantly drift in position during the measurement and whether
the maximal signal amplitude had changed significantly, possibly indicating that
the nanoantenna was damaged during the laser exposure. Also, the single-particle
extinction cross-section spectra in panel (b) indicate possible structural changes in
the nanoantenna modifying its spectral line shape. Panel (c) reports the recorded
position of the galvo mirrors during the time trace so that any fluctuation from the
nominal position can be clearly visible. Finally, panel (d) shows both the individual
currents (ig,i1,iz,i3) of the four balanced photodetectors (left scale) and i = <Z§>
(right scale) used to correct the eH-CARS signals for reference fluctuations. The
currents being symmetric around 0 indicates that they are indeed balanced. The
sum of the absolute currents indicates any fluctuation originating from the excitation
lasers and allows us to tell them apart from relevant fluctuations caused by the
environment around the nanoantennas.

For all the correlative time traces, acquired at antenna’s site and shown within this
work, the four criteria have been checked and the results of such controls are reported
in Appendix A.

The nominal SHG-, TPF-, and RED- channels of Figure 6.4 are affected by a
background which was slowly decreasing over time. Such background was generally
present in all the measurements performed on different antennas. It can be related
to the thermal emission in the visible from the hot electron gas associated with
the nanoantennas. In fact, the effective thermal electronic temperature can vary
from 2000K to 4000K (Ref.[162]) upon ps pulsed-laser excitation. The value of
the background depends on the specific characteristics of each antenna, which can
differ from others due to fabrication defects. A similar behaviour is seen in the

S =54

(6.2.1)
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Figure 6.5: Four criteria to be checked to consider the correlative time trace recorded

(shown in Fig.6.16) at the antenna as reliable. (a) A 2D eH-CARS amplitude
image (2pumx2um) measured at the AuNB focus, before and after the cor-
relative measurement, shows that the antenna remained reasonably centered
(yellow cross) during the time trace. Rainbow scales from m (black) to M
(white) as indicated. Exciting power at the sample: Pp=1.2mW (pump) and
Ps=4mW (Stokes). (b) Single particle extinction cross-sections, measured be-
fore and after the laser exposure, show that the antenna was not affected by
significant structural changes during the laser exposure. (¢) Galvo mirrors po-
sitions (along x and y directions) recorded during the time traces, to visualize
possible instabilities affecting the recorded signal. (d) Four BPD currents (i,
i1, ig, i3) recorded during the time trace measurement were balanced (symmet-
ric around the x-axis). Additionally, the i = <z§> used to correct the recorded
time trace eH-CARS is shown.
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eH-CARS amplitude over time, where we recorded a decrease of the initial signal
value of the 40%. The phase displays slow fluctuations caused by the mechanical
drift taking place, with a final value different from the initial one, explained by
the occurred LSPR shift (see Fig.6.5(b)). The slow decreasing trend present in
all the fluorescent and eH-CARS amplitude channels can be explained considering
both the mechanical drifts that always affect the measurements, making worse the
focusing condition (see Fig.6.5(a)), and possibly by the rounding up of the triangular
structure forming the antennas, due to the laser exposure, which causes typically a
blue shift of the extinction spectrum (see Fig.6.5(b)).

In the Appendix A.2, we present two reliability checks that lead us to exclude
the corresponding time traces due to either conspicuous mechanical drifts (Fig.A.2)
or significant particle damage (Fig.A.3).

6.3 PS beads

We first tested the ability to use the designed AuNBs for chemical sensing via
LFE eH-CARS of sub-micron objects, namely PS beads, moving in their proxim-
ity with the samples described in Chapter 3.2.2.

6.3.1 Fluctuation correlation analysis: SRS vs SHG, and fluores-
cence

Prior to measure on the antennas, we performed fluctuations correlation analysis
between SRS signal and nominal SHG, TPF, and RED fluorescence. Pump and
Stokes beams were focused in a region of the coverslip away from the nanoantennas
and within the sample bulk volume, as none of the mentioned signals was detected
in the epi-direction. These measurements were fundamental to understand if the
prepared samples could allow us to detect well separated spikes related to single
beads entering the laser foci. With the 200nm PS beads, we prepared two kinds
of samples exchanging the diluting solution from a 50% glycerol/water (v/v) to a
fully DI water, to vary the diffusion time (see Chapter 3.2.2) of the PS beads in
the probed area. Both samples have been tested and the results are reported in
Fig.6.6 and Fig.6.10 respectively. In each figure, two representative 20 s time traces
are shown. They were obtained by recording simultaneously the four detection
channels, exciting vibrational resonances (IFD) at 2904 cm ™! and at 3050 cm™?, as
indicated. Relatively high pump and Stokes powers (reported in the legends) were
employed to ensure the SRS detection. The sample period used for the acquisition
was 0.1ms, applying then a 10 ms binning for a better S/N. These figures, as the
ones that follow in this Subsection, are organized so that from the first to the fourth
row, the nominal SHG, TPF, RED fluorescence, and SRS channels are displayed.
For the PMTs channels, we indicate the detected bandwidth for clarity. The event of
beads encountering the laser focus is clearly visible by looking at the TPF and RED
channels. The dynamics recorded in these channels are consistent with fluorophore
excitation, emission, and photobleaching events. The TPF and RED fluorescence
intensity ratio is consistent with the manufacturer’s specifications. For the ratio
estimation, we integrated the emission spectra curve provided by the manufacturer
within the wavelength range selected by the two filters and we divided the resulting
integrals obtaining ~6 which is of the same order of magnitude of the experimental
one (~3, see Fig.6.7). When the diluting solution is given by 50% glycerol /water
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Figure 6.6: Representative fluctuation correlation time traces between (from top to bot-
tom row) nominal SHG, TPF, RED fluorescence, and SRS signals. Sample:
200 nm diameter YG fluorescent PS bead in a 50% glycerol/water (v/v) solu-
tion. Time traces of 20 s were recorded simultaneously in the mentioned chan-
nels with 0.1 ms sample period, downsampled to 10 ms. Powers employed at
the sample: Pp=4.7mW and Pg=12.29mW. (Left) IFD=2904 cm~!, (Right)
IFD=3050cm~!. For the PMTs channels, we reported an indication of the
detected bandwidth for clarity.

(v/v) (Fig.6.6) and the IFD selected is at 2904cm™! (Fig.6.6-left), no correlation
between the SRS signal and all the other channels is found. Additionally in this
case the SRS background (due to the bulk material) is higher than the one obtained
with the IFD at 3050 cm~! (Fig.6.6-right). This is explained considering that at ~
2904 cm ™! the glycerol, in the diluting solution, presents a Raman peak (see Fig.6.8).
Therefore, the SRS contrast between glycerol and polystyrene is sufficiently low to
hide the detection of beads entering the focus in the SRS channel. Conversely,
when a fully DI water diluting solution is used, the higher SRS contrast between
the PS bead and the bulk material enables the detection of a well evident change
of the signal when a bead enters the laser focus. Additionally, the SRS time-trace
reveals that an optical trapping is taking place, so that for each spike recorded in
the first three channels, a step in the SRS channel is found. Optical trapping is a
physical phenomenon that occurs when a particle, the PS bead in our case, enters
the path of the tightly focused laser beam and experiences a trapping force (Frp). A
detailed explanation of this phenomenon is beyond the scope of this work and can
be found in Ref. [164],[165],[166]. Briefly, when the bead radius is much smaller
than the wavelength of the laser beams involved, the bead itself can be treated as
an electric dipole interacting with the external field. The optical force experienced
by the bead is given by (neglecting a weak spin-curl force in fields of inhomogeneous

polarization):
1

Fr = JR(@)V|E[ + k(o) S, (6.3.1)
c
where E; is the input electric field, Sj is the associated Poynting vector, k is the

wavevector in the medium (k = 27/)) and « the bead polarizability. Fr is therefore
given by two contributions: the first term is called gradient force (Fg) and the
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Figure 6.7:
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Figure 6.8: Raman spectrum of glycerol adapted from Ref.[163].
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50%Glycerol+50%H20

Figure 6.9: Illustration of the optical trapping taking place in a sample given by PS beads
moving in a bulk medium and encountering a tightly focused beam.

second term is called scattered force (Fs). The optical trapping is caused by Fg,
which is a conservative force as it arises from the potential energy of the dipole in
the electric field. As the intensity of the field ; is proportional to |E;|?, we can write

Fg < R(a) VI (6.3.2)

The PS beads in our experiment have a positive polarizability, thanks to their refrac-
tive index npg=1.59 higher than the bulk medium refractive index (ny, ~(ng,0+ngiy)
/2=1.4), hence they are attracted towards the high-intensity region of the optical
field (see Fig.6.9). Fg is strong for high power and for laser beam tightly focused.
Conversely, Fg is not conservative as it arises from the transfer of momentum from
the field to the particle, as a result of the scattering and absorption processes. It
points in the direction of propagation of the incident light and is proportional to
the field intensity (as the magnitude of the Poynting vector represents the intensity
of the electromagnetic wave). A bead results efficiently trapped when |Fs| < |Fg|.
In our measurements, the beads are affected by both pump- and Stokes-related Fg.
We can consider in first approximation that their contributions are similar as the
pump is characterized by a lower power than the Stokes beam in our experiment,
but thanks to its shorter wavelength, is more strongly focused. When one bead is
trapped, it occupies space within the focal volume. To facilitate the trapping and
detection of additional beads, the focal volume needs to be emptied from beads
already trapped. For this reason, we performed the measurements with a different
approach, namely the focal point of the beams was rapidly shifted in the x direction,
of about 10 um, and, after a measurement period, returned back, using the galvo
mirror. The gray grids displayed in Fig.6.6-right coincide with time at which the
beam shift is applied. A slightly different SRS background level is found for the
two galvo positions as the change in beam position and direction slightly affects the
collection geometry. From Fig.6.6-right the following conclusions can be drawn:

e If no beads are present in the focal volume, when working with Pp=4.7mW
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Figure 6.10: Representative fluctuation correlation time traces between (from top to bot-
tom row) nominal SHG-, TPF-, RED- fluorescence and SRS- signals. Sample:
200 nm diameter YG fluorescent PS beads in fully DI water solution. Time
traces of 20s were recorded simultaneously (with 0.1 ms sample period) and
downsampled to 10 ms. Powers employed: Pp=4.7mW and Pg=12.29 mW.
(Left) IFD=2904 cm ™, (Right) IFD=3050cm~!. For the PMTs channels,
we reported an indication of the detected bandwidth for clarity.

and Pg=12.29 mW, the typical SRS background level is around 2 mV;
e Once a bead is trapped, the SRS signal increases by about 1mV;

e It is possible to trap two beads in the focal volume resulting in an SRS signal
of about 4mV.

o In some cases the step recorded in the SRS can be correlated to a spike (typi-
cally weak) in the SHG channel but no spikes in the other channels meaning
that the fluorophore attached to the bead already went through photobleach-
ing.

When using fully DI water (results in Fig.6.10 and Fig.6.11), it is clear looking at
all the channels that we are able to detect a higher number of beads in a 20s time
trace, thanks to their faster diffusion speed. In this condition, both IFD selected
allow the detection of the beads in the SRS channel as the glycerol, used in the
previous case, is not present. The SRS signal from water (i.e. in the absence of
a bead) is slightly higher for IFD=3050 cm™~! which is closer to the water Raman
resonance. The difference between Fig.6.10 and Fig.6.11 is in the pump and Stokes
power employed. For Pp=5.1mW and Pg=11.73mW (Fig.6.10), it is possible to see
how the trapping works for more than 2 beads (see time interval 2s-6s in Fig.6.10-
left and time interval 14s-18s in Fig.6.10-right suggesting that 4 beads are trapped).
This means that the laser beams are able to organize the position of the beads in the
focal volume so that several are trapped. However, more beads appear to be passing
near the focus, as it can be seen from the number of fluorescence spikes. When
pump and Stokes powers are halved (Pp=2.45 mW and Pg=5.96 mW, Fig.6.11) the
following considerations can be drawn:
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Figure 6.11: Representative fluctuation correlation time traces between (from top to bot-

tom row) nominal SHG, TPF, RED fluorescence and SRS signals. Sam-
ple: 200nm diameter YG fluorescent PS bead in fully DI water solution.
Time traces of 20s (as indicated) were recorded simultaneously with 0.1 ms
sample period and downsampled to 10 ms. Powers employed: Pp=2.45mW
and Pg=5.96 mW. (Left) IFD=2904 cm~!, (Right) IFD=3050 cm~!. For the
PMTs channels, we reported an indication of the detected bandwidth for
clarity.

As expected, the SRS signal from the PS beads as well as the SRS background
signal from the bulk medium are reduced compared to the previous measure-
ments. The latter remains still higher for IFD=3050cm~! due to the water
Raman resonance.

The trapping is not as strong as before. The beams are not able to trap
more than two to three beads, as can be seen in Fig.6.11-left. In the time
interval 2s-6s, the first two beads entering the focus are well trapped and
cannot escape from it. Instead, the third bead shows well-visible fluctuation
in the photobleaching dynamics (see TPF and RED channels), suggesting it
did not find an equilibrium position within the focal volume. Additionally in
Fig.6.11-right, we find an example of SRS signal well correlated in its dynamics
with the TPF and RED channels (see t~6s or t~15s). Related to these cases
we may suppose the beads stayed in the focal volume only for an amount of
time such that the photobleaching dynamics could start, but it escaped before
completed.

Figure 6.12 reports two zoom-in of Fig.6.11-left and Fig.6.11-right respectively. In
the following, Fig.6.12-left is used to derive important considerations about the
physical origin of the signal recorded in the nominal SHG channel. The detection
of an actual SHG signal can take place only when a non-centrosymmetric object
interacts with the laser beam. Polystyrene is a centrosymmetric material hence PS
beads should not provide SHG field if completely within the focal volume. However
a bead could provide SHG signal if it finds an equilibrium position, possibly due
to other beads already occupying the focal volume, such that only a part of the
structure is within the focal volume, introducing a symmetry breaking (see Fig.6.13).
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Figure 6.12: Zoom in into two intervals (indicated in the horizontal axis) of the representa-
tive fluctuation correlation time traces of Fig.6.11-left (left) and Fig.6.11-right
(right)

The fluorescence and SRS channels in the time interval of Fig.6.12-left show that
only one particle entered within the focal volume, in fact just one spike is detected in
the fluorescence channels and a corresponding step in the SRS channel. The latter
suggests also that the bead is well-trapped. This evidence therefore does not support
the hypothesis of SHG signal coming from the interface of the bead. Alternatively,
the signal recorded in the nominal SHG channel can be due to fluorescence, blue-
shifted compared to the emission spectrum of the YG dye, as a consequence of the
dye undergoing a photo-reaction which changes its structure (Ref.[167]). Generally,
fluorescent dyes are made by conjugated systems. i.e. molecules that have alternated
single and double bounds. The longer the conjugated length of the system, the
longer the wavelength at which the dye absorbs and emits. A reduction of the
conjugated length thus results in a blue-shift of the dye absorption and emission
spectra. Comparing the signal detected simultaneously in the TPF and nominal
SHG channels, we observe that they exhibit dynamics which are related to each
other, namely the decay time of the green fluorescence channel appears equal to the
rise time of the SHG. To better quantify this behavior we have described the TPF
dynamics as an exponential decay (see Fig.6.14) of the form:

frep(t) = Arppe 71 (710 (6.3.3)

where Appr is an amplitude factor, and ¢( is the time in which the decay starts (tg ~
6.76s). The decay rate constant (y; s~'~ 5.857!) well describes the exponential
growth recorded in the SHG channel. In the following interval of time, the blue-
shifted fluorescence decays indicating that a subsequent photobleching phenomenon
takes place. Thus, the overall dynamics in the nominal SHG channel can be well
described by the combination of an exponential decay and an exponential growth,
ie.

fona(t) = Asng(1 — e (t7t))em2(t=to) (6.3.4)

where Agpg is the amplitude factor and ~o(~ 2.4s71) is the decay rate constant
characterizing the second part of the dynamics. Interestingly, we see that around
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bulk

Figure 6.13: Illustration of a possible configuration where PS beads, moving in a bulk
medium, encounters a tightly focused beam, emitting SHG signal (repre-
sented with the blue bold arrows) compared to the TPF signal (represented
with the green bold arrows), which is anyway emitted by the bead. The TPF
field reaches its maximum when the bead is at the center of the focal volume,
i.e. where the pump beam intensity is maximum.
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Figure 6.14: Nominal SHG- and TPF- channels of Fig.6.12-left fitted with Eq.6.3.4 and
Eq.6.3.3 respectively. Parameters: Arpp ~ 1x10%el/s, Agug ~1.5x10° el/s,
1 ~5.8571, yo ~2.4571), tg ~6.76s.
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t ~ 9.6s, another weak peak appears in the SHG channel, followed again by an
exponential decay. As this is not associated with any peaks in the TPF and RED
channels, while we do see a step in the SRS one, we can attribute this peak to
a PS bead, already photobleached, which enters the focal volume hence breaking
the symmetry and generating true’ SHG. In light of this discussion, the behaviour
displayed in Fig.6.12-right can also be understood. Here, the first two beads entering
the focal volume, at t~2.1s and t~3.1s, undergo photobleaching, which affects
their emission in the TPF and RED channels. As in the previous case, the first
photobleaching phenomenon changes the dye to emit in the blue-shifted channel
and a rise in the SHG channel is observed with a rate equal to the decay in the
TPF channel. Due to the short delay between the two beads, the fluorescence decay
of the first bead in the SHG channel is not well visible, while for the second bead,
the reduction of signal in time is clear. Additionally, in this zoom-in, we can see
how, at these applied powers (Pp=2.45mW and Pg=5.96 mW), the beams provide
a weak trap. The fluctuation recorded in the fluorescence channels and a not well
defined step in the SRS when the second bead arrives suggests that only one bead
is trapped, i.e. the second bead has replaced the first in the focal volume. A third
bead enters the focal volume at about t~ 5s at which point a step in the SRS signal
is observed, suggesting that two beads are now trapped. However, the third bead
does not suddenly photobleach as the others. Also, the SHG behaviour is different
from the previous cases. A possible explanation is that the position of the bead in
the trap is unstable and the bead continues to move in and out of the focal volume,
giving a TPF and RED fluorescence varying with its relative position with respect
to the focal point and actual SHG signal from it interface when it is not completely
within the focal volume. The SRS-fluorescence measurements reported in Fig.6.15,
were taken using 100 nm PS beads diluted in a 50% glycerol/water (v/v) solution.
Considering the smaller size of these beads, we tested them by selecting the IFD
at 3050 cm™! to have the strongest resonant peak of the polystyrene. While the
fluorescence emission by the bead encountering the focal volume is strong enough
to be detected, despite the high power used, the SRS signal is not strong enough
to reveal the presence of the bead in the foci (the apparent SRS steps in Fig.6.15
left are attributed to the SRS background from water which is detected in a slightly
different way due to the step-movements in galvo position, as explained previously).

6.3.2 Fluctuation correlation analysis: LFE eH-CARS vs SHG, and
fluorescence

In this Section, we present the fluctuation correlation analysis between the signal
recorded in the detection channels of LFE eH-CARS and SHG, TPF, and RED fluo-
rescence when the laser beams are focused at AuNBs. The presented representative
time traces show how using AuNBs allowed us to detect the presence of moving
objects in their proximity. Both 200nm and 100nm PS fluorescent beads in 50%
glycerol/water (v/v) solution were separately used with the AuNBs samples. Figure
6.16, Figure 6.17 and Figure 6.18 are organized as described for Section 6.2. The IFD
and laser powers selected to perform the measurements are specified in the caption
of each figure. Let us start with the sample prepared with 200 nm PS beads in 50%
glycerol/water (v/v) solution. Figure 6.16 and Figure 6.17 display a representative
time traces obtained setting IFD=2904 cm~! and IFD=3050 cm ! respectively. The
corresponding reliability checks are reported in Appendix A.3. In both Fig.6.16 and
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Figure 6.15: Representative fluctuation correlation time traces between (from top to bot-
tom row) nominal SHG-, TPF-, RED- fluorescence and SRS- signals.Sample:
100 nm diameter YG fluorescent PS bead in a 50% glycerol/water (v/v) solu-
tion. Time traces of 20s were recorded simultaneously with 0.1 ms sam-
ple period and downsampled to 10ms. Powers employed: Pp=5.12mW
and Ps=10.2mW. (Left) IFD=2904cm ™!, (Right) IFD=3050 cm~!. For the
PMTs channels, we reported an indication of the detected bandwidth for
clarity.

Fig.6.17, the background signal recorded in the SHG-, TPF-, and RED- channels
can be related to the thermal emission in the visible from the hot electron gas asso-
ciated with the specific nanoantennas. For example, we can notice that the AuNB
in Fig.6.17 strongly emits in the TPF channel, giving less contrast when a bead
passes by. However, the event of a bead moving around the antennas remains vis-
ible, independently from the selected IFD. The values of the signals recorded in
the SHG, TPF, and RED channels associated with the beads are lower than the
typical values seen in Sec.6.3.1, due to the lower laser power employed at the sample
(Left: Pp=0.76 mW and Pg=1.74 mW, Right: Pp=0.67mW and Pg=1.21mW) to
avoid damaging the antenna. Comparing the TPF and RED channels, we observe
that the longitudinal surface plasmon resonance of the antennas, centered around
660nm (see Fig.A.4 (b)), significantly enhances the red-shifted fluorescent emission
of the bead, since the fluorescence intensity detected in the RED channel is higher
than the intensity in the TPF channel, contrary to the manifacturer specifications
(see Fig.3.10). Additionally, due to the several seconds spent by the beads at the
antenna site, we can also hypothesize they get weakly trapped at the antenna. The
signal recorded in the nominal SHG channel could be again attributed to the dye
photobleaching dynamics. In fact, during the time interval 7.6s-9s of Fig.6.16 we
can see that the SHG signal gradually increases until the bead escapes from the
trapping. Alternatively, the signal recorded in the SHG channel could be attributed
to the ’blue’ tail of the fluorescence emitted by the bead, which can be enhanced by
the transversal LSPR which characterizes all the antennas (see Chapter 4.2).

The exact dynamics of a bead entering the focal volume are not straightforward
to explain. In fact, the presence of the antenna complicates the overall picture as
different antenna-bead relative positions are likely to give different features to the
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Figure 6.16: Representative fluctuation correlation time traces between (from top to bot-
tom rows) nominal SHG-, TPF-, RED fluorescence and eH-CARS signal (real
component (), imaginary component (), amplitude (Abs) and phase (®)).
Sample: AuNBs sample with 200 nm diameter YG fluorescent PS bead in
50% glycerol/water (v/v) solution (see Chapter 3.2). Time traces of 20s
were recorded with 0.1 ms sample period at the antenna’s site and downsam-
pled to 10ms. IFD=2904 cm~!; Exciting power at the sample: Pp=0.76 mW
and Pg=1.74 mW. For the PMTs channels, we reported an indication of the
detected bandwidth for clarity. See reliability check in Fig.A.4.
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Figure 6.17: Representative fluctuation correlation time traces between (from top to bot-
tom rows) nominal SHG-, TPF-, RED fluorescence and eH-CARS signal (real
component (), imaginary component (3), amplitude (Abs) and phase (®)).
Sample: AuNBs sample with 200nm diameter YG fluorescent PS bead in
50% glycerol/water (v/v) solution (see Chapter 3.2). Time traces of 20s
(as indicated) were recorded with 0.1 ms sample period at the antenna’s site
and downsampled to 10 ms. IFD=3050 cm~!; Exciting power at the sample:
Pp=0.67mW and Pg=1.21mW. For the PMTs channels, we reported an indi-
cation of the detected bandwidth for clarity. See reliability check in Fig.A.5.
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detected signal. Importantly, the variations of the signal in the first three channels
are always correlated with fluctuations recorded in the eH-CARS channels. As in the
case of the nanorods (see Chapter.5.6) due to the high () associated with the gold
material, the nanostructure emits itself a non-resonant FWM signal at Acars. Thus,
if no PS beads are passing by the antenna, at the AuNB we record FWM background
signal stable in both amplitude and phase. This has been verified by measuring
time traces onto a control sample where the antennas were surrounded only by
Gibco™ FluoroBrite™ DMEM with 25mM HEPES, as shown in Section6.2(see
e.g. Fig.6.5). The actual phase and amplitude values are strictly dependent on the
specific antenna optical properties and independent of the IFD selected, as the signal
arises from a non-resonant phenomenon. The measured eH-CARS field fluctuations
correlated to variation in the fluorescence channels, experimentally shows that this
signal originates form the bead CARS field. Notably, the measured eH-CARS field
is an the interference between the PS bead CARS and the antenna FWM field. The
vibrationally-resonant CARS from the beads is characterized by a well-defined phase
shift relative to the driving fields, which is different form the AuNB FWM field non-
resonantly excited. Additionally, the interference between these fields depends on
the bead-antenna relative position, which affects the relative phase, leading to either
constructive or destructive interference.

We point out that the LFE eH-CARS signal measured at a AuNB allows us to detect
a bead in the Raman-related channel also when the IFD selected is at 2904 cm ™!,
contrary to the case of Fig.6.6-left. This is due to:

« the epi-detection employed, which allows us to be sensitive to interfaces rather
than to the bulk material (dominantly emitting CARS in the forward direction)
within which the beads are moving. In this way, the signal detected is strongly
related to the interaction between the bead and the antenna and less affected
by the Raman resonance of glycerol;

e pump, Stokes and CARS field enhancement at the antenna, which improves
the detection of CARS field from the bead. In fact, the only epi-detection is
not sufficient to enable the transient beads detection in the eH-CARS chan-
nel in the absence of the antenna. Such inability can be seen in Appendix
A.4, where we show correlative time traces between SHG-, TPF-, and RED-
channels and the eH-CARS channels, acquired focusing at the bulk-glass cov-
erslip interface, in the absence of a AuNB, selecting IFD=3050cm~!. The
minimum pump and Stokes powers needed to detect spikes in the SHG-, TPF-
, and RED- channels were approximately 1.4mW and 2.5 mW, respectively
(Fig.A.7). However, this level of power was insufficient to produce correlated
spikes or fluctuations in the eH-CARS signal. Subsequently, we increased the
powers to 5 mW and 11.5 mW, (Fig.A.8) but the eH-CARS signal still exhibited
no discernible correlation with the other channels.

o the different resulting interferences between the antenna FWM field and the
CARS field arising from the bulk medium versus the PS bead.

Similar consideration can be drawn for the results obtained with the AulNBs sample
prepared with the 100 nm diameter PS beads in 50% glycerol/water (v/v) solution
(Fig.6.18). The correlative time traces were acquired with IFD=3050cm~! and ac-
tual powers at the sample focus equal to Pp=0.63mW and Pg=1.35mW. During
this 20s correlative time trace, we can see potentially 5 beads moving in the prox-
imity of the antenna. The dynamics recorded in the fluorescence channels are again
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challenging to interpret. As a bead gets trapped it starts to fluctuate in the antenna
proximity and different dynamics can be recorded depending on the exact position
of the bead. Contrary to the case in Fig.6.15, the epi-detection and the presence of
the antenna again enable us to detect in the Raman-related channels the presence
of the object close to the antenna. In the Appendix A.5 we reported additional
measurements performed on AuNBs samples prepared with 200nm diameter PS
beads in a fully DI water solution, for both IFD=2904 cm~! and IFD=3050 cm~!.
These measurements underscore the importance of having the bead located in close
proximity to the antenna in order to capture correlated signals in the eH-CARS
channels. Fig.A.10 in the appendix shows a case where bead-related signals appear
in the fluorescence channels, however these are not correlated with the eH-CARS
readout which exhibits a nearly constant time-trace dominated by the FWM con-
tribution from the antenna. This suggests that the beads were not in the antenna
near-field, but traveled within the larger beam focal volume above the antenna, thus
generating fluorescence signals but no LFE eH-CARS.

6.4 Cells

A similar methodology compared to the one employed with the PS fluorescence
beads, was applied to investigate HEK293 cells expressing C-terminally GFP-His-
tagged rat P2X7 receptors. The cells were placed onto the AuNBs array (see sample
preparation in Chapter 3.2.3) as schematically represented in Fig.6.1. In this way,
the antennas could probe the cell membrane and detect the presence of the P2X7
associated with lipid components. In the cell related study, we measured correlative
time traces between SHG-, TPF- and LFE eH-CARS channels. We followed the
procedure described in Section 6.1 acquiring data at ~ 100 antenna sites for each
sample. The 20s correlative time traces were acquired with 0.1 ms sample period,
downsampled to 10 ms in the analysis. The IFD selected was at 2904 cm—1, to match
the C-H stretch vibrational transitions strongly present in lipids such as cholesterol
and sphingolipids (Ref.[168]). The time trace figures of the following subsections are
organized so that the nominal SHG- and TPF- channels are respectively displayed
from the top. At the bottom, we find the eH-CARS related channels, i.e. its real (R)
and imaginary () components (corrected for the reference fluctuations via Eq.6.2.1)
and the consequent field amplitude (Abs) and phase ().

6.4.1 Control sample P2X7

In the course of this study, we conducted measurements on an additional con-
trol sample to establish a baseline for our experimental data analysis. This is
given by HEK293 wild-type living cells (in Gibco™ FluoroBrite™ DMEM with
25 mM HEPES) onto the nanostructured coverslip (see sample preparation in Chap-
ter 3.2.3). The latter provides insights into the appearance of fluorescence and its
correlation with eH-CARS when the studied cell lacks GFP-His-tagged rat P2X7
receptors. While measuring the correlative time traces in the control sample, we
observed that the results were affected by unwanted galvo mirror fluctuations in
random time intervals (see reliability check in Fig.A.13). To directly illustrate where
the acquired SHG, TPF, and eH-CARS signals can be considered reliable, we dis-
played in the first row the recorded galvo mirrors position in time and colored in
gray the time intervals that must not be taken into account.
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Figure 6.18: Representative fluctuation correlation time traces between (from top to bot-
tom rows) nominal SHG-, TPF-, RED fluorescence and eH-CARS signal (real
component (), imaginary component (), amplitude (Abs) and phase (®)).
Sample: AuNBs sample with 100 nm diameter YG fluorescent PS bead in
50% glycerol/water (v/v) solution (see Chapter 3.2). Time traces of 20s
were recorded with 0.1 ms sample period at the antenna’s site and downsam-
pled to 10ms. IFD=3050cm~'. Exciting power at the sample: Pp=0.63 mW
and Pgs=1.35mW. For the PMTs channels, we reported an indication of the
detected bandwidth for clarity. See reliability check in Fig.A.6.
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Figure 6.19 shows a representative correlative time trace acquired using this con-
trol sample. When HEK293 wild-type living cells are placed on top of the antenna
we would expect an increase of the background fluorescence, associated with auto-
fluorescence from the cell membrane components. Due to the higher background
fluorescence provided by the antennas, the cells related one, seems to not affect
the recorded signal. Regarding the eH-CARS related channels and considering the
overall reliable data set acquired, transient events distinguishable from the overall
constant behaviour of the antenna, as the one taking place at t~13s, have been doc-
umented in 20% of the total recorded time. Thanks to the jump both in amplitude
and in phase we can assume that the transient entity is resonant at IFD=2904 cm ™.

6.4.2 P2X7-GFP-His

In this last section, we show representative correlative time traces acquired at
HEK293 cells expressing C-terminally GFP-His-tagged rat P2X7 receptors onto
AuNBs. The presence of the GFP tag allows us to check if transient events asso-
ciated with the diffusion of P2X7 receptors passing near the nanoantenna correlate
with eH-CARS fluctuations that can be potentially attributed to lipid nanodomains.
Figure 6.20 and Figure 6.21 show two examples of the correlative time traces. The
reliability checks (see Appendix A.6) confirm that the variations recorded in the
traces are directly attributed to the cell sample itself, rather than to antenna re-
shaping or setup instabilities. In this session of measurements, the galvo mirrors did
not show evident malfunctioning, so we did not plot their positions in time during
the traces.

In Figure 6.20 we see a first Abs(eH-CARS) well defined variation in the time

interval ~ 2s-11s associated with a weak fluorescence signal fluctuation (see horizon-
tal violet arrow). At t~5s-6s (see bold violet arrow) additional fluctuations, on top
of the longer one, are displayed in all the channels. At t~ 11s (see bold red arrow)
a further jump is detected in all the channels. This suggests the presence of entities,
emitting both fluorescence and eH-CARS. Compared with the control results, it is
plausible to attribute the variation of the fluorescence signal to the GFP label on
the P2X7 receptor. The correlation with the eH-CARS signal fluctuation could be
explained by a cluster of lipids, driven at IFD=2904 cm ™! supporting the hypothesis
that P2X7 associates with lipid rafts. After the transient fluctuations, we can see
the overall eH-CARS coming back nearly to the initial value, thus suggesting that
this value is the sole contribution by the AuNB.
An analogous situation is found in Figure 6.21 at t~2s. We see a clear and fast rise
in both the SHG, TPF and Abs(eH-CARS) channels. Conversely, the jump in the
eH-CARS phase is less evident. At t~11.5s, another statistically relevant feature
of the measured results can be found. Here, we see a fluctuation of the SHG, TPF
signals, and eH-CARS phase, but not correlated to any significant change of the
eH-CARS amplitude. Considering the complex mix between the eH-CARS field and
the FWM field from the antenna, it is not surprising that transient events might
manifest as an amplitude change or as a phase change of the detected signal, albeit
a detailed understanding of this behavior requires further future studies.
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Figure 6.19: Representative fluctuation correlation time traces between (from top to bot-
tom rows) galvo mirrors position, nominal SHG-, TPF-, and eH-CARS signals
(real component (R), imaginary component (3), amplitude (Abs) and phase
(®)). Sample: HEK293 wild-type living cells onto AuNBs. Time traces of 20s
(as indicated) were recorded with 0.1 ms sample period at the antenna’s site
and downsampled to 10ms. IFD=2904cm™'. Exciting power at the sam-
ple: Pp=0.86mW and Pg=1.79mW. For the PMTs channels, we reported
an indication of the detected bandwidth for clarity. See reliability check in
Fig.A.13.
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Figure 6.20: Representative fluctuation correlation time traces between (from top to bot-
tom rows) nominal SHG-, TPF-, and eH-CARS signal (real component
(R), imaginary component (S), amplitude (Abs) and phase (®)). Sam-
ple: HEK293 cells expressing C-terminally GFP-His-tagged rat P2X7 re-
ceptors onto AuNBs. Time traces of 20s (as indicated) were recorded
with 0.1 ms sample period at the antenna’s site and downsampled to 10 ms.
IFD=2904 cm~!. Exciting power at the sample: Pp=0.9 mW and Ps=2mW.
For the PMTs channels, we reported an indication of the detected bandwidth
for clarity. See reliability check in Fig.A.14.
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Figure 6.21: Representative fluctuation correlation time traces between (from top to bot-
tom rows) nominal SHG-, TPF-, and eH-CARS signal (real component
(R), imaginary component (3), amplitude (Abs) and phase (®)). Sam-
ple: HEK293 cells expressing C-terminally GFP-His-tagged rat P2X7 re-
ceptors onto AuNBs. Time traces of 20s (as indicated) were recorded
with 0.1 ms sample period at the antenna’s site and downsampled to 10 ms.
I[FD=2904 cm~!. Exciting power at the sample: Pp=0.9mW and Pg=2mW.
For the PMTs channels, we reported an indication of the detected bandwidth
for clarity. See reliability check in Fig.A.15.
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Figure 6.22: Bar chart plot providing a visual representation of the main categories of
events observed during our experimental study with cells.

6.4.3 Conclusion and Outlook

The progress made so far has addressed numerous challenges regarding the viability
of the experiment, which entails a high degree of complexity as it combines nanofab-
rication, correlative nonlinear optics, and live cell sensing. Protocols to attach the
HEK293 cells on top of the nanoantennas and keep them alive sufficiently long to ac-
quire data on ~ 100 nanoantennas were successfully established. We demonstrated
through the measurement of the extinction cross-section that the nanoantennas are
unaffected by the biological environment, whereas the laser excitation during the
correlative measurements induces often reshaping of the nanoantennas. In Figure
6.22, we present a bar chart plot that provides a visual representation of the main
categories of events observed during our experimental study with cells. The plot
is designed to offer a comprehensive and concise overview, presenting the events
in terms of both their percentage distribution and the total time they appeared.
Precisely, the left y-axis of the plot indicates the percentage distribution of each
event category, providing insights into the relative occurrence frequencies. This in-
formation is crucial for understanding the prevalence of different event types within
the dataset. On the right y-axis, we present the overall time associated with these
events. The two distinct columns represent the different cell samples investigated
within our study, i.e. HEK293 wild-type living cells (left), which was our control
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sample, and HEK293 living cells expressing C-terminally GFP-His-tagged rat P2X7
receptors (right). By visually comparing these columns, it is possible to gain insights
into the variation and consistency of event occurrences across samples. The main
categories of events shown are:

e eH-CARS: fluctuations in the eH-CARS channel that do not correlate with
other recorded signals

e TPF: fluctuations in the TPF channel that do not correlate with other
recorded signals

o eH-CARS + TPF": correlated events in TPF and eH-CARS channels

e plateau: time in which both the TPF channel and the eH-CARS one presented
signal attributable to antenna emission

e no reliable: recorded time excluded from the evaluation because the corre-
spondent measurements did not pass the reliability check

On each prepared sample we acquired 20 seconds sequences on approximately
100 antennas, resulting in 2000 seconds of data per each kind of sample; however,
50% of the acquired time sequences were excluded due to reliability issues caused by
mechanical drift and antenna damage. When measuring HEK293 wild-type living
cells, relevant fluctuations in fluorescence were not observed, likely due to the an-
tenna’s background fluorescence masking the cell’s autofluorescence. Additionally,
only 10% of the acquired time exhibited variations in the eH-CARS signal, without
correlation with the TPF channel. The remaining signal in both fluorescence and
eH-CARS channels was attributed to the antenna, displaying a plateau-like pattern.
On the other hand, when measuring HEK293 living cells expressing C-terminally
GFP-His-tagged rat P2X7 receptors, we observed significant fluctuations in the TPF
channel (10% of the recorded time) that did not correlate with eH-CARS signals,
while 5% of the acquired time showed variations in the eH-CARS signal indepen-
dent of changes in fluorescence. Correlated fluctuations between TPF and eH-CARS
signals were observed during 18% of the overall recorded time, leaving the rest of
the recorded time without any noticeable fluctuations in either the eH-CARS or
fluorescence channel. Overall, we found evidence of LFE eH-CARS correlatively
with TPF fluorescence. A possible interpretation of the observed eH-CARS and
TPF signals dynamics is that they originate by lipid raft components close to a
GFP-tagged P2X7. Lipid rafts are ordered and thicker membrane domains with
a high packing density of lipid molecules, hence exhibiting stronger CARS signals
compared to the disordered counterpart, as shown in e.g. lipid membrane model
systems. However, from this study, robust conclusions cannot be drawn due to the
limited number of measurements made, primarily because of the unavailability of
additional nanostructures and cells within the project’s timeline. In addition to con-
firm the reliability of the recorded dynamics, by repeating the measurements onto
several samples prepared in the same way, further investigation could be made about
the chemical composition of the detected lipid domains. In the current implementa-
tion, the eH-CARS is excited and detected at a single vibrational resonance, hence
with limited specificity. A way to verify the presence of cholesterol within the en-
tity transiting at the antenna could be the depletion of the current cholesterol from
the HEK293 cell membranes and its replacement by deuterated cholesterol (work in
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progress within Dr. Mark Young’s group). In fact, the deuterated vibrational res-
onance (~ 2150cm™!), is significantly shifted compared to the nondeuterated lipid
CH stretch vibration providing a molecularly specific vibrational tag.
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Conclusion

In this work we demonstrated LFE CARS, exploiting a scheme, presented in Chap-
ter 3.3.2, where CARS is detected interferometrically in epi-geometry, with the local
field enhancement of the CARS field provided by a single plasmonic nanostructure
used as nanoantenna. Importantly, incoherent processes such as photoluminescence
from the metal nanoparticles are suppressed by the interferometric heterodyne de-
tection employed in our setup.

We aimed to work with nanostructures whose geometrical characteristics (i.e.
size and shape) were capable of yielding a LSPR around 660 nm. This requirement
was driven by the necessity to achieve a resonance condition between the LSPR of
the particle and the CARS wavelength generated within our experimental setup, by
the molecules of interest, specifically lipids. Two types of gold nanoantennas were
explored, i.e. SiAuNRs and AuNBs. As indicated in the literature and confirmed
by our experimental extinction measurements reported in Chapter 4.1.1, both the
nanorod and the nanobowtie structures are characterized by a transversal and a
longitudinal LSPR, corresponding to the oscillation of the electrons across and along
the structure’s main axis. The transversal LSPR wavelength position is primarily
determined by the material constituting the nanostructure (i.e. gold, chosen for its
known biocompatibility), while the longitudinal LSPR is mainly determined by the
aspect ratio characterizing the nanoantennas.

SiAuNRs were purchased from Nanopartz. For this project, three different sizes
of nanorods were selected: 25 nmx71nm, 40 nmx68 nm, and 50 nmx100nm (nom-
inal widthxlength sizes). Silica coating was introduced to prevent the reshaping of
the gold nanorods upon laser excitation, which is a known issue with these nanopar-
ticles. The smallest SiIAuNRs had a silica shell thickness of 5 nm, while the others
had a silica shell thickness of 10 nm. We successfully developed a protocol, described
in Chapter 3.1, for the covalent binding of silica-coated NPs to glass, which was es-
sential to avoid particle movement during laser exposure. Initially, we examined
the optical characteristics of each NR group through single-particle optical extinc-
tion microscopy measurements (see Chapter 4.1). We experimentally obtained the
evidence indicating significant variations in optical properties and, consequently ge-
ometric characteristics, among particles within the same nominal size group. We
attributed such heterogeneity to the nanoparticles colloidal synthesis process, which
is known to produce a range of sizes centered around an average value. However,
a precise knowledge about the size and shape of the nanoparticles turns out to be
a requirement due to significant consequences in the LFE CARS process. Informa-
tion regarding the shape was obtained through statistical analysis of nanoparticles
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ensembles using TEM measurements. As shown in Chapter 4.1.3, to quantify the
size of a single SiAuNR measured, we developed an optical sizing tool, which relies
on the comparison between measured and simulated extinction cross-sections. The
latter were obtained via an elaborate model developed with the commercial software
COMSOL Multiphysics, reproducing the experimental extinction measurements (see
Chapter 3.4 and sub-Section 3.4.1).

Conversely, AuNBs have been designed and fabricated within the project, as shown
in Chapter 3.2, in collaboration with the Single Molecule Biophotonics group based
at the Institute of Photonic Science (ICFO, Barcelona, Spain). The extinction mea-
surements shown in Chapter 4.2 played a pivotal role in guiding the choice for
the optimized nominal geometrical parameters for nanofabrication. The parameters
available for optimization were essentially the nanoantenna length [ and apex-angle
a, being others parameters constrained by fabrication requirements. For each length
and the apex angle combination, an array of 100 antennas was fabricated and mea-
sured via widefield extinction technique. The latter technique is advantageous in
terms of measurement speed because it allows all the structures of the assembly to
be measured simultaneously and individually. It turns out that the optimized combi-
nation was given by 60 nm length and 90° apex angle which results in a longitudinal
LSPR centered at 665 nm.

SiAuNRs have been used to carry out LFE eH-CARS proof of principle, as re-
ported in Chapter 5. We quantified experimentally the CARS enhancement, mea-
surable in the far field and referred to as the R factor, for the selected SiAuNRs.
For this study, silicone oil (known Raman spectrum) was chosen as bulk material
surrounding the antenna. We explored how nanorods behave when subjected to
different excitation methods, specifically comparing circular and linear polarization.
Given the sample preparation adopted and the consequent unknown knowledge of
the particle in-plane orientation, the recommended measurement method involves
circular polarization during excitation and a subsequent analysis of the detected
signal projections along and across the nanorod. This approach enhances the signal-
to-noise ratio by a factor v/2 and minimizes the laser exposure experienced by the
rod. We characterized the dependence of the quantified CARS enhancement on the
exciting beams power, additionally studying their resistance against reshaping due
to the laser exposure, and on the wavenumber detuning between the CARS driving
fields and the vibrational resonance under study. The nominal 25 nmx71 nm AuNRs
with 5nm silica shell provide a good R factor (~10) but statistically they are not
resistant (reshaping was observed on most particles, suggesting that the 5nm thin
shell is not sufficient to prevent this effect). The nominal 40 nmx68 nm AuNRs with
10 nm silica shell provide a comparable R factor and they are more resistant. Last,
the nominal 50 nm x 100 nm AuNRs with 10 nm silica shell provide a R factor higher
(~15) with respect to all the others and are stable.

Via the COMSOL model presented in Chapter 3.4.2, we compared simulated and
experimental LFE eH-CARS. The geometry of the SiAuNRs was modeled based on
acquired TEM images (Fig.3.1). Using the model, we explained the experimentally
observed decrease of the measured R factor for high laser powers, attributing it to
a saturation effect of the CARS phenomenon itself. Indeed, the simulations enabled
us to estimate the pump and Stokes peak power at the laser focus and to verify its
close proximity to the threshold stated in the literature for saturation. Such peak
powers are essential quantities that cannot be determined from measurements due
to the lack of direct knowledge of the effective near-field enhancement provided by
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the nanostructure. Exploiting eH-CARS COMSOL simulations, we studied the var-
ious third-order contributions from the resonant and nonresonant material within
the focal volume, i.e. the NP gold core, the silica shell, and the resonant oil. No-
tably, the gold antenna itself considerably contributes to the measured CARS signal
through a non-resonant emission (due to electronic four-wave mixing) at the CARS
wavelength. By comparing our experimental R factor values with the ones obtained
from different choices of the gold third-order susceptibility, we were able to infer a
third-order susceptibility value for gold, reshaping was observed on most particles,
suggesting that the 5nm thin shell is not sufficient to prevent this effect the value
stated in the literature for similar experimental conditions. In fact, in the literature,
the reported values of the third-order susceptibility of gold span over several orders
of magnitudes. This is due to the various techniques utilized to measure the gold
third-order nonlinearity, which employed different laser pulse durations, thus prob-
ing different contributions to the gold nonlinear response over various time scales.
Overall, the work presented in Chapter 5 demonstrated that LFE eH-CARS can
be achieved with AuNRs, and simulations showed local enhancement factors in the
order of 10 at the nanorod tips.

After the proof-of-principle demonstration, in Chapter 6 we employed the AuNBs
in the developed LFE eH-CARS technique. The AuNBs were exploited as anten-
nas to identify moving entities in the nanostructure proximity, performing correla-
tive fluorescence and LFE-eHCARS sensing measurements with the involved laser
beams focused at a single AuNB. Similarly to the SIAuNRs, the AuNBs resistance
against reshaping due to laser exposure was tested. We considered a sensing con-
figuration experiment, as shown in Chapter 6.2. Here, the laser beams were kept
focused at the antennas for tens of seconds, resulting in time trace measurements.
The surrounding media was given by Gibco™ FluoroBrite™ DMEM with 25 mM
HEPES, as later this was employed when working with cells to reduce the fluo-
rescence background. Thanks to this choice, it was possible also to measure and
characterize the antennas-related background fluorescence, deriving from thermal
emission, and LFE eH-CARS signal, arising from gold non-resonant contribution,
provided by the nanoantennas. Both signals slowly decreased versus time due to
the worsening of the focusing conditions from slow mechanical drifts and were not
characterized by fast fluctuations. In general, the AuNBs resistance against shape
changing does not seem to be statistically robust. In fact, 50% of the measured an-
tennas turned out to be damaged at the end of the time trace acquisition, pointing
out the necessity for a redesign of the protective layer. Up to this point, an AlyO3
passivation layer, 3nm thick, has been applied to coat the nanoantennas, aiming to
improve thermal stability. Especially because of the complexity of the experiment,
we defined criteria helping to assess the reliability of each correlative time trace per-
formed on the nanoantennas, so that measurements affected by antennas damages,
mechanical drifts and instabilities, or/and unwanted electrical fluctuation could be
discarded from the evaluation. Additionally, a detailed protocol for carrying out
the experiment has been established in order to minimize the duration of the over-
all measurement session when working with cells (see Chapter 6.1). The optimized
measurement conditions involve keeping the cells inside an incubator to maintain the
proper environment, including temperature and humidity. However, this would have
introduced additional variables into the results, such as temperature fluctuations,
which could not be investigated within the project’s timeline. Preliminary investiga-
tions estimated that the cell could survive outside the incubator for approximately
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2 hours on average. To keep the overall measurement duration under 2 hours, we
took advantage of the fact that the antennas were fabricated in arrays. This en-
sures that the distance between the antennas is well-defined, allowing for automated
measurements to minimize the overall acquisition duration. Later, we moved to
dynamic sensing experiments (see Chapter 6.3). First, we investigated two proof of
principle samples given by fluorescent PS beads characterized by 100 nm and 200 nm
diameter. In both cases, the fluorescent PS beads were moving in either a water
or glycerol/water solution. We aimed to understand the benefits of introducing an-
tennas by comparing the results of correlative measurements between fluorescence
and either SRS and LFE eH-CARS. The correlative measurements involving SRS
were performed in bulk media, away from the nanostructure, while those involving
LFE eH-CARS were performed at the antennas. The fluorescent signal related to
the passage of beads was always detectable, whether in the focal volume of the beams
for SRS or in proximity to the antenna for LFE eH-CARS. In contrast, we observed
SRS signals correlating with fluorescence only when using relatively high applied
powers at the sample (Pp~4 mW and Pg~10 mW) and larger diameter beads. Inter-
estingly, at this applied power, particle trapping phenomena occurred. This evidence
was also significant in interpreting the behavior of the recorded fluorescence. The
trapping caused the particles to remain within the laser focal volume, leading to a
shift of the fluorescence towards more blue-shifted wavelengths, which can be ex-
plained by the bleaching of the fluorescent dye. Moreover, we found clear evidence
of LFE eH-CARS correlating with fluorescence measuring both PS diameters and
employing lower laser powers at the sample (Pp~0.5mW and Pg~1mW). Effective
sensing of the PS beads with LFE eH-CARS is possible thanks to the combination
of several factors: the use of epi-detection, which is sensitive to interfaces rather
than bulk material; the enhancement of the pump, Stokes, and CARS fields at the
antenna, which improves the detection of the CARS signal from the bead; and the
different feature of the antenna’s FWM field interfering with the CARS field from
the bulk medium and the PS bead. However, the exact dynamics of a PS bead
entering the focal volume in proximity of the antenna are not straightforward to be
explained. In fact, the presence of the antenna complicates the overall picture, as
different antenna-bead relative positions are likely to give different features in the
detected signal. We point out here that the overall detected LFE eH-CARS signal is
given by the interference between the enhanced eHCARS signal from the PS beads
near the antenna and the FWM signal from the antenna itself. A more in-depth
exploration of the dynamics of the PS beads is currently in progress. From the
experimental point of view, the collected data can be used for an analysis akin to
Fluorescence Correlation Spectroscopy (FCS) to examine the correlations between
the fluorescence and the LFE eH-CARS signals. From a simulating point of view,
the COMSOL model presented in Chapter 3.4.2, can be adapted to the case of a PS
bead close to a single AuNB, allowing for studying the dependence of the detected
signal on the antenna-PS bead relative position. Given the limited availability of
nanostructure arrays within our project timeline, we were able to prepare samples
using only the specified PS beads. Exploring the performance of the designed nanos-
tructures with smaller beads, down to tens of nanometers, would be advantageous.
Furthermore, it would be worthwhile to investigate different bulk media where these
beads can exhibit fluctuation, thereby varying the viscosity. As demonstrated, there
exists a diffusion speed threshold for the PS beads, beyond which higher speeds hin-
der sufficient interaction between the antennas and the PS bead signal for detection.
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The study involving fluorescent PS beads was followed by correlative fluorescence
and LFE-eHCARS sensing measurements at the AuNBs with either HEK293 wild-
type living cells, as a control sample, and HEK293 living cells over-expressing a
GFP-tagged P2X7, which is a membrane receptor thought to partition in lipid nan-
odomains, rich in cholesterol and saturated lipids (see Chapter 6). In collaboration
with Dr. Mark Young’s group based at Cardiff University, protocols, presented in
Chapter 3.2.3, were successfully established to deposit the HEK293 cells on top of
the nanoantennas and keep them alive sufficiently long to perform the sensing mea-
surement. When measuring HEK293 wild-type living cells, relevant fluctuations in
fluorescence were not observed, likely due to the antenna’s background fluorescence
masking the cell’s autofluorescence. Additionally, only 10% of the acquired time ex-
hibited variations in the eH-CARS signal, without correlation with the TPF channel.
The remaining signal in both fluorescence and eH-CARS channels was attributed
to the antenna, displaying a plateau-like pattern. Conversely, while measuring the
HEK?293 living cells over-expressing a GFP-tagged P2X7, we found evidence of LFE
eH-CARS correlatively with TPF fluorescence, suggesting the presence of lipid rafts,
exhibiting stronger CARS signals compared to lipid disordered counterparts, close
to a GFP-tagged P2X7. Although the reliability of the detected time traces was con-
firmed by the established criteria, the repeatability of the results should be deeply
verified by conducting measurements on multiple samples prepared in the same
manner. Additionally, further investigation could be made about the chemical com-
position of the detected lipid domains.

In the current implementation, the eH-CARS is excited and detected at a single
vibrational resonance, hence with limited specificity. A way to verify the presence
of cholesterol within the entity transiting at the antenna could be the depletion
of the current cholesterol from the HEK293 cell membranes and its replacement
by deuterated cholesterol (work in progress within Dr. Mark Young’s group). In
fact, the deuterated vibrational resonance (~ 2150cm™1), is significantly shifted
compared to the nondeuterated lipid CH stretch vibration providing a molecularly
specific vibrational tag.

The developed LFE eH-CARS technique and the initial experimental evidence
hold significant promises, opening avenues for direct studies in living cells regarding
the existence of lipid rafts and their influence on the organization of key membrane
receptors within the cellular membrane. A considerable limitation of the available
setup is that eH-CARS spectra can be acquired only sequentially, i.e. one wave-
number at a time, with a consequent reduction in acquisition speed and chemical
specificity on living samples. As an outlook, going forward it would be very useful
to implement a spectrally-resolved broadband eH-CARS, to interrogate and detect
multiple vibrational modes in one spectral acquisition simultaneously. An important
aspect in implementing this configuration is related to the need to tailor, both
temporally and spectrally, the pump, Stokes, and reference fields such that multiple
vibrations can be excited simultaneously and distinguished spectrally. This could be
implemented using an appropriate choice of spectral bandwidth (hence femtosecond
pulses) and chirp combinations. A broadband eH-CARS implementation would
bring a significant advantage of distinguishing between the enhanced CARS signal
from the biological molecules and the signal coming from the electronic FWM process
in the antenna, as the latter would not exhibit a vibrational resonance and could thus
be separated as a spectrally constant contribution. An additional improvement going
forward would be the design and fabrication of optimal plasmonic nanoantennas,
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in terms of shape stability, enhancement factors, and ability to enhance multiple
vibrational resonances.

As a long term vision, LFE eH-CARS using single plasmonic nanoparticles (e.g.
nanorods) sufficiently small to be internalised by living cells without disrupting
endogenous pathways opens the way to nanoscale label-free chemical sensing directly
inside living cells with unprecedented spatio-temporal capabilities.
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Appendix

A.1 Lock-in offset correction
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Figure A.1: Example of the lock-in offset correction for a eH-CARS signal applied to the
real and imaginary parts of the measured eH-CARS signal.
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A.2. Example of reliability checks with negative outcome
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Figure A.2: Example of reliability checks with negative outcome due to mechanical drifts.

(a) A 2D eH-CARS amplitude scan (2umx2um) measured at the AuNB fo-
cus, before and after the correlative measurement. Rainbow scales from m
(black) to M (white). (b) Single particle extinction cross-sections, measured
before and after the laser exposure. (c) Galvo mirror positions (along x and
y directions) recorded during the time traces. (d) Four BPD currents (i, i1,
ig, i3) recorded during the time trace measurement were balanced (symmetric
around the x-axis). Additionally, the i = <§§> used to correct the recorded
time trace eH-CARS is shown as well.
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Figure A.3: Example of reliability checks with negative outcome due to particle damage.

(a) A 2D eH-CARS amplitude scan (2umx2um) measured at the AuNB fo-
cus, before and after the correlative measurement. Rainbow scales from m
(black) to M (white). (b) Single particle extinction cross-sections, measured
before and after the laser exposure. (c) Galvo mirror positions (along x and
y directions) recorded during the time traces. (d) Four BPD currents (i, i1,
ig, i3) recorded during the time trace measurement were balanced (symmetric
around the x-axis). Additionally, the i = <z§> used to correct the recorded
time trace eH-CARS is shown as well.
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A.8. Selection criteria for correlative time traces measurements of Chapter 6.3.2

A.3 Selection criteria for correlative time traces mea-
surements of Chapter 6.3.2
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Figure A.4: Four criteria to be checked to consider the correlative time trace recorded at

the antenna (shown in Fig.6.16) as reliable. (a) A 2D eH-CARS amplitude
scan (2pmx2pum) measured at the AuNB focus, before and after the cor-
relative measurement, shows that the antenna remained reasonably centered
(yellow cross) during the time trace. Rainbow scales from m (black) to M
(white). (b) Single particle extinction cross-sections, measured before and af-
ter the laser exposure, show that no significant structural changes affected the
antenna during the laser exposure. (¢) Galvo mirror positions (along x and y
directions) recorded during the time traces to visualize possible instabilities
affecting the recorded signal. (d) Four BPD currents (i, i1, iz, i3) recorded
during the time trace measurement were balanced (symmetric around the x-
axis). Additionally, the i = <;§> used to correct the recorded time trace
eH-CARS is shown as well.
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Figure A.5: Four criteria to be checked to consider the correlative time trace recorded at
the antenna (shown in Fig.6.17) as reliable. (a) A 2D eH-CARS amplitude
scan (2umx2pm) measured at the AuNB focus, before and after the cor-
relative measurement, shows that the antenna remained reasonably centered
(yvellow cross) during the time trace. Rainbow scales from m (black) to M
(white). (b) Single particle extinction cross-sections, measured before and af-
ter the laser exposure, show that no significant structural changes affected the
antenna during the laser exposure. (c¢) Galvo mirror positions (along x and y
directions) recorded during the time traces to visualize possible instabilities
affecting the recorded signal. (d) Four BPD currents (i, i1, i2, i3) recorded
during the time trace measurement were balanced (symmetric around the x-
axis). Additionally, the i = <§§> used to correct the recorded time trace
eH-CARS is shown as well.
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A.8. Selection criteria for correlative time traces measurements of Chapter 6.3.2
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Figure A.6: Four criteria to be checked to consider the correlative time trace recorded at
the antenna (shown in Fig.6.18) as reliable. (a) A 2D eH-CARS amplitude
scan (2umx2um) measured at the AuNB focus, before and after the cor-
relative measurement, shows that the antenna remained reasonably centered
(yellow cross) during the time trace. Rainbow scales from m (black) to M
(white). (b) Single particle extinction cross-sections, measured before and af-
ter the laser exposure, show that no significant structural changes affected the
antenna during the laser exposure. (¢) Galvo mirror positions (along x and y
directions) recorded during the time traces to visualize possible instabilities
affecting the recorded signal. (d) Four BPD currents (ig, i1, iz, i3) recorded
during the time trace measurement were balanced (symmetric around the x-
axis). Additionally, the i = <z§> used to correct the recorded time trace
eH-CARS is shown as well.
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A.4 Correlative time traces measurements performed
at bulk-glass coverslip interface of a sample pre-
pared with 200nm PS beads in 50% glycerol/water
(v/v) solution
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Figure A.7: Representative fluctuation correlation plot between (from top to bottom rows)
nominal SHG-, TPF-, RED fluorescence and eH-CARS signal (real compo-
nent (R), imaginary component (S), amplitude (Abs) and phase (®)). Sam-
ple: 200nm diameter YG fluorescent PS beads in 50% glycerol/water (v/v)
solution (see Chapter 3.2). Time traces of 20s (as indicated) were recorded
with 0.1 ms sample period at the antenna’s site and downsampled to 10ms.
IFD=3050cm~'. Exciting power at the sample: Pp=1.4mW and Pg=2.5 mW.
For the PMTs channels, we reported an indication of the detected bandwidth

for clarity.
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A.4. Correlative time traces measurements performed at bulk-glass coverslip interface of a sample

prepared with 200nm PS beads in 50% glycerol/water (v/v) solution
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Figure A.8: Representative fluctuation correlation plot between (from top to bottom rows)
nominal SHG-, TPF-, RED fluorescence and eH-CARS signal (real compo-
nent (R), imaginary component (S), amplitude (Abs) and phase (®)). Sam-
ple: 200nm diameter YG fluorescent PS beads in 50% glycerol/water (v/v)
solution (see Chapter 3.2). Time traces of 20s (as indicated) were recorded
with 0.1ms sample period at the antenna’s site and downsampled to 10ms.
IFD=3050cm~!. Exciting power at the sample: Pp=5mW and Ps=11.5mW.
For the PMTs channels, we reported an indication of the detected bandwidth
for clarity.
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A.5 Correlative time traces measurements and selec-
tion criteria performed on AulNBs sample prepared
with the 200nm PS beads in fully DI water solution
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Figure A.9: Four criteria to be checked to consider the correlative time trace recorded
(shown in Fig.A.10) at the antenna as reliable. (a) A 2D eH-CARS ampli-
tude scan (2umx2pm) measured at the AuNB focus, before and after the
correlative measurement, shows that the antenna remained reasonably cen-
tered (yellow cross) during the time trace. Rainbow scales from m (black) to
M (white). (b) Single particle extinction cross-sections, measured before and
after the laser exposure, show that not significant structural changes affected
the antenna during the laser exposure. (c) Galvo mirror positions (along x and
y directions) recorded during the time traces to visualize possible instabilities
affecting the recorded signal. (d) Four BPD currents (i, i1, iz, i3) recorded
during the time trace measurement were balanced (symmetric around the x-
axis). Additionally, the i = <z§> used to correct the recorded time trace
eH-CARS is shown as well.
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A.5. Correlative time traces measurements and selection criteria performed on AulNBs sample

prepared with the 200nm PS beads in fully DI water solution
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Figure A.10: Representative fluctuation correlation plot between (from top to bottom
rows) nominal SHG-, TPF-, RED fluorescence and eH-CARS signal (real
component (R), imaginary component (), amplitude (Abs) and phase (®)).
Sample: AuNBs sample with 200nm diameter YG fluorescent PS bead in
fully DI water (see Chapter 3.2). Time traces of 20s (as indicated) were
recorded with 0.1ms sample period at the antenna’s site and downsampled
to 10ms. IFD=2904cm~!. Exciting power at the sample:: Pp=0.68mW
and Ps=1.56mW. For the PMTs channels, we reported an indication of the
detected bandwidth for clarity.
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Figure A.11: Four criteria to be checked to consider the correlative time trace recorded at
the antenna (shown in Fig.A.12) as reliable. (a) A 2D eH-CARS amplitude
scan (2pumx2um) measured at the AuNB focus, before and after the correl-
ative measurement, shows that the antenna remained reasonably centered
(yellow cross) during the time trace. Rainbow scales from m (black) to M
(white). (b) Single particle extinction cross-sections, measured before and
after the laser exposure, show that not significant structural changes affected
the antenna during the laser exposure. (c¢) Galvo mirror positions (along x
and y directions) recorded during the time traces to visualize possible in-
stabilities affecting the recorded signal. (d) Four BPD currents (i, ij, io,
iz) recorded during the time trace measurement were balanced (symmetric
around the x-axis). Additionally, the i = <2§> used to correct the recorded
time trace eH-CARS is shown as well.
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prepared with the 200nm PS beads in fully DI water solution
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Figure A.12: Representative fluctuation correlation plot between (from top to bottom
rows) nominal SHG-, TPF-, RED fluorescence and eH-CARS signal (real
component (), imaginary component (), amplitude (Abs) and phase (®)).
Sample: AuNBs sample with 200nm diameter YG fluorescent PS bead in
fully DI water (see Chapter 3.2). Time traces of 20s (as indicated) were
recorded with 0.1ms sample period at the antenna’s site and downsampled
to 10ms. IFD=3050cm~!. Exciting power at the sample:: Pp=0.68mW
and Pg=1.56mW. For the PMTs channels, we reported an indication of the
detected bandwidth for clarity.
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A.6 Selection criteria for correlative time traces mea-
surements of Chapter 6.4
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Figure A.13: Four criteria to be checked to consider the correlative time trace recorded

(shown in Fig.6.19) at the antenna as reliable. (a) A 2D eH-CARS amplitude
scan (2pumx2um) measured at the AuNB focus, before and after the correl-
ative measurement, shows that the antenna remained reasonably centered
(vellow cross) during the time trace. Rainbow scales from m (black) to M
(white). (b) Single particle extinction cross-sections, measured before and
after the laser exposure, show that no significant structural changes affected
the antenna during the laser exposure. (c¢) Galvo mirror positions (along x
and y directions) were recorded during the time traces to visualize possible
instabilities affecting the recorded signal. (d) Four BPD currents (i, i1, i,
i3) recorded during the time trace measurement were balanced (symmetric
around the x-axis). Additionally, the i = <§§> used to correct the recorded
time trace eH-CARS is shown as well.
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Figure A.14: Four criteria to be checked to consider the correlative time trace recorded

(shown in Fig.6.20) at the antenna as reliable. (a) A 2D eH-CARS amplitude
scan (2pumx2um) measured at the AuNB focus, before and after the correl-
ative measurement, shows that the antenna remained reasonably centered
(yellow cross) during the time trace. Rainbow scales from m (black) to M
(white). (b) Single particle extinction cross-sections, measured before and
after the laser exposure, show that no significant structural changes affected
the antenna during the laser exposure. (c¢) Galvo mirror positions (along x
and y directions) were recorded during the time traces to visualize possible
instabilities affecting the recorded signal. (d) Four BPD currents (i, i1, iz,
i3) recorded during the time trace measurement were balanced (symmetric
around the x-axis). Additionally, the i = <z§> used to correct the recorded
time trace eH-CARS is shown as well.
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Figure A.15: Four criteria to be checked to consider the correlative time trace recorded
(shown in Fig.6.21) at the antenna as reliable. (a) A 2D eH-CARS amplitude
scan (2pumx2um) measured at the AuNB focus, before and after the correl-
ative measurement, shows that the antenna remained reasonably centered
(yellow cross) during the time trace. Rainbow scales from m (black) to M
(white). (b) Single particle extinction cross-sections, measured before and
after the laser exposure, show that no significant structural changes affected
the antenna during the laser exposure. (¢) Galvo mirror positions (along x
and y directions) were recorded during the time traces to visualize possible
instabilities affecting the recorded signal. (d) Four BPD currents (ig, i1, io,
i3) recorded during the time trace measurement were balanced (symmetric
around the x-axis). Additionally, the i = <2§> used to correct the recorded
time trace eH-CARS is shown as well.
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