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Introduction 

Recent advances in nanotechnology and super-resolution microscopy have emerged the use 

of gold nanostructures in biology as one of the most powerful imaging contrast agents with 

concurrent biomedical advantages nowadays. Compared with other metallic nanostructures 

used in biomedical applications, gold ones outmatch due to their simple preparation, their 

facile bio conjugation, their low toxicity and importantly their zero photobleacing. At present, 

a variety of nanoparticles systems are being investigated in order to explore their potential in 

molecular imaging. However, gold nanoparticles are known to exhibit surface Plasmon 

resonance (SPR), a unique phenomenon to plasmonic (noble metal) nanoparticles which leads 

to strong electromagnetic fields on the particles’ surface and consequently enriches all the 

radiative related properties such as absorption and scattering[6]. Apart from their linear 

optical properties, their nonlinear optical properties are also significantly enhanced, resulting 

to strong nonlinear signals especially close to the resonant frequency.  

In Sophie Brasselet’s research Group -Mosaic3- a multimodal polarization resolved nonlinear 

nanoscopy technique –see Experimental set-up below-  has been developed and recently used 

in order to exploit the spatial sensitivity of polarized responses of nonlinear emission from 

metal nanostructures [2]. Nonlinear signals from metal nanostructures are known to be highly 

polarization-dependent, due to the intrinsic vectorial nature of nonlinear optical coupling[1-

3].This multiphoton polarization-resolved technique was performed to various samples of 

fixed cells embedded with gold nanoparticles of different sizes and conjugated compounds in 

order to exploit firstly, whether this technique enables the detection of metallic 

nanostructures in highly scattering environments, such as the cellular one, and secondly to 

exploit the power regime required for detection of nonlinear signals without destroying the 

sample. During my secondment I learnt to individually operate the set-up and analyze the 

obtained data with the group’s MATLAB codes. This report encloses a short description of the 
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experiments and a primary analysis of the obtained data during my time at Institut Fresnel in 

Marseille, France. However, the complete analysis of the data and the interpretation and 

discussion of those with my supervisors is yet to be done. 

 

Samples 

 

The samples that were investigated were brought to Institute Fresnel from Cardiff University 

and are composed of two different sizes of gold nanospheres (15nm and 40nm) which have 

been internalized into the endosomal environment of cancer cells. Specifically, we tested the 

following samples: 

Sample A – Figure 1 

15nm AuNPs coated with PEG polymers attached to the nanoparticles’ surface and linked to 

Folate acid ligand (FA) in order to facilitate the nanoparticles cellular uptake via specific 

endocytosis pathways. There are also different lengths PEG groups which fluorescently label 

the AuNPs.  

Sample B- Figure 2 

 

40nm AuNPs which are cross linked with the Tf ligand via the biotin streptavidin (Bi:SA) bond. 

Both samples were made in Cardiff School of Pharmacy via specific biological protocols.  

 

 

 

 

Figure 1. A schematic layout of the functionalised surface of Sample A comprise different length PEG 
attached to the AuNPs surface other targeting ligand receptors for cellular uptake purposes and 
other for fluorescent labelling of the particle. 
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Figure 2. Sample B, 40nm AuNPs crosslinked with fluorescently biotinylated transferrin (Tf) ligand (Tf-
Bi-A647) are expected to bound to Transferrin receptor(TfR) and enter the cell following the clathrin-
mediated pathway. 

 

Gold nanoparticles of the sizes 15nm to 40nm are known to exhibit a surface plasmon 

resonance frequency in the range 520-540nm as shown on Figure 3. 

 

 

Figure 3. Absorption spectra of different diameter sizes gold nanoparticles adapted from Ref[4]. 

   

 

Experimental Set-up 

The multimodal polarization resolved experimental set-up shown in Figure 4 is based on an 

inverted two-photon excitation microscope. Briefly, optical pulses are provided by an optical 

parametric oscillator (OPO) source which is pumped by a Ti:Sapphire laser with 150fs pulse 

duration and 80MHz repetition rate. From the OPO we used the signal output for wavelengths 

λ > 1000nm and the Ti:Sa wavelength which usually operates between 780nm and 1040nm. 
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Notably the shortest wavelength of Ti:Sa that we can use is the 780nm due to limited 

availability of  optical filters which are essential for the detection scheme of the set-up. There 

is also a delay stage at the Ti:Sa beam pathway which enables us to control the temporal 

overlap of the two beams onto the sample plane which is essential for the FWM and sum-

frequency generation (SFG) modalities. The laser beam is focused onto the sample by a 40x 

water immersion objective of 1.15 numerical aperture (NA) that provides an approximate 

300 nm lateral resolution. The incident linear polarization angle is rotated by an achromatic 

half-wave plate mounted on a motorized rotational mount under the microscope objective. A 

polarimetric stack of images is thus obtained by rotating the incident polarization in steps of 

10° over the range of 0°-180°. The beam position is scanned on the sample plane via a pair of 

galvo mirrors to create an image. At each incident polarization angle usually a quite big image 

of size 30μm x 30μm firstly is acquired, covering a field of view of roughly half of a cell (cell 

sizes vary a lot but usually they are above 60μm long) and then smaller regions (10μm x 

10μm) with smaller pixel size in order to increase the optical resolution. The nonlinear signal is 

collected by the same objective in epi-direction and passes through carefully chosen optical 

filters into a detection scheme – Figure 4- comprised four in total Photomultiplier tubes 

(PMT). By using the right combination of optical filters we were able to  detect separately 

Second Harmonic Generation –induced by the OPO signal wavelength- (SHG-OPO) , Second 

Harmonic Generation –induced by the Ti:Sa wavelength- (SHG-Ti:Sa), Sum-frequency 

generation (SFG) and Four-wave mixing (FWM). 

 

 

Figure 4. A sketch of the experimental multimodal polarization resolved imaging set-up in Mosaic 
group. 
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Figure 5 A schematic of the detection layout of the set-up that was used during my secondment.  

 

Different wavelength configurations and optical filters were tested in order to obtain the 

best results. Importantly, we were mainly aiming for detecting SHG signals for different 

incident polarizations with excitation wavelengths in the range of 1080-1120nm (OPO 

signal).  

The foundation of the mathematical analysis of the technique is described in previous and 

recent publications from S.Brasselet’s group [1-3]. Concisely though the mathematical 

analysis operated with MATLAB codes encompasses mainly the following steps: 

-Read image stacks from raw files 

- Fourier series decomposition and calculation of the coefficients (second and fourth orders) 

 Second order variables: I2,φ2    Fourth order variables: I4,φ4     

- Image formation: Representation of each pixel with a stick of orientation φ2 relative to the 

horizontal axis and colour coded with I2. Similar representation for the fourth order. 

Typically, the second order response coefficient I2 is characteristic of the local anisotropy of 

the response and thus of the degree of parallelism of dipoles in the focal spot, while the 

fourth order I4 is a signature of the presence of components perpendicular to the main 

anisotropy direction, emphasizing for instance tangential or multipolar responses. φ2 reports 

the orientation of the main anisotropy component, while φ4 relates the orientation of the 

fourth order angular response. Altogether, The (I2,I4) and (φ2,φ4) values are therefore a 

direct signature of local symmetry properties in the investigated sample, representative of 

the orientational organization of local nonlinear induced dipoles at a given position of the 

excitation spot on the sample[2]. 

560 BP 
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Results and brief discussion 

The obtained nonlinear images and their corresponding stick map representation are shown 

here for different cell regions. As mentioned earlier different samples with various laser 

beams configurations and power were tested. The majority of the data has not yet been 

analyzed as the time during my secondment was enough and there is still no time to do so 

due to heavy experimental workload in Cardiff. 

Sample  A 

P Ti:Sa = 5mW / P OPO =8mW 

Cell region 1 

 

 

Figure 6. (a,b) Nonlinear imaging –FWM and SHG signals- of 15nm AuNPs inside cancer cells, (c,d) The intensity 
(colour code) and orientation (stick orientation)  of the second order φ2 component. 

Two more different cell regions of the sample are shown below. 

 

a 

c 

b 
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Cell region 2 
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Cell region 3 
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We can observe that the signal strength from the P-SHG OPO is greater than the FWM signal 

and in both channels we can get some level of imaging contrast believed to comefrom the 

nonlinear signals of the metallic nanoparticles inside the cell. As discussed elsewhere [2,3] 

the second order φ2 component gives us information regarding the orientation of the main 

anisotropy component. From the stick maps above we can see that there is not strong 

degree of anisotropy orientation (colour code), nonetheless this does not imply that there is 

no significant I2 which is characteristic for the local anisotropy. As a result, I repeated 

experiments on this sample where I obtained higher resolution images (100nm pixel size 

instead of 300nm as above) and extract the I2 maps instead of φ2. An example of this analysis 

is shown in Figure 7 but more of it for other samples is still ongoing. 

 

 

Figure 7. Sample A (a)10 μm x10μm P-SHG OPO image obtained with pixel size 100nm (b) Map of the 
I2 intensity at the specific cell regions (c) Stick map indicating the regions with higher anisotropy due 
to high I2 values.  

 

Unfortunately, most of the analyzed data so far regarding sample A has not shown strong 

anisotropy but there is still analysis that can be done and tested (under discussion and for 

next measurements). I would also like to highlight that  the high powers –usually 3-10mW 

a b 

c 

P OPO = 6mW 
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for each laser beam- that we used for this imaging technique it is not compatible with live 

cell imaging applications.  

Unfortunately, sample B did not give rise to P-SHG or FWM signals so it is not displayed at 

this report. 

 

Outlook 

Last but not least, future work in Mosaic can be done with gold nanorods (AuNRs) inside 

cells as the set-up is more optimum in order to be resonant with the NIR modes of typical 

AuNRs. For this reason, we tested gold nanorods (10nm diameter and 45nm long, with an 

absorption peak at 850nm) inside cancerous cells type COS7 (Figure 8). 

 

   

Figure 8. (a)After 21h of incubation AuNRs were unspecifically internalized by COS7 type cancerous 
cells tested under the multimodal polarisation resolved microscope of the group. (b,c zoom in) 
Brightfield image obtained with 40x water immersion objective and 1.15NA showing nicely 
distriburted cells with dark spots (AuNRs). 

 

a 

b c 
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During the experiment I could observe strong FWM signal and a bit weaker -still existing- 

SHG-Ti:Sa  signal as shown on Figure 10. The power used during these experiments was 

extremely high and after some time of data acquisition the sample was burning; nonetheless 

some data were obtained. Analysis is yet to be done on these last samples and discussed the 

potential of this technique for polarisation resolved imaging of metallic nanostructures into 

cellular environments. 

 

Figure 10. Nonlinear imaging of AuNRs in cells pumped with a 830nm Ti:Sa beam of 30mW and a 
1080nm OPO signal beam of 70mW. The FWM and SHG signals with their colour bars indicating the 
signals’ strength are shown here. 
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Stephanie Jung

From: Sophie Brasselet <sophie.brasselet@fresnel.fr>

Sent: Freitag, 7. Oktober 2016 16:20

To: jungst@mpip-mainz.mpg.de

Subject: Re: Secondment Report- Attilio

Hi Steffi 

Yes I am fine with both reports, Naya's and Attilio ! 

Best 

Sophie 

Dear Sophie, 

  

Could you please also review the enclosed secondment report for Attilio and write back to confirm 

that the contents are correct and true? I need to document your confirmation for the EU.  

  

Many thanks and kind regards, 

Steffi 

  

  

FINON Program Manager 

Max Planck Institute for Polymer Research 

Ackermannweg 10 

55128 Mainz, Germany 

Tel: +49 6131-379-549 

  

 

 

--  

Sophie Brasselet 

Institut Fresnel - MOSAIC 

Aix Marseille Université, Domaine Universitaire St Jérôme 

13397 Marseille Cedex 20 

tel : +33 (0)4 91 28 84 94 - fax : +33 (0)4 91 28 80 67 

http://www.fresnel.fr/mosaic 
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