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Current state of the art 

The use of structure-identifying microscopy techniques that work without dyes (label-free) is 

preferable, especially when analysing vital samples, i.e. fresh biological tissue or organoids. 

Multiphoton microscopy is therefore a highly relevant technology in biophysics, which is also expected 

to be used in pathological diagnosis in the future [1-13]. 

The technology uses non-linear optical effects to create contrast in the sample. Signals generated by 

frequency doubling (second-harmonic generation: SHG) and frequency tripling (third-harmonic 

generation: THG) are suitable for identifying and differentiating specific biological structures in vital 

samples without the use of dyes [1-13] (Fig. 1). Unlike dye-based fluorescence, nonlinear optical signals 

like SHG are generated through elastic scattering without photon absorption and re-emission, resulting 

in a direct link between excitation and emission properties (wavelength, polarization, and propagation 

direction). This process typically reduces photodamage and photobleaching compared to fluorescence 

approaches [14]. 

SHG only occurs in structures that are strictly hierarchically organised and whose molecular structure 

is non-centrosymmetric. Particularly prevalent biological examples here are collagen of the 

extracellular matrix and myosin of the skeletal muscles [1-4] (Fig. 1A). However, THG can be triggered 

at interfaces between molecules with different refractive indices and thus a larger variety of biological 

structures. In principle, THG makes it possible to visualise the edges of different cell structures in 

biological tissue [5-9]. 

Furthermore, an important factor relevant to biological investigations is that THG as well as SHG causes 

hardly any light damage. Only the higher-energy THG wave (in the ultraviolet frequency range) can 

cause damage [10, 11]. To generate a THG signal that is as gentle on cells as possible, a longer excitation 

wavelength is better. With an excitation wavelength of, for example, 1300 nm, the THG signal at 433 

nm is in the visible range and is therefore less damaging to cells than light in the ultraviolet range. A 

longer wavelength also means that deeper tissue layers can be reached. The detection depth for THG 

is therefore greater than for SHG. The excitation of higher harmonics offers a further advantage. The 

THG and SHG signal source cannot bleach because no fluorophores are excited [12, 13]. In concrete 

research applications, this means that changes in the tissue can be specifically detected over time. 

While SHG is already a well-established technique, the use of THG as a method for analysing biological 

samples is still in its early stages. With the increasing use of THG microscopy, tissue structures such as 

lipids, hydroxyapatite, and oxyhemoglobin have been characterized using this method, 

complementing SHG-based detection of collagen and myosin, whose non-centrosymmetric molecular 

structures produce strong SHG signals. [15, 16]. In future, the challenge will be to develop a setup that 

combines the three imaging techniques: two-photon autofluorescence (TPAF), SHG and THG, to 

examine complex tissue organisations in a completely label-free manner. 

  



Research goals and working program 

The aim of this project is 

• to establish three modality (TPAF, SHG and THG) multi-photon microscopy on the FVMPE-RS 

System (EVIDENT) with an Insight X3 (Spectra Physics) dual-line laser. [Month 1-6] 

• to adapt the setup to investigate murine tissue samples (e.g. skin, kidney and liver) and 

separate the different structures (e.g. collagen, myosin, lipids, membranes, organelles). 

[Month 7-12] 

• to adapt the setup to investigate with Caenorhabditis elegans a complex organoid structure. 

Caenorhabditis elegans is a tiny, transparent nematode worm that serves as an important 

model organism in biomedical research. It is the ideal target structure for this approach 

because it has a simple anatomy (Fig. 1B). The low cell count and transparent body, which 

allows cellular processes to be observed, are ideal for highlighting the potential of the 

methodological approach [17]. As it is already used for studies on ageing, diseases and 

genetics, since many of its genes and signalling pathways also occur in humans, the expected 

results are highly relevant. [Month 13-36] 

 

Fig. 1 A: Second-harmonic generation (SHG, frequency doubling) in myosin (Schematic view created 

in BioRender.com) B: SHG signal in Caenorhabditis elegans (Figure 11.19.2 in [17]) C: Comparison 

between SHG and Third-harmonic generation (THG, frequency tripling). 

 

[1] Walckling M, Waterstradt R, Baltrusch S (2020) Collagen Remodeling Plays a Pivotal Role in 

Endothelial Corneal Dystrophies. Invest Ophth Vis Sci 61(14). ARTN 110.1167/iovs.61.14.1 

[2] Plotnikov SV, Millard AC, Campagnola PJ, Mohler WA (2006) Characterization of the myosin-

based source for second-harmonic generation from muscle sarcomeres. Biophys J 90(2): 693-703. 

10.1529/biophysj.105.071555 



[3] Nucciotti V, Stringari C, Sacconi L, Vanzi F, Fusi L, Linari M, Piazzesi G, Lombardi V, Pavone FS 

(2010) Probing myosin structural conformation in vivo by second-harmonic generation microscopy. 

Proc Natl Acad Sci U S A 107(17): 7763-7768. 10.1073/pnas.0914782107 

[4] Nair A, Chuang SC, Lin YS, Chen CH, Fang TC, Chiu HC, Lien CH, Chen SJ (2022) Characterization 

of collagen response to bone fracture healing using polarization-SHG. Sci Rep 12(1): 18453. 

10.1038/s41598-022-21876-z 

[5] Rehberg M, Krombach F, Pohl U, Dietzel S (2011) Label-free 3D visualization of cellular and 

tissue structures in intact muscle with second and third harmonic generation microscopy. Plos One 

6(11): e28237. 10.1371/journal.pone.0028237 

[6] Small DM, Jones JS, Tendler, II, Miller PE, Ghetti A, Nishimura N (2018) Label-free imaging of 

atherosclerotic plaques using third-harmonic generation microscopy. Biomed Opt Express 9(1): 214-

229. 10.1364/BOE.9.000214 

[7] Kreiss L, Ganzleben I, Muhlberg A, Ritter P, Schneidereit D, Becker C, Neurath MF, Friedrich O, 

Schurmann S, Waldner M (2022) Label-free analysis of inflammatory tissue remodeling in murine lung 

tissue based on multiphoton microscopy, Raman spectroscopy and machine learning. J Biophotonics 

15(9): e202200073. 10.1002/jbio.202200073 

[8] Barad Y, Eisenberg H, Horowitz M, Silberberg Y (1997) Nonlinear scanning laser microscopy by 

third harmonic generation. Appl Phys Lett 70(8): 922-924. Doi 10.1063/1.118442 

[9] Weigelin B, Bakker GJ, Friedl P (2016) Third harmonic generation microscopy of cells and tissue 

organization. J Cell Sci 129(2): 245-255. 10.1242/jcs.152272 

[10] Friedl P, Wolf K, von Andrian UH, Harms G (2007) Biological second and third harmonic 

generation microscopy. Curr Protoc Cell Biol Chapter 4: Unit 4 15. 10.1002/0471143030.cb0415s34 

[11] Debarre D, Olivier N, Supatto W, Beaurepaire E (2014) Mitigating phototoxicity during 

multiphoton microscopy of live Drosophila embryos in the 1.0-1.2 microm wavelength range. Plos One 

9(8): e104250. 10.1371/journal.pone.0104250 

[12] Andresen V, Alexander S, Heupel WM, Hirschberg M, Hoffman RM, Friedl P (2009) Infrared 

multiphoton microscopy: subcellular-resolved deep tissue imaging. Curr Opin Biotechnol 20(1): 54-62. 

10.1016/j.copbio.2009.02.008 

[13] Yildirim M, Durr N, Ben-Yakar A (2015) Tripling the maximum imaging depth with third-

harmonic generation microscopy. J Biomed Opt 20(9): 096013. 10.1117/1.JBO.20.9.096013 

[14] Baugh LM, Liu Z, Quinn KP, Osseiran S, Evans CL, Huggins GS, Hinds PW, Black LD, Georgakoudi 

I (2017) Non-destructive two-photon excited fluorescence imaging identifies early nodules in calcific 

aortic-valve disease. Nat Biomed Eng (11): 914-924. 10.1038/s41551-017-0152 

[15] James DS, Campagnola PJ (2021) Recent Advancements in Optical Harmonic Generation 

Microscopy: Applications and Perspectives. BME Front 2021: 3973857. 10.34133/2021/3973857 

[16] Gavgiotaki E, Filippidis G, Tsafas V, Bovasianos S, Kenanakis G, Georgoulias V, Tzardi M, Agelaki 

S, Athanassakis I (2020) Third Harmonic Generation microscopy distinguishes malignant cell grade in 

human breast tissue biopsies. Sci Rep-Uk 10(1). 10.1038/s41598-020-67857-y 

[17] Bixel GM, Fretham SJB, Aschner M (2015) High-resolution multi-photon imaging of 

morphological structures of caenorhabditis elegans. Current Protocols in Toxicology 11.19.1-11.19.11./ 

10.1002/0471140856.tx1119s64 


