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FINAL REPORT 

 

Project title:  Advanced multi-wavelength ultrafast fiber lasers for stain free histopathology 

Principal investigator:  RſďĞƌƚ “ǌŝƉƅĐƐ͕ PŚ͘D͘ 

Duration:    48 months (2018-09-01 - 2022-08-31) 

 

Summary of our main results:  

We upgraded our CARS imaging system for real time DVRF-CARS imaging using 2 NDD detectors parallel, 

which was used for generation of quasi hematoxylin-eosin stained real-time images of skin tumors 

(basalioma). IF-CARS imaging system of similar performance was developed and tested on brain slices 

with our partners at University of Szeged. An FPGA based data collection, processing and display system 

was developed for our IF-CARS and DVRF-CARS systems. Our microscope system was upgraded for 

mosaic imaging of fixed or frozen skin sections. 

Optical fibers of different types were tested for distortion free fiber delivery of ultrafast laser pulses 

between the laser source and scanning head of the microscope.  To this end, spectral bandwidth of our 

lasers were reduced down to 1-2 nm, which resulted 0.6-1.2 ps long pulses at the wavelengths of our 

interest: 790-810 nm, 920-940 nm and 1010-1030 nm. Two-photon excitation efficiency of our lasers is 

not degraded at all since their longer pulses were compensated by the lower repetition rate of the laser 

resulting in similar peak powers of the laser pulses. The 1-2 nm spectral bandwidth of our newly 

developed lasers results in higher spectral selectivity in CARS imaging (e.g. in case of lipid/protein 

imaging), while in case of fiber delivery, this reduced spectral bandwidth results in  considerably lower 

dispersive effects without degrading imaging quality. 

 

Results already published: 

1. Stain-free histopathology of basal cell carcinoma by dual vibration resonance frequency CARS 

microscopy. Basal cell carcinoma (BCC) is the most common malignancy in Caucasians. Nonlinear 

microscopy has been previously utilized for the imaging of BCC, but the captured images do not 

correlate with H&E staining. Using coherent anti-Stokes Raman scattering (CARS) technique, we 
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developed a novel algorithm to post-process images obtained from dual vibration resonance 

frequency (DVRF) CARS measurements to acquire high-quality pseudo H&E images of BCC 

samples. We adapted our CARS setup to utilize the distinct vibrational properties of CH3 (mainly 

in proteins) and CH2 bonds (primarily in lipids). In a narrowband setup, the central wavelength of 

the pump laser is set to 791 nm and 796 nm to obtain optimal excitation. Due to the partial 

overlap of the excitation spectra and the 5ʹ10 nm FWHM spectral bandwidth of our lasers, we 

set the wavelengths to 790 nm (proteins) and 800 nm (lipids). Nonresonant background from 

water molecules also reduces the chemical selectivity which can be significantly improved if we 

ƐƵďƚƌĂĐƚ ƚŚĞ DVRF ŝŵĂŐĞƐ ĨƌŽŵ ĞĂĐŚ ŽƚŚĞƌ͘ AƐ Ă ƌĞƐƵůƚ͕ ǁĞ ĂĐƋƵŝƌĞĚ ƚǁŽ ŝŵĂŐĞƐ͗ ŽŶĞ ĨŽƌ ͞ůŝƉŝĚƐ͟ 

ĂŶĚ ŽŶĞ ĨŽƌ͟ ƉƌŽƚĞŝŶƐ͟ ǁŚĞŶ ǁĞ ƉƌŽƉĞƌůǇ ƐĞƚ Ă ŵƵůƚŝƉůŝĐĂƚŝŽŶ factor to minimize the non-specific 

background. By merging these images, we obtained high contrast HΘE ͞ƐƚĂŝŶĞĚ͟ ŝŵĂŐĞƐ ŽĨ 

BBC͛Ɛ͘  For more, see: https://link.springer.com/article/10.1007/s12253-017-0356-6 

 

2. Interferometric Spectral Modulation of sub-100-fs Pump Pulses for High Chemical Contrast, 

Background Free, Real Time CARS Imaging.  A simple, fast interferometric spectral modulation 

technique is proposed for nonresonant background suppression during CARS imaging. We 

demonstrate that the proposed setup is also suitable for real time stain-free histopathology of 

the brain.  For more, see: https://opg.optica.org/abstract.cfm?uri=BRAIN-2018-JTh3A.29 

 

3. Characterization of DHEA-induced PCOS-model by CARS Microscopy. The efficiency of 

Origanum majorana and Mentha piperita essential oil co-treatment was studied on DHEA-

induced PCOS-model by analysis of lipid content changes in cumulus oocytes complexes by CARS 

and Bodipy fluorescence microscopy. For more, see: 

https://opg.optica.org/abstract.cfm?uri=OMP-2019-OW4D.6 

 

4. Quantitative Analysis on Ex Vivo Nonlinear Microscopy Images of Basal Cell Carcinoma 

Samples in Comparison to Healthy Skin.  BCC is the most frequent malignant neoplasm in the 

Caucasian population. There are several therapeutic options for BCC, but surgical excision is 

considered gold standard treatment. As BCCs often have poorly defined borders, the clinical 

assessment of the tumor margins can be challenging. Therefore, there is an increasing demand 

for efficient in vivo imaging techniques for the evaluation of tumor borders prior to and during 

surgeries. In the near future, nonlinear microscopy techniques might meet this demand. We 

https://link.springer.com/article/10.1007/s12253-017-0356-6
https://opg.optica.org/abstract.cfm?uri=BRAIN-2018-JTh3A.29
https://opg.optica.org/abstract.cfm?uri=OMP-2019-OW4D.6
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measured the two-photon excitation fluorescence (TPEF) signal of nicotinamide adenine 

dinucleotide hydride (NADH) and elastin and second harmonic generation (SHG) signal of 

collagen on 10 ex vivo healthy control and BCC skin samples and compared the images by 

different quantitative image analysis methods. These included integrated optical density (IOD) 

measurements on TPEF and SHG images and application of fast Fourier transform (FFT), CT-FIRE 

and CurveAlign algorithms on SHG images to evaluate the collagen structure. In the future, these 

novel image analysis methods could be integrated in handheld nonlinear microscope systems, 

for sensitive and specific identification of BCC. For more, see: 

https://link.springer.com/article/10.1007/s12253-018-0445-1 

5. Microglia monitor and protect neuronal function through specialized somatic purinergic 

junctions. Microglia are the main immune cells in the brain and have roles in brain homeostasis 

and neurological diseases. Mechanisms underlying microgliaにneuron communication remain 

elusive. Our partners identified an interaction site between neuronal cell bodies and microglial 

processes in mouse and human brain. For this, we developed a multi-wavelength nonlinear 

microscope imaging system comprising two ultrashort pulse lasers operating at 760 nm and 910 

nm for imaging NADH and eGFP labelled microglia, respectively. For more, see: 

https://www.science.org/doi/10.1126/science.aax6752 

6. A 20 MHz, sub ps, Tunable Ti:sapphire Laser System for Real Time, Stain Free, High Contrast 

Histology of the Skin. A 20 MHz repetition rate, sub ps Ti:sapphire (Ti:S) laser system is proposed 

for real time, high chemical contrast dual vibration resonance frequency (DVRF) CARS imaging of 

the skin suitable for in vivo histology. For more, see: 

https://opg.optica.org/abstract.cfm?URI=Microscopy-2020-MTh3A.4 

7. Fiber coupled, 20 MHz Repetition Rate, sub ps Ti:sapphire Laser for in vivo Nonlinear 

Microscopy of the Skin. A fiber coupled, sub ps Ti:sapphire laser suitable for in vivo, stain free, 

3D imaging of skin alterations is introduced. It is pumped by a low cost, 2.1 W pump laser and 

delivers 0.6 1 ps high peak power pulses optimized for fiber delivery. For more, see: 

https://opg.optica.org/abstract.cfm?uri=boda-2021-DF2A.5&origin=search 

8. Numerical Analysis on ex vivo Second Harmonic Generation Images of Collagen Structure of 

Unstained Basal Cell Carcinoma Sections. FFT analysis on mosaic SHG images of basal cell 

carcinoma skin sections of different subtypes is presented. This analysis combined with two 

https://link.springer.com/article/10.1007/s12253-018-0445-1
https://www.science.org/doi/10.1126/science.aax6752
https://opg.optica.org/abstract.cfm?URI=Microscopy-2020-MTh3A.4
https://opg.optica.org/abstract.cfm?uri=boda-2021-DF2A.5&origin=search
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photon auto fluorescence imaging might be useful for assessment of tumor borders. For more,  

see: https://opg.optica.org/abstract.cfm?uri=ecbo-2021-EW4A.9&origin=search 

9. Low concentration Phloxine B staining for high chemical contrast, nonlinear microscope mosaic 

imaging of skin alterations in pseudoxanthoma elasticum. Pseudoxanthoma elasticum (PXE) is 

an autosomal recessive metabolic disorder characterized by ectopic mineralization of soft 

connective tissue. Histopathology findings include fragmented, mineralized elastic fibers and 

calcium deposits in the mid-dermis. Nonlinear microscopy (NLM) can be used for visualization of 

these histopathological alterations of the mid-dermis in PXE-affected skin sections. Upon 

introducing a normalized 3D color vector representation of emission spectra of three of the main 

tissue components (collagen, elastin and calcification) we found that due to their broad, 

overlapping emission spectra, spectral separation of emission from elastin and calcification is 

practically impossible in fresh-frozen or unstained, deparaffinized PXE sections. However, we 

found that the application of a low concentration Phloxine B staining after the deparaffinization 

process creates an imaging contrast for these two tissue components, which enables spectral 

decomposition of their fluorescence images. The obtained concentration maps for calcium 

deposits can be well suited for the determination of illness severity by quantitative analysis. For 

more, see: https://opg.optica.org/boe/fulltext.cfm?uri=boe-13-1-252&id=465719 

 

Results to be published: 

10. A tunable sub- ps Ti:sapphire laser operating at around 800 nm, 920 nm and 1000 nm has been 

tested for distortion free fiber delivery of 0.6 to 1.2 ps pulses for nonlinear microscope imaging 

of the brain. We found that using solid core, LMA fibers with core diameters above 12 microns 

allows high S/N ration multiphoton imaging at all of these wavelengths even at a fiber length of 2 

m up to average powers of 100 mW at repetition rates of 69 MHz (or higher). Experiments we 

carried out at Nanyang Technological University,  NTU Singapore in July, 2022. Results are to be 

published later this year. 

11. Low Reflection Loss Dispersion Compensation Scheme for Broadly Tunable sub-ps Solid State 

Lasers. Combination of  high (R>99.9%) reflection from an ion-beam sputtered ultrabroadband 

chirped mirror and Fresnel reflection from a wedged fused silica substrate forming a Gires-

Tournois interferometer provides a wavelength independent, adjustable dispersion 

https://opg.optica.org/abstract.cfm?uri=ecbo-2021-EW4A.9&origin=search
https://opg.optica.org/boe/fulltext.cfm?uri=boe-13-1-252&id=465719
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compensation for broadly tunable sub-ps lasers such as Ti:sapphire.  Results are to be published 

later this year. 

12. Development of FPGA based real time image processing and display for in vivo, real time 

histopathological imaging.  Precision, low noise PMT amplifiers, A/D conventers and FPGA based 

image processing and display system based on an FPGA were developed for real time 

histopathological imaging of the skin and the brain. Testing is in progress on fixed skin sections. 

Results are to be published when proper imaging data and videos are available.  

 

Operation of the FPGA modul. Input signals at ADC0 and ADC1 are generated by PMT-s installed for 

parallel lipid and protein detection by their anti-Stokes signal. 

 

----------------------------------------------------------------------------------------------------------------------------------- 

 

 

In the following pages, we enclose our conference papers that can not be reached directly from the 

links listed in our publication list. 

 
























