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figure 1. Energy and intensity sketch of Rayleigh scattering, Raman (Stokes and anti-Stokes) scattering and fluorescence 
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figure 2. Optical path of a confocal Raman spectroscopy set-up (Bernd Bleistein, Jobin Yvon) 
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figure 3. SERS principle: additional signal enhancement in the hotspots between two nanoparticles 
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figure 4. Induced dipole of a metal nanoparticle (Au) by excitation of a diploar localized surface plasmon resonance 
(LSPR)

9
 

ω

ω

μ ω μ ω ω

μ ω ω

                        
(equation 6)

9
 

ω ω

figure 5. Electrochemical enhancement of both fields: incident field ωinc and outgoing field (ωinc-ωvib); pyridine as 
example molecule
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figure 6. Real and imaginary part of ε(λ) of Ag and Au
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figure 7. Effect of a decreasing gap between two nanoparticles on the plasmon resonance and the enhancement factor
11

 

figure 8. Intensity distribution of the enhancement factor (a) and LIEF as a function of θ (b)
11
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figure 9. Hydrolization of FDA to fluorescein in the presence of esterases
15
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figure 10. FDA dissolved in acetone on 
CaF2 

figure 11. Raman spectrum of FDA recorded with the 532 nm laser (blue 
spectrum) and the 633 nm laser (green, red and black spectrum, each 

recorded at a different spectrograph position: (i) 1500 cm
-1

 (ii) 2000 cm
-1

 (iii) 
2500 cm

-1
 

figure 12. Excitation/Emission spectrum of FDA
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figure 13. Chemical structure of PI
17

 figure 14. Excitation/Emission spectrum of PI
18

 

figure 15. PI (2 mM) dissolved in PBS buffer 

 

figure 16. Raman spectrum of PI recorded with the 780 nm Raman laser 
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figure 17. Excitation/Emission spectrum of DAPI bound to DNA
19

 

figure 18. Chemical structure of 4‘,6-diamidino-2-
phenylindole (DAPI)

20
 

figure 19. DAPI dried on CaF2 
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figure 20. Raman spectra of DAPI recorded with the 
532 nm laser and the 633 nm- laser (spectrograph 
position: (i) 1500 cm

-1
 (ii) 2000 cm

-1
 (iii) 2500 cm

-1
 

 

 

 

 

figure 21. Raman spectra of DAPI with the 633 nm 
laser at three different spectrograph positions: 
(i) 1500 cm

-1
 (ii) 2000 cm

-1
 (iii) 2500 cm

-1
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figure 22. Sketch showing the principle of PCA 
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table 1. Measured average laser power at 10 %, 25 %, 50 % and 100 % laser power set with Labspec 6 software 
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figure 23. Correlation between set and measured laser power (532 nm- laser) 

 

      
 

    
(equation 12) 

table 2. Laser spot size of the 532 nm Raman laser using different magnifications 
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figure 24. Transmittance curves of Olympus objectives (left: 10x; middle: 50x, right: 100x magnification)
30

 

table 3. Transmittance values for the Olympus objectives at 532 nm deduced from figure 24 

table 4. Power per area [mW/µm
2
] for 10x (measured values), 50x and 100x Olympus objectives with λ=532 nm 
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figure 25. Actual laser power on the sample surface using the 10x, 50x and 100x objective (Olypmus) with λ=532 nm 
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table 5. Spatial resolution for different objectives with λ=532 nm 

 

 



VI. Hyphae of P. chrysogenum - VI.1. Raman spectroscopy of fungal hyphae 
    

41 

 

 

 

 



VI. Hyphae of P. chrysogenum - VI.2. Device settings 
    

42 

 

figure 26. Fungal hyphae on microscope slide recorded with 20x magnification (left) and 100x magnification (right) 
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table 6. Device settings for both lasers 

λ

figure 27. Raman spectra of P. chrysogenum recorded with 532 nm and 633 nm excitation wavelength 
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figure 28. Single spectra of hyphae of P. chrysogenum generated with 50 % laser power using different objectives (device 
settings see appendix) 
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figure 29. Picture of the sample before (A) and after (B) the measurement with 100 % laser power (device settings see 
appendix) 

figure 30. Raman spectrum of a hypha of P. chrysogenum (device settings see appendix) 
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table 7. Band assignment: Hyphae of P. chrysogenum 
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figure 31. Sketch of a hyperspectral data cube 
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figure 32. Spectra of fungal parts burned by the laser beam which were excluded as bad pixels and replaced by averaged 
neighboring spectra, and spectrum of a fungal hypha for comparison (Spectra 0-7 represent carbonized sample parts) 

figure 33. Raman spectrum recorded in the middle of a hypha of Penicillium chrysogenum (blue), next to the hypha 
(green) and at the edge of the hypha (red); measurement position see figure 34 (left) 
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figure 34. Picture of the sample (left) and overlay with the intensity map based on the intensity of the CH stretch 
vibration (right) 
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figure 35. Intensity map of the amide I band at 1656 cm
-1

 (left) and the band at 2933 cm
-1

 evoked by CH stretch 
vibrations (right); maximum intensity value of each wavelength as set to 100 
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figure 36. Overlay of cluster image and sample image (left); average spectra of each cluster (right) 

figure 37. Dendrogram of HCA with three clusters figure 38.Dendrogram of HCA showing further subdivisons 
of one component 



VI. Hyphae of P. chrysogenum - VI.3. First Raman mappings 
    

52 

 

figure 39. Overlay of cluster image (subdivision of cluster with highest protein content) and sample image (left); average 
spectra of the three subdivision of the hypha-cluster (right) 
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figure 40. Dendrogram and overlay of cluster image and sample image of the second HCA covering the spectral region 
from 400 cm

-1
 to 1900 cm

-1
 

figure 41. Average spectra of each cluster from the second HCA (cluster image see figure 40); double bands with changing 
intensity ratio are marked in grey 
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figure 42. Intensity ratios of three double bands of the average spectra from the first to the third cluster 
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figure 43. Bi-plot of first PCA 

table 8. List of spectral descriptors according to their impact on PC2; band assignment according to Huang et al.
2
 

νaromatic
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figure 44. Score plot of the first PCA: standardized data (1
st

 plot) and mean centered data (2
nd

 plot); Score plot of the 
second PCA (3

rd
 plot) 

figure 45. Bi-plot of second PCA 
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figure 46. Score plot PC1 vs PC2 
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figure 47. 300x300 µm
2
 sample image with the mapping area (1052x124 µm

2
; intensity map of CH str. vibration) 
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figure 48. Comparison of the Raman spectra evoked by hyphae (red) and glass background (green) 

figure 49. Intensity map of the CH stretch vibration (left) and the amid I band (right) 
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figure 50. Overlay of intensity map and sample image (left) of the CH str.  vibration (right) 

figure 51. Overlay of intensity map and sample image (left) of the Amide I band (right) 
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figure 52. Overlay of intensity map and sample image (left) of lipids (right) 

figure 53. Overlay of intensity map and sample image (left) of the band mainly evoked by purine bases (right) 
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figure 54. Overlay of cluster image and sample image (left) with the according average spectra and the standard 
deviation (right) 

figure 55. Dendrogram of HCA with 3 clusters figure 56. Dendrogram of HCA showing subdivisions of the 
sample branch 
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figure 57. Overlay of cluster image and sample image (left) with the according average spectra and the standard 
deviation (right) 

figure 58. Average spectra of HCA: intensity ratios are calculated of bands pairs A and B marked in grey 
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figure 59. Intensity ratios of three double bands of the average spectra from the first to the third cluster 
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figure 60. Scree plot 

figure 61. Bi-plot 

figure 62. Scores of PC1 vs PC2 
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figure 63. Score plot of PCA representing the glass background 
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figure 64. Score plot of PCA representing the sample 
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figure 65. Bi-plot of second PCA (mean centered data; spectral descriptor 1,3 and 9 excluded) 

figure 66. Score plot of the second PCA (mean centered data; spectra descriptor 1,3 and 9 excluded) 
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figure 67. Raman spectra (left) and sample image (right) of hyphae stained with FDA (device settings see appendix) 
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figure 68. Comparison of the Raman spectra of FDA stained hyphae, unstained hyphae and FDA (device settings see 
appendix) 

figure 69. Raman spectrum of washed FDA stained hyphae (device settings see appendix) 
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figure 70.Comparison of the Raman spectra of FDA stained and washed hyphae, unstained hyphae and FDA (device 
settings see appendix) 
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figure 71. Raman spectra of PI stained and washed hyphae (device settings see appendix) 
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figure 72. Raman spectra of hyphae stained with FDA, PI and DAPI (device settings see appendix) 
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figure 73. Raman spectrum (left) and sample image (right) of a stained (FDA, PI and DAPI) and washed hypha (device 
settings see appendix) 
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figure 74. Raman spectra of spores of P. chrysogenum (device settings see appendix) 

figure 75. Raman spectra recorded without a sample with the room lights switched on and off (devices settings see 
appendix) 
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figure 76. Measurement position (red cross) before (left) and after (right) the Raman laser (532 nm) hits the sample 

 

figure 77. Spore sample on micrsocope slide in aqueous 
environment in the petri dish 

figure 78. Raman spectrum of spore sample in aqueous 
environment (device settings see appendix) 
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figure 79. Three different measurement spots for collecting Raman spectra of spores on aluminum foil 
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figure 80. Raman spectra of spores on aluminum foil recorded at three different measurement spots; the set integration 
times are indicated in the legend on the right (see figure 79; device settings see appendix) 

 

figure 81. Schematic representation of the cryo-stage 
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figure 82. Photograph of the set-up consisting of the Raman spectrometer (Horiba LabRAM 800HR), the cryo-stage fixed 
onto the XYZ-stage and the vacuum pump 
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figure 83. Cryo-stage with the cooled Dewar vessel (left); the laser beam is focused with a 20x objective through a 
quartz window onto the sample on the gold surface (right) 

figure 84. Raman spectra of spores on the cryo-stage with the set integration time in the legend on the right: blue 
spectrum = 0.1 % laser power, green spectra = 1 % laser power (device settings see appendix) 
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table 9. Parameter settings for the spectra in figure 86 

figure 85. Three different measurement spots (I-III) of the Raman spectra in figure 86 
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figure 86. Raman spectra of spores the cryo-stage with the set integration time in the legend on the right (device settings 
see table 9) 
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figure 87. Three different measurement spots were investigated to record Raman spectra of spores with smaller 
magnification (20x) 

figure 88. Raman spectra of spores recorded with 20x objective; the integration time is listed up in the legend on the 
right (device settings see appendix) 
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figure 89. Measurement with laser pointer (left) and Raman laser (right) 
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figure 90. Raman spectra of toluene with the green Raman laser and the laser pointer as light source (device settings see 
appendix) 
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figure 91. Raman spectra of spores (532 nm laser pointer) compared to a Raman spectrum of a hypha (532 nm- laser) 
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figure 92. Raman spectra of spores recorded with the 633 nm Raman laser (device settings see appendix) 

figure 93. Zoom of figure 92 showing spore spectra recorded with 0.01 % and 0.1 % laser power 
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figure 94. Raman spectra of glass recorded with the 532 nm Raman laser and the 785 nm Raman laser (device settings 
see appendix) 
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figure 95. Fluorescence spectrum of a glass slide using 532 nm (blue) and 785 nm (red) as excitation wavelength
1
; green 

and grey shaded areas indicate the spectral region covered by the recorded Raman shift evoked by 532 nm and 785 nm 
laser excitation, respectively 

 

   
             

 

   
                                       (equation 14) 

figure 96. Spores spectra recorded with an NIR-Raman laser (Thermo Scientific: 780 nm laser; Renishaw: 785 nm laser; 
device settings see appendix) 

1
 Modified diagram: Jasco Application Note (030-AN-003) ©JASCO Corporation 
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table 10. Band assignment of spore spectra according to Huang et al.
2
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figure 97. UV/Vis spectrum of silver nanoparticles (1:10 dilution) with maximum at 407 nm 
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figure 98. AFM image of silver nanoparticles (left) and distribution of their equivalent radius (right) 
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table 11. Tentative band assignment for the SERS spectrum of a spore of P. chrysogenum 

ν ν δ

δ

δ

δ

figure 99. SERS spectrum at 532nm excitation of a spore of P. chrysogenum (device settings see appendix) 
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figure 100. Measurement area of SERS mapping of a single spore; 
images on the left represent different focal planes to show 

homogenous coverage of the sample with silver nanoparticles 

figure 101. Overlay of intensity map (ν(CH) at 
2933 cm

-1
) and sample image 
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figure 102. Time dependant SERS spectra of spore sample prepared with method A (device settings see appendix) 

figure 103. Time dependant SERS spectra of spore sample prepared with method B (B1 left, B2 right; device settings see 
appendix) 

figure 104. Time dependant SERS spectra of spore sample prepared with method C (C1 left, C2 right; device settings see 
appendix) 
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figure 105. Changes of normalized intensity of amide III band ('-') and ω(CH2) ('--') over time using three different sample 
preparation methods (method A, B, C); shift introduced for clarity 
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figure 106. Average SERS spectrum of living (red) and dead spores (blue) with standard deviation (device settings see 
appendix) 
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figure 107. Average SERS spectrum of living (red) and dead spores (blue) without standard deviation (device settings see 
appendix) 
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table 12. Tentative band assignment of the SERS spectra of dead and living spores of P. chrysogenum 

ν ν δ

δ

δ

δ

δ δ
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figure 108. Raman spectrum of SERS substrate on a glass slide (device settings see appendix) 
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figure 109. Average spectra with according standard deviation of living (red) and dead (blue) spores (device settings see 
appendix) 

table 13. Band assignment of the Raman spectra of dead and living spores of P. chrysogenum 

ν
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figure 110. Score plot with three spectra standing out from the remaining data 

figure 111. Average spectra of dead (blue) and living spores (red) in comparison to the three single spectra (“bad pixel”) 
recorded at the same measurement spot of a dead spore sample 
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figure 112. Score plot showing a clear differentiation between Raman spectra of living and dead spores 
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