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ABSTRACT 

A multiphoton microscope has been developed to investigate the sources of nonlinear fluorescence (TPEF) and second 

harmonic generation (SHG) in non-stained samples of ex-vivo corneas. Stacks of images from different depths are 
recorded to reconstruct high-resolution 3D (volume) images of the cornea. The corneal epithelium and endothelium 

provide significant TPEF signal, while the only source of SHG is the stroma. Within the stroma, the keratocytes can also 
be visualized. Volumetric 3D images of the cornea combining TPEF and SHG signals are useful to characterize the 

organization of the corneal collagen and to describe the distribution of keratocytes. These images will help to better 

understand how different pathologies modify the corneal structure and to control the changes produced by surgical or 
healing processes.   
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1. INTRODUCTION  

There is an increasing interest in the use of multiphoton (non-linear) microscopy in different fields, and in particular in 
Biomedicine. This imaging modality has become an important tool due to its advantages compared with classical 

techniques, which mainly include background discrimination, reduced photobleaching effects and minimal photodamage. 
In particular, two-photon excitation fluorescence (TPEF)1 and second harmonic generation (SHG)2 are promising 

imaging modalities for deep-tissue microscopy imaging. Both TPEF and SHG signals are only produced in a small focal 

volume, what leads to autoconfocality and permits high resolution 3D optical sectioning. Moreover, since sample 
excitation only occurs at the focal point, the overall photodamage is greatly reduced across the sample. Another 

advantage of non-linear optical microscopy lies in the fact that all processes are intrinsic, and labelling and fixation 
procedures that might eventually modify the properties of the sample are avoided. 

In particular, the eye contains structures that can be visualized under non-linear microscopy3-6. The cornea is the 

main refractive element of the eye and its transparency is essential for good visual performance. Morphologically, the 
cornea is divided into well-defined layers: the epithelial cells, the corneal stroma and the endothelial layer. Most corneal 

thickness corresponds to the stroma, which is largely composed of type I collagen, made of an assembly of fibrils 

forming sets of bundles. This collagen presents a non-centrosymmetric organization with triple-helical structure 
responsible for the intrinsic SHG ability4. 

SHG signal from collagen was early reported7, but it was not until 2002 when multiphoton (non-linear) microscopy 

was used to further explore the corneal structure
3
. Although little attention has been paid to the non-linear imaging of the 

epithelium and the endothelium, these corneal layers provide autofluorescence signal and might be analyzed using 

TPEF8. 

Different authors have studied the stroma structure from SHG imaging3-6, 9, however a systematic study of the 
arrangement of the collagen structures as well as an in-depth analysis of the 3D corneal structure using combined TPEF-

SHG signals would provide useful new information. In this work, we have reconstructed volume renderings of ex-vivo 

corneas of different species to explore the collagen distribution as well as the structures providing non-linear signals. 

  








 

2. METHODS 

1.1 Experimental setup 

We used a research prototype multiphoton microscope built on an inverted microscope and with a femtosecond 

Ti:Sapphire laser (760 nm) for sample illumination. A set of two galvanometric mirrors (XY scanning) and Z-scan motor 
allowed the recording of stacks of images to reconstruct 3D volumetric images of the corneal samples. The backward 

non-linear signals from the sample are collected through the same microscope objective, pass a dichroic mirror and reach 
the photon-counting detection unit. A pair of filters allows the sequential registration of either TPEF (broadband 

fluorescence filter, 435-700 nm) or SHG (narrow-band spectral filter, 380±10 nm) signals from the corneas under 
analysis. Custom developed software controls the whole image recording process and posterior post-processing. 

Recorded images subtend 210x210 m2 (250x250 pixels). 

1.2 Samples 

Intact excised eyes from porcine and bovine were placed up-side-down on a glass bottom dish filled with solution to 

avoid dehydration during measurements. Human corneas from donors were excised with a trephine right after death, 
immersed in PBS and imaged a few hours later. All samples were neither fixed nor stained. The series of images were 

adquired at the central cornea. 

3. RESULTS 

Figure 1 shows TPEF images of a porcine cornea at different depths. Figures 1a and 1b correspond to two different 

layers of the epithelium lying 50 m apart: epithelial wing cells and basal cells respectively. In these cells the non-linear 

fluorescent signal comes from the cell cytoplasm, leaving the nucleus dark. Basal cells connect the basement membrane 
 show the keratocytes inside the stroma at two different 

depths. These can be identified through the fluorescent cytoplasm and dark non-fluorescent nuclei. The endothelial layer 

is found at approximately 580 m and provides a significant TPEF signal (Fig. 1e). This was the deepest layer producing 
a detectable autofluorescent signal. The origin of this non-linear signal is similar to that of the epithelial cells. 

 

Figure 1: TPEF images of a porcine cornea at depths of 10, 60, 80, 280 and 580 m. Bar size: 50 m. Epithelial cells (a and 

b); keratocytes (c and d); endothelial cells (e). 

SHG images of porcine, bovine and human corneas at different depths beneath the anterior corneal surface are 

presented in Figure 2. A direct visual inspection indicates that TPEF (Figure 1) and SHG images (upper panels in Figure 

2) provide different morphological information from the same sample. For all species, the epithelium (Figures 2a, 2e and 
2i) lacks of SHG signal and the image appears dark. This changes when imag

2j), which is the first corneal layer where SHG signal becomes important. With increasing depth, SHG images reveal the 

collagen distribution within the cornea. These multiphoton microscopy images of deeper layers present enough contrast 
to be analyzed revealing different features of the stromal arrangement, strongly depending on the sample. 

The intensity profiles of both TPEF and SHG signals obtained from a human corneal as a function of depth are show 

in Figure 3. Both signals show a different profile: whereas TPEF signal has two local maximum values corresponding to 
the epithelial area and the endothelium, the SHG intensity pr

reduced when going deeper into the corneal stroma. The minimum SHG signal occurs at the endothelial layer, where the 
TPEF signal shows the second local maximum. 





 

 

Figure 2: Representative SHG images at different depths for porcine (top row), bovine (middle row) and human (bottom 

row) corneas. The depths in microns are: (a), (e) and (i), 10; (b) and (f), 70; (c), 280; (d), 560; (g), 315; (h), 720; (j), 40; 

(k) 150 and (l), 350. Bar size: 50 m. 

 

Figure 3: TPEF (black line) and SHG (grey line) signal profiles of a human cornea as a function of corneal depth. 

The series of images registered as a function of corneal depth were used to reconstruct a volume rendering of each 

cornea. Figures 4a and 4b depict the 3D reconstruction for TPEF and SHG signals respectively. Figure 4c and 4d shows 
cross-sections of the stack. A direct comparison reveals the corneal structures providing both TPEF and SHG signals. 

distribution across the corneal thickness.  





 

 

Figure 4: 3D reconstruction of a porcine cornea obtained from series of SHG (a) and TPEF (b) images. (c, d) Tomographic 

sections of the cornea extracted from (a) and (b) respectively. Bar size: 50 m. 

4. CONCLUSIONS 

We have used a multiphoton microscope to obtain high resolution 3D TPEF-SHG images of ex-vivo corneas. The cornea 

samples from different species were neither fixed nor stained. Every sample was fully in-depth imaged with enough 
contrast to analyze specific spatial features. Only the stroma provided SHG signal, whereas TPEF signals corresponded 

to the epithelium, endothelium and the keratocytes. Volumetric 3D images show the distribution of the keratocytes 

across the corneal thickness as well as the different layers of epithelial cells. Moreover, the arrangement of the collagen 
bundles within the stroma was visualized in detail for the different species. TPEF-SHG volume renderings may help to 

better understand the corneal organization in healthy or treated eyes. 
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