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A B S T R A C T   

Corneal cross-linking (CXL) with riboflavin and ultraviolet A light is a therapeutic procedure to 
restore the mechanical stability of corneal tissue. The treatment method is applied to pathological 
tissue, such as keratoconus and induces the formation of new cross-links. At present, the mo
lecular mechanisms of induced cross-linking are still not known exactly. In this study, we 
investigated molecular alterations within porcine cornea tissue after treatment with riboflavin 
and ultraviolet A light by surface enhanced Raman spectroscopy (SERS). For that purpose, after 
CXL treatment a thin silver layer was vapor-deposited onto cornea flaps. To explore molecular 
alterations induced by the photochemical process hierarchical cluster analysis (HCA) was used. 
The detailed analysis of SERS spectra reveals that there is no general change in collagen sec
ondary structure while modifications on amino acid side chains are the most dominant outcome. 
The formation of secondary and aromatic amine groups as well as methylene and carbonyl groups 
were observed. Even though successful cross-linking could not be registered in all treated sam
ples, Raman signals of newly formed chemical groups are already present in riboflavin only 
treated corneas.   

1. Introduction 

Keratoconus is a pathological condition where the central cornea is progressively thinned resulting in protrusion of the tissue. In 
many cases, keratoconus leads to astigmatism and worsening of visual acuity, which in severe cases can only be treated by corneal 
transplantation. Previous attempts to explain the loss of corneal integrity in keratoconus eyes have assumed changes in the orientation 
of the collagen fibrils [1], enzyme-mediated loss of collagen [2], increased oxidative damage [3,4] or failed fibrillogenesis [5]. 

Since cross-links of the collagenous matrix play a critical role in the maintenance of its optical and biomechanical properties, 
treatment approaches are aimed to generate new protein cross-links and to stabilize the tissue. 

There are two major types of cross-links that naturally occur and stabilize the corneal tissue., The enzymatic cross-linking is the 
most abundant type [6]. It is based on oxidative deamination of the ϵ-amino group of lysine residues between collagen molecules 
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resulting in the formation of Schiff base type bonds. Another type is a non-enzymatic cross-linking (glycation). Reactions between 
glucose and free aldehyde groups lead to advanced glycation end-products (AGEs). Glycation is a major contributor to changes in 
biomechanics with age. 

To enhance biomechanical properties of the corneal tissue and counteract worsening of keratoconus, photochemical cross-linking 
with riboflavin as photosensitizer and ultraviolet light irradiation has been developed [7]. The standard protocol involves removing 
the central 10 mm of the epithelium and treating the cornea with 0,1% riboflavin solution for 30 min. The cornea is then exposed to 
ultraviolet light (370 nm, 3 mW/cm2) for 30 min [8]. There are clinically used modifications of the standard protocol that use higher 
intensity light up to 9 mW/cm2 for 10 min (accelerated CXL) with application of the same energy dose resulting in similar stiffening of 
the cornea [9]. 

The CXL treatment is assumed to lead to photochemical polymerization and generation of new covalent bonds within collagen 
fibrils involving the formation of singlet oxygen and other reactive oxygen species (ROS), thus enhancing the biomechanical properties 
of the cornea [10,11]. Although several macroscopic effects like increased tissue stiffness [12,13], higher resistance to enzymatic 
digestion [14] or changes in fibril architecture [15] have been reported, only a limited number of studies has investigated CXL on a 

Fig. 1. Cornea Flaps of 160 μm thickness are divided into three segments as shown. This segmentation was chosen to make it easier to cut the flaps. 
(A) depicts the samples before and (B) after application of silver layer. Group I is the untreated control group. Group II has been treated with 
riboflavin only and group III has been treated with riboflavin and ultraviolet light. 
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molecular level [10,16–20]. Since the available literature offers various findings about the induced cross-links (e.g., ether type bonds, 
amide bonds, dityrosine cross-links), characterizing the biochemical changes of the cross-linking process might provide not only better 
understanding of the process itself but also provide valuable information to adapt clinical parameters (e.g., treatment time) towards an 
increased efficiency of the overall process and improvements of the patient outcome. 

In recent years several methods, such as fluorescence spectroscopy [21], mass spectrometry [22,23] or gel electrophoresis [19], 
were published for the determination of cross-links in proteins. However, none of these methods directly target molecular mechanisms 
of cross-linking. Molecular spectroscopic techniques, such as Infrared and Raman spectroscopy are non-destructive approaches for 
structural analysis of many disease related molecular mechanisms. In particular, Surface Enhanced Raman Spectroscopy (SERS), a 
special type of Raman spectroscopy, provides highly specific molecular information and offers a superior sensitivity [24]. 

The presented work aims to investigate the molecular alterations induced by CXL treatment. Since Raman spectroscopy is a 
technique that can asses collagen bond formation it can be used to better describe the nature of the crosslinks and limit the number of 
possible mechanisms leading to its creation. For this purpose, we used porcine cornea as a model for human cornea. The identification 
of molecular alterations induced by riboflavin and ultraviolet A light was performed by using SERS in combination with a multivariate 
data analysis. Understanding the molecular processes of cornea cross-linking will drive knowledge on the molecular mechanisms of 
CXL treatment and is therefore also an essential presumption for an individual and optimized therapy. 

2. Material and methods 

2.1. Sample preparation and cross-linking procedure 

Fresh pig eyes were received from a local slaughterhouse. The eyes are a waste product and no pig was sacrificed specifically for this 
study. The fresh eyes were transported refrigerated and used for sample preparation within 6 h on the day of delivery. After extra- 
ocular tissue had been removed all eye globes were de-epithelialized using a scalpel. Central corneal flaps 160 μm thick were cut 
with a lamellar rotating microkeratome (Amadeus I, Ziemer Ophthalmic Systems, Port, Switzerland). Corneal flaps have to be used 
since silver deposition under high vacuum conditions would not have been possible for an intact eye. Subsequently each sample flap 
was divided into 3 segments as shown in Fig. 1A. One segment was used as control sample (group I), the second segment sample was 
treated with riboflavin but not irradiated with UV light (group II) and finally the third segment sample was treated with riboflavin and 
ultraviolet light (group III). Samples of group II and III were soaked in 0.1% riboflavin solution with 10% dextran for 10 min. 
Immediately after soaking, samples of group III were irradiated with ultraviolet light (370 nm, 9 mW/cm2) for 10 min according to the 
accelerated CXL protocol [9]. During irradiation, small drops of Riboflavin solution were applied two times within the 10 min to 
prevent the tissue from drying. The accelerated CXL protocol used here shows similar effectiveness in stiffening the cornea compared to 
the standard protocol but is much less likely to be affected by dehydration effects of the upper corneal layers [25,26]. In contrast to the 
standard protocol, a 10% dextran solution was used to avoid further possible dehydration. A loss of water in the cornea would also lead 
to distinct signals in the Raman spectra and thus overlay the molecular signals of the induced stiffening. The accelerated protocol 
induces stiffening preferentially in the upper layers of the cornea. In the examinations of the prepared corneal samples, stiffening of the 
deeper layers can be omitted, since the high mechanical strength as in the actual therapeutic application does not have to be achieved 
here and SERS is a surface analytical method. Finally, all samples were placed on object slides and sent for further sample preparation. 

2.2. Polarization-sensitive OCT imaging 

Prior to deposition of the silver layer and Raman spectroscopy, cross-linking in the upper third of the stromal tissue was verified by 
polarization-sensitive optical coherence tomography (PSOCT) perfomed with the PSOCT system (TEL220PSC2, Thorlabs GmbH, 
Germany) with a spectral range around 1300 nm was applied for imaging porcine eyes before and after ultraviolet illumination. 
Similar to the described sample preparation, intact eyes instead of flaps were accordingly treated and cross-linked by riboflavin and 
ultraviolet illumination. Acquired cross-sectional images were processed by a custom Matlab (MathWorks Inc., Natick, USA) software 

Fig. 2. Representative cross-sectional depolarization images of porcine cornea before ultraviolet illumination (A) and after ultraviolet illumination 
(B) in CXL treatment process. Scale bars correspond to 300 μm. (C) Depth-resolved, i.e. anterior to posterior direction, plot of mean DOP values for 
marked ROIs. 
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routine and the degree of polarization (DOP) was calculated [27]. A refractive index of 1.38 [28] was assumed for specifying depth 
information. 

Previous studies indicate that the effective cross-linking region is not homogenous throughout the corneal stroma but mostly 
located in the upper third [29]. Since corneal tissue consists of highly organized collagen fibrils it exhibits both birefringent and 
depolarizing properties. Changes of the polarization-related properties can be analyzed by use of PSOCT. To verify the effective 
cross-linking depth of prepared samples PSOCT cross-sectional images before ultraviolet illumination (A) and after ultraviolet illu
mination (B) are registrated shown in Fig. 2., The different depolarization contrasts between Fig. 2A and B indicate that the 
cross-linking treatment induces a change in the optical properties of the birefringent corneal stroma. As visualized in the related 
depth-resolved plots (C), this effect is most pronounced in the uppermost 200 μm of the stroma. Although the limited axial resolution 
and a strong corneal surface reflex limit insights on changes in the first molecular layer, the treatment results in a less pronounced 
depolarizing anterior stroma which we assume includes the corneal surface. We hypothesize that these conditions can be explained by 
changed patterns of collagen fibril organization. It is important to note that the variable size and shape of nanoparticles in the silver 
layer for SERS experiments make it impossible to determine a precise penetration depth of the plasmon field into the cornea tissue 
structure. However, surface topography and roughness of the dried cornea might benefit the formation of Ag nanoparticles aggregates. 
Thus, we assume that the penetration depth of the plasmon field is much larger than few nanometers, as it would be for ideal and 
isolated nanoparticles. Since significant molecular alterations are localized in the anterior stroma, SERS spectra of cross-linked corneal 
tissue have been obtained for the first time by enhancing signal intensities in corneal tissue that is in contact with the silver layer 
(Fig. 3). 

2.3. Preparation of silver layer 

Before applying the silver layer, corneal tissue was tempered for 24 hand pre-dried under vacuum for 73 h at 37 ◦C and a pressure of 
4⋅10− 4 bar. The samples silver layer was deposited in the vacuum chamber (Creamet 300 V2, Creavac, Germany) at a constant rate of 
0.01 nm/s for 8 min resulting in a layer thickness of roughly 5 nm. Fig. 1B shows the resulting samples after deposition of the silver 
layer. 

2.4. Raman spectroscopy 

Raman spectra were recorded in reflection configuration using a RamanRXn spectrometer (Kaiser Optical Systems Inc., Ann Arbor, 
USA) coupled to a light microscope (DM2500 P, Leica Microsystems GmbH, Wetzlar, Germany). Raman signals were excited by a 785 
nm diode laser (Invictus 785 nm NIR, Kaiser Optical Systems Inc., Ann Arbor, USA). The light was focused on the sample surface with 
an Olympus objective (20×/NA = 0.45) resulting in a spot size of around 50 μm. The laser power was set to 200 mW. For each cornea 
sample five Raman spectra from different points were acquired by averaging 20 individual spectra with an exposure time of 2 s each. 
The spectral range was 400 cm− 1 – 3250 cm− 1 and the spectral resolution was 4 cm− 1. Table 1 summarizes the recorded spectra for 
each sample group. 

2.5. Spectral data processing 

Spectroscopic data pre-processing and hierarchical cluster analysis was performed using Matlab (MathWorks Inc., Natick, USA). 
First, all spectra were reduced to the spectral range of 500 cm− 1-1800 cm− 1. In order to minimizes noise scattering, Savitsky-Golay 
smoothing was applied (11-point window size and third-degree polynomial). Spectra were corrected by subtracting a linear 

Fig. 3. Schematic drawing of the experimental setup for SERS of porcine cornea flaps. Samples are placed on calcium fluoride slides to minimize the 
background signal. The exciting laser beam is focused on the surface where cross-links are believed to have the highest density and backscattered 
light is collected through the objective for spectral analysis. 
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baseline fitted on manually defined points (ν1, ν1 +5 cm− 1, 630 cm− 1, 1140 cm− 1, 1505 cm− 1, ν2-10 cm− 1, ν2-5 cm− 1 and ν2 where ν1 
and ν2 500 cm− 1 and 1800 cm− 1, respectively) followed by vector normalization. Hierarchical clustering dendrograms were calculated 
with City Block distance metric and average distance clustering. 

3. Results and discussion 

3.1. Raman spectra of the cornea samples 

To access molecular alterations induced by the CXL treatment, individual spectra were collected on non-treated samples (group I), 
on riboflavin only treated samples (group II) and riboflavin and ultraviolet treated samples (group III). Fig. 4A displays the calculated 
mean spectrum and bands of standard deviation of raw spectra for each of the three groups in the spectral range of 400–3200 cm− 1. 
Spectra of group III show the highest SERS intensities but also strong variations. Spectra of group II and group III show a fluorescence 
background in addition to the collagen signals, which cannot be observed in group I. The fluorescence background is more pronounced 
in spectra of group III compared to spectra of group II. We assume that fluorescence is induced by molecular alterations after CXL 
treatment. Even though samples of group II and III are treated with riboflavin in the same way, no absorption bands of riboflavin 
(Appendix Fig. 1) can be found in the recorded spectra. Fig. 4B displays the calculated mean SERS spectra after smoothing, baseline 
correction and vector normalization in the spectral region between 400 and 1800 cm− 1. Main spectral features are the amid I and amid 
III band centered around 1650 cm− 1 and 1250 cm− 1, respectively. The signal at 1450 cm− 1 is assigned to CHx-deformation modes. The 
region between 850 and 950 cm− 1 is composed of different C–C protein backbone modes as well as C–C vibrations of proline amino 
acids. All three groups show a nearly identical intensity of the phenylalanine band at 1001 cm− 1 which is an important marker for the 
protein content. Table 2 lists the main spectral features and band assignments of the SERS spectra of cornea [30,31,32,33]. Closer 

Table 1 
Spectra collected for each group and number of samples.  

Group Treatment Number of samples Spectra obtained 

I Control 10 50 
II Riboflavin only 10 50 
III Riboflavin and ultraviolet light 10 50  

Fig. 4. (A) Mean and standard deviation of the raw Raman spectra cornea flaps from 10 different porcine eyes. Control group I black (n=50), 
Riboflavin only group II blue (n=50), Riboflavin and ultraviolet treated group III red (n=50). (B) Mean Raman spectra after correction for baseline 
and fluorescence, smoothing and normalization in the spectral region 500-1800 cm− 1. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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inspection of the spectral data shows a very similar behavior for the two treated sample groups II and III, however differences between 
these are way more subtle and need to be analyzed in detail. Therefore, the spectral data was subjected to a hierarchical cluster 
analysis. 

3.2. Cluster analysis 

Fig. 5 shows the results of hierarchical cluster analysis. The dendrogram displays two distinct main branches with different 
numbers of sub clusters. While cluster ➀ contains with 94 spectra (63% of all spectra) by far the majority of the entire data set, seven 
clusters (➁,➂,➃,➄,➆,➈,➉) of the other main branch represent together only 20 spectra (13%) predominantly belonging to group III. 
Another larger cluster (➅) contains 35 spectra (23%) of group II and group III. The dendrogram indicates no clear separation between 
spectra of the three groups. Moreover, the branching pattern shows further inconsistencies in the data set. Spectra of group I are 
represented only by cluster ➀. It should be noted that the immediately neighboring cluster ➇ contains only one spectrum of group I. 
Spectra of group II are nearly equally distributed between clusters ➀ and ➅. 18 spectra of group III are unequally distributed on seven 
clusters. The most surprising result is that 32 spectra of group III are assigned to cluster ➀ and ➅, respectively. Furthermore, the 18 
spectra of the other main branch represent only 6 samples. Overall, the results of hierarchical cluster analysis point to a scenario where 
the expected cross-linking process accompanied by molecular alterations cannot be observed in all recorded SERS spectra and is, in 
general, not apparent in all treated samples. Fig. 6 shows the spectra grouped to three classes according to their cluster assignment and 
group membership. Only 26 out of 50 spectra of the fully treated samples could be assigned to either class 2 (“transition state”) or class 
3 (“cross-linked state”), therefore the cross-linking effect is only observable in around 50% of the spectra. To date, several studies have 
investigated the stiffening effect of cross-linking treatment with different methods (c.f., [34,35,36]) and it could conceivably be hy
pothesized that the CXL treatment does not cause substantial molecular alterations in each individual cornea. This leads to high 
variations between individual samples and difficulties in distinguishing them [37]. Furthermore, clinical benefits of CXL can differ 
among patients where several cases show a continued progression of corneal ectasia [38,39]. However, the observation of spectral 
differences distinguishing spectra of group III from group I and II indicates that molecular alterations must be present after the 
cross-linking procedure at least in a subset of samples. Thus, the question arises which molecular alterations can be identified. 

Although the spectral profiles in Fig. 6A appear to be quite similar at first glance, a closer inspection of the calculated mean spectra, 
shown in Fig. 6B, reveals five regions of the spectrum that stand out clearly as characteristic for each of the three classes. The most 
prominent features are the spectral profiles centered at 1518 cm− 1 and between 1304 cm− 1 to 1365 cm− 1, which increase progres
sively from class 1 to 3. Also, the weaker signals between 1080 cm− 1 and 1132 cm− 1, at 1604 cm− 1 and between 1750 cm− 1 to 1772 
cm− 1 show a similar behavior. Among all distinct features, only the band at 1517 cm− 1 is not present in spectra of class 1. This band can 
be assigned to secondary or aromatic amines which have a Raman active C–N–H bending mode around 1510 cm-1 [33]. This is 
underlined by the signal at 1604 cm− 1 that also represents a C–N–H scissoring band. It should be noted that possible interferences in 
this region are from the aromatic ring or hetero ring modes. The signals between 1304 cm− 1 and 1365 cm− 1 are assigned to defor
mation modes of CH2 groups (c.f. Table 2). The pattern of bands between 1080 cm− 1 and 1132 cm− 1 can be assigned to C–N and C–C–C 
modes. The signal between 1750 cm− 1 and 1772 cm− 1 is attributed to the C––O vibration which is generally weak in Raman spectra. As 
already mentioned above, all these signals increase from class 1 to 3. Only the signal at 1450 cm− 1 exhibits a slight opposite trend. The 
spectral profile of collagen is in all three classes present and no significant band shift could be observed, which suggests no general 
changes in the collagen secondary structure. Thus, the hypothesis based on these findings is that amino acid side chains of the collagen 
backbone are predominantly involved in the initiated cross-linking process. The results are in line with those of previous studies that 
consider bonds between amino acid side chains as the most dominant result of CXL [10,16,18]. Jung et al. investigated the effects of 
CXL treatment on the human sclera with Raman spectroscopy [16]. In this study, the tissue was cross-linked according to the Dresden 
protocol. Spectroscopic data revealed a simultaneous shift of the C–C–C (around 393 cm− 1) and S–S (401 cm− 1) strech band to higher 
wavenumbers. A new band appeared at 1126 cm− 1 (C–N) and at the same time the intensity of the CH2 mode located between 1322 
cm− 1 and 1338 cm− 1 is increased. These changes of C–N and CH2 bands were also evident in the spectra of the cornea. It seems 

Table 2 
Main Raman bands and their assignments in cornea samples (ν = stretching vi
bration, δ = deformation vibration, γw = wagging out of plane, γt = twisting out of 
plane).  

Raman Shift (cm− 1) Assignment 

814–922 ν(C–C) of proline/hydroxyproline 
938 ν(C–C) of protein backbone 
1003 phenylalanine 
1099 ν(C–N) 
1245 Amide III, δ(NH) 
1271 Amide III, δ(NH) 
1318 γt (CH2) 
1341 γw (CH2) 
1450 δ(CH2)/δ(CH3) 
1517 δ(CNH) of aromatic/secondary amines 
1666 Amid I, ν(C––O)  
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plausible that molecular alterations in scleral tissue are of the same origin as in corneal tissue. 
The fact that modes of amino groups appear as well as the increased intensities of bands associated with CH2 groups clearly points 

to molecular processes associated with the formation of secondary or aromatic amino groups and methylene groups. This is also 
supported by the growing intensities of C–N modes. The minimal decrease of the band centered at 1450 cm− 1 indicates a degradation 
of chemical groups causing C–H deformation modes in this region. 

Since many spectra of class II show features similar to class III, we suppose the existence of a transition state where the number of 
cross-links increases. This transition state contains signals that are also characteristic for class III (1518 cm− 1, between 1304 cm− 1 and 
1365 cm− 1, 1080 - 1132 cm− 1, 1604 cm− 1 and 1750 - 1772 cm− 1) but less pronounced. The 29 samples of class II belong to group II 
that are samples treated with riboflavin only. We assume that samples are already altered partially by ultraviolet radiation of the 
ambient light, which leads to the production of sufficient ROS to start the cross-linking process [7]. This would be plausible since 
contact of the sample with ambient light was not blocked during the incubation time in riboflavin. It should be mentioned that 
quantification of the spectral signals, especially the changes, is helpful for the interpretation of the molecular processes. However, 
since a reliable referencing is required for this purpose and corresponding standards for the molecular processes of corneal stiffening 
are not yet known, no quantification of the spectral signals can be performed. 

The detailed evaluation of the spectra leads to the conclusion that molecular bonds alone do not cause the changed mechanical 
properties. While the spectroscopic data show the formation of bonds, these alone do not explain the macroscopic picture. The pre
sented results show that molecular bonds are involved in the crosslinking but it cannot be concluded that covalent bonds occur be
tween individual collagen chains. We assume that due to the ROS initiated processes weak molecular bonds like polar-polar or 
hydrophobic-hydrophobic interaction between collagen chains become more pronounced, leading to an enhanced mechanical sta
bility of corneal tissue. However, an inherent limitation of the technique lies in the registration of weak molecular bonds that cannot be 
detected directly by Raman or SERS, if at all. Although the formation of side groups, especially amino and carbonyl groups with a high 
polar fraction, also lead to weak polar interactions, these forces cannot be detected by the spectroscopic methods. Furthermore, it must 
be considered that the molecular matrix, i.e. the collagen backbone, remains unchanged in its secondary structure and that 
comparatively few molecular changes account for stiffening. The results of the study refute the hypothesis that covalent bonds between 
side groups of the collagen chains are primarily the cause of mechanical stiffening after CXL treatment. 

From clinical view, the CXL procedure is an established treatment that stabilized a progressive keratoconic cornea over years [40, 
41,42], where the failure rate is very low for the standard protocol (7.5%) as well as accelerated protocols (13.6%) [43]. This is in 

Fig. 5. Dendrogram of the hierarchical cluster analysis. The table indicates the membership of SERS spectra, belonging to group I, II or III and the 
assignment of spectra to individual samples. 
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contrast to the observed cross-linking effect in the presented study were only 50% of the treated samples have shown molecular al
terations. This also points to the theory that increased cornea stiffness is created not only by new molecular bonds but also by other 
processes which are not associated with structural changes. Based on other ex vivo investigations, CXL increases the corneal tissue 
measureable by a higher Young’s modulus [12]. This was also evident using other methods such as inflation tests [44] or air-puff 
tonometry [45]. Furthermore, a biomechanical stiffening effect was also found In vivo [46]. In general, deviations from successful 
CLX treatment of keratoconus show that in addition to a molecular crosslinking, further changes in the cornea also may lead to 
stiffening. However, these changes have not yet been extensively investigated. We conclude that formation of new molecular bonds of 
CLX treated corneas is one among other possible processes for an increased stiffness of the tissue. 

4. Conclusion 

Understanding the nature of the crosslinks formed by CXL is clinically relevant for improving the Dresden protocol or developing 

Fig. 6. (A) Plot of spectra summarized to three classes and colored according to their cluster membership as indicated in the legend. (B) calculated 
mean spectra of the three classes. 
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new treatments for keratoconus. The study used SERS as a surface sensitive spectroscopic method to detect molecular changes, i.e. in 
particular the formation of new covalent bonds, in porcine corneal tissue treated with CXL. In about 50% of the samples examined, an 
increase in SERS bands assigned to amino groups was observed after CXL treatment. Similarly, stronger Raman signals from methyl and 
carbonyl groups were registered, which could contribute to further intermolecular forces and thus to corneal tissue stiffening. Changes 
in the secondary structure of collagen were not observed. The study thus refutes hypotheses that covalent bonds between protein side 
groups are a major cause of corneal stiffening after CXL treatment. 
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Appendix 

Fig. 1. Raman spectrum of Riboflavin and its major peaks (top) Mean Raman spectra of cornea flaps (bottom).  
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