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Bovine cornea was studied with scanning small-angle X-ray scattering (SAXS)

microscopy, by using both synchrotron radiation and a microfocus laboratory

source. A combination of statistical (adaptive binning and canonical correlation

analysis) and crystallographic (pair distribution function analysis) approaches

allowed inspection of the collagen lateral packing of the supramolecular

structure. Results reveal (i) a decrease of the interfibrillar distance and of the

shell thickness around the fibrils from the periphery to the center of the cornea,

(ii) a uniform fibril diameter across the explored area, and (iii) a distorted quasi-

hexagonal arrangement of the collagen fibrils. The results are in agreement with

existing literature. The overlap between laboratory and synchrotron-radiation

data opens new perspectives for further studies on collagen-based/engineered

tissues by the SAXS microscopy technique at laboratory-scale facilities.

1. Introduction

Cornea is a connective transparent tissue comprising about

70% collagen, the majority of which is in the form of a layered

network of ordered fibrils embedded in a proteoglycan-rich

extrafibrillar matrix (Meek & Quantock, 2001). The collagen

fibrils are mainly contained in the stroma, the thickest layer of

the cornea. Immunocytochemical studies (Marshall et al.,

1991a,b) showed the existence of several types of collagen in

cornea, both in fibril- (type I, III and V) and in non-fibril-

forming molecules (type VI and XII) (Zimmermann et al.,

1986; Zhan et al., 1990). The hybrid nature of the collagen

fibrils, especially for the presence of type V molecules, has a

high influence on the fibril diameters (Birk et al., 1990).

The main geometrical properties of the cornea, that is its

shape and curvature, as well as its microscopic and nanoscopic

structure, have been widely investigated using several char-

acterization techniques, like optical and electron microscopy,

and clinical confocal microscopy (Komai & Ushiki, 1991;

Dhaliwal & Kaufman, 2009; Meek & Fullwood, 2001). The

mechanical strength of the cornea together with its refractive

index and transparency are directly related to the collagen

arrangement in its lamellar structure, each lamella containing

long collagen fibrils of uniform diameter (Scarcelli et al., 2012).

At the ultrastructural level, the cornea has been studied over

the past 60 years mostly by electron microscopy and X-ray

diffraction to investigate the fine structure of the collagenous

lamellae comprising the stroma. However, many divergences

were observed between the results arising from electron

microscopy and other characterization techniques, mainly due

to the different conditions of preparation and measurement of
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the samples (Dhaliwal & Kaufman, 2009). Nowadays, the

development of new microscopies, such as second-harmonic

generation multi-photon imaging (Aptel et al., 2010; Masters,

2009) as well as X-ray microscopy, has allowed the quantita-

tive investigation of the organization of the fibril-forming

collagen in cornea. In particular, both small- and wide-angle

X-ray scattering (SAXS and WAXS) allow the collection of

structural quantitative data from the entire cornea and across

its full thickness. The SAXS signal from axially aligned fibrils

in each lamella can provide a quantitative evaluation of the

diameter (’) and the lateral interfibrillar spacing (L), along

the equatorial direction, and of the D periodicity along the

fibril axis, which coincides with the meridional direction

(Boote et al., 2013; Meek & Fullwood, 2001). The presence of

the equatorial contribution in SAXS patterns of cornea is due

to the uniform diameter of the collagen fibrils in cornea and to

a short-range order in their lateral arrangement.

The WAXS signal, produced by the intrafibrillar structure

of the collagen, allows the evaluation of the orientation and

distribution of the collagen molecules and the intermolecular

spacing (Boote et al., 2011, 2013).

The fibril packing was initially ascribed to a regular

(hexagonal) lattice in which lamellae, acting as diffraction

gratings for the incident radiation, are composed of collagen

fibrils of uniform diameter (Maurice, 1957, 1962, 1984).

However, later studies based on electron microscopy and

X-ray diffraction have suggested that the fibrils are not

arranged in a perfect lattice but rather in a liquid-like para-

crystalline system marked out by a short-range order, essential

for corneal transparency. Several mathematical formulations

of corneal transparency have thus tried to prove that the

paracrystalline structure derived from electron micrographs

and X-ray diffraction can give rise to transparency (Birk et al.,

1990; Boote et al., 2003; Meek & Fullwood, 2001).

The organization of the proteoglycan-based extrafibrillar

matrix is fundamental for the regular arrangement of the

collagen fibrils in the stroma (Quantock et al., 1990). The

model developed by Maurice (1962) outlined a structure in

which each collagen fibril is connected with six neighboring

fibrils by means of proteoglycans, leaving a regular spacing

between fibrils. A refined version of this model (Maurice et al.,

2004) showed that the six proteoglycans are attached ortho-

gonally to the fibrils, each of them characterized by a ’
diameter of around 23 nm, and connect the collagen fibrils to

each other. The combined arrangement of proteoglycans and

fibrils forms a ring-like structure of core–shell cylinders with a

shell thickness of �11 nm and an interfibrillar spacing L of

�45 nm. More recently, Cheng & Pinsky (2013) developed a

theoretical analysis of the forces exerted by the proteoglycans

to maintain the short-range order of the collagen fibrils in the

cornea.

All these models provide a good explanation of the stromal

transparency, the observed high structural birefringence and

the clouding of the cornea tissue under stress, together with

the uniformity of the collagen fibril packing (Meek et al.,

1991). More recently (Lewis et al., 2010; Meek & Knupp, 2015)

a model has been developed based on the three-dimensional

tomographic reconstructions of bovine cornea, showing the

collagen fibrils not lying according to a perfect hexagonal

lattice. Indeed, the distribution of distances between adjacent

fibrils was narrow and these distances were the result of two

opposing forces acting on the fibrils by the proteoglycans.

Therefore, the whole cornea has a less rigid and more fluid

overall structure, with the collagen fibrils arranged as in a

Fibonacci quasi-crystal (Meek & Knupp, 2015).

Also, the distribution of water in the fibrils and in the

lamellae can influence the mechanical properties of the cornea

(Fratzl & Daxer, 1993). An X-ray study on the swelling

process of the human cornea has been conducted by Meek et

al. (1991) by measuring the intermolecular and interfibrillar

spacings of collagen in the bovine cornea from wide- and

small-angle X-ray diffraction patterns as a function of tissue

hydration. The interfibrillar spacing increased from L’ 34 nm

in completely dried corneas to L ’ 64 nm at normal hydra-

tion, and the intermolecular spacing increased from d ’
1.15 nm to d’ 1.60 nm, respectively. Both distances continued

to increase slowly for hydration above the normal condition,

suggesting that the interfibrillar spacing and the inter-

molecular packing are correlated and shift simultaneously

with hydration. In greater detail, at the beginning of the

hydration process the water flows within and between the

fibrils, whereas above normal hydration water does not fill the

interfibrillar space uniformly but goes preferentially between

the fibrils rather than within them. X-ray scattering studies on

the correlation between degree of hydration and the char-

acteristics of the human cornea were also conducted by Fratzl

& Daxer (1993) by drying rather than swelling the tissue.

The anisotropy of the fibrillary structure in terms of both

fibril spacing and diameter as a function of the position across

the cornea has also been evaluated in several papers, espe-

cially for the human cornea (Boote et al., 2003, 2011; Meek et

al., 2005). The studies demonstrated that the fibril packing is

not uniform over the corneal surface and is more compact in

the prepupillary cornea compared with peripheral and limbus

zones, showing a smaller center-to-center fibril spacing but a

constant diameter of the fibrils. The higher packing density of

collagen fibrils in the center of the cornea was directly

correlated to the higher refractive index of the stroma,

responsible for the maintenance of the tissue strength and

curvature in this thinner zone. X-ray scattering has also been

used to investigate the alteration of the ultrastructure of the

cornea in the presence of selected diseases and disorders. A

number of papers focused on the study of the diameter and the

intermolecular and interfibrillar spacing in the presence of

bullous keratopathy or Fuchs’ dystrophy with edema (Quan-

tock et al., 1991), several types of mucopolysaccharidose

disorders (Quantock, Meek, Fullwood et al., 1993; Huang et

al., 1996; Rawe et al., 1997), and macular corneal dystrophy

and granular corneal dystrophy (Meek et al., 1989; Quantock,

Meek, Thonar et al., 1993; Quantock et al., 1997). Among these

studies, the understanding of the collagen alterations in

keratoconus is of particular interest.

Keratoconus causes progressive thinning of the stroma and

consequently abnormal curvature, inducing irregular astig-
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matism and myopia, corneal fibrosis, and distortion of vision,

due to the modification in the organization of the corneal

collagen. Daxer & Fratzl (1997) first demonstrated how the

symptoms of this disease were strictly correlated with an

alteration of the preferred collagen orientations at the center

of the cone. Maps of the orientation of the stromal lamellae

and the relative distribution of collagen fibrillar mass in

keratoconus were compared with those of normal corneas, and

showed a high degree of inter- and intralamellar displacement

and slipping. These findings explained well the pathologic area

in the cornea caused by a loss of cohesion between collagen

fibrils along the axis of the lamellae and the non-collagenous

matrix (Meek et al., 2005). Ex vivo and in vivo studies on

human healthy and keratoconic corneas by means of Brillouin

measurements have recently demonstrated that a reduced

mechanical stability is concentrated within the area of the

keratoconic cone (Scarcelli et al., 2014, 2015).

Cross-linking of collagen refers to the ability of collagen

fibrils to form stronger chemical bonds with adjacent fibrils.

This effect naturally occurs in the cornea with age and causes

the enhancement of its strength and stiffness. A new technique

for artificial collagen cross-linking (CXL) (Spoerl et al., 1998;

Wollensak et al., 2003a,b) is based on the photopolymerization

of stromal collagen fibers induced by the combined action of

the riboflavin, a photosensitizing substance, and the ultraviolet

UVA radiation incident on the de-epithelialized surface of the

cornea. This causes a significant increase in corneal stiffness, as

demonstrated in studies on animals using stress–strain

mechanical measurements (Wollensak et al., 2003a,b), asses-

sing the resistance against enzymatic digestion (Spoerl et al.,

2004) or measuring the longitudinal elastic modulus (Scarcelli

et al., 2014). Several studies showed that the CXL treatment is

efficient in stopping the progression of keratoconus disease,

and the increased stiffness of the cornea is widely believed to

be a major determinant of the treatment’s effectiveness

(Wollensak, 2006; Snibson, 2010). However, the mechanism by

which UV-CXL increases the stiffness of the cornea is not

completely understood and is probably due to an increase in

the number of intrafibrillar and interfibrillar covalent bonds in

corneal collagen.

Studies based on SAXS measurements, hydrodynamic

behavior and enzymatic digestion showed no correlation

between the riboflavin/UVA-CXL treatment and the change

of the intermolecular spacing, the collagen fibril diameter and

the D period of corneal collagen (Hayes et al., 2011), different

to what was reported in a previous study (Meek et al., 2008).

This evidence supports the idea that the therapy does not

promote a cross-linking of molecules throughout the fibrils,

but it does not exclude the possibility of cross-linking within

and/or between collagen molecules at the surface of fibrils,

which accords with the observed enhancement of the bio-

mechanical properties and resistance of enzymatic digestion

after treatment.

A key issue in most of the cited X-ray diffraction experi-

ments is the need for high-brilliance synchrotron-radiation

X-ray sources, to obtain high-quality scattering patterns and

therefore to yield qualitative and quantitative information on

the collagen fibrils across the width of the cornea and through

its depth, over several mm2. X-ray methods have the essential

advantage, over electron and other microscopies, that samples

can be investigated close to physiologic hydration. Therefore,

no prior treatment such as dehydration or embedding is

required. Indeed, several papers have shown how the

preparative procedures induce changes in the corneal ultra-

structure (Fullwood & Meek, 1993).

Today, thanks to the recent developments of table-top

X-ray microsources, new opportunities are available to obtain

quantitative information about the arrangement of the

lamellae and fibrils with a spatial resolution of a few tens of

micrometres, also in room-sized laboratories. In our previous

papers (De Caro et al., 2012, 2013; Sibillano et al., 2014) we

demonstrated the effective combination of a table-top

superbright microfocus X-ray source and a restoration algo-

rithm for the investigation of soft natural engineered tissues as

well as inorganic nanomaterials, by means of SAXS/WAXS

experiments realized in a room-sized laboratory. Interesting

performance and flexibility have been demonstrated in ex situ

grazing-incidence SAXS (Altamura, Holý et al., 2012) on self-

assembled nanoscale inorganic superstructures, as well as in ex

situ SAXS experiments on air-dried rat tail tendon (De Caro et

al., 2012), and residues of cell exosomes and artificial collagen

scaffolds (Sibillano et al., 2014).

Here, we investigate a bovine cornea by SAXS scanning

microscopy, with the aim of setting up a procedure able to

derive the collagen supramolecular structure. The proposed

methodology, based on the combination of statistical and

crystallographic approaches, demonstrates the possibility of

performing structural change studies of corneal tissues in

room-sized laboratories, after chemical/physical treatments.

The correctness of the adopted methodology is deduced by

comparing synchrotron-radiation data with table-top X-ray

microsource data, besides the abundant data from the litera-

ture.

2. Experimental

2.1. Sample preparation

A bovine whole eye (�1 year old) was obtained 2–4 h post-

mortem (Research 87 Inc., Boylston, MA, USA) and

preserved at 277 K until the beginning of the UV-CXL

procedure. For the cross-linking procedure, the corneal

epithelium in the central portion (diameter �10 mm) of the

bovine eye was removed by gentle scraping with a blade

(Parker 15; BD Biosciences, San Diego, CA, USA). The cross-

linking agent riboflavin (riboflavin-5-phosphate; Sigma–

Aldrich, St Louis, MO, USA) was diluted in phosphate-

buffered saline to a riboflavin solution of 0.1%, in order to

keep the corneal thickness constant during the CXL proce-

dure. The cornea without epithelium was fully soaked in the

riboflavin solution for 10 min. Excess riboflavin on the tissue

surface was washed away with saline solution. Corneas were

then exposed to UV irradiation (wavelength 365 nm,

3 mW cm�2) for 30 min. During irradiation, a drop of ribo-
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flavin solution was applied to the cornea every 5 min. After

corneal cross-linking, the tissue was again washed out with

saline solution and dried with a paper cloth. Finally, the

corneas were surgically extracted from the eye-ball and fixed

in 10% formalin, following the standard procedure used for

histologic analysis. The corneas were then shipped within the

same formalin solution for the X-ray investigations.

2.2. Synchrotron-radiation experiments

Scanning SAXS experiments were performed at the cSAXS

beamline (Bunk et al., 2009) of the Swiss Light Source (SLS),

Paul Scherrer Institut, Villigen, Switzerland. A monochro-

matic X-ray beam (� = 0.09116 nm, E = 13.6 keV) was focused

down to about 30 � 15 mm by a bent monochromator crystal

and a bent mirror. The corneas, kept in formalin within a

Kapton sachet, were placed perpendicular to the direct beam

and raster scanned through the beam spot, with the detector

measuring the total intensity coming from the currently illu-

minated spot on the sample, integrated over the exposure time

and across the sample thickness. Step sizes of 100 mm in both

the horizontal and the vertical directions, and exposure times

of 0.1 s, were used. To speed up acquisition, data were

recorded in a continuous line-scan mode where the sample is

moved at constant speed along a line of the two-dimensional

raster scan, with the Pilatus 2M detector (Bunk et al., 2009)

continuously recording data. SAXS data were collected at a

sample–detector distance of 7126 mm.

2.3. Laboratory experiments

Scanning SAXS experiments were also performed at the

XMI-L@b of the Institute of Crystallography, National

Research Council, Bari, Italy. The XMI-L@b has a Rigaku

three pinhole camera (SMAX-3000) coupled to a Fr-E+

SuperBright rotating copper anode microsource (2475 W,

copper radiation Cu K�, � = 0.15405 nm, 8 keV) by means of

multilayer focusing optics (Confocal Max-Flux; CMF 15–105).

The X-ray beam can be focused down to about 70 � 70 mm

(small spot configuration) or down to 200 � 200 mm (large

spot configuration). The cornea, kept in formalin within a

Kapton sachet, was placed perpendicular to the direct beam

and raster scanned vertically and horizontally through the

beam spot, with the detector measuring the total intensity

coming from the currently illuminated spot on the sample. The

diffraction signal is integrated over the exposure time and

across the sample thickness. Step sizes of 100 mm (small spot)

and 300 mm (large spot) in both the horizontal and the vertical

directions, and exposure times of 150 s, were used. The

detection system was a Triton 20 gas-filled proportional

counter (1024 � 1024 array, 195 mm pixel size). SAXS data

were collected at a sample–detector distance of 2200 mm

(Altamura, Lassandro et al., 2012). Table 1 summarizes the

most important experimental details of the table-top (XMI-

L@b) and synchrotron (cSAXS) experiments.

3. Results

The bovine cornea that underwent the UV-CXL procedure

was studied by SAXS scanning microscopy at both labora-

tories described in x2. Comparable areas, namely 10 � 10 mm

at cSAXS and 8 � 10 mm at XMI-L@b, were explored.

The analysis of SAXS scanning microscopies was performed

by the SUNBIM software (Siliqi et al., 2016). Each of the two-

dimensional SAXS frames was calibrated by a silver behenate

sample (Blanton et al., 1995), azimuthally integrated and

folded into a one-dimensional intensity profile. Two sets of

data were collected, referred to from now on as the cSAXS-

SLS and XMI-L@b data sets, respectively. The adaptive

binning (ADB) method (Guagliardi et al., 2007) was then

applied to look for a finite number of representative profiles in

the entire set of measurements. Fig. 1(a) shows the profiles

(from now on called the cSAXS-SLS reference data) selected

by ADB from the cSAXS-SLS data set. Here, the blue line is

the contribution coming from the region outside the corneal

tissue, whereas the red and the green profiles correspond to

typical collagen fiber diffraction spectra for the regions with

and without epithelium, respectively. The sharpest peaks in

both red and green curves correspond to the expected meri-

dional reflections of the type I collagen scattering profile, due

to the 65 nm periodicity along the fibril axis (marked with

dotted vertical lines). The broader peaks identify the equa-

torial reflections that carry information about the fibril

diameters and the interfibrillar distances (lateral collagen

packing). The red and green profiles shown in Fig. 1(a),

corresponding to cSAXS-SLS reference data 1 and cSAXS-

SLS reference data 2, respectively, are identical in terms of the

meridional diffraction peak position and differ only in the

equatorial scattering. The insets in Fig. 1(a) show the two-

dimensional SAXS frames corresponding to each repre-

sentative profile.

A canonical correlation analysis (CCA) (Hotelling, 1936)

was performed across (thousands of) azimuthally integrated

one-dimensional profiles of the cSAXS-SLS data set. CCA is a

multichannel generalization of ordinary correlation analysis,

which quantifies the relationship between two random vari-

ables x and y by means of the so-called correlation coefficient,

a scalar quantity with a value between �1 and 1 that measures

the degree of linear dependence between x and y.
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Table 1
Relevant experimental details used for table-top (XMI-L@b) and
synchrotron (cSAXS) experiments.

XMI-L@b (IC-CNR) cSAXS (SLS)

Energy (keV) 8 13.6
Wavelength (Å) 1.54 0.91
Flux (photon s�1) �107 �1012

Beam size (mm) 70 � 70 30 � 15
Pixel size (mm) 195 172
Sample–detector distance (mm) 2200 7126
Beam stopper size (mm) 5.5 3
qmin (Å�1) 0.005 0.0017
dmax = 2�/qmin (nm) 125 370
Exposure time per point (s) 150 0.1
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When applying correlation analysis to SAXS data, the

variables x and y need to be specified. In ordinary correlation

analysis, x and y are univariate variables and, in our case, the x

variable consists of each one-dimensional profile of the entire

cSAXS-SLS data set, whereas the y variable is one of the three

representative cSAXS-SLS reference profiles in Fig. 1(a). The

result of this statistical screening is plotted in Fig. 1(b), where

the red corona and the green central part display the actual

distribution of the cSAXS-SLS reference data across the

explored area. The ADB analysis was also done on the

laboratory data set, and three representative profiles were

consequently extracted (henceforth referred to as the XMI-

L@b reference data) and compared in Figs. 1(c) and 1(d) with

the corresponding cSAXS-SLS reference data. The lower

X-ray source coherence and intensity are reflected in a lower

visibility of the meridional peaks in the XMI-L@b reference

data. A similar procedure was also applied to the XMI-L@b

data set; the resulting segmentation map showed a red color in

the outer corona without the epithelium layer and a green one

in the center of the cornea (data not shown).

The main difference between the green and red profiles in

Fig. 1(a) is due to the equatorial scattering, as can be clearly

recognized in Fig. 1(a), where meridional peaks (marked by

the vertical lines) keep the same position in both the green

and the red patterns, whereas the equatorial peaks shift to

lower q values in the red pattern. Therefore, we applied a

selective filter to the cSAXS-SLS reference data in order to

remove the meridional contribution from the 65 nm periodi-

city. Technically, one can extract the equatorial signal from the

whole diffraction pattern by considering it as the background

of the whole spectrum. When the meridional diffraction peaks

are very weak it is not necessary to eliminate them from the

experimental data. Therefore, this filtering procedure was

applied only on the SLS experimental data. The result of this

filtering is shown in Figs. 1(c) and 1(d) (left panels, black lines)

for the cSAXS-SLS reference data. A de-noising procedure

(Siliqi et al., 2016) was applied to the XMI-L@b reference

data, after the two-dimensional raw data were azimuthally

integrated into one-dimensional profiles. The de-noised

patterns are shown as black lines in Figs. 1(c) and 1(d) (right

panels). For each profile of the cSAXS-SLS and XMI-L@b

reference data, the background was linearly interpolated and

used for the following analysis.

Fig. 2(a) shows the cSAXS-SLS filtered data [same black

curves in Figs. 1(c) and 1(d)]. In order to interpret the data, we

calculated the pair distribution function (PDF) of the red and

green profiles by the PDFGETX3 program (Juhás et al., 2013).

The software computes the Fourier transform of the diffracted
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Figure 1
(a) cSAXS-SLS reference data, as selected by adaptive binning from the cSAXS-SLS data set: blue background, red and green SAXS profiles
corresponding to the two-dimensional SAXS data of the insets; (b) results of the canonical correlation analysis on the explored area (cSAXS-SLS data
set), with the red color corresponding to the red profile in (a) and marking the outer corona without epithelium layer and the green color corresponding
to the green profile in (a) in the center of the cornea; (c) cSAXS-SLS (left) and XMI-L@b (right) reference data for the red profile marking the outer
corona without epithelium layer; (d) cSAXS-SLS (left) and XMI-L@b (right) reference data for the green profile marking the center of the cornea. Black
lines are the filtered cSAXS-SLS and de-noised XMI-L@b reference data.
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intensity, i.e. the distances between pairs

of scattering centers (here fibrils),

contained in the scattering volume. The

PDF profiles for the cSAXS-SLS

filtered data are shown in Fig. 2(b). A

similar procedure was also carried out

for the XMI-L@b data set. Figs. 2(c) and

Fig. 2(d) represent the comparison

between the PDF profiles obtained

from the cSAXS-SLS and XMI-L@b

data sets.

Figs. 3(a) and 3(b) show the PDF

profiles, from the cSAXS-SLS and XMI-

L@b data sets, with overlaid dotted

lines, labelled as L,
ffiffiffi

3
p

L, 2L,
ffiffiffi

7
p

L, 3L

etc. These lines correspond to the PDF

peak positions computed for an ideal

array of fibrils packed according to a

centered hexagonal symmetry, as picto-

rially described in Fig. 3(c). In the

model L represents the interfibrillar

distance, and each fibril is made up of a

core with diameter ’ and a shell of

thickness S (see inset of Fig. 3c). The

shell value can be extracted from the

position of the first PDF peak, whereas

the diameter ’ can be determined as the
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Figure 3
(a), (b) Comparison between PDF profiles obtained from the cSAXS-SLS and XMI-L@b data sets; (c) pictorial model of the position of an array of fibrils
packed according to a centered hexagonal symmetry. The inset shows a typical fibril, which is made up of a core with diameter ’ = L � 2S and a shell of
thickness S.

Figure 2
(a) Filtered cSAXS-SLS reference data; (b) PDF data extracted from profiles in (a); (c) and (d)
comparisons between PDF profiles obtained from the cSAXS-SLS and XMI-L@b data sets.
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difference ’ = L � 2S. Table 2 summarizes the fibril shell, the

interfibrillar distance and the fibril diameter, derived from the

PDF analysis of the cSAXS-SLS and XMI-L@b data sets,

which characterize the cornea structure in the red corona and

green central area of Fig. 1(b). A good correspondence was

found between synchrotron and laboratory data.

4. Discussion

Both synchrotron and laboratory data revealed the following:

(a) There is a decrease in the interfibrillar distance and in

the shell thickness around the fibrils from the periphery to the

center of the cornea; the central area coincides with the region

(�10 mm) where the epithelium has been removed for the

CXL treatment.

(b) No significant change in the diameter of the fibrils was

measured across the explored area.

(c) The array of fibrils resulted in a packing according to a

centered hexagonal symmetry (in first approximation, see

more below).

The three major findings of our analysis, extracted from

both laboratory and synchrotron-radiation data sets, are

validated by the literature. Indeed, the decrease of the inter-

fibrillar distance L from �62 nm (outer corona) to �56 nm

(center of the cornea) found from our PDF analysis confirms

the same trend reported by Ho et al. (2014), Freund et al.

(2008) and Cheng & Pinsky (2013). In the latter work, the

same PDF approach was adopted to evaluate the radial

distribution function gðrÞ from electron micrographs on

human cornea. Secondly, the decrease in the shell thickness of

about 15–20% determined by our approach can be ascribed to

the effect of cross-linking within proteoglycan core proteins

(intraproteoglycan and interproteoglycan cross-links), as

reported in the literature (Hayes et al., 2013). Lastly, the core

diameter, derived as the difference between the interfibrillar

distance and the shell thickness, ’ = L � 2S �36–40 nm, was

found to be equal in the explored area. Concerning this result,

Ho et al. (2014) showed that the collagen fibril diameter of

bovine cornea stayed constant at a value of around 36–38 nm

across the entire area of the tissue.

Finally, in order to explore the validity of the structural

model adopted to describe the PDF data, we derived simu-

lated PDF data assuming that the fibrils are assembled

according to either a centered hexagonal (Fig. 4a) or a Fibo-

nacci packing (Fig. 4b), the latter being

a reliable description of the fibril

packing over larger areas (Lewis et al.,

2010; Meek & Knupp, 2015). The

radially integrated profiles derived from

Figs. 4(a) and 4(b) have been compared

with the PDF data extracted from the

untreated peripheral zone of the

cornea, i.e. with the red profiles of

Fig. 3(a) (cSAXS-SLS data set), and

with the PDF data extracted from the

cross-linked zone, i.e. with the green

profiles of Fig. 3(b) (cSAXS-SLS data

set). This comparison, displayed in

Figs. 4(c) and 4(d), respectively, allows

us to conclude that the hexagonal

packing better explains the actual order

in the cornea, especially in the area

treated with riboflavin and UVA.

5. Conclusions

The main aim of the presented work was

to propose a procedure, based on

statistical (adaptive binning and cano-

nical correlation analysis) and crystal-

lographic (pair distribution function

analysis) approaches, to investigate the

collagen ultrastructure in cornea.

Cornea tissue is a particularly suitable
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Table 2
The shell thickness S, interfibrillar distance L and fibril diameter ’,
derived from PDF analysis of the cSAXS-SLS and XMI-L@b data sets.

S (nm) L (nm) ’ = L � 2S (nm)

cSAXS-SLS – outer zone 11.5 � 1 62 � 1 39 � 3
cSAXS-SLS – cross-linked zone 9 �1 56 � 1 38 � 3
XMI-L@b – outer zone 11.5 � 1.5 63 � 1.5 40 � 4.5
XMI-L@b – cross-linked zone 10 � 1.5 57 � 1.5 36 � 4.5

Figure 4
(a) Centered hexagonal fibril packing; (b) Fibonacci fibril packing; (c) radially integrated profiles,
derived from (a) and (b), here blue and black profiles, respectively, compared with the PDF data
extracted from the untreated peripheral zone of the cornea, i.e. with the red profiles of Fig. 3(a)
(cSAXS-SLS data set); (d) radially integrated profiles, derived from (a) and (b), here blue and black
profiles, respectively, compared with the PDF data extracted from the cross-linked zone, i.e. with the
green profiles of Fig. 3(b) (cSAXS-SLS data set).
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model of study thanks to the huge number of results available

in the literature. The same cornea was explored by scanning

SAXS microscopy with both a table-top and a synchrotron

X-ray microsource to obtain a direct comparison between data

sets of different quality. Several studies have already demon-

strated the suitability of synchrotron-radiation X-ray diffrac-

tion methods (Meek & Fullwood, 2001; Meek & Boote, 2009;

Meek, 2009; Boote et al., 2003; Meek & Fullwood, 2001; Meek

et al., 1991; Meek & Knupp, 2015; Fratzl & Daxer, 1993) to

obtain ultrastructure details and quantitative information on

the molecular structure of cornea. Therefore, synchrotron

data and the literature were used to validate the method

proposed here and applied to inspect the lateral packing of the

collagen microfibrils in the cornea ultrastructure, and to prove

that reliable data can also be extracted with laboratory

instrumentation. Considering the technical details reported in

Table 1, laboratory instrumentation needs a much longer total

acquisition time and shows a clear limitation of maximum

length visibility (dmax = 2�/qmin). However, there are some

research projects which cannot be implemented at a

synchrotron beamline, because they need a systematic and

dedicated daily effort to achieve quantitative and statistical

information. For this type of study, table-top instrumentation

could still be a valid opportunity.
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