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Abstract 
The role of extracellular matrix collagen in tumour cell migration is currently under close scrutiny. Understanding 
the form of this involvement could lead to significant breakthroughs in cancer diagnosis and treatment. The aim of 
this research has been to measure the structural changes in collagen associated with invasive carcinoma in human 
breast tissue using small-angle X-ray scattering and second-harmonic generation imaging. Measurements of 
collagen supra-molecular structure using small-angle X-ray scattering data indicate that degradation of collagen 
plays a major role in invasion. This is demonstrated by an increase in the axial period (64.27 ± 0.30 nm in normal 
tissue and 0.45 nm larger in tumour tissue), and an increase in the amorphous scatter between the second and sixth 
axial peaks (by a factor of two) in tumour tissue. Second-harmonic generation images are in agreement with 
regards the dominance of collagen degradation, with both qualitative and quantitative evidence. Qualitatively the 
collagen fibres are observed to be broken and less dense in tumour tissue. The observation of lower mean signal 
intensities (by 30 %) also indicates a decrease in well-defined collagen fibres. However, the observation of fine 
fibres associated with tumour tissue, with fibril diameters indicating immature status, suggest that fibrillogenesis 
may also be present. 

Introduction  
The involvement of extracellular matrix (ECM) collagen type I in breast tissue malignancy has been demonstrated 
in a number of studies, the form of this involvement ranging from a passive degradation of collagen fibres (Pucci-
Minafra et al. 1987, Wang et al. 2002), to an active role whereby collagen synthesis and deposition are increased 
(Kauppila et al. 1998). The majority of studies into structural changes in collagen associated with cancer have 
utilised one method in isolation and hence only piecemeal evidence was acquired. The research presented here 
combines two methods for the structural study of collagen in human breast tissue: small-angle X-ray scattering 
(SAXS), which provides information on the nm to µm scale; and second-harmonic generation imaging (SHG), 
which provides a collagen specific imaging modality yielding information on a µm to mm scale.  
 
SAXS is ideal for studies of collagen type I and has been used extensively for this purpose (eg Fernandez et al. 
2002, Orgel et al. 2006). Collagen type I molecules are rods with a length of 280 nm and a diameter of 1.15 nm. 
The rod-like molecules form fibrils by a staggered arrangement where the shift in axial direction is from 
approximately 64 nm to 67 nm, depending on the tissue in which it is found and the presence of other collagen 
types. This axial period gives rise to sharp maxima in the diffraction pattern in the meridional direction. Earlier 
SAXS results indicate that the axial period is larger and that scattering is increased in tumour regions, suggesting a 
breakdown in the collagen fibrillar structure (Fernandez et al. 2002). Whilst these results are interesting, utilising a 
method such as SHG for imaging the collagen fibres directly offers valuable insights. SHG is a second-order 
nonlinear optical process, the signal being produced by constructive interference in non-centrosymmetric 
environments. Fibrillar collagen, being a non-centrosymmetric chiral molecule, is ideally suited to SHG, and 
studies have shown the method to be highly specific for collagen imaging (Wang et al. 2002). In fact, methods have 
been developed for its use in breast cancer diagnosis (Pearson 2005). 
 
Materials and Methods 
Tissue preparation 
Tissue was sourced from human breast tissue biopsy or mastectomy samples from consenting patients. Immediately 
after surgical removal, tissue samples were frozen in liquid nitrogen for storage at -80 0C until transported to the 
Daresbury Laboratory Synchrotron Radiation Source. This tissue was used in SAXS experimentation for 
measurements of the axial period of the collagen molecules, and the SAXS signal intensity. After completion of 
SAXS experimentation, the tissue samples were fixed in formalin and embedded in paraffin, according to 
conventional histopathology procedures. The sample set comprised 8 normal, 8 tumour (invasive carcinoma), and 7 
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benign samples. The normal samples were sourced from mastectomy tissue in the opposite quadrant to the tumour, 
and were diagnosed as normal breast tissue by a pathologist. 
 
Tissue was also sourced, again from human breast tissue biopsy samples from consenting patients, in order to 
conduct SHG imaging on tissue that had not been exposed to X-rays. This comprised of two tissue samples from 
the same patient; one at the tumour site (diagnosed as tumour) and one 6 mm away from this site (diagnosed as 
normal). This tissue was also fixed and embedded, according to conventional histopathology procedures. The 
embedded samples were sectioned at 20 µm, mounted on microscope slides with cover slips and SHG imaging of 
these slices was then conducted. In addition, 6 µm slices were produced, these being studied and classified by a 
pathologist using conventional Hematoxylin and Eosin (H&E) staining methods. This enabled comparisons 
between SAXS, SHG and conventional diagnosis.  
 
Experimental procedure 
SAXS data was collected using the fixed energy X-ray beam (1.54 Å) at station 2.1 at the Daresbury Laboratory 
Synchrotron Radiation Source. The tissue samples were placed in glass capillary tubes of diameter 1.0 ± 0.25 mm, 
being kept fully hydrated in a saline buffer solution. The samples were oscillated through the beam in order to 
provide an image representing the average tissue composition. The beam size at the sample was 1 x 1 mm2, and 
exposure times of 300 s were used. A camera length of 6.25 m was chosen in order to gain access to the strong 
collagen scattering rings in the images, the observable scattering vector q range being roughly 0.09 nm-1 to 0.66 
nm-1. A 200 x 200 mm multiwire detector (512x512 pixels) at station 2.1 was used to register the SAXS signals, 
and rat-tail tendon collagen was used as a calibrant.  
 
The SHG data was collected at the Electron Microscope Unit at the University of Sydney. Laser light from a 
Coherent Mira tunable pulsed titanium sapphire laser, of wavelength 830 nm and pulsewidth approximately 100 fs, 
was utilized in order to produce SHG signals from collagen in the tissue samples. The power at the sample was of 
the order of 30 mW. The microscope system used was a Leica DMIRE2 inverted stand equipped with a Leica TCS 
SPII multi-photon system, equipped with dual photomultiplier transmitted light detectors (PMT). The objectives 
used were: a 25x NA 0.75 oil-immersion planapochromat and a 40x NA 1.25 oil-immersion planapochromat. An 
oil-immersion condenser was also used. The pulsed laser light was passed through the tissue sample, a 415/10-nm 
narrow bandpass filter being used to pass the 415 nm SHG signals and exclude fluorescent signals in the PMT. The 
PMT voltage was adjusted in order to acquire bright images of collagen fibres (requiring a range from 500 V to 800 
V), and images were also taken at a representative setting for intensity comparisons (500 V). SHG images were 
collected as frame-by-frame sequential series, the average of four images at the same position being used in order 
to reduce the effects of background signals. Leica software was utilized to form images using the SHG signals.  
 
Data analysis 
The SAXS data were corrected for detector artifacts, incident beam decay and sample attenuation, and were 
calibrated using the rat-tail collagen image. A summation of the intensity values between the second and sixth axial 
peaks (q range of 0.2 nm-1 to 0.6 nm-1) was measured using in-house software (PCDetpak) for each sample. In 
addition, the intensity values were multiplied by the quantity s2 (where s = (q/2π)) in order to reduce the dynamic 
range and enhance the intensity in the peaks. The enhanced two-dimensional data was radially averaged to provide 
one-dimensional data as a function of q. This data was then analysed using a peak-fitting program (Peak fit version 
4.12, Seasolve), a best-fit baseline being removed (usually quadratic) and Gaussian peaks then being fitted. High 
accuracy was achieved in these fits, the average R2 being 0.95. The centre of the peaks was recorded (in terms of 
q), then converted to a value for the axial period. The SHG images were analysed using the open source software, 
ImageJ (version 1.35q). This was used to visualise collagen morphology and produce profile plots. Intensity values 
from the profile plots were used in the peak-fitting program, from which fibre diameters were measured. 
 
Results and Discussion 
Two-dimensional SAXS images were analysed for each sample, these being found to be similar to those presented 
in our earlier work (Falzon et al. 2006). The axial peaks were found to be stronger in the normal tissue image when 
compared with tumour and benign, indicating the presence of a greater amount of well-ordered collagen. This 
hypothesis was confirmed by histopathology analysis of fibrous content of the tissue, which was found to range 
from 80 % to 100 % in the normal tissue samples and 0 % to 30 % in the tumour tissue. This reduction in collagen 
content can be attributed to a number of factors: the presence of adipose; the infiltration of carcinoma cells; the 
degradation of collagen. A study of the histopathology slides indicated that the adipose content of both tumour and 
normal samples were similar, containing less than 20 % adipose. Hence it can be concluded that the proportion of 
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adipose cannot explain the difference in collagen content. The presence of infiltrating carcinoma cells, however, 
was observed, and would have contributed to a reduction in collagen.  
 
Histopathology cannot be used to study the presence of collagen degradation and yet it is well known that 
proteolysis occurs in carcinoma. Previous SAXS research (Fernandez et al. 2002) demonstrated that this 
disintegration of collagen leads to an increase in the surface area of the scatterers and hence the SAXS intensity. 
We tested this in our images by measuring the summed intensity, comparing the means for normal and tumour 
tissue. The q range chosen for this measurement was 0.2 nm-1 to 0.6 nm-1, representing the region containing the 
bright 3rd and 5th axial peaks. The mean summed intensity for normal tissue was 55 ± 11 a.u. (s.d., n=8), and 104 ± 
37 a.u. (s.d., n=8) for tumour tissue. This increase in SAXS signal for tumour tissue, in spite of the reduction in 
axial peak intensity, is in agreement with previous research suggesting the presence of degraded collagen. 
 
Axial period measurements were conducted using our images by fitting peaks to the one-dimensional data as 
described in the materials and methods section. The mean values are given in Table 1. Values using the 3rd peak 
were noted separately since this was usually more well-defined than the 5th axial peak. The values using both the 3rd 
and 5th peaks are also given. Note that one of the tumour samples contained significant necrosis, leading to a large 
reduction in the peak intensity, hence peaks could not be fitted for this sample. It can be seen that our results show 
a slight increase in axial period in tumour tissue, as observed in earlier research (Fernandez et al. 2002). One- and 
two- tailed student t-tests were applied to the axial period values for normal and tumour tissue. Both distributions 
were tested for normality and the “two sample assuming unequal variances” test applied for α = 0.05, with a 
hypothesized mean difference of zero. The difference was found to be significant, with the p value being < 0.05. 
 
Table 1 Axial period of collagen molecules in human breast tissue as measured using SAXS   

 Normal  Tumour Benign 

Mean for 3rd axial peak (nm) 64.09 ± 0.27 (s.d., n=8) 64.71 ± 0.28 (s.d., n=7) 64.30 ± 0.23 (s.d., n=7) 
Mean for 3rd and 5th axial 
peak (nm) 

64.27 ± 0.30 (s.d., n=14) 64.72 ± 0.38 (s.d., n=11) 64.58 ± 0.37 (s.d., n=13) 

 
SHG imaging of the tissue was employed to directly observe the collagen and hence add validity to our SAXS 
results. Figure 1 shows representative images for normal and tumour tissue samples. These images were collected 
at different PMT voltages and an equalize histogram transform applied to the original images in order to clearly 
observe the collagen structure. It was found that the normal tissue contained densely packed, curly collagen fibres. 
The tumour tissue contained regions of straighter, fine collagen fibres (Fig 1b) and regions of degraded collagen 
(Fig 1c), the collagen distribution being sparse in both when compared to that in normal tissue. In addition, mean 
pixel intensity values for collagenous regions were calculated for normal and tumour tissue. These were found to be 
27.40 ± 9.99 a.u. (s.d., n=50) for normal tissue, 11.99 ± 4.01 a.u. (s.d., n=75) for tumour tissue, representing a 
reduction of roughly 30 % in the tumour tissue. This reduction in SHG signal can be attributed to a reduction in 
both the density and integrity of the collagen. These results correlate with the SAXS analysis in that collagen 
degradation is evidently present in tumour tissue. 

Figure 1: SHG images from normal (a) and tumour (b and c) human breast tissue. Scale bar, 100 µm. 
 (a) (b) (c) 
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of a number of smaller macromolecular modules known as fibrils. The SHG signal radiates from the shell of 
collagen fibrils (Williams et al. 2005), and hence may be justifiably used to study fibre and their constituent fibril 
diameters. Plot profiles of the SHG intensity were produced using both normal and tumour tissue images. The 
peaks in these profiles represented collagen fibres, the grouping of several fibrils. A peak-fitting program was used 
to find the widths of peaks representing fibres in these profiles. Fibres in normal tissue were found to have a range 
of 65 nm to 971 nm (n=79), whereas fibres in tumour tissue were found to have a range of 87 nm to 500 nm 
(n=133). This indicates that the maximum diameter of collagen fibres in tumour tissue has a lower value than that 
for normal tissue. The fibre diameter distributions were then used to obtain fibril diameters: a histogram of fibre 
diameters yielded peaks, distances between the peaks representing fibril diameters. The range and mean fibril 
diameter for normal tissue was found to be 22 nm to 84 nm, and 48 ± 18 nm (s.d., n=9) respectively. For tumour 
tissue, fibril diameters were found to have a range of 20 nm to 52 nm and a mean value of 37 ± 11 nm (s.d., n=8). 
These results indicate that the tumour fibrils have a lower maximum and mean value. In addition, the distribution of 
fibril diameters was found to be more unimodal for tumour tissue than for normal tissue. 
 
The magnitude for these values agrees with electron microscopy (EM) and SAXS studies (Eikenberry et al. 1982a 
and 1982b). EM and SAXS results also indicated that immature collagen fibrils exhibit a unimodal distribution of 
smaller diameters, and that this distribution evolves to a broad distribution of fibril diameters as growth proceeds, 
with larger fibril diameters (Eikenberry et al. 1982a and 1982b). This indicates that the straight, fine fibres we 
observed in tumour tissue may be composed of immature fibrils. An alternative possibility is that these fine fibres 
comprise collagen present only in fetal and tumour tissue, known as OF/LB collagen (Pucci Minafra et al. 1986). 
Evidence for this includes: reconstituted OF/LB collagen consists of fibrils that are significantly thinner than 
reconstituted fibrils of ordinary type I collagen (consistent with our data); OF/LB axial periodicity is larger than 
collagen type I (also consistent with our data). This poses interesting possibilities with regards its role in tissue 
invasion and metastasis.  
 
Conclusion 
We have utilised SAXS and SHG in order to study collagen involvement in invasive carcinoma in human breast 
tissue. Measurements of axial period and SAXS signal intensity agree with earlier studies, showing that both the 
axial period and signal intensity increase in the presence of invasive carcinoma. Our SHG results indicate that 
collagen degradation is the dominant process in malignancy but suggest that fibrillogenesis is also present, opening 
avenues for interesting research as to the role of collagen in tissue invasion. 
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