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Abstract: Structural biomarkers determined by X-ray scattering of the tissues can complement
conventional diagnostics and provide a pathway for early detection of diseases. In the present study,
mouse models were utilized to observe the progress of prostate cancer. We induced cancer in the left
lobe of the mouse prostate, whilst the right lobe was left uninoculated. The mice were sacrificed at
several time points (Days 2, 4, 7, and 16 after inoculation), and the lobes were analyzed using X-ray
scattering. Control samples were also collected from healthy mice sacrificed at the same time points.
This investigation revealed that the ratio between the X-ray scattering peaks associated with the lipids
and water can serve as a structural biomarker of cancer, and this biomarker develops as the tumor
advances. The obtained cancer trajectory can serve as a baseline for the determination of the disease
stage, and the biomarker movement along the trajectory can be evidence of the healing or disease
progression.
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1. Introduction

Prostate cancer is the second most common cancer in men worldwide, with a lifetime risk of 1
in 9. It is primarily diagnosed in older men, with about 60% of cases in the U.S. occurring in those
over age 65 [1]. At initial diagnosis, most cancer is confined to the prostate, although some cases
progress to advanced stages, frequently spreading to organs such as the bones and liver. In 2022,
there were almost 1.5 million new cases globally, and age-standardized incidence rates are similar in
the US and UK at approximately 75 per 100,000. In the same year, there were 34,000 deaths in the U.S.
and 13,000 in the UK as a result of prostate cancer [2]. Prostate cancer clearly presents a significant,
continuing health and socioeconomic burden.

Advances in prostate cancer understanding have required in-depth comprehension of its
associated pathobiology supported by the development of various research platforms and models.
Such models include those based on cell lines for genetic studies and drug screening. However, this
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in vitro work generally lacks a realistic representation of tumor heterogeneity and relevant tissue
microenvironments. To address these limitations, in vivo murine models have been evolved,
providing a more complete depiction of prostate tumor microenvironments [3]. During the
progression of prostate cancer through to metastatic stages, the tumor microenvironment undergoes
significant modification, including changes to the extracellular matrix (ECM) and vasculature.
Significantly, there appear to be similarities in stromal alterations between primary tumor and bone
metastases [4], suggesting a critical role for the microenvironment (its architecture and components)
in the effective disease progression. It has been well demonstrated that a particular challenge for
prostate cancer therapy lies in its unique microenvironment, where, unusually, greater T-cell
infiltration is correlated with poorer outcomes, as an example [5].

As with many complex pathologies, there are several gaps and challenges in understanding the
etiology and progression of prostate cancer. Recently, new methods to study and characterize
prostate tissues have been explored, enabling new understandings of metastatic change.

Several physical science-based approaches have been developed for potential cancer diagnostic
and monitoring probes. Of particular interest in the study of prostate cancers is mass spectrometry
imaging, which has addressed issues of tissue heterogeneity and enabled the acquisition of lipid and
metabolite profiles from different architectural prostate components, as well as their response to
tumor progression [6]. Another method capable of mapping on relatively wide histological scales and
increasingly used to address various diagnostic demands is Raman spectroscopy. This promising
optical method with high spatial resolution for cancer diagnosis and treatment monitoring has
matured to clinical application [7]. When applied to prostate cancer, it has indicated increased lipid
synthesis and intracellular lipid heterogeneity within cancer cells [8]. Perhaps a less mature analysis
approach involves the measurement of X-ray scatter. X-rays are scattered whenever they pass
through materials, which is the basis of crystallography. The fundamental experiment is to quantify
the scatter features when tissues are illuminated with small-diameter X-ray beams. This diagnostic
probe provides a detailed characterization of long- and short-range molecular order in terms of
features such as molecular repeat distances and magnitude of disorder. It has previously been used
to characterize ECM components of a small range of tissue types, especially those containing fibrous
proteins (e.g., collagens), lipids, and ectopic calcifications [9]. These components exhibit specific
features at certain values of the transfer momentum, g, and the cancer-induced modifications of these
features can serve as structural biomarkers for early cancer detection. The technique we have termed
Vitacrystallography has been successfully applied in previous studies, for example, to investigate
atypical collagens associated with breast tumors and ECM invasion [10,11], lipid structures in liver
cancer [12], and alterations to triglycerides in breast cancer [13-17].

There is an increasing interest in cancer-associated lipid metabolism, given the suggested role of
these molecules in supporting the rapid growth and survival of tumors. It was shown [12-16] that in
human breast tissues, the peak at approximately g = 14 nm, corresponding to inter-fatty-acid
molecular distances, is prominent in healthy samples, but its height reduces in cancerous samples.
Concurrently, at approximately g = 20 nm-, the magnitude of another peak, associated with the
oxygen-oxygen distance in the tetrahedral structure of water, increases in cancerous tissues.

For the first time, our study takes the initial steps toward exploiting X-ray scattering to examine
tissue ECM components associated with prostate cancer and its progression. We have used a mouse
model to initiate prostate cancer and have subsequently tracked temporal changes (cancer trajectory)
in adipose characteristics as measured by X-ray scattering. The results have been compared to those
related to healthy mice, tracked across the same temporal periods. We have shown that the structural
biomarkers in the mouse prostate tissues are the same as in the human breast tissues, with the
magnitudes of the peaks associated with the lipids and water being modified as the tumor advances.

2. Results

To establish the cancer trajectory, we induced prostate cancer in mice by inoculation of the cell
line RM-1 into the left anterior prostate. Inoculated mice were sacrificed on Days 2, 4, 7, and 16 after
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the operation, along with control mice that were not inoculated. The cell line is luciferase-expressed,
so the tumor development can be visualized using D-luciferin injection before the sacrificial. The
images of the sacrificed mice and the removed prostates (with the left prostate lobe being on the right
in the images) are displayed in Figure 1 (a). The measured bioluminescence is shown in Figure 1 (b)
separately for the Region of Interest (ROI) of the excised prostate and ROI at the upper torso region

from the whole-body image.
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Figure 1. (a) Representative bioluminescence images of the whole body and excised prostate post implantation
of RM-1 luciferase cells (5x10°) into the anterior prostate at Days 2, 4, 7, and 16; (b) Measured bioluminescence

flux.

Increased bioluminescence flux indicates tumor progression, initially within the left lobe of the
prostate and thereafter throughout the body. It should be noted that the right lobe of the prostate
remains almost unaffected, so it can be used as an additional control.

The prostates of the inoculated and control mice were separated into the left and right parts, and
the samples were prepared for the X-ray scattering measurements on beamline 122 at Diamond Light
Source [18]. The representative images of the observed scattering patterns are shown in Figure 2 for
(a) the control and (b) inoculated mice.
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Figure 2. WAXS images for (a) control mouse and (b) inoculated mouse.
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After azimuthal integration, the intensity of the scattered signal can be represented as a function
of the distance to the center, which, in turn, can be recalculated in terms of the momentum transfer
as q = (4m sin 0)/A, where 20 is the scattering angle and sin 20 is the ratio of the distances from the
pixel to the center and from the sample to the detector. In this work, we focus on the structural
biomarker associated with the ratio of the magnitudes of the lipid and water peaks. In Figure 3, we
present the intensity dependence on the momentum transfer in the range of 10 - 20.5 nm.. The panels
(a) and (b) show the results for the left and right lobes of the prostate, respectively.
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Figure 3. Dependence of the intensity on the momentum transfer at various time points after inoculations and
control samples for (a) the left part of the prostate and (b) the right part of the prostate.

This figure reveals that the structure of the peaks changes for the left part of the prostate as the
tumor progresses. For Days 2 and 4, the curves' shapes are similar to those of the control, while for
Day 7, the lipid and water peaks have the same magnitude, and for Day 16, the water peak dominates.
The curve's shape remains unchanged for the right part of the prostate. To get deeper insight, we
perform the Gaussian fit of the peaks and demonstrate the results in Figure 4. We also present the
results for control mice sacrificed at specific time points.
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Figure 4. Magnitudes of the peaks at various time points. (a) Lipid peak for the left part of the prostate; (b) Lipid
peak for the right part of the prostate; (c) Water peak for the left part of the prostate; (d) Water peak for the right
part of the prostate.

This analysis confirms our conclusion that, for the cancer-affected left lobe, the magnitude of the
lipid peak decreases, and the magnitude of the water peak increases as the tumor progresses. In the
right lobe, these magnitudes remain essentially constant.

3. Discussion

Our results show that the prostate cancer trajectory in the mouse model can be observed in X-
ray scattering patterns. The lipid peak, associated with the inter-fatty-acid molecular distances,
reduces intensity as the tumor progresses, while the magnitude of the water peak, corresponding to
the oxygen-oxygen distance, increases. The structural biomarker, based on the ratio of the lipid and
water peaks, was previously used to classify human breast cancer samples [13-17]. However, we
showed here that this biomarker is also applicable to prostate cancer in mice. Moreover, we followed
its modifications at various time points and established the cancer trajectory.

Our results have several implications. First, we showed that structural biomarkers are identical
for humans and animals. Animal models allow researchers to perform experiments that are
impractical or ethically impossible with humans, but the applicability of the obtained results can be
questioned. X-ray scattering addresses the molecular structure of tissue components (lipids, in our
case), which are the same for humans and animals, and we showed that the response to cancer is the
same as well. Second, we showed that structural biomarkers are universal among the organs. It was
found initially in human breast tissues but also appears in the mouse prostate. It simplifies the
equipment for future diagnostics using X-ray diffractometers. It should be noted that even though
the current results are obtained in the synchrotron facilities, this biomarker can be observed in
laboratory apparatus as well [16,17]. Finally, and importantly, the established cancer trajectory could
possibly be used to determine the efficiency of cancer treatment. Clinicians may be able to
continuously monitor structural biomarkers to decide whether or not they return to healthy values
along the trajectory.

Our current studies represent an initial step toward determining structural biomarkers, their
temporal evolution (trajectory), and their applicability in cancer diagnosis and treatment. They
should be expanded to involve more animals for better statistics and, in particular, to eliminate the
variability of the control samples seen in Figs. 4 (b,d). They can also be extended to other organs
within the mouse model. Other biomarkers need to be investigated, from the triglyceride peak at g =
1.5 nm to the collagen reflexes and those of glycoproteins. We have already shown in the canine
model [19,20] that the keratin in the dog's claws can serve as a cancer biomarker. We believe that the
structural biomarkers monitored using X-ray scattering can potentially drive breakthroughs in the
diagnostics of cancer and other diseases and our understanding of the functionalities of organisms.
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4. Materials and Methods

4.1. Mouse Inoculation

C57BL/6 male mice underwent prostatic implantation, during which the animals were
anesthetized via inhalation using isoflurane in an oxygen carrier. A small incision was made in the
lower abdomen. A total of 5x105 luciferase-expressing RM-1 cells were injected into the left anterior
prostate using a 29g BD needle in 25ul of PBS. To minimize stress on the animals, absorbable sutures
were used.

4.2. Sample Preparation

On Days 2, 4, 7, and 16 post-surgery, animals were injected intraperitoneal with 100ul of D-
luciferin in PBS (15mg/ml) before imaging. The animals were anesthetized, and whole-body images
were carried out using the IVIS imaging system. Animals were sacrificed at specific time points, and
the prostate was excised and imaged. When the entire prostate was removed, a suture was placed
through the left vesicle to highlight the correct injection side. Two healthy control mice were
sacrificed at each time point, and their prostates were removed. The prostate samples were snap-
frozen and shipped on dry ice to the experimental team for analysis.

4.3. XRD Measurements

Wide-Angle X-ray Scattering (WAXS) data were collected on beamline 122 at Diamond Light
Source [17], the UK’s national synchrotron facility. The experiments were conducted using a beam
energy of 12.4 keV with a beam size of approximately 240x60 um, and data were recorded using a
Pilatus P3-2M detector. WAXS measurements were performed at a sample-to-detector distance of
170.21 mm, providing a g-range of 0.72 to 45 nm. For data collection, samples were placed in
individual apertures measuring 5.2 mm in diameter and 2 mm thickness within a custom-designed
9x9 aperture aluminum gel-solution sample grid. Scotch tape was used to seal each aperture,
ensuring a uniform sample thickness and maintaining sample hydration throughout the analysis.
Data were collected from each sample as a 5x5 grid of points, with a step size of 500 pm and 10 data
frames collected at each point. The acquisition time per frame was 100 ms.

4.4. Image Processing

Data were processed using standard 122 pipelines [21] and the DAWN processing package [22].

The main steps included:

1. Detector Calibration, with the import of calibration parameters to correct geometric distortions
and ensure accurate spatial mapping.

2. Mask Generation, which applies an initial mask to exclude the beam stop shadow and dead
pixels and mask dilation to eliminate edge effects and any remaining problematic regions.

3. Error Estimation, to set the Poisson error parameters to represent counting statistics correctly.

4. Data Pre-Processing, with beam stop diode readings for channel averaging, beam intensity
correction, and data normalization by exposure time to account for variations in measurement
duration.

5. Frame Processing, which averages the frames collected at each position to obtain a single 2D
diffraction pattern and subtracts the background.

6. Advanced Corrections, applying powder diffraction intensity corrections for geometric and
absorption effects and performing azimuthal integration to convert 2D patterns into 1D intensity
profiles.

7. Final Data Conditioning, to remove the NaN values and scaling intensities as needed.

After these steps, each measured position yielded a single 1D diffraction profile suitable for
further analysis.
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4.5. Data Processing

Following image processing, the dataset included azimuthally integrated 1D profiles from 25
mice distributed across five experimental groups: Control, Day 2, Day 4, Day 7, and Day 16, with five
mice per group. Each profile contained 414 data points spanning g-ranges from 3.25 to 21 nm”,
representing measurements from both the left and right prostate sides. Following manual cleaning,
564 individual measurements were retained for analysis.

The 1D profiles were normalized using L1 normalization to ensure consistency across
measurements while retaining the relative intensity distribution within each profile. Group-level
averaging provided preliminary insights into differences between experimental groups, guiding the
identification of two primary peaks in our g-range of interest at approximately 13.5 and 18 nm-'.

Each of the 564 measurements underwent independent curve fitting using a composite model,
which includes three Gaussian peaks and amorphous scattering with inverse g to the fourth power
dependence:

3
¥(@) = ) Aexp(—(q — w)*/20%) + B/q" +C,
i=1

where 4;, y;, and o; are the peak heights, positions, and standard deviation, respectively; B is the
magnitude of the amorphous scattering, and C is a constant background. Averaging the fitting
parameters across groups revealed trajectories describing the evolution of these peaks over time.

Control measurements were matched to their corresponding time points before averaging fitting
parameters, enabling accurate tracking of parameter variations across experimental stages. This
computational approach facilitated the extraction and comparison of structural information,
shedding light on the temporal changes in the identified peaks.
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