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Abstract

Microarchitectural features of collagen-rich extracellular matrices provide the mechanical
foundation for tissue function and exhibit topographical cues that influence cellular behavior
including proliferation, migration and protein expression. Preservation of tissue microarchitecture
is required for accurate evaluation of tissue characteristics and pathology. It is unclear whether
common tissue preservation methods possess equal ability to preserve microarchitecture. We
investigated collagen microarchitecture in samples that had been flash frozen, fixed in formalin or
preserved in RNA /ater®, and which contained both collagen-rich and collagen-sparse regions.
Fibrillar collagen organization was characterized using picrosirius red staining and second
harmonic generation (SHG) microscopy. Maintenance of collagen fiber characteristics compared
to the gold standard of flash freezing depended on both the method of preservation and the local
collagen content of the tissue. Both formalin fixation and RNA /ater® preserved collagen fiber
characteristics similar to flash freezing in collagen-rich areas of the tissue, but not in collagen-
sparse regions. Analysis using picrosirius red staining indicated preservation-dependent changes in
overall tissue architecture and suprafibrillar organization. Together with considerations of cost,
ease of use, storage conditions and ability to use the preserved tissue for RNA or protein analysis,
our quantitative characterization of the effects of preservation method on collagen
microarchitecture may help investigators select the most appropriate preservation approach for
their needs.
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An optimal approach to tissue preservation must balance many factors including cost, ease
of use and storage, storage longevity, ability to multiplex tissue analysis, and retention of
native tissue structure and physiology. Flash freezing (shap freezing) of tissues in liquid
nitrogen often is considered the “gold standard” for tissue preservation owing to its ability to
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preserve native tissue structure and the integrity of nucleic acids and phosphoproteins
(Beckstead 1994; Mueller et al. 2011; Kashofer et al. 2013; Staff et al. 2013). Despite the
benefits of flash freezing, however, the technique requires access to liquid nitrogen
immediately following tissue isolation and continued storage of banked tissues at
temperatures < —20° C, which renders it costly and impractical for large scale tissue
acquisition and storage (Cox et al. 2006).

Formalin fixation is the standard technique for long term tissue preservation, because it
overcomes many of the difficulties associated with flash freezing while preserving tissue
morphology (Dotti et al. 2010). Formalin fixation enables facile sample collection,
temporary storage at room temperature and simple transportation between tissue isolation
and storage sites (Bussolati et al. 2011). Formalin fixation, however, causes nucleic acid
fragmentation and decreases RNA extraction efficiency owing to the creation of crosslinks
(Williams et al. 1999; Cronin et al. 2004; von Ahlfen et al. 2007; David et al. 2011). The
crosslinking of proteins in the preserved tissue occurs by formation of methylene bridges
(Buesa 2008; Howat and Wilson 2014), which interferes with the integrity of
phosphoproteins and necessitates the use of heat or other methods to reduce the crosslinks
prior to RNA isolation or immunohistochemistry (Mueller et al. 2011; Neumeister 2014).

RNA /ater®is an ammonium sulfate solution; it is used infrequently for histological
preparations, but has been widely used to stabilize nucleic acids in tissue samples for
subsequent gene expression or genomic analysis (Florell et al. 2001). Previous studies have
shown that tissues stored in RNA /ater®yield comparable (Bennike et al. 2016) or even
better RNA quality than flash frozen tissues (Hatzis et al. 2010; Sherker et al. 2013). Tissue
banks also have begun adopting RNA /ater® storage protocols owing to its greater ability to
preserve nucleic acid integrity compared to formalin fixed samples, while producing similar
histological results (Florell et al. 2001). The ability to use a single sample for different types
of analysis is desirable due to limited tissue availability, which is a common and significant
obstacle for analysis of both human and animal specimens (Gugic et al. 2007; Lin et al.
2009).

Although the approaches to tissue preservation described above have been compared
extensively with respect to histological, immunohistochemical and gene expression
(Beckstead 1994; Su et al. 2004), the effect of the preservation method on tissue
microarchitecture has received less attention (Schenke-Layland et al. 2007). Appreciation is
increasing for the importance of collagen fiber architecture in determining cell behavior
(Muthusubramaniam et al. 2012; Fraley et al. 2015), disease progression (Provenzano et al.
2008; Drifka et al. 2016) and mechanical properties (Sacks et al. 1998; Hadi and Barocas
2013). It is imperative to preserve these structures faithfully during sample preservation to
enable accurate analysis of tissue pathobiology (Lee et al. 2005; Fraley et al. 2015).

We investigated two common methods for collagen detection, the histological stain,
picrosirius red (Lattouf et al. 2014) and the label free imaging method of second harmonic
generation (SHG) imaging (Campagnola et al. 2001). These two imaging methods were used
to evaluate how different preservation methods altered the collagen fiber architecture of two
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model tissues: one that exhibits distinct high density and low density collagen areas within
the same native tissue structure and one that exhibits a high degree of collagen crimping.

We examined and quantified the collagen fiber structure of porcine aortic heart valves,
which exhibit a distinct trilaminar architecture comprising a region of high collagen content
and alignment (fibrosa), a region of low collagen content and high glycosaminoglycan
content (spongiosa) and a region of significant elastin content (ventricularis) (Stella and
Sacks 2007; Schoen and Gotlieb 2016). The thin nature of the valve also ensures rapid and
complete penetration of preservation solutions, which minimizes differences in diffusion of
the solutions through the tissue (Buesa 2008). We also analyzed collagen architecture in rat
tail tendon fascicles (RTTfs), which have a dense and crimped collagen structure and are
often used as a standard for SHG imaging (Freund et al. 1986; Campagnola and Loew 2003;
Williams et al. 2005). We characterized and quantified the effect of different preservation
methods on collagen microarchitecture. Added to what is known about the limitations and
advantages of these preservation techniques, our findings may provide further guidance to
investigators for selecting the most appropriate preservation method for their needs.

Material and methods

All materials were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise noted.

Tissue acquisition and preservation

Histological

Aortic heart valves were excised from hearts of 5- and 6-month-old pigs obtained from a
local butcher (Hoesly’s Meats, New Glarus, WI). Rat tails were collected from rats
undergoing euthanasia for other studies and tendon fascicles were removed. Valve leaflets
and RTTfs were isolated within 4 h of animal slaughter and washed in phosphate-buffered
saline (PBS) before preservation using one of three methods. “Frozen” denotes tissues that
were flash frozen in liquid nitrogen and stored at —20° C until embedment in paraffin. The
other two preservation methods required treatment with exogenous chemicals: “formalin”
refers to tissues fixed in 10% neutral buffered formalin for at least 24 h and “RNA /fater®”’
refers to tissues preserved by immersion in RNA /ater® for at least 24 h. Tissues preserved in
formalin or RNA /ater® were stored at —20° C in their respective preservation solutions until
paraffin embedment.

staining

Tissues were washed in fresh PBS, then flash frozen using liquid nitrogen, stored in 10%
formalin or stored in RNA /ater® before preparation for staining. Fascicles were cut to fit
within the mounting area of the slide (approximately 3 cm) and washed prior to histological
staining. Heart valve leaflets were dehydrated through 70, 80, 95 and 100% ethanol, cleared
in xylene, and embedded in paraffin. Sections were cut at 5 um and mounted on glass slides.
The sections then were deparaffinized using xylene substitute, rehydrated through 100, 95,
70 and 50% ethanol and rinsed in water prior to staining with picrosirius red to visualize
collagen as described previously (Puchtler et al. 1973; Dayan et al. 1989). Briefly, tissue
sections were stained using 0.1 % (w/v) direct red 80 (CI 35780) in saturated aqueous picric
acid solution for 1 h. Excess stain solution was removed before tissues were washed twice in
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acidified water, dehydrated through three washes with 100% ethanol, cleared in xylene
substitute and mounted with Permount. Sections were imaged using an Olympus BX60
upright microscope (Olympus, Tokyo, Japan) with a DP25 camera using cellSens Standard
software (V1.13) for both bright field and linearly polarized birefringence. The birefringence
of three areas of equal dimensions/tissue layer/image was measured using F1JI (an open-
source variant of ImageJ, version 2.0.0-rc-43/1.5¢) (Schindelin et al. 2015). The
birefringence of each region of interest was analyzed using the method described by Rich
and Whittaker (2005) to quantify the percentage of tissue area that exhibited birefringence
and the distribution of the birefringence. Briefly, three equal areas/image were selected from
within each heart valve layer. Images were converted to 8-bit color images before analysis.
Because birefringence appears as non-black hues using this method, total birefringence was
calculated as the total non-black area, in pixels, within the selected area. Distribution of
birefringence was calculated as the percentage of the non-black area that fell within hue
thresholds for red (2-9 and 230-256), orange (10-38), yellow (39-51) and green (52-128).
Tissue width and crimp period were analyzed in RTTfs, because these are standard
measurements for these tissues (Williams et al. 2005). Width was measured at five locations/
image along the fascicle. Crimp period was the distance measured between areas of
minimum birefringence along the length of the RTTfs. The crimp period was measured at
five places in each image and averaged/image for further analysis.

SHG imaging and collagen fiber analysis

Paraffin embedded valves were cut into 13-15 um thick sections for detection of collagen by
SHG imaging. SHG exploits the ability of fibrillar collagen to generate a second harmonic
wave at 445 nm to provide detailed micro-level structural information without staining or
chemical treatment. Deparaffinized tissues were rehydrated as described above before
mounting with coverslips, then sealed with lacquer. Fascicles were cut to fit within the
mounting area of the slide (approximately 3 cm) and washed before mounting and sealing.
Sections were stored at 4° C and imaged within 2 weeks. SHG imaging was conducted using
an Olympus BX61 upright microscope (Olympus) with an Olympus Fluoview 300 scanning
system at 2 x digital zoom to satisfy the Nyquist sampling criterion. Excitation was provided
by a mode-locked 890 nm laser (Coherent Santa Clara, CA) with excitation by a 40 x water
immersion objective (working distance 3 mm, 0.8 NA). The forward signal was collected
with a 0.9 NA condenser and isolated with a 445/20 nm bandpass filter (Semrock,
Rochester, NY).

We analyzed fiber characteristics in three tissue sections of valve leaflets in three distinct
areas of each section. SHG was collected throughout the depth of the tissue section at a step
size of 1 um and the five middle images were averaged for analysis. SHG was not collected
from the ventricularis layer of the valve leaflets, because the organization of the fibers within
that layer are perpendicular to the field of view and the layer is too thin to be visualized by
en face sectioning. Analysis of RTTfs fiber characteristics was conducted in a manner
similar to analysis of valve leaflets, with SHG collected through the entire depth of three
distinct fascicles and in three distinct areas of each fascicle.
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We quantified fiber characteristics using CT-FIRE V2 Beta and CurveAlign V4.0 Beta (Liu
et al. 2017), which are open source software programs developed by the Laboratory for
Optical and Computational Instrumentation (LOCI) at the University of Wisconsin-Madison.
SHG images in 8-bit tiff format were imported into the program where they were subjected
to curvelet transform (CT) reconstruction using CurvelLab 2.1.2 (April 2008) followed by
creation of fiber overlays using the FIRE algorithm. The fiber outputs from CT-FIRE then
were subjected to feature analysis using CurveAlign for output of final fiber features.
MATLAB (The MathWorks, Inc., Natick, MA) was used as the platform to run the CT-FIRE
and CurveAlign software. Data from selected fibers then were exported from CurveAlign
into Excel (Microsoft, Redmond, WA) for statistical analysis.

Quantification of multiple fiber characteristics was reported using the following definitions:
“fiber width” is the width at multiple points along the fiber within the image; “distance to
nearest X,” where x is either 2, 4, 8 or 16 fibers, is the distance in microns between the
nearest x fibers from multiple points along the length of the reference fiber; “box density” is
measurement of the average number of fibers within a region of specified size; “fiber angle”
denotes the average angle of fibers within an image relative to each other; “alignment of
nearest X,” where X is either 2, 4, 8 or 16 fibers, is a measurement of the alignment of the
nearest X fibers relative to a reference fiber where 0 indicates no alignment, or the fibers are
perpendicular and 1 indicates complete alignment where the fibers are parallel; “box
alignment” is a measurement of the alignment of all fibers within an area of specified size,
with 0 indicating no alignment and 1 indicating complete alignment of fibers within the
region.

Statistical analysis

Results

Statistical analysis of data from SHG imaging was performed using Prism 6 (GraphPad
Software, Inc., La Jolla, CA) with one-way ANOVA and Tukey’s post hoc test. Statistical
significance of all other groups was analyzed using a two-tailed, unpaired t-test assuming
equal variance. For all tests, n = 3 unless otherwise noted. Values for p < 0.05 were
considered significant.

Collagen architecture assessed by picrosirius red birefringence

The impact of tissue preservation technique on collagen organization was examined first
using linearly polarized light imaging of heart valve leaflet sections stained with picrosirius
red. This approach provides semiquantitative information about both the fraction of tissue
that is composed of fibrillar collagen, i.e., the percentage of total tissue area that exhibits
birefringence, as well as the diameter of the fibers. Figure 1A shows bright field images of
leaflet sections stained with picrosirius red, where areas of fibrillar collagen are indicated by
red staining. Corresponding images of picrosirius red birefringence are shown in Figure 1B,
where fiber diameter is indicated by the color of birefringence; thin fibers appear green, and
yellow, orange and red indicate increasing thickness. As expected in a normal aortic valve
leaflet, the fibrosa was dense with collagen, while the spongiosa (middle) was more sparsely
populated with collagen fibers. The percentage of total area that exhibited birefringence
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within the fibrosa was not significantly different among the three preservation methods
(Figure 2A). In the spongiosa, the fraction of tissue composed of fibrillar collagen also was
similar among all preservation methods. As expected, the collagen content within the
spongiosa was generally less than that observed in the fibrosa (Figure 2B).

Sections of valve leaflet stained with picrosirius red also were analyzed to determine the
percentage of total birefringence represented by each hue: green, yellow, orange or red. The
amount of red birefringence in the fibrosa did not differ among tissues that had been fixed in
formalin compared to those that had been flash frozen (p = 0.08), but the fibrosa of tissues
preserved in RNA /ater® exhibited significantly less red birefringence compared to both
frozen and formalin fixed tissues (p=0.017 and 0.049, respectively) (Figure 2C). The
amount of orange birefringence in the fibrosa of tissues preserved in RNA /ater® was similar
to that observed in frozen tissues, but was significantly greater than the orange birefringence
in the fibrosa of tissues preserved in formalin (p = 0.0010). Analysis of each hue as a
percentage of total birefringence in the spongiosa produced similar findings (Figure 2D), but
preservation in RNA /ater® produced decreased red and orange birefringence compared to
frozen tissues (p= 0.0016 and 0.00036 for red and orange, respectively) and formalin fixed
tissues (p=0.041 and 0.013, respectively). No significant difference was observed between
formalin fixed and frozen tissues for any birefringence analysis.

Fascicles stained with picrosirius red were analyzed for crimp period and fascicle width to
investigate the impact of preservation methods on characteristics related to rat tendon
fascicle functions such as contraction (Figure 3) (Lavagnino et al. 2017). Analysis of RTTf
width revealed significant differences among preservation techniques (Figure 3C). Formalin
fixation caused decreased width compared to frozen RTTfs (p = 0.030), which is consistent
with previous reports (Williams et al. 2005). The width of fascicles preserved in RNA /fater®
was similar to tissues that had been flash frozen, but they were significantly wider compared
to formalin fixed fascicles (p = 0.010). Fascicles preserved in formalin had a significantly
longer crimp period than frozen tissues (o = 0.014), but the crimp period of fascicles
preserved in RNA /ater® did not differ significantly compared to RTTfs that were flash
frozen or preserved in formalin (p=0.073 and 0.19, respectively) (Figure 3D).

Assessment of collagen architecture by SHG imaging

Picrosirius red birefringence provided information about collagen localization and
organization in the preserved tissues and some insight into the suprafibrillar architecture of
RTTFs, e.g., crimping. Further analysis of individual fiber characteristics was required to
understand the effects of the preservation methods on collagen architecture. Therefore, we
performed SHG imaging of valve leaflet sections (Figure 4) and RTTfs (Figure 5) to
determine whether the preservation method affected the characteristics of individual
collagen fibers and their organization relative to neighboring fibers.

In the collagen-dense fibrosa layer of the leaflet, SHG analysis exhibited consistent values
for virtually all fiber characteristics measured, including fiber width, density and alignment,
among all three preservation techniques (Table 1). We found some preservation-dependent
variation in fiber characteristics in the spongiosa, the collagen-sparse layer of the valve
leaflet. Although fiber width in the spongiosa was consistent among all preservation
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methods, fixation in formalin increased the distance between individual fibers compared to
flash frozen samples; however, the overall fiber density among larger tissue areas remained
similar for all preservation methods. In collagen-sparse regions, fiber alignment was most
consistently altered by preservation method; both RNA /fater®and formalin produced lower
alignment values compared to the flash frozen preservation (Table 2).

We conducted SHG analysis of collagen fibers on RTTfs. Despite the preservation-

dependent differences in fascicle width and crimp period observed for picrosirius red

analysis, no significant differences were observed in fiber width, density or alignment

measurements among all preservation methods using SHG analysis (Table 3).
Discussion

Microarchitectural features of the extracellular matrix (ECM) provide topographical cues
that influence many cellular behaviors including protein expression, proliferation,
differentiation and migration (Provenzano et al. 2008; Cox and Erler 2011; Riching et al.
2014). Fibrillar collagen is the dominant microstructural element and the most abundant
component of ECM in the body. Changes in collagen fiber features can be important
indicators of tissue health or disease prognosis. For example, hypertrophic cardiomyopathy
is associated with a significant increase in collagen fiber size (Shirani et al. 2000), while
alignment of collagen fibers is thought to be a predictor of breast tumor metastasis and
patient survival (Provenzano et al. 2006; Conklin et al. 2011).

To enable accurate investigation of tissue function and pathology, it is critical to ensure that
tissue preparation preserves microstructure faithfully. We found that both formalin and
RNA /ater® maintained the collagen fiber architecture of collagen-dense areas as evaluated
by SHG imaging. The method of preservation, however, affected some aspects of fiber
arrangement in collagen-sparse areas of tissues.

We investigated the preservation of the trilayer structure of the aortic heart valve by
analyzing collagen architecture using both histological and advanced imaging techniques.
Heart valve leaflets and RTTfs preserved in either RNA /ater® or formalin generally
exhibited tissue morphology similar to frozen tissues. Birefringence hue distribution
following preservation in RNA /ater®, however, differed from both flash frozen or formalin
fixed tissues. Because birefringence results from multiple interactions of the picrosirius red
dye with collagen, the change in red and orange birefringence associated with RNA /ater®
preservation could indicate a shift in either fiber density or width (Junqueira et al. 1982;
Dayan et al. 1989). Therefore, to quantify more definitively and to compare fiber features
under different conditions, we employed SHG to analyze collagen fiber architecture
following the different tissue preservation methods.

Analysis of collagen microarchitecture using SHG demonstrated that all three preservation
methods were equivalent in their ability to preserve the width of collagen fibers throughout
the collagen-rich and collagen-sparse areas of the aortic valve. Compared to frozen tissues,
both RNA /ater®and formalin preservation also preserved the density and alignment of
collagen fibers in collagen-rich areas. The latter observation is consistent with earlier reports
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of comparing fibrillar collagen organization between flash frozen and formalin fixed tissues
(Pena et al. 2007; Chen et al. 2011); these investigators did not include RNA /ater® and
limited their study to qualitative observations of ECM structure. We found that in collagen-
sparse areas, many measures of alignment, e.g., degree of alignment with nearest x fibers or
overall fiber alignment within an area of specified dimensions, were significantly lower for
tissues preserved in RNA /afer® or formalin compared to flash frozen tissue. We did not
observe this difference in alignment features for RTTfs preserved in formalin or RNA /ater®,
which suggests that the effects of the preservation method on alignment may be specific to
local collagen sparseness. Also, the differences in collagen fiber density and/or width
implied by the birefringent hue analysis of tissues preserved in RNA /ater®vs. flash frozen
were not corroborated by the more precise fiber analysis using SHG. The discrepancy
between birefringence and SHG analysis may be due to an artifact caused by inadvertent
fixation of the tissue by the alcohol that is used during histological processing (Montes and
Junqueira 1991). Alcohol fixation could cause frozen tissues and tissues preserved in

RNA /ater®to exhibit differences in birefringence compared to tissues that had been
formalin fixed prior to processing (Jarrett and Hardy 1957; Dapson 1993).

Our findings provide valuable information about the preservation of the ECM structure for
both histological and advanced imaging techniques, but we focused solely on fibrillar
collagen architecture and did not address other ECM components. Although our findings
indicate little impact of preservation method on collagen fiber measurements, it is possible
that the method of preservation could impact the nano- or microscale architecture of other
ECM components. We also did not investigate the ability of these preservation methods to
preserve nucleic acids or phosphoproteins, because this outcome has been described in detail
elsewhere (Florell et al. 2001).

Preservation of tissue by either RNA /ater® or formalin conserved native tissue
microarchitecture comparably to the standard of flash freezing. Therefore, any of the
preservation methods discussed here could be used to preserve the microarchitectural
features of the extracellular matrix and therefore are valuable methods for preserving tissues
for investigation of architectural characteristics of tissues. RNA /ater® may offer improved
versatility compared to other common methods by combining many of the advantages of
formalin fixation, e.g., ease of use and handling, with those of flash freezing, e.g., nucleic
acid preservation (Sherker et al. 2013), while also preserving equivalent architecture. Our
findings corroborate an earlier recommendation to use RNA /afer®as an alternative to
formalin for tissue banking (Florell et al. 2001). Our findings also indicate that samples
preserved using different methods, e.g., formalin and RNA /ater®, should not be combined
when performing histological analysis. Although neither formalin nor RNA /ater®
introduced significant departure from flash freezing results in terms of fiber architecture in
collagen-rich areas, they did exhibit differences in areas of sparse collagen.

Our findings may be considered together with cost, ease of use, storage conditions and
ability to use the preserved tissue for RNA or protein analysis to help guide investigators in
their selection of preservation methods that are most appropriate for their specific needs
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Figurel.
Collagen in aortic valve leaflets stained with picrosirius red taken using bright field or

polarized light (birefringence). Samples were preserved using flash freezing, formalin or
RNA /ater®. Scale bar = 50 um.
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Figure2.

Quantification of birefringence measured in aortic valve leaflets stained with picrosirius red
showing birefringence as a measure of total area within the fibrosa (A) and spongiosa (B).
Color of birefringence as a percentage of total birefringence in the fibrosa (C) and spongiosa
(D). Red refers to red birefringence (bottom), followed by orange, yellow and green.
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Figure 3.

Visualization and quantification of collagen crimp and fascicle width in RTTfs. RTTfs
stained with picrosirius red using bright field (A) or polarized light (B). Scale bar = 200 pm.
Quantification of RTTf width (C) and period of collagen crimp (D). *p < 0.05 compared to
flash frozen. ~p < 0.05 compared to formalin. Samples were preserved using flash freezing,
formalin or RNA /ater®.
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Figure 4.
Collagen in the fibrosa and spongiosa of aortic valve leaflets using SHG imaging. Samples

were preserved using flash freezing, formalin or RNA /ater®. Scale bar = 50 um.
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Figureb.
Collagen fibers in RTTfs using SHG imaging. Samples were using flash freezing, formalin

or RNA /ater®. Scale bar = 50 pm.
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Table 1.

Collagen fiber architecture in the heart valve leaflet fibrosa

M easurement

Frozen average

10% Formalin average

RNAIlater® average

Fiber dimensions

Fiber width (um)

Fiber density

Distance to nearest 2

Distance to nearest 4

Distance to nearest 8

Distance to nearest 16

Box density 11.25 x 11.25 pm
Box density 22.5 x 22.5 um
Box density 45 x 45 ym

Fiber alignment

Fiber absolute angle (°)
Alignment of nearest 2
Alignment of nearest 4
Alignment of nearest 8
Alignment of nearest 16

Box alignment 11.25 x 11.25 um
Box alignment 22.5 x 22.5 pm
Box alignment 45 x 45 um

1.91+0.0177

6.24 +£0.517
8.75+0.760
13.3+154
20.8 +£2.96
2.83+0.224
6.07 £0.951
14.0+2.12

77.6 £6.17

0.952 +0.0449
0.922 +0.0648
0.887 £0.104

0.835+0.182

0.987 +0.0100
0.965 +0.0230
0.911 +0.0847

1.91 +0.0985

6.65 +1.88
9.57 +2.87
14.7+3.73
22.8+5.36
2.66 +0.368
5.18 £0.890
12.4+2.29

95.6 +7.507
0.960 + 0.0293
0.927 + 0.0578
0.904 + 0.0623
0.892 + 0.0820
0.990 + 0.00436
0.959 + 0.0221
0.925 + 0.0517

1.89 +0.0217

6.06 +0.261
8.53 +0.541
12.9+1.02
20.2+1.42
2.79+£0.153
5.91+0.831
134+1.83

5435387
0.983 + 0.00519
0.969 + 0.0105
0.957 + 0.00943
0.937 + 0.0242
0.992 + 0.00273
0.980  0.00869
0.959 + 0.00475

ap < 0.5 compared to flash freezing,
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Table 2.

Collagen fiber architecture in the heart valve leaflet spongiosa

M easurement

Frozen average

10% Formalin average

RNAlater® average

Fiber dimensions
Fiber width (um)
Fiber density

Distance to nearest 2
Distance to nearest 4
Distance to nearest 8

Distance to nearest 16

Box density 11.25 x 11.25 ym
Box density 22.5 x 22.5 um

Box density 45 x 45 um

Fiber alignment

Fiber absolute angle (°)
Alignment of nearest 2
Alignment of nearest 4
Alignment of nearest 8

Alignment of nearest 16

Box alignment 11.25 x 11.25 um

Box alignment 22.5 x 22.5 pm

Box alignment 45 x 45 um

1.89+0.118

7.86 +0.282

12.3+0.600

18.9+1.13

29.9+1.48

2.55+0.0910
4.53 +0.364
8.80 £ 0.269

75.2£8.07

0.945 +0.0123

0.898 + 0.00985

0.864 +0.00993

0.806 + 0.0237
0.989 +0.00707

0.953 +0.0189

0.907 +£0.0158

1.85+0.0597

9.62 £0.773%
16.1+1.33%
25.4 +3.08%

430+ 6.747
252 +0.0687
42440291
8.00 + 0572

92.4+9.72

0.896 + 0.0508

0.804 + 0.04507
a
0.671 + 0.0260

0.601 + 0.0417%
0.966 + 0.0190

0.889 + 0.0203%

0.790 + 0.0317%

1.87 +0.0336

8.40 £0.370

13.0+ 0.416b

20.3+1.13

33.1+£3.10

2.42+0.251
4.33+0.661
8.02 £ 0.962

576+ 7.1017

0.918 + 0.00602%

0.864 + 0.0185%7

0.805 + 0.0237%0

0.764 + 0.0379%0

0.977 £ 0.00734

0.934 0.0309b

0.850 + 0.0196%

ap < 0.05 compared to flash freezing,
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Collagen fiber architecture in rat tail tendons

Table 3.

M easurement

Frozen average

10% Formalin average

RNAlater® average

Fiber dimensions
Fiber width (um)
Fiber density
Distance to nearest 2
Distance to nearest 4

Distance to nearest 8

Box density 11.25 x 11.25 ym
Box density 22.5 x 22.5 um
Box density 45 x 45 pm

Fiber alignment

Fiber absolute angle (°)
Alignment of nearest 2
Alignment of nearest 4

Box alignment 11.25 x 11.25 um
Box alignment 22.5 x 22.5 pm
Box alignment 45 x 45 um

1.55 +0.0655

7.50 £1.51
11.7+258
28.3+5.60
2.56 +0.265
4.29 +£0.413
8.63+1.88

85.6 £62.9

0.999 +9.05 x 107
0.997 + 0.00152
1.00 + 6.44 x 1075
1.00 £1.59 x 1074
0.998 + 8.29 x 107

1.67 +0.0808

6.86 + 1.58
9.72+221
23.1+£9.74
2.85+0.429
571+1.36
145+533

58.0+71.9

0.997 +0.00335
0.996 + 0.00222
0.999 +8.73 x 1074
1.00 +0.00120
0.996 + 0.00249

1.55 +0.0654

6.84 £ 0.427
9.69 +0.705
22.0+1.58
2.84 £0.436
582+131
15.5+3.67

36.6 £15.1

0.997 £ 0.00127
0.994 + 0.00259
1.00 + 1.44 x 107
1.00 + 0.000187
0.996 +0.00260

ap < 0.05 compared to flash freezing

bp< 0.05 compared to formalin fixation.
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