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ABSTRACT

FREEZING-INDUCED MICROSTRUCTURAL CHANGES

OF COLLAGEN SCAFFOLDS

Publication No.

Jeffrey David Miller, M.S.

The University of Texas at Arlington, 2006

Supervising Professor: Bumsoo Han

Understanding the effects of freezing on the functional properties of tissues is
critical to cryopreservation of native and artificial tissues, and prognosis after
cryotherapies. Although investigations have been performed to correlate macroscopic
properties such as mechanical properties with freezing parameters, the effects are
typically tissue-type dependent and no physical understanding is available to explain
these effects. Since the mechanical and optical properties of a tissue are based on the
characteristics of its extracellular matrix (ECM), understanding and quantifying these
changes could assist in predicting the response a tissue will have to freezing under
different circumstances. In this study, the microstructural changes induced to a type I

collagen tissue equivalent construct after freezing to different end temperatures were

il



visualized using macroscopic observation, as well as optical microscopy and scanning
electron microscopy. The changes were then quantified using image analysis. The
study found that freezing results in a thinner and transparent gel at the macroscopic
level. Optical microscopy of the frozen region portrayed apparent “wrinkles” in the
matrix, and scanning electron microscopy illustrated a sparser, more disorganized
scaffold of fibers, though the fibers appeared to be thicker. Image analysis results

indicate that freezing causes a significant increase in matrix porosity and fiber diameter.
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CHAPTER 1
INTRODUCTION

1.1 Background of Cryotherapy and Cryopreservation

The use of low temperature in cryotherapy and cryopreservation has been
around for many years. Cryotherapy involves the use of freezing to treat malignant
tissues found in different organs. Cryopreservation involves preserving tissues, both
native and engineered, by freezing and thawing.

1.1.1 Cryotherapy

In the mid-1800’s, scientists became interested in trying to reach and studying
the effect of lower temperatures. They discovered that by mixing ice with different
solutes, such as calcium chloride, they could reach temperatures as low as 223 K [1].
Thus began the pursuit of the uses of low temperature for therapeutic purposes,
including for anesthesia in the mid-1800’s [2] and skin diseases in the late 1800’s [3].

Cryosurgery, falling under the umbrella of cryotherapy, has been studied and
used since the mid-1800’s [4], though plagued with problems. First generation
cryosurgery, for instance, endured many complications due to the inability to track the
freezing interface during cryosurgery [5]. This problem caused cryosurgery to lose its
popularity for several decades. Modern cryosurgery began, arguably, in 1961 with the
development of automated equipment by Cooper and Lee: probes cooled by liquid

nitrogen [6]. In 1966, in Buffalo, NY, Gonder and Soanes first proposed the use of



cryotherapy to treat prostate cancer [7]. However, complications in visualizing the
cryosurgical process persisted, which caused interest in cryosurgery to decline again in
the 1980’s.

Then, ultrasound was developed, and a resurgence in cryosurgery occurred due
to the ability to monitor freezing more effectively with improved cryosurgical
equipment [6]. Argon gas began to be available for cryosurgical applications and was
used in gas-driven probes, which allow for the use of cryo-probes with smaller
diameters. Present-day cryosurgery involves the placement of a few cryo-probes in the
malignant tissue at strategic sites to enable the freezing of the entire diseased area.
Ultrasound imaging assists in the accurate placement of the probes and in monitoring
the freezing progress, though inaccuracy is still present. Cryosurgery has already been
used to treat several types of organs, including the kidney [8], liver [9], prostate [10],
breast [11], and the cardiovascular system [12-14].

Much of the work being done today to improve cryosurgery is in trying to
achieve a lower cell viability from the cryosurgical procedure. Freeze-thaw cycles are
used to enhance cryo-injury [6], as well as adjusting thermal parameters such as end
temperature and cooling rate [15-18]. The effect of increasing the holding time and
reducing the thawing rate [19-24] has also been studied. Toscano et al. [25] also
studied the effect of eutectic formation and Kristiansen [26] studied the leakage of
fluorescent dye occurring in liposomes in saline solutions. Han and associates also
demonstrated the ability to increase the effective cell-killing zone surrounding the

cryosurgery probe by artificially inducing eutectic formation using different salts [27-



29]. Clark and associates verified that the combination of chemotherapy agents and
freezing produced better results in lowering cancer cell viability [30]. Discovering new,
more effective ways to achieve maximum cancer cell destruction during cryosurgery
and better ways of being able to view the cryosurgery process are still heavily studied
subjects today in the cryosurgical field.

1.1.2 Cryopreservation

Cryopreservation, the ability to keep cells, tissues, and organs alive for longer
periods of time through the use of low temperature, has also been studied for years and
is currently still being studied extensively. There is a high demand for native and
engineered tissues for transplantation surgeries, and this demand has created what has
been called the “transplantation crisis” [31]. Part of the problem becomes evident upon
examination of the storage time limitations on many organs. Kidneys can only be
preserved for 48 to 72 hours. Livers can be stored for 30 hours, and hearts and lungs
must be transplanted within 6 hours [32]. So, extensive research is being conducted to
increase the shelf life of different organs.

In an attempt to decrease the deterioration rate of stored tissues, at least four
different storage methods are in use today. Hypothermic storage involves slowing
metabolic processes and chemical reactions by cooling biomaterials to nonfreezing
temperatures. Freeze-thaw preservation techniques involve freezing a biomaterial and
storing it at low temperatures. Lyophilization or freeze-drying as a preservation
technique involves freezing a biomaterial and then dehydrating it by sublimation, where

it can be stored at ambient temperature. Vitrification involves cooling biomaterials to



below 0°C in a way that will cause it to transform into an amorphous solid for storage
[33].

Challenges to effective cryopreservation are still prevalent today. In 1949,
Polge and associates first reported the ability to help protect biomaterials from freezing
injury during the cooling process by injecting them with cryoprotectant agents (CPA’s)
[33]. However, adding CPA’s and removing them from biomaterials proves to still be a
problem. Controlling the injury dealt to biomaterials that is caused from biophysical
events (water transport and intracellular ice formation) during freezing proves to still be
a problem, as well as controlling the overall temperature response instigated from the
freeze/thaw process [34].

1.2 Present Status of Knowledge

Understanding the biophysics in low temperature applications, including water
transport and ice formation, has been critical to many of the advancements that have
been made in cryotherapy and cryopreservation. Briefly, it is a well accepted
hypothesis that when cells are frozen rapidly, water is trapped within the cell and frozen
there. This is known as intracellular ice formation (IIF). This phenomenon leads to cell
death. When cells are frozen slowly, intracellular water evacuates over the cellular
membrane in an attempt to equilibrate the temperature within and without the cell. This
causes cellular dehydration. This dehydration causes the intracellular solute to be of
higher concentration, which also leads to cell death [15, 35, 36]. These biophysical

events can be taken into account and harnessed to help induce cellular destruction



during cryosurgery. They also must be taken into account to help maintain healthy
cells/tissues/organs during cryopreservation.

Though there has been extensive progress in cryotherapy and cryopreservation
due to a better understanding of the biophysical events that occur during freezing, most
of the work in these areas has been focused on the viability at the cellular and tissue
levels. Less work has been done in examining the post-freezing functionality of tissue,
which might be associated with the extracellular matrix (ECM) microstructure, and the
work that has been done to determine the mechanical property changes of native tissues
at the cellular and tissue level is inconsistent and tissue-type dependent.

Van Brocklin and Ellis examined the effect of storing human extensor tendons
at temperatures between -10 and -20°C and found no significant changes in the stress-
strain curve or the elastic modulus [37]. Noyes and Grood found no mechanical
property changes from freezing Rhesus monkey ACL’s [38]. Foutz and associates
found that rapid freezing does not cause a significant change in rat skin mechanical
properties [39]. However, Blondel et al. demonstrated changes in the mechanical
properties of frozen arteries. They found that strain, stress, axial force, strain energy,
and wall stiffness values demonstrate the differences present between fresh and frozen
arteries [40]. Grassl et al. froze pig arteries and showed that the physical dimensions of
frozen arteries were increased, as well as the uniaxial load stiffness [41]. Viidik and
Lewin [42], as well as Adam et al. [43], found no significant mechanical property
changes in rabbit ligaments and human thoracic aortas, respectively, after freeze/thaw

processes and after applying uniaxial tensile and uniaxial tensile-compression tests,



respectively. However, in examining engineered artificial tissues, others found
modulus, ultimate tensile strength, and stiffness changes with differing cooling rates
and end temperatures [36, 44]. Venkatasubramanian et al. [45] concluded that freezing
affects the structure and mechanical properties of the porcine femoral artery. They
found an increase in diameter, a drop in weight and a decrease in the toe region, a small
change in linear modulus, and a significant increase in the average elastic modulus.
However, using cryopreservation parameters caused no increase in diameter, but the toe
region and linear modulus were affected. Devireddy et al. [36] noted that lower cooling
rates caused maximum stiffness increases and strain to failure decreases in freeze/thaw
samples, indicative of brittle behavior. They tried to explain this behavior as being due
to collagen fibers and water contents. However, the change in fiber structure level was
not performed.

1.3 Objectives and Impacts of This Study

Due to these inconsistencies and tissue-type dependencies in the research thus
far, it is not well understood whether or not a frozen tissue is able to return to “normal”
physiological functioning after being frozen. Though a tissue may be “alive” after
freezing, it is not known whether or not it will still function as effectively as before.
Such information would apply towards knowing how the body heals from a
cryosurgical wound and how the body reacts to tissue that has been frozen for
preservation purposes and then transplanted.

This question may be answered by understanding the microstructural changes

that occur in the ECM of a tissue before and after a freeze/thaw procedure [46]. Others



have verified that the structural characteristics of the ECM are highly dependent upon
its properties [47-50]. It has also been shown that the diameter and length of collagen
fibers can appreciably affect the mechanical properties of the ECM, which affects the
over-all mechanical properties of a tissue [51-56].

Biological tissue is essentially a deformable porous material whose pores are
saturated with interstitial fluid. It is composed of cells, ECM, and interstitial fluid that
fills in the micropores of the ECM. The ECM, composed primarily of collagen fibrils,
is the mechanical scaffold of biological tissue. Therefore, the mechanical and optical
properties of biological tissues, which affect their functionality, are essentially
determined by the characteristics of the ECM structure. ECM structures differ from one
another in many ways, including different sized and distributed micropores, different
collagen fibril cross-linking patterns, and different interstitial fluid contents. Examining
and comparing such characteristics in a tissue equivalent construct (TEC) at the ECM
level before and after freezing may lead to a better understanding of how tissue reacts to
the freeze/thaw conditions present in cryosurgery and cryopreservation.

In this study, the freezing-induced structural changes of collagen tissue
constructs will be quantitatively investigated from macro- to micro-scales. This multi-
scale investigation is performed by visualizing the collagen scaffold changes with
macro- and microphotographs by optical and scanning electron microscopy after
freezing/thawing the scaffold. The change will then be quantified via image analysis
through calculation of the average fiber area, mean void area, and average fiber

diameter.



CHAPTER 2
MATERIALS AND METHODS

2.1 Collagen Gel Preparation

The type I rat tail collagen gel solutions (Collagen I High Protein Rat Tail,
Fisher Scientific, Pittsburgh, PA) were prepared according to the manufacturer’s
instructions (see Appendix A). Briefly, for a 2 mL tissue equivalents with a final
collagen concentration of 3 mg/mL, 138 uL of sterile, ice cold 0.1 M NaOH (Sigma-
Aldrich, St. Louis, MO) was added to 200 uL of warm, 10X MEM (Invitrogen,
Carlsbad, CA). Next, 1062 uL of sterile, ice cold, distilled water (Invitrogen, Carlsbad,
CA) was added, and the contents were mixed. Then, 600 pL of collagen with an initial
concentration of 10 mg/mL was added to the solution and mixed. Finally, the solution
was placed in a one-well chamber slide (Nunc Lab-Tek II Chamber Slide System,
Fisher Scientific, Pittsburgh, PA) and incubated for 30 minutes at 37°C and 5% CO,
environment. After incubation, either 1X PBS was added to the samples to avoid
dehydration until the freezing procedures were enacted, or the freezing procedures were
enacted immediately without the addition of PBS.

2.2 Sample Freezing Procedures

The freezing of the samples was carried out on a Directional Solidification
Stage (DSS) [57]. After placing the sample on the DSS, the lid of the chamber slide

was removed. The stage was set to cause the samples to freeze at a cooling rate of



5°C/minute. The gap between the copper blocks of the DSS was set to 6 mm. The
starting temperature was 4°C, but the effects of different end temperatures were tested (-
20°C and -40°C). Half of each of the samples was frozen, leaving a frozen and unfrozen
section of the same sample for image comparison with a scanning electron microscope.
The samples were passively thawed after freezing, and then prepared for examination
with a scanning electron microscope.

2.3 Macroscopic and Optical Microscopy Image Acquisition

After freezing the samples, a CCD camera (Hitachi KP-F2A near infrared,
Hitachi Kokusai Electric America, Ltd., Woodbury, NY) was used to visualize the
macroscopic properties of the gel after a passive thaw. Then, light microscopy images
were acquired using a light microscope (Olympus BX51, Olympus America, Center
Valley, PA) and high resolution CCD camera (Olympus DP70, Olympus America,
Center Valley, PA). Pictures were taken of the gel horizontally across its centerline
from the unfrozen to the frozen section at 3 mm intervals using a 100X magnification.

2.4 Preparation for Scanning Electron Microscopy

2.4.1 Osmium Tetroxide Vapor Fixation

Due to the fragile nature of some specimens, a fixation technique has been used
by some wherein the sample is not touched by a liquid fixative—osmium tetroxide
vapor fixation [58-60]. This fixation technique proved to be effective in allowing us to
be able to effectively view the collagen scaffold. Briefly, the samples are placed in a
sealed chamber with an open vial of OsO4 for 72 hours. The vapors from the open vial

gradually fix the specimen.



2.4.2 Dehydration, Drying, and Coating
After vapor fixation, plugs were cut out of the samples from four column
sections (see Figure 2.1): the frozen section (F4), the frozen transition section (F3), the

unfrozen transition section (UF2), and the unfrozen section (UF1).

Freeze\Line

TAB

Figure 2.1 Chamber slide plug selection zones: Plugs were cut from each of the
four columns to represent unfrozen, unfrozen transition, frozen transition, and
frozen sections of the TEC for SEM image acquisition.

The samples were then submerged in 100% ethanol. Since collagen is notorious
for retaining water, the samples were dehydrated for 72 hours. The samples were then
critical point dried with a SAMDRI-PVT-3B Tousimis critical point dryer, mounted on
scanning electron microscope (SEM) stubs, and coated with gold-palladium by a

Hummer VI sputtering system for three minutes.

2.5 Image Acquisition and Analysis

2.5.1 Available ECM Imaging and Quantification Techniques

Visualizing the ECM structure at the microscopic level has proven to be rather
difficult. Light microscopy yielded some results about a century ago when Virchow
found that the orientation of collagen fibers could be visualized after interstitial

injecting chromic acid [61]. Polarizing microscopy proved to be effective in visualizing
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collagen fibers in the 1960s [62]. Collagen organization has been quantified using
polarized light microscopy relatively recently [63, 64]. However, these techniques are
ineffective at visualizing the ECM in 3-D space and at doing live-cell studies. Also, the
injection of histochemical dyes requires fixatives which cause poor results. Confocal
microscopy has yielded some results [65], but it is riddled with issues also, including
having to cope with image artifacts and difficult optical equipment set-up. Fourier
transforms have been used for 3-D quantification [66, 67], but they are limited to
measurement of overall fiber orientations. The Hough transform has been used also
[68, 69], but it is ineffective in measuring the curvatures of collagen fibers. Pattern
matching collagen fibers is helpful with unidirectional and short fibers [70, 71], but not
with long fibers in 3-D space. Wu et al. used 3D confocal datasets to automate the
quantification and reconstruction of a collagen matrix [72], but a confocal microscope is
necessary for such analysis. Our method of skeletonizing is time consuming [73, 74],
but is effective in identifying individual fibers.
2.5.2 SEM Image Acquisition and Cropping

TEC images were captured using a scanning electron microscope (Jeol JSM-
35C, Jeol Ltd., Tokyo, Japan) operating at 15 kV and using a magnification of 1500X.

The images were then analyzed using IMAGEJ (http://rsb.info.nih.gov/ij) software as

discussed below (also see Appendix B).
The SEM images were typically 1024X1024 pixels with the information tag
(47.41 um by 47.41 um). These images were assessed to determine which regions were

relatively flat, without uncharacteristic bright zones or clumps, and exhibiting a clear

11



fiber/void area. These desired regions were cropped from the original picture to a size
of 130 pixels by 100 pixels (6.02 um by 4.63 um) (see Appendix C).
2.5.3 Fiber Diameter Measurements

In order to deduce an average fiber diameter, the length of the measure bar at the
bottom of the original pictures was determined in pixels using IMAGEJ and set as a
ratio of micrometers to pixels. Then, three fibers were randomly selected from each
crop and their diameters in pixels was determined and converted to micrometers by
multiplying them by the aforementioned ratio. An average diameter was then
calculated along with a standard deviation for the unfrozen column (UFI) and the
frozen column (F4) for each gel. A ratio of the frozen to unfrozen diameters was
calculated for each gel and then each of these ratios were averaged for each end
temperature.
2.5.4 Fiber Area Calculation

The fiber area (FA) is a measure of the area covered in an image by fiber. It
was calculated as follows. The images were despeckled and then binarized using the
threshold command. The images were then analyzed by examining the histogram for
each image. The total number of pixels (T) and the number of black pixels (B) was

noted and applied in the following equation to find the fiber area:

FA =

N

(1

The FA is a ratio of the black pixels in the image to the total number of pixels in the

image. The meaning of this formula will be discussed more in Chapter 3.
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2.5.5 Mean Void Area Calculation

The mean void area (MVA) is an estimate of the void space between fibers
(porosity). Briefly, the images were despeckled, binarized with the threshold command,
and then skeletonized. After attaining the histogram of the image, the total number of
pixels (T) was noted, as well as the total number of white pixels (W). These were used
in the following equation to determine the mean void area:

mva=" )
T

The MVA is a ratio of the white pixels in the image to the total number of pixels in the
image. The meaning of this formula will be discussed more in Chapter 3.
2.5.6 Statistical Analysis

Numerous crops from different images and different gels were made in order to
achieve accurate FA and MVA averages representative of a TEC. Using standard
functions from Microsoft Excel, the FA and MVA calculations were averaged from all
of the crops from all of the gels for each column of the TEC (see Figure 2.1), and an
over-all standard deviation (SD) was calculated for each. Also, in order to better
understand the standard deviation results, the percent standard deviation was calculated
for the FA and MV A averages using the following formula:

Avg.

PSD=100*(1-————
Avg.+SD

) 3)
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 Macroscopic Observations

A typical macroscopic photograph of a TEC after freezing/thawing is shown in
Figure 3.1. The gel shown was frozen to -20°C at a cooling rate of 5°C/minute on the

DSS until a black line at the top center of the chamber slide reached the -20°C block.

Figure 3.1 Macroscopic image of a post-frozen TEC: The right side of the
chamber slide demonstrates the frozen section, and the left side is the unfrozen
section. The triangular arrows point to the edge of the ice ball. The regular arrow
points to the black line that stops at the edge of the low temperature block on the
DSS.

As can be seen, the line indicating the edge of the ice ball (noted by the arrows)

is to the left of the black line at a place that falls somewhere in between the two copper

14



blocks (approximately 4 mm from the -20°C block, 2 mm from the 4°C block) at the
final resting place of the slide.

It is noted that there is a clear optical distinction between the frozen and
unfrozen zones. The unfrozen portion is translucent, but the frozen section has become
transparent. In addition to this optical distinction, macroscopic structural change is also
noticed. The frozen portion of the TEC was thinner, and water was sitting on the gel.
Also noted, is the fact that after approximately 30 minutes of re-incubation, the frozen
section re-hydrated but did not fully recover. These observations indicate that freezing
may induce a structural change in the collagen matrix of the TEC. It is this structural
change that we are interested in visualizing and quantifying at the SEM level [34, 36].

3.2 Microscopic Observations Using an Optical Microscope

The typical microscopic change in TEC due to freezing to -20°C is illustrated in
Figure 3.2. Using the aforementioned method, fifteen images were acquired across the

centerline of the TEC, cropped, and placed side by side.

Figure 3.2 Optical microscope imaging of a TEC pre- and post-freeze: 100X
magnification

15



The images again clearly show a microscopic structural change after a TEC is
frozen. Although, the unfrozen portion of the gel remains essentially unchanged, after
freezing, the gel appears to become “wrinkled.” This may imply that the collagen fiber
network in the frozen section is altered due to ice crystal growth during freezing. The
resulting bundles of fiber may then be more visible than those in the unfrozen section.

3.3 Microscopic Observations Using a Scanning Electron Microscope

3.3.1 SEM Images of the Unfrozen TEC
Figure 3.3 exhibits representative SEM images of sections UF1 and UF2 in a

TEC with a beginning temperature of 4°C and an end temperature of -20°C.

.TIF UF 2A

C:\TIF\MARTHA
: M FOU=48.191644 15.0KU 18-17-20086 O1:52pm

.TIF urF2
Log: 8 Mag=1508 FOU=48.191044 15.0KV 10-17-2006 12:13am Log: @ Mag=1500
10, BUM ——— 10, OUM ———

Figure 3.3 Representative unfrozen TEC SEM images: The image on the left is
representative of column UF1, and the image on the right is representative of
UF2. Both images are at 6% of their original size and are at 1500X
magnification.

16



The unfrozen network of fibers (UF1) exhibits relative consistency and
organization in fiber distribution and thin fibers. The scaffold is also very dense in
collagen fiber concentration.

3.3.2 SEM Images of the Frozen TEC
SEM images of sections F3 and F4 in a TEC with a beginning temperature of

4°C and an end temperature of -20°C are exhibited in Figure 3.4.

C:NTIF\MARTHANF4C TIF GEL I F4C

C:TIF\Nﬁ 3C 1.TIF F3C
: 185 Mag=15080 FOU=48.191844 15.0KV 16-18-2006 01:32pm

8 Mag=1500 FOU=48.191044 15.0KV 10-19-2006 @1:46pm

Log: Log:
10.68uM 10. 6uM

Figure 3.4 Representative frozen TEC SEM images: The image on the left is
representative of column F3, and the image on the right is representative of F4.
Both images are at 6% of their original size and are at 1500X magnification.
Spots exhibiting fiber bundling are highlighted.
As is evident, there is an obvious structural change to the TEC post-freeze. The
scaffold has expanded and the fibers are farther apart, though some of them have
bunched together into bundles (highlighted areas). The individual fibers also appear to

be thicker, and the scaffold has become disorganized in comparison to the scaffold

displayed in the pictures of the unfrozen sections.
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Also notable is the fact that some of the images that were taken of the frozen
sections exhibited a thin film that had developed over the fiber structure in different
places, as shown in Figure 3.5. It seems that this film-like structure corresponds to the
“wrinkles” in the optical microscopic photograph. However, further research is still

warranted to determine what caused the film to develop.

A
91044 15.0KV 10-17-2006 01:08pm

CINTIFNMARTHANGL F3A1.TIF F 3
Log: 8 Mag=1508 FOU=48.1
10, BUM ———

Figure 3.5 Representative SEM image of the film development over the frozen
portion of a TEC: The image is at 6% of its original size and 1500X
magnification.

3.4 SEM Image Analysis

3.4.1 Demonstration of the FA and MVA Acquisition Protocol

Figure 3.6 illustrates the protocol for acquiring the FA and MVA from SEM
images. After opening an image in IMAGEJ, the desired representative area is cropped
and then despeckled. Next, the image is binarized using IMAGEJ’s automatic threshold

values, and the FA is calculated using the histogram analysis option. Finally, the image
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is skeletonized and the MVA is calculated with the histogram analysis option, once

again.

Binarize

Skeletonize

Figure 3.6 Image analysis protocol to evaluate the FA and MVA from SEM
images: The cropped area is highlighted.

3.4.2 FA and MVA Results (End Temperature: -20°C)

Table 3.1 summarizes the quantitative results of the image analysis from the FA,
MVA, their standard deviations (SD), and percent standard deviations (%SD). Also,
exhibited in the table is the number of crops that went into the calculations of each TEC

column.

Table 3.1 FA and MVA Results and Standard Deviations (End Temperature: -20°C)

FA FA MVA | MVA
Gel Column | FA SD %SD | MVA | SD %SD # of Crops
UF1 0.481 | 0.058 | 10.838 | 0.889 | 0.018 2.031 114
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Table 3.1—Continued.

UF2 0.463 | 0.048 | 9470 | 0.892 | 0.015 1.649 117
F3 0.471 | 0.065 | 12.071 | 0.912 | 0.014 1.560 146
F4 0.482 ] 0.066 | 11.983 | 0.917 | 0.019 2.018 103

The percent standard deviation for the MVA calculations is very low
(approximately 1-2%). This indicates that the resulting MVAs calculated from the
crops of each column are fairly consistent—that is, the pore sizes are typically about the
same size throughout the crops from that column. However, after examining and
comparing the average FA percent standard deviation values for columns UF1 through
F4, one can see that the percent standard deviation ranges between about 9% and 12%
in the calculation of the fiber areas for each column. This indicates that the amount of
area covered by fibers in each image is more sporadic/inconsistent. Some crops exhibit
more fibers than others, and some crops exhibit thicker fibers than others.

Figure 3.7 (below) displays a histogram of the results from the FA calculations

for the -20°C end temperature TECs.

0.55
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0.45
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UF1 UF2 F3 F4
TEC Column

Figure 3.7 FA TEC results for an end temperature of -20°C
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Notable is the fact that the FA initially decreases, and then begins to rise. The
total change in fiber area from unfrozen column (UF1) to the totally frozen column (F4)
ends up being not statistically significant (0.001), especially when considering the
standard deviations.

A histogram of the results from the MVA calculations for the -20°C end

temperature TECs is displayed in Figure 3.8.
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Figure 3.8 MVA TEC results for an end temperature of -20°C

[llustrated is the fact that the mean void area gradually grows through each of
the columns with a jump from the unfrozen transition column to the frozen transition
column. The MVA increase results in a total 2.8% growth from the unfrozen to the
frozen column. This is an appreciable change since the MVA is calculated from
skeletonized images with far fewer black pixels than the original images. Relatively

small changes in black pixels can indicate significant fiber number changes.
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Since the FA change is negligible, but the MVA is increasing, we can deduce
that there must be a fiber diameter change between the unfrozen and frozen sections.
This is also evident by comparing the images from the frozen and unfrozen sections
with the naked eye.

3.4.3 FA and MVA Results (End Temperature: -40°C)

Table 3.3 summarizes the quantitative results of the image analysis from the FA,
MVA, their standard deviations (SD), and percent standard deviations (%SD). Also,
exhibited in the table is the number of crops that went into the calculations of each TEC

column.

Table 3.2 FA and MVA Results and Standard Deviations (End Temperature: -40°C)

FA FA MVA | MVA
Gel Column | FA SD %SD | MVA | SD %SD # of Crops
UF1 0.473 | 0.059 | 11.029 | 0.890 | 0.027 2.975 118
UF2 0.503 | 0.046 | 8.309 | 0.879 | 0.025 2.767 120
F3 0.393 | 0.102 | 20.542 | 0.930 | 0.025 2.632 159
F4 0.431] 0.091 | 17.433 | 0.927 | 0.020 2.077 138

The percent standard deviations for the MVA calculations are higher than those
for the -20°C results (approximately 2-3% rather than 1-2T). So, the MVAs of the
lower temperature are less consistent. However, after examining and comparing the
average FA percent standard deviation values for columns UF1 through F4, one can see
that the percent standard deviation ranges between about 8% and 21% in the calculation
of the fiber areas for each column, rather than the previous 9-12%. This indicates that

the amount of area covered by fibers in each image is even more sporadic/inconsistent.
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Some crops exhibit more fibers than others, and some crops exhibit thicker fibers than
others.
Figure 3.9 (below) displays a histogram of the results from the FA calculations

for the -40°C end temperature TECs.
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Figure 3.9 FA TEC results for an end temperature of -40°C

The FA starts at approximately the same UF1 value as the -20°C UF1 column
value. However, after a freeze to -40°C, the fiber area initially increases this time, as
opposed to the results from the -20°C freeze. There is then a major decrease in FA
(11%) to a point some 8% below the F3 column result of the -20°C samples. The FA
then rises towards the initial FA found in column UF1, as did the FA for column F4 for
the -20°C samples. However, the percent standard deviations for the F3 and F4

columns are very high (21% and 17% respectively).
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A histogram of the results from the MVA calculations for the -40°C end

temperature TECs is displayed in Figure 3.10.
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Figure 3.10 MV A TEC results for an end temperature of -40°C

Although there is initially a small decrease in the MVA, an even larger jump in
MVA occurs this time across the freeze line (4%). After another small decrease, the
total MVA change from UF1 to F4 is Illustrated is the fact that the mean void area
gradually grows through each of the columns with a jump from the unfrozen transition
column to the frozen transition column. The MVA increases a total of 3.7% from the
unfrozen to the frozen column, as opposed to the 2.8% MVA change for the -20°C
samples. This, again, can be considered to be appreciable change in MVA when

considering the logistics of the skeletonizing process.

24



3.4.4 Fiber Diameter Results

Table 3.3 illustrates the specific change in fiber diameter and SD between
unfrozen TEC section UF1 and frozen TEC section F4 for an end temperature of -20°C.
The percent standard deviation is high, indicating that the fiber diameters are relatively

inconsistent in size from fiber to fiber within an image. As was inferred, there is a fiber

diameter increase after freezing.

Table 3.2 Fiber Diameter Change and Standard Deviations (End Temperature: -20°C)

Gel Column Avg. Dia. (nm) SD % SD | # of Crops # of Dia.
UF1 109.6 29.6 21.3 114 342
F4 171.7 55.4 24.4 103 309

Table 3.4 illustrates the specific change in fiber diameter and SD between
unfrozen TEC section UF1 and frozen TEC section F4 for an end temperature of -40°C.
The percent standard deviation for F4 column is very high (45%), indicating that the

fiber diameters are very inconsistent in size from fiber to fiber within an image

Table 3.4 Fiber Diameter Change and Standard Deviations (End Temperature: -40°C)

# of # of
Gel Column | Avg. Dia. (nm) SD % SD Crops Dia.
UF1 183.6 61.5 25.1 116 348
F4 452.5 375.0 45.3 137 388

Figure 3.11 illustrates the average of the column F4 to UF1 fiber diameter ratios

for the two end temperatures. Freezing to a lower end temperature appears to cause the

fiber diameter to increase more.
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Figure 3.11 Average TEC fiber diameter ratios of column F4 to UF1 for -20°C
and -40°C end temperatures

3.5 Discussion of the Results

3.5.1 Implications and Possible Applications of the Results

From the results, it is clear that a major difference between unfrozen and frozen
TEC ECM structures is essentially that frozen sections are more porous than unfrozen
sections. Pictures of the fiber network in frozen sections illustrate fewer fibers than
unfrozen sections, but the fibers are thicker.

Re-call that after freezing, the TEC became thinner and had water residing on

top of the gel. This may be contributed to by freezing-induced dehydration. Freezing a
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hydrated tissue will cause a water flux due to the volumetric expansion of water [46].
This could result in tissue swelling, or perhaps, such as in this case, the evacuation of
water from the tissue.

The mean void area growth through the columns and the fiber diameter growth
appear to be competing against each other. An increase in MVA should decrease the
FA, but an increase in fiber diameter should increase the FA. As illustrated in Figure
3.7, when freezing a TEC to -20°C, the fiber area initially decreases from column UF1
to UF2, and then slightly increases in column F3. In F4, the FA increases back to
approximately the value of that in UF1. It is possible that a fluid flux is initiated from
columns F3 and F4 due to freezing. Water flux into the unfrozen region without fiber
freezing could cause an initial growth in porosity without a fiber diameter growth,
resulting in a decreased FA. Then in F3, the fibers begin to freeze, and therefore, the
FA grows. Finally, the fiber thicknesses increase enough to cause the total FA change
between UF1 and F4 to be statistically insignificant. However, a brief examination of
the images illustrates that the growth in the pore size appears to be dominant over the
fiber diameter growth. A different phenomenon could be occurring in the -40°C end
temperature samples. More study is required to determine the cause of those results.

The rise in the average fiber diameter could come from at least two factors.
Some pictures of the frozen sections of the TEC showed a bundling of fibers, possibly
due to exerted pressure on individual fibers from the expansion of ice crystals during
freezing. Another possibility arises upon consideration of the structural composition of

collagen fibers. Collagen fibers are hydrophilic. They are made up of bundles of fibrils
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[75]. When freezing occurs, any water that is between the fibrils in collagen fibers will
expand, thus causing thicker fibers.

It is widely acknowledged that pore size affects the mechanical and optical
properties of a porous network [46, 76-78], such as a collagen TEC. For instance, recall
that the macroscopic image of the TEC showed a change in its optical properties after
freezing. The frozen portion became transparent. With the added information that the
frozen portion of the TEC has larger pore sizes, it may be deduced that larger pore sizes
cause the gel to become more transparent. A porous matrix that has expanded and
spread its fibers out may cause fewer fiber obstructions that hinder the ability to see
through the matrix.

A matrix with larger pore sizes may help in wound healing after cryosurgery, as
cells will be able to more easily migrate through the matrix. The optical change that
occurs after freezing may also be important for such applications as cornea transplants.
After corneas have undergone cryopreservation, the freezing will have caused changes
to the optical properties of their matrix. Such changes may obviously affect vision.
The freezing-induced microstructural changes that occur in blood vessels after freezing
could affect their mechanical strength. However, further research is necessary to
ascertain how the change in fiber diameter or pore size will affect the mechanical
properties of the TEC. It is uncertain whether more strands that are thinner (unfrozen
region) or fewer strands that are thicker (frozen region) will be better for the mechanical
properties of the TEC, if either. The answer to that question could gage the long-term

response of tissue post-freezing.
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3.5.2 Brief Discussion of the SEM Sample Preparation Protocol

Type I collagen gels are typically prepared for SEM examination using a basic
preparation procedure [79-86]. It involves liquid fixation with glutaraldehyde, followed
by osmium tetroxide fixation. Next, the samples are dehydrated with a graded ethanol
series, critical point dried, and then coated with gold-palladium. The problem with the
typical approach to preparing TECs for SEM observation is that the typical SEM
sample preparation procedures that others use are carried out on non-frozen collagen

specimens.

Figure 3.12 Standard verses OsO; fixation techniques: The samples on the left
were fixed using a standard technique. The samples on the right were fixed using
the OsO4 technique.
The difference between using the typical TEC SEM sample preparation
protocol (left) and vapor fixation (right) is illustrated in Figure 3.12. Utilizing the
standard preparation technique resulted in a collapsed scaffold. However, using the

gentler OsOy4 vapor fixation helped to maintain the structure of the TEC scaffold. The

samples utilizing this technique remained “fluffy” and did not collapse.
29



3.5.3 Fiber Area and Mean Void Area Definition Explanation

As was articulated earlier, the fiber area is a 2-D measurement of the areca
covered by collagen fibers in an image. Others have used the same technique in
quantifying the amount of collagen fiber present in a 3-D space (collagen density) using
laser confocal microscopy [87]. The FA does not indicate how many fibers are present
in a particular space, because the quantity is affected by fiber thickness also. However,
coupling the information gained from the FA calculation with the MVA calculation can
be beneficial in deducing more information about the TEC.

As explained above, the mean void area quantity is an estimate of the amount of
void space present between the fibers in an image—that is, the porosity of the matrix
viewable in a particular image. It was calculated using a procedure similar to that of
Zaman et. al. [88]. Skeletonizing an image of a collagen network approximates each
fiber in an image as a single line with a one-pixel thickness. The MVA then quantifies
the amount of white pixels present in the image. The more black pixels there are in an
image, the higher the number of fibers there must be in the image. Therefore, a
comparison of the MVA from different images not only helps to estimate the porosity of
the scaffold in a particular column of the gel, but it also helps to deduce which images
have more fibers present.

The FA can then be used for more information. For instance, if the FA does not
change appreciably, but the MV A does, then we can deduce that there is a change in the

number of fibers present in an image. However, since the FA is not changing
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appreciably, we know that the thickness of the fibers must be changing to compensate
for the change in fiber numbers.

It should be noted that FA and MVA values are calculated based on 2-D images
of a 3-D structure. The 3-D fibers that are being analyzed have been projected into 2-D
form. Therefore, multiple layers are visible in some images, though acquiring the FA
and MVA of a single layer is desired for a more accurate assessment of the TECs
porosity. However, many of the fibers that are deeper in the collagen scaffold are
darker due to the shadows being cast upon them from fibers that are closer to the
surface of the scaffold. Many of them are, therefore, eliminated after using the
threshold command of IMAGEJ, which eliminates many of the darker pixels. So, most
of the fibers that are analyzed are at the surface of the collagen scaffold. This will allow
us to more accurately estimate the porosity of the scaffold through calculation of the

MVA.
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CHAPTER 4
CONCLUSIONS

Understanding the freezing-induced microstructural changes to a collagen
scaffold can have paramount implications in understanding and predicting the
functional properties of tissues after freeze/thaw processes like cryotherapy and
cryopreservation. In this study, certain freezing-induced structural changes to a tissue
equivalent construct were identified and quantified in order to lay a foundation for
further study in this area.

The following was discovered:

1) Macro-observations: Freezing caused the collagen gel matrix to
change from translucent to transparent. It also became thinner,
possibly due to freezing induced dehydration.

2) Micro-observations using optical microscopy: Freezing caused the
gel to appear “wrinkled” at a magnification of 100X, possibly due to
fibers being bundled together by the pressure from ice crystal growth
in the matrix.

3) Micro-observations using scanning electron microscopy: Freezing
resulted in a less organized, sparser matrix composed of thicker
fibers. The fiber thickness change could be due to water expansion

between the fibrils of the fibers and/or from fiber bundling.
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4) Image analysis results: The mean void area, similar to a measure of
porosity, increased after freezing to end temperatures of both -20°C
(2.8% increase from UF1 to F4) and -40°C (3.7% increase from UF1
to F4) samples. The total change in fiber area pre- and post-freeze
was statistically insignificant, indicative that freezing must induce a
fiber diameter change. The average fiber diameter ratio from the
frozen to unfrozen region was about 1.5 for TECs frozen to an end
temperature of -20°C and about 2.5 for an end temperature of -40°C,
indicating that freezing causes an increase in fiber diameter and that
the lower the end temperature is, the thicker the fiber will be.
These changes to the extracellular matrix of a tissue may help to understand the
mechanical and optical property changes that occur after a freeze/thaw process.
Further study is required, including:
1) The mechanical and macroscopic optical properties of a TEC should
be measured and correlated to these microstructural changes.
2) Studying the results of changing the collagen content and type in a
TEC is important to demonstrate the response that different tissue
types will have to freezing.
3) Also, it is important to add cells to the matrix in order to more
closely mimic the structure of live tissue.
These scenarios could significantly change the results acquired from the

analysis of a freezing process.
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APPENDIX A

PREPARATION PROTOCOL FOR A COLLAGEN GEL MATRIX
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¢¢

Filename:

Collagen Date:
SOP for Tissue Equivalent Construct Preparation (no cells) SOP 11-9-06
(0.1 N NaOH)
1. Materials
Final Collagen Concentration: 3 (mg/mL) Initial Col. Conc.: 9.37 mg/mL
Final volume of collagen solution (in mL)
1 2 3 4 5 6 7 8 9 10
Amt. Amt. Amt. Amt. Amt. Amt. Amt. Amt. Amt. Amt.
Location (mL) (mL) (mL) (mL) (mL) (mL) (mL) (mL) (mL) (mL)
10X MEM Fridge 100 200 300 400 500 600 700 800 900 1000
Sterile 0.1 N
NaOH Fridge 74 147 221 295 368 442 515 589 663 736
Sterile dH20 Fridge 506 1012 1519 2025 2531 3037 3543 4050 4556 5062
Rat Tail Collagen | Fridge 320 640 961 1281 1601 1921 2241 2561 2882 3202
0.1 M Hepes Fridge 0 0 0 0 0 0 0 0 0 0
FBS Freezer 0 0 0 0 0 0 0 0 0 0
P/S Freezer 0 0 0 0 0 0 0 0 0 0
L- Glutamine Freezer 0 0 0 0 0 0 0 0 0 0




9¢

I1. Preparation

A. (2) 5 mL pipette

B. 1000 mL and 50 mL pipette tips

C. Chamber slides

D. 15 mL centrifuge tube

E. 1XPBS

F. Type I High Concentration Collagen

G. Container with ice cubes

III. Procedure: for 2 mL sample

NOTE: Keep NaOH and dH2O on ice until use; carry out all procedures in hood when possible
Warm bath to 37 deg. C; put on gloves; spray with ethanol
A. Warm MEM to ~37 deg. in waterbath
B. Spray inside bottom of hood with ethanol and wipe
C. Prep pipette knobs to correct sucking amount
D. Retrieve tupperware bowl, spray with ethanol and wipe, put ice in it, put it in hood, and put a
15 mL centrifuge tube in it
E. Retrieve, spray with ethanol, and wipe down NaOH and dH20O and place them in the bowl of ice in hood
F. Retrieve, wipe down, spray with ethanol, and wipe down MEM, then add to the chilled centrifuge tube
(in hood) with 250 mL pipette tip
G. Add sterile, ice cold NaOH to MEM (in hood) with 250 mL pipette tip
H. Add sterile, ice cold dH2O (in hood) with 1000 mL pipette tip
I. Mix the contents of the tube by quickly pipetting several times
within one minute (avoid bubbles) and hold in ice (practice needed); use 5 mL pipette.
J. Prepare the chamber slide or petri dish (retrieve, mark, and open), new 5 mL pipette, and pipette knob

while the tube is on ice



LE

K. Re-spray hands with ethanol, retrieve, spray with ethanol and wipe down collagen. Put on ice in hood.
L. Add collagen (avoid bubbles) with 1000 mL pipette tip and mix using 5 mL pipette from J.

M. Dump the mixture into chamber slide or petri dish using the same 5 mL pipette; avoid the 4 corners;
Use a pipette tip to cause the solution to adhere to the base of the two long walls of the
chamber slide

N. Place the solution in the incubator and allow to gel at 370C for 30 min.

O. While in incubator, refill ice tray and put in freezer; retrieve, spray with ethanol, wipe down, and put
PBS in hood. Put MEM, collagen, NaOH, and dH2O back in fridge

P. When gel is ready, add 2 mL 1XPBS (at room temperature) to cover the whole gel with 2 mm thickness
(for chamber slides)

Q. Place in incubator until experiment

NOTE: Check PBS thickness periodically to avoid gel dehydration

Also, be sure to remove PBS from surface of gel before freezing, fixing, etc.
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IMAGE ANALYSIS
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II1.
IV.

VL

VIL

VIIL

IX.

XL

XII.

XIIL

XIV.

SEM TEC Image Analysis Protocol

Open ImagelJ, macros (“Actual 1.txt” and “Actual 2.txt”), and the desired picture
Click on the “Straight line selections” in the “ImageJ” window, and use it to
measure the length (in pixels) of the scale bar on the image. Note how many
micrometers the scale bar represents. NOTE: Some images are 1024X1024 pixels
and some are 640X640. This will affect how many pixels the scale bar is in length.
Image > Duplicate (name it)
Crop and save the desired area of the picture. NOTE: Locate areas where the
layering of fibers is such that voids can be seen. Otherwise, ImageJ will not be able
to correctly assess what area constitutes a void. Also, the areas should be relatively
flat. Image sizes 130X100 pixels.
Image > Zoom > In (2 times)
Again using the “Straight line selections” option, randomly measure the width of
three fibers in pixels. Be sure to measure the width perpendicular to the direction
the fiber is going (rather than horizontally).
Convert the pixel width to micrometers using the information gained from II: #
micrometers (scale bar)/# pixels (scale bar) * # pixels (fiber width) = width of fiber
in micrometers
Run “Actual 1” macro on the crop

A. run("Despeckle");

B. run("Threshold");

C. run("Histogram");

[or: 1. Process > noise > despeckle
2. Process > binary > threshold
3. Analyze > histogram]

NOTE: Make sure that the binarized image looks right. Sometimes, ImagelJ will
make the fibers white instead of black pixels. If this occurs, reject the crop and start
again.
Jot down the total number of pixels. Then, press “list” and note the number of black
pixels (value 0).
Input the total number of pixels (T) and the number of black pixels (B) into the
equation: Fiber Area (FA)=B/T (with EXCEL)
Run “Actual 2” macro

A. run("Skeletonize");

B. run("Histogram");

[or: 1. Process > binary > Skeletonize
2. Analyze > histogram]

Note the total number of pixels. Then, press “list” and note the number of black
pixels again.
Input the total number of pixels (T) and the number of black pixels (B) into the
equation: Mean Void Area (MVA)=(T-B)/T  (with EXCEL)
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XV.

After acquiring all of the desired crops for a particular section, average the FA and
MVA values and find the standard deviation (SD) using the standard EXCEL
function and calculate the percent standard deviation (PSD) using the following

formula: PSD=100%(1——AY8-_
Avg.+SD
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APPENDIX C

IMAGE CROPS
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Crops:

L End Temperature: -20°C; 480 total crops

A. Sample UF1 Crops

C. Sample F3 Crops
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D. Sample F4 Crops

IL. End Temperature: -40°C; 535 total crops

A. Sample UF1 Crops

B. Sample UF2 Crops

C. Sample F3 Crops
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D. Sample F4 Crops
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